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It remains a challenge to develop an effective therapeutic agent with low cost and good biocompatibility for cancer therapy. Based on its dark color, we hypothesized that, the extraction from black rice grains, denoted BRE, could serve as a photothermal conversion agent. The results showed that BRE confers a high photothermal conversion efficiency up to 54.13%. The combination of BRE and near infrared (NIR) treatment enables effective photothermal tumor ablation, and suppress tumor metastasis via inhibiting the epithelial-mesenchymal transition (EMT) pathway. In addition, BRE exhibits no obvious toxicity in vivo. Therefore, BRE could serve as a promising photothermal therapy agent with a low toxicity to treat cancer.
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INTRODUCTION

Despite great efforts that have been devoted to fight against cancer, it still poses a major threat to human health (Siegel et al., 2019). The current available strategies of cancer treatment include surgical therapy, chemotherapy (Yang et al., 2019), radiation therapy (RT) (Peng et al., 2020), photothermal therapy (PTT) (Jia et al., 2019), photodynamic therapy (PDT) (Wu et al., 2020), and immunotherapy (Feng et al., 2020). Among these cancer therapeutics, PTT has been developed vigorously in recent years which could convert the absorbed light energy into heat (Chen Y. et al., 2019). The advantage of PTT is that near infrared (NIR) could irradiate the subcutaneous and local tumor directly, so the constant high temperature could kill tumor cells precisely and ablate solid tumors(Chen D. et al., 2019). The black phosphorus (Chen et al., 2017), CuS–MnS2 nanomaterials (Chen W. et al., 2019), Au nanoparticle (Depciuch et al., 2020), and other metallic materials (Yuan et al., 2020) have been used as photothermal agent in cancer treatment. However, the metallic materials have certain drawbacks such as serious toxicity, expensive reagents, and complicated preparation procedure (Li et al., 2018), which have limited their further applications (Deng et al., 2019). Therefore, it is crucial to develop novel photothermal biomaterials with lower cost and better biocompatibility.

Compared with chemically synthetic biomaterials, natural biomaterials with excellent biocompatibility, and biodegradability are preferred in recent clinical trials. Currently, many biomaterials have been studied in photothermal ablation of tumors. For instance, natural sodium humate, biodegraded from the humic acid, had been applied as an excellent photothermal agents to induce tumor cell death (Miao et al., 2018). In addition, nanoparticles extracted from cuttlefish ink have been used to inhibit tumor growth by synergizing immunotherapy and PTT, showing excellent ability in the repolarization of tumor-associated macrophages and enhanced recruitment of cytotoxic T lymphocytes as well as photothermal killing effect (Deng et al., 2019). Inspired by studies to develop natural biomaterials, we are interested in developing cheaper and more accessible food-sourced PTT agents.

Black rice, mostly planted in the East Asia, is deemed a traditional and natural food (Samyor et al., 2017). It is widely used due to the low cost, easy accessible, and high nutritious value (Park et al., 2017), outstanding physicochemical characteristics and antioxidant potential (Pang et al., 2018). In addition, black rice is rich in water-soluble bioactive compounds such as phenolic acids, tocopherols, polyphenols, B vitamins, and anthocyanins (Wu et al., 2019) with excellent antioxidant, anti-obesity, and anti-diabetic capacity. These characteristics enabled black rice valuable for health and widely used as a food additive in the food processing industry (Aprodu et al., 2019). Anthocyanin, one of the major components of black rice, could significantly inhibit the proliferation, migration, and metastasis of breast cancer cells through targeting the RAS/RAF/MAPK pathway in vitro (Chen X.Y. et al., 2015). Moreover, black rice could enhance the immune response through inducing the proliferation and differentiation of immune cells in vivo (Fan et al., 2017). However, it remains unclear whether the black rice could be applied as a photothermal agent for tumor treatment.

The epithelial-mesenchymal transition (EMT) is curial for the metastatic behaviors of tumor cells (Hennessy et al., 2009). EMT involves a series of genetic and phenotypic changes, which contribute to the transformation of early epithelial cells into invasive malignant cancer cells (Lamouille et al., 2014). The process of EMT can be activated by genetic changes or other responses to external environment (Georgakopoulos-Soares et al., 2020). EMT also could promote early cancer cell to transdifferentiate into mesenchymal-like cells such as carcinoma cells and cancer stem cells, thus the cancer cell could acquire migration and invasion ability and detach from epithelial cell mass. During EMT process, the epithelial cells could lead to cell depolarization, reduced or even lost of cell–cell contacts and changing into a fibroblast-like morphology (Xu et al., 2018).

Developing therapeutic strategies with high efficiency as well as low toxicity and cost to drastically eliminate tumors is the ultimate goal in the cancer treatment. In this study, we have studied BRE as a photothermal agent for its high photothermal conversion efficiency up to 54.13%. This natural food could efficiently inhibit tumor growth and metastasis via EMT pathway with low toxicity. Prospectively, BRE might be a promising photothermal agent for tumor therapy.



MATERIALS AND METHODS


Materials

BRE (containing 25% anthocyanin) was purchased from TIANXINGJIAN biochemical technology company (Xi An, China). Crystal violet was obtained from Beyotime biotechnology company (Shanghai, China). Fetal bovine serum (FBS), Phosphate buffer solution (PBS), Pyridine and dimethyl sulfoxide (DMSO), and Dulbecco’s modified eagle medium (DMEM) were provided by Gibco-BRL (Grand Island, New York, United States). LIVE/DEADTM Cell Imaging Kit was bought from Thermo Fisher Scientific (Waltham, MA, United States). Snail, vimentin, N-Cadherin, β-Actin antibody, radioimmunoprecipitation assay buffer (RIPA), and protease/phosphatase inhibitor cocktail (100×) were obtained from CST (Boston, MA, United States). 4% paraformaldehyde was obtained from Fude biotechnology company (Hangzhou, China). Matrigel was bought from Corning (Kangning, New York, United States).



BRE Solutions Preparation

The concentration of the BRE solution was set as 20 mg/mL and stored in 4°C for further use.



Cell Culture

Murine breast cancer cell 4T1 cell line (4T1 cells) was obtained from ATCC and cultured with DMEM containing 10% FBS and 1% penicillin-streptomycin solution (100×) at 37°C with 5% CO2 humidified atmosphere.



The Detection of UV-vis-NIR Absorption Spectra

To explore the absorption spectra of BRE in the near infrared region (700–900 nm), 3 mL BRE solutions with concentrations of 1, 2, 5, 10, 15, and 20 mg/mL were determined using the UV-2600 spectrophotometer (Shimadzu Co., Japan).



Evaluation of Photothermal Effect and Photostability

To measure the photothermal effect of BRE, a series concentration of 1, 2, 5, 10, 15, and 20 mg/mL BRE were irradiated (808 nm, 1 W/cm2) for 10 min, and the temperature change was recorded by an infrared thermal imaging camera (Shanghai Xilong Optoelectronics Technology Co. Ltd., China). Besides, the 10 mg/mL concentration of BRE was irradiated and recorded at different power density (0.5, 0.75, 1, and 2 W/cm2) for 10 min, respectively. To further study the photostability, the real-time temperature change of BRE by irradiating 10 mg/mL solution with an 808 nm laser (1 W/cm2) for 10 min (laser on) and then cooling to room temperature without irradiation for 10 min (laser off) were recorded. Such heating/cooling processes were repeated four times and used in the calculation of photothermal conversion efficiency. And the details of calculation were given in previous work (Hou et al., 2018).



Live/Dead Staining Assay

4T1 cells were seeded on 96-well plates at a density of 5 × 103 cells/well and incubated with DMEM complete growth medium for 24 h. Then, the cells were treated with different concentrations (0, 2, 5, and 10 mg/mL) of BRE for 24 h. After that, the cells were irradiated with an 808 nm laser (1 W/cm2) for 5 min and stained using the Live/DeadTM Cell Imaging Kit for 30 min. Then, the cells were washed twice with PBS and the living cells or dead cells were observed and photographed using a fluorescent microscope (Nikon ECLIPSE Ti-U, Japan).



Inhibition of Cloning Ability

4T1 cells were seeded on 6-well plates at a density of 2000 cells/well and incubated with DMEM medium for 24 h. Then, the cells were treated with different concentrations (0, 0.5, and 1 mg/mL) of BRE and were irradiated for 10 min (808 nm, 1 W/cm2), and were incubated for another 12 h and 24 h respectively. At fixed time points, the cells were washed twice with PBS and cultured with fresh DMEM medium for another 7 days. Then the cells were washed twice with PBS and fixed with 4% paraformaldehyde for 20 min. After that, the cells were washed twice with PBS and stained with 1% crystal violet dissolved in PBS for 30 min. The colony numbers were counted, and photographs were taken using a microscope (Nikon ECLIPSE Ti-U, Japan).



In vivo Anti-tumor Effect

Four-week old female BALB/c mice were purchased from animal laboratory center of Guangdong Province and housed in SPF laboratory animal room. And all animal experiments were approved by Institutional Animal Care and Use Committee (IACUC). The mice were divided into four groups including control group, PBS + NIR, BRE and BRE + NIR group (n = 6). 1 × 106 4T1 cells resuspended in 100 μL PBS were subcutaneously injected into the flanks of mice. When tumor size reached 100 mm3, 50 μL of BRE solution (20 mg/mL) or PBS were intratumorally injected into the tumor region of the mice. The control group received no treatment and the BRE group was only intratumorally injected BRE solution. The mice of PBS + NIR treatment groups and BRE + NIR group were irradiated for 10 min (808 nm, 1 W/cm2). During irradiation, temperature change and thermal images of these mice were monitored by an infrared thermal imaging camera. After that, the relative tumor volume and body weight were recorded every two days. The survival rate was calculated when all mice were dead or the mice of control, PBS + NIR and BRE group were dead while the mice of BRE + NIR group remained alive 40 days after treatment. To examine the pathological changes of the tumor, one tumor-bearing mouse from each group was sacrificed one day after treatment, and the tumors were dissected and stained with H and E.



Inhibition of Migration Ability

4T1 cells were suspended in serum-free DMEM medium at a density of 5 × 105 cells (200 μL) and seeded in the upper chamber of the transwell. The lower cell chamber was added with 500 μL DMEM complete growth medium. Then, the cells were treated with different concentrations (0, 0.5, and 1 mg/mL) of BRE and were irradiated for 10 min (808 nm, 1 W/cm2). After being cultured for another 24 h, the upper cells were cleaned with cotton swab and transwells were washed twice with PBS and fixed with 4% paraformaldehyde for 20 min. And the cells were washed twice with PBS and stained with 1% crystal violet dissolved in PBS for 30 min. The membranes were obtained and fixed with neutral gum on the slides overnight. Then the slides were photographed using a microscope (Nikon ECLIPSE Ti-U, Japan).



Inhibition of Invasion Ability

Matrigel (50 μL) was added into the upper chamber of the transwell insert and incubated at 37°C for 2 h. Then 4T1 cells were seeded on the transwell upper chamber at a density of 5 × 105 cells/well (200 μL) and incubated with serum-free DMEM medium. The lower chambers were 24-well plates added with 500 μL DMEM complete growth medium. Later, the cells were treated with different concentrations (0, 0.5, and 1 mg/mL) of BRE and irradiated for 10 min (808 nm, 1 W/cm2). After 72 h incubation, the upper chambers were cleaned with cotton swab and the transwells were washed twice with PBS and fixed with 4% paraformaldehyde for 20 min. Then the cells were washed twice with PBS and stained with 1% crystal violet dissolved in PBS for 30 min. The membranes were obtained and fixed with neutral gum on the slides overnight. Pictures of the slides were taken using a microscope (Nikon ECLIPSE Ti-U, Japan).



Western Blotting

Western blotting was used to determine the expression level of EMT related proteins. In brief, 4T1 cells were cultured in 6-well culture plates (3 × 105 cells/well) overnight. The cells were treated with different concentrations (0, 0.5, and 1 mg/mL) of BRE and were irradiated for 10 min (808 nm, 1 W/cm2), the cells were incubated for another 24 h. Afterward, the cells were collected and whole-cell extracts were prepared with a RIPA buffer containing 1% protease/phosphatase inhibitor cocktail (100×), and separated by 10–12% sodium dodecyl sulfate polyacrylamide gel electrophoresis SDS-PAGE, and transferred to nitrocellulose membranes (Millipore). Antibodies including snail (3879s, CST), vimentin (5741s, CST), N-Cadherin (13116s, CST), β-actin (4967s, CST) were used in this study.



Evaluation of in vivo Lung Metastasis Inhibition

Four-week old female BALB/c mice were divided into two groups including control group and BRE + NIR group. 1 × 106 4T1 cells resuspended in 100 μL PBS were subcutaneously injected into the flanks of mice. When the tumor size was reached 100 mm3, 50 μL of BRE solution (20 mg/mL) or PBS were intratumorally injected into the tumor region of the mice. The mice of control groups and BRE + NIR group were irradiated for 10 min (808 nm, 1 W/cm2). 30 days later, all mice were sacrificed and lungs were obtained and photographed alone. The numbers of lung metastasis were further counted, and lung slides were stained with H and E.



Evaluation of in vivo Animal Toxicity

Four-week old female BALB/c mice were divided into two groups including control group and BRE treatment group. The mice of BRE treatment group were intravenously injected with 100 μL BRE solution (20 mg/mL) while the control group received 100 μL PBS solution in the same method. After that, the mice were housed for 30 days until they were sacrificed for toxicity assay. 150 μL whole blood were collected in tubes with spray-coated K2EDTA for future blood routine assessment including WBC, RBC, HGB, HCT, MCV, MCH, MCHC, and PLT assay. 500 μL whole blood were collected in normal EP tubes for future assessment of hepatic and renal toxicity. Blood samples for biochemical test were temporarily stored in -20°C for 2 h, and were incubated in 37°C for 1 h before centrifuged for 10 min (3000 rpm). After that the serum was collected for AST, ALT, BUN, and SCR assay. Major organs (including heart, liver, spleen, lung, and kidney) of all mice were collected after sacrifice. All major organs for histological analyses were fixed in 10% neutral buffered formalin, processed, and embedded in paraffin, cut into 4-μm-thick sections, and subsequently stained with H and E. H and E staining analysis were used to assess the in vivo toxicity.



Statistical Analysis

Quantitative data were expressed as mean ± standard deviation (SD). The statistical differences were assessed using One-way ANOVA analysis. All tests were analyzed using statistical software (SPSS version 20.0). P-values of < 0.05 were considered to be statistically significant.



RESULTS AND DISCUSSION


Characterization of BRE

Exacted from black rice containing 25% anthocyanin, was derived by serial dilution of BRE powder purchased from TIANXINGJIAN Biochemical Technology Company with PBS (pH = 7.4). First, the vis-NIR absorbance spectrum (700–900 nm) of BRE solutions was assessed. The absorbance of BRE solutions was smoothly decreased from 700 nm to 900 nm, and the relation with different concentrations was close to linear with the R2 up to 0.97 at 808 nm laser (Figures 1A,B), indicating that BRE solutions had a strong absorbance in NIR wavelength. When irradiated for 10 min at 808 nm (1 W/cm2), the temperature of BRE solution was increased faster and higher with the increasing concentrations of BRE solutions. As a negative control, the same irradiation had little impact on PBS solution. The ΔT of the BRE solution at the concentration of 20 mg/mL was about 35.2°C, indicating the photothermal capability that matches many photothermal materials such as Pd@Au/Ce6/PAH/H-MnO2 (Figure 1C; Liu et al., 2020). In addition, we further showed that the photothermal performance of BRE was dependent on the irradiation power density (Figure 1D). The ΔT of the BRE solutions irradiated with the power density at 2 W/cm2 was about 41.3°C. As shown in Figure 1E, the temperature of BRE solutions (10 mg/mL) was increased sharply when the laser was on for 10 min (1 W/cm2) and decreased when the laser was off. The temperature change was highly reproducible similarly to many photothermal materials such as FA-CuS/DTX@PEI-PpIX-CpG nanocomposites (Chen L. et al., 2019), suggesting the superb photothermal stability of BRE solutions.
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FIGURE 1. Characterization of BRE. (A) The vis-NIR absorbance spectrum (700–900 nm) of BRE with different concentrations. (B) The fitting curve of the absorbance of BRE at 808 nm with different concentrations (R2 = 0.97). (C) Photothermal images and corresponding temperature elevation of BRE with different concentrations under an 808 nm laser irradiation (10 min, 1 W/cm2). (D) Temperature elevation of BRE (10 mg/mL) with different power densities under an 808 nm laser irradiation. (E) Heating/cooling curves of BRE (10 mg/mL, 1 W/cm2) for four repeated irradiation cycles. (F) The fitting linear curve of time data versus -lnθ acquired from the cooling period, and the time constant (τs) for heat transfer was calculated to be 182.9 s.


Based on the above data, the photothermal conversion efficiency (η) of BRE solutions was calculated according to the previously reported method (Hou et al., 2018). The fitting linear curve of time data versus -lnθ was acquired from the cooling period, and the time constant (τs) for heat transfer was calculated to be 182.9 s. The η value of BRE solution was determined to be 54.13% (Figure 1F), which was obviously superior to commercial gold nanorods (21%) (Hessel et al., 2011). In summary, these results indicated that the BRE solution is a promising candidate for PTT.



Evaluation of in vitro Anti-tumor Effect

To investigate the photothermal tumor cell killing ability of BRE in vitro, Live/Dead staining assay was conducted. While the cells were alive in the BRE group, there was massive cell death in the culture after the treatment with NIR (Figure 2A). In further support of the photothermal killing ability of BRE, the colony formation ability of tumor cells after BRE + NIR treatment was assessed. The cloning formation efficiency of tumor cells at 12 and 24 h after BRE (1 mg/mL) + NIR treatment was significantly reduced (Figures 2B,C). Therefore, the combinational treatment of tumor cells with BRE and NIR have apparent anti-tumor activity in vitro.
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FIGURE 2. The evaluation of in vitro anti-tumor effect. (A) The Live/Dead fluorescence images of 4T1 cells treated with BRE at different concentrations for 24 h and placed under an 808 nm laser irradiation (1 W/cm2) for 5 min. (B) Photograph of 4T1 clone forming, quantification of 4T1 cloning efficiency with the BRE and NIR treatment in 12 h. (C) Photograph of 4T1 clone forming, quantification of 4T1 cloning efficiency with the BRE and NIR treatment in 24 h. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control.




Evaluation of in vivo Anti-tumor Effect of BRE

To evaluate the in vivo anti-tumor effect, BALB/c mice harboring syngeneic 4T1 tumors were divided into four groups including control, PBS + NIR, BRE, and BRE + NIR group (n = 6). During BRE + NIR treatment, the local temperature of 4T1 tumors was increased to 55.4°C, much higher than that of PBS + NIR group (29.1°C), enough to kill tumor cells and ablate subcutaneous tumors in vivo (Figures 3A,B). In addition, the size of the tumors after BRE + NIR treatment was smaller than that after other three treatments, suggesting that the combinational BRE and NIR treatment could effectively suppress tumors in vivo (Figure 3C). The survival rate of tumor-bearing mice after BRE + NIR treatment was much higher than that of other three treatments (Figure 3D). The body weight of tumor-bearing mice after various treatments showed no apparent difference, suggesting that BRE + NIR treatment confers a low toxicity (Figure 3E). Histological analysis of the tumors showed that the tumors after BRE + NIR treatment exhibited extensive necrosis, indicating efficient tumor ablation (Figure 3F). These results indicated that the combinational BRE and NIR treatment could efficiently cause local hyperthermia of tumor tissues, and thus presenting a promising treatment for solid tumors with superb killing efficiency.
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FIGURE 3. The evaluation of in vivo anti-tumor effect. (A) Photothermal images and (B) temperature curves of BALB/c mice bearing 4T1 tumors irradiated with 808 nm for 10 min (1 W/cm2). (C) The relative tumor volume of different treatment groups. (D) The survival rate of different treatment groups. (E) The body weight of different treatment groups. (F) The tumor HE staining of different treatment groups. Data are presented as mean ± SD. ***P < 0.001.




Mechanisms of in vitro and in vivo Suppression of Lung Metastasis

Preventing tumor recurrence or inhibiting tumor metastases is as important as the ablation of original tumors (Jin et al., 2018). Therefore, the impact of BRE + NIR treatment on migrational ability and invasive ability was also studied. The migration and invasion of tumor cells were significantly reduced after the BRE (1 mg/mL) + NIR treatment when compared to other three treatments (Figures 4A,B).
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FIGURE 4. Inhibition of migration, invasion and anti-EMT ability. (A) Photograph and quantification of 4T1 migration ability with the BRE and NIR treatment. (B) Photograph and quantification of 4T1 invasion ability with the BRE and NIR treatment. (C) Western blotting of relative mesenchymal markers including N-cadherin, Vimentin and Snail. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control.


Because EMT is required for the metastatic behaviors of invasion and migration, we examined the expression of EMT related mesenchymal markers, including N-cadherin, Vimentin, and Snail (Polyak and Weinberg, 2009). Our data showed that BRE treatment reduced the expression of Snail, Vimentin, and N-Cadherin, indicating that BRE treatment exhibits strong anti-EMT effects. In addition, NIR enhanced the anti-EMT effectiveness, suggesting that the combinational BRE and NIR treatment inhibits the transformation of early epithelial cells into mesenchymal stem cells (Figure 4C).

Epithelial-mesenchymal transition could contribute to the dissociation of cancer cells from the primary tumor foci and intravasation into blood vessels (Hennessy et al., 2009) leading to distant metastases in other organs (Obenauf and Massagué, 2015). In order to assess the inhibitory ability of BRE + NIR on lung metastasis in vivo, lung metastasis model was conducted. Our data indicate that only BRE and BRE + NIR treatments suppressed the lung metastasis (Figures 5A,B), In addition, BRE + NIR treatment was more potent than BRE treatment in suppressing lung metastasis and improving survival (Figures 5A,B). Therefore, PTT and anti-EMT activities of BRE + NIR treatment contribute to inhibiting the formation of metastatic lung nodules (Figure 5C; Chen W. et al., 2015).
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FIGURE 5. Mechanisms of in vivo inhibiting lung metastasis. (A) Photographs and numbers of lung metastases in different treatment groups. (B) The HE staining of lung in different treatment groups. (C) Schematic diagram of BRE and laser radiation for inhibiting lung metastasis and EMT. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 compared with the control.




Evaluation of in vivo Toxicity

To evaluate the in vivo toxicity of BRE, the BALB/c mice were injected intravenously with 100 μL BRE solution (20 mg/mL) while the control group received the same volume of PBS solution. 30 days after treatment, all mice were sacrificed for in vivo toxicity study. The blood was subjected to the blood routine assessment, hepatic, and renal toxicity assessment. Besides, the HE staining of major organs were also analyzed to detect the toxicity of BRE (Figure 6A). Blood routine assessment included WBC, RBC, HGB, HCT, MCV, MCH, MCHC, and PLT assays, the indexes showed little difference between the control and BRE treatment group, supporting the notion that BRE have no apparent blood toxicity in vivo (Figure 6B). Moreover, in vivo hepatic and renal toxicity was evaluated by AST, ALT, BUN, and SCR assays respectively. Our results showed that these values were identical between the control and BRE group, indicating that BRE did not induce hepatic and renal toxicity (Figure 6C). In addition, the histological analysis indicated that the major organs of BRE treated mice showed little pathological changes, suggesting that BRE did not induce systemic toxicity (Figure 6D). Together, these data show that BRE does not induce blood toxicity, hepatic and renal toxicity or even systemic toxicity in vivo, and thus representing a safe photothermal agent for in vivo application.
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FIGURE 6. The evaluation of in vivo toxicity. (A) The scheme of in vivo toxicity assay. (B) The blood routine assessment of control and the BRE (20 mg/mL) treatment group. (C) Physiological function assessment of hepatic and renal toxicity from control and BRE (20 mg/mL) treatment group. (D) The HE staining of major organs of control and BRE (20 mg/mL) treatment group. Data are presented as mean ± SD.




CONCLUSION

In summary, BRE, the exaction of the traditional food black rice, has been developed as a novel and low-cost PTT agent with effective anti-tumor and anti-metastasis abilities. With excellent photothermal stability and photothermal conversion efficiency (54.13%), the temperature of BRE could be increased high enough to induce tumor cell death. In the context of anti-tumor and anti-metastasis activities, the results show that the combination of BRE and NIR treatment could significantly inhibit the tumor growth by elevating the local hyperthermia and metastasis by suppressing EMT. In addition, the in vivo toxicity data show that BRE causes no obvious systemic toxicity and paved the way for its clinical use. In summary, promising therapeutic effectiveness, low cost, and low toxicity highlight the potential of BRE in tumor therapy.
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Type 2 diabetes (T2D) is a rapidly growing epidemic, which leads to increased mortality rates and health care costs. Nutrients (namely, carbohydrates, fat, protein, mineral substances, and vitamin), sensing, and management are central to metabolic homeostasis, therefore presenting a leading factor contributing to T2D. Understanding the comprehensive effects and the underlying mechanisms of nutrition in regulating glucose metabolism and the interactions of diet with genetics, epigenetics, and gut microbiota is helpful for developing new strategies to prevent and treat T2D. In this review, we discuss different mechanistic pathways contributing to T2D and then summarize the current researches concerning associations between different nutrients intake and glucose homeostasis. We also explore the possible relationship between nutrients and genetic background, epigenetics, and metagenomics in terms of the susceptibility and treatment of T2D. For the specificity of individual, precision nutrition depends on the person’s genotype, and microbiota is vital to the prevention and intervention of T2D.
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INTRODUCTION

Diabetes mellitus, previously considered as a disease of minor significance to health, is now becoming one of the main threats to human health both in developed and developing countries (Zimmet et al., 2001). There has been an explosive increase in the number of people diagnosed with diabetes in recent decades worldwide (King et al., 1998). According to the ninth edition of the IDF Diabetes Atlas in 2019, 488 million adults aged 20–99 years live with diabetes in the world, and the number will reach 578 million by 2030 and 700 million by 2045. It is estimated that 4.2 million adults aged 20–79 years will die of diabetes, which accounts for 11.3% of all deaths. And this is equivalent to eight deaths every minute.

Diabetes is defined as a metabolic disease characterized by persistent hyperglycemia caused by multiple factors including genetics, nutrition, environment, and physical activity. There are two main forms of diabetes, type 1 diabetes and type 2 diabetes (T2D) (Alberti and Zimmet, 1998). T2D accounts for more than 90% of all diabetes cases (Zimmet et al., 2001), and the diabetes epidemic particularly relates to T2D. Insulin resistance and/or abnormal insulin secretion are the main characters of T2D. Apart from the heightened genetic susceptibility of ethnic groups, environmental and behavioral factors are also very important in the development of T2D. Globalization results in altered dietary and lifestyle habits (Malik et al., 2013), such as taking more high-fat or high-carbohydrate foods and sedentary lifestyles with low energy expenditure (Zimmet et al., 2001). Diets induce multiple metabolic processes and modify the metabolism homeostasis of the organism (Manore et al., 2017). Therefore, unhealthy dietary habits such as Western diet have been one of the most important drivers of glucose metabolism disorder that leads to diabetes finally (Rico-Campa et al., 2019).

The increase in the prevalence of T2D is associated with a concomitant rise in the incidence of metabolic disorders. Long-term high glucose levels will trigger chronic metabolic syndrome and include obesity (Schwartz and Porte, 2005), cardiovascular disease, retinopathy, nephropathy, dyslipidemia, and hypertension (Moller, 2001). T2D now represents a risk of coronary heart disease, and nearly 80% of diabetic mortality is diabetes-induced cardiovascular disease (Haffner et al., 1998). The life qualities of patients with diabetes decrease largely for the serious diabetes complications.

Diet alone or with hypoglycemic agents is the way to control blood glucose levels in the treatment of T2D (Zimmet et al., 2001; Ley et al., 2014). Different diets with varied nutrient composition result in changes of metabolites and gut microbiome that are responsible for the glucose metabolism of the whole body (Qin et al., 2012; Guasch-Ferre et al., 2016). For example, different amino acid content diets can lead to alterations of plasma branched-chain amino acid (BCAA) concentrations, which are linked to the risk of T2D (Garcia-Perez et al., 2017). Fiber- and protein-enriched diet changed the abundance of Akkermansia muciniphila, decreasing fasting glucose levels of participants (Dao et al., 2016). However, the interactions between dietary and glucose metabolism need further study to understand the importance of its actions for glucose management. It is important to identify and make suitable dietary solutions that can diminish the prevalence of diabetes and its related complications (San-Cristobal et al., 2015). These include different kinds of food and also healthy dietary habits.

Genome-wide association studies (GWASs) have revealed many genetic variants related to the susceptibility of complex diseases, and moreover, the interactions between genetic information and nutrition are attracting more attention recently, namely, nutrigenetics. Because of the genetic variability between individuals, the responses to dietary are different. Also, the specific diet and nutrition modify gene expression, epigenetic features, and gut microbiome to personalize the response to interventions. This prompts us to explore more possibilities to understand the pathophysiological mechanisms and precision nutrition solutions to prevent and manage T2D more efficiently.

Herein, first, we introduce the major metabolic pathway related to T2D, namely, insulin signaling pathway, and the compounding factors as well. Then, the roles of macronutrient, micronutrient, and other chemicals in maintaining metabolic homeostasis of the body and their effects on T2D are reviewed in detail. In addition, some nutritional recommendations for T2D are summarized. From the perspective of precision nutrition, we review the diet interactions with genetic background, epigenetics, and gut microbiota contributing to the risk of T2D. Also, responses to dietary interventions mainly aiming at weight loss and management of insulin resistance are screened for their interaction with genetic, epigenetic features, and gut microbiota.



REGULATION OF GLUCOSE METABOLISM

Circulating blood glucose is derived from diet via intestinal absorption, and the process of glucose production is called gluconeogenesis and glycogen breakdown (Rines et al., 2016). Current therapeutic approaches to treat T2D rely on the molecular signaling pathways and targets that impair glucose homeostasis. Insulin signaling pathway dysregulation or insulin resistance is the main reason for T2D. Insulin is an endocrine peptide hormone secreted by the pancreas, and it binds to membrane-bound receptors in target cells of liver, adipose tissue, and skeletal muscle to trigger metabolic responses to numerous stimuli (Petersen and Shulman, 2018). Insulin exerts its low glucose function by binding to the insulin receptor (INSR), and then activated INSR recruits phosphotyrosine-binding scaffold proteins such as the INSR substrate (IRS) family. IRS proteins have NH2-terminal pleckstrin homology (PH) and PTB domains that target them to activate INSR. Then, the tyrosine phosphorylated IRS proteins recruit PI3K heterodimers that contain a regulatory p85 subunit and a catalytic p110 subunit. PI3K catalyzes the production of phosphatidylinositol-3,4,5-tris-phosphate (PIP3) from PIP2 and PIP3 and then recruits proteins with PH domains to the plasma membrane, such as pyruvate dehydrogenase kinase 1, which directly phosphorylates AKT. The activated AKT phosphorylates many downstream substrates in various signaling pathways, making it a key node in insulin signaling (Petersen and Shulman, 2018). The activated insulin signaling decreases glucose production, increases glycogen synthesis, and also increases glucose uptake into peripheral tissues such as skeletal muscle and adipose tissue (Figure 1).
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FIGURE 1. Insulin signaling. Insulin binds and activates insulin receptor (INSR), causing phosphorylation of insulin receptor substrate (IRS). Tyrosine phosphorylated IRS proteins recruit phosphatidylinositide-3 (PI3K), which catalyzes the production of phosphatidylinositol-3,4,5-tris-phosphate (PIP3) from PIP2. PIP3 then recruits proteins with PH domains such as pyruvate dehydrogenase kinase 1 (PDK1), which phosphorylates activating protein kinase B (AKT). These effector proteins mediate the effects of insulin on glucose production, utilization, and uptake, as well as glycogen synthesis.


The dysfunction of insulin signaling will cause insulin resistance, which is a complex metabolic disorder that is closely linked to many pathways including lipid metabolism, energy expenditure, and inflammation (Figure 2). Hepatic lipid accumulation is known to cause insulin resistance (Samuel and Shulman, 2012). Diacylglycerol species activate protein kinase C (PKC), which results in impaired insulin signaling (Perry et al., 2014). An excess of lipid accumulation in liver is often accompanied by hepatic inflammation. Kupffer cells and macrophages will decrease insulin sensitivity by secreting proinflammatory molecules, which activate serine/threonine kinases such as c-Jun N-terminal kinase (JNK) and IκB kinase that in turn impair insulin signaling (Lackey and Olefsky, 2016). Moreover, lipid accumulation triggers the unfolded protein response (UPR) pathway, which impairs insulin signaling (Ozcan et al., 2004). UPR may also alter hepatokine secretion and consequently contribute to the development of insulin resistance (Koska et al., 2008). Energy expenditure disorder leads to obesity and insulin resistance, because non-esterified fatty acids impair β-cell functions, reduce PI3K signaling, and enhance gluconeogenic enzyme expressions (Kahn et al., 2006). What is more, increased release of tumor necrosis factor α (TNF-α), interleukin 6 (IL6), and monocyte chemotactic protein 1 are all found to be responsible for the development of insulin resistance (Kahn et al., 2006). In addition, hepatokines, proteins produced from liver and secreted into the circulation, also play important roles in regulating insulin signaling (Meex and Watt, 2017). Retinol-binding protein 4 (RBP4), α2-macroglobulin (A2M), fetuin A (FETUA), fetuin B (FETUB), hepassocin (FGL1), leukocyte cell–derived chemotaxin 2 (LECT2), and selenoprotein P (SELENOP) are negative regulators of insulin sensitivity, and they will cause insulin resistance, whereas fibroblast growth factor 21 (FGF21), sex hormone–binding globulin (SHBG), adropin, and angiopoietin-like protein 4 (ANGPTL4) are positive regulators (Lai et al., 2008; Meex and Watt, 2017).
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FIGURE 2. Relationship between lipid metabolism, energy metabolism, inflammation, and insulin resistance. Lipid metabolism and energy metabolism disorder lead to inflammation and affect each other. These all contribute to insulin resistance. The underlying mechanisms include diacylglycerol (DAG), activate protein kinase C (PKC) and lipid accumulation, trigger the unfolded protein response (UPR) pathway, and result in insulin signaling inhibition; UPR affects hepatokine secretion to induce insulin resistance; inflammatory molecules such as tumor necrosis factor α (TNF-α), interleukin 6 (IL6), and monocyte chemotactic protein 1 (MCP1) activate c-Jun N-terminal kinase (JNK) and IκB kinase (IKK), which in turn impair insulin signaling; energy homeostasis disorder impairs β-cell functions, reduces PI3K signaling, and enhances gluconeogenic enzyme expressions, resulting in insulin resistance.




MACRONUTRIENT AND T2D


Carbohydrate

It needs a precise control of glucose metabolism to maintain metabolic homeostasis of the body. Hormonal regulation and the related enzyme transcription induced by different metabolites in response to glucose availability are mainly responsible for the control. Insulin induces INSR autophosphorylation and then recruits and phosphorylates IR substrates 1 and 2 (IRS1/2). This results in phosphatidylinositide-3, 4, 5-P3 (PIP3) production, and activating protein kinase B (PKB/AKT) (Saltiel and Kahn, 2001). Thus, it promotes glucose uptake by different tissues, including liver, adipose tissue, and skeletal muscle; inhibits hepatic glucose output; increases glycogen synthesis; and decreases glycogen decompose (Zhang et al., 2009). Insulin induces anabolic responses such as ribosome biogenesis and protein synthesis, which are dependent on nutritional state. The mTOR/S6K1 signaling pathway is also activated by insulin, which plays a vital role in the regulation of glucose homeostasis (Um et al., 2006). Glucose released by diet stimulates the production of PI3P, recruiting proteins to endosomal membranes and finally activating mTOR/S6K1 signaling pathway (Um et al., 2006).

Glucose homeostasis involves different pathways that are carried out in part by the transcriptional control of related genes. Carbohydrate induces the expressions of these enzymes, including pyruvate kinase, glucokinase, ATP citrate lyase, and acetyl CoA carboxylase (Haro et al., 2019). And these genes are regulated by the carbohydrate-responsive element-binding protein (ChREBP) (Figure 3), which is a helix–loop–helix leucine zipper transcription factor (Lee and Cha, 2018). It plays a very important role in sugar-induced lipogenesis and glucose homeostasis by regulating carbohydrate digestion and transport (Yamashita et al., 2001). In response to glucose, ChREBP forms a heterodimer and activates the target genes transcriptions, which contain carbohydrate response element motifs. Except for its glucose sensor role, ChREBP is also essential for fructose induced lipogenesis in liver and intestine possibly via the ChREBP-FGF21 signaling axis (Fisher et al., 2017).
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FIGURE 3. The role of nutrients in T2D. Carbohydrates regulate glucose homeostasis through carbohydrate-responsive element-binding protein (ChREBP) induced glucose metabolism–related genes expressions. Fatty acids inhibit AKT/PKB activation and therefore impair insulin signaling pathway. Besides, fat induces reactive oxygen species (ROS) generation in mitochondrial and activates peroxisome proliferator-activated receptors (PPARs), and all these mediate the regulation of fat on glucose metabolism. The possible underlying pathways or mechanisms of protein/amino acids affecting glucose levels include insulin secretion, glucose uptake, hormone release, mTOR/S6K1 signaling pathway, and GCN2/eIF2α/ATF4 transduction pathway. Mineral substances are activating cofactors and coenzymes for metabolism control, oxidative stress, and genetic transcription. This makes them play roles in glucose transport and redox reactions, which finally affect glucose homeostasis. Vitamin has a role in regulating glucose utilization, insulin signaling, and insulin release from β cells to maintain blood glucose levels, and it is also the modulator of inflammatory cytokines related to glucose metabolism.


Carbohydrate foods that promote sustained but low glucose levels may have benefits to metabolic control of diabetes and its complications. Diets with slow-release carbohydrates lower the glucose and insulin responses throughout the day and improve the capacity for fibrinolysis, which may be a potential therapy to T2D (Russell et al., 2016). When syrup is included in a diabetic diet, it is good to consider sucrose rather than fructose (Wheeler and Pi-Sunyer, 2008). In a short-term trial of T2D patients, scientists showed that isocaloric fructose replacement of other carbohydrates such as sucrose and starch improved glycemic control and had no effects on insulin signaling (Cooper et al., 2012). However, it should take more account to the point that high sucrose or fructose diet is not recommended to diabetic individuals and others who have impaired glucose metabolism. Besides, certain diet components may affect the regulation role of foods on glucose levels. For example, diet with fiber, certain proteins, or lipids to mix may influence the rates of carbohydrate digestion and absorption, which may be beneficial to T2D patients (Russell et al., 2016). Polyols have been used as sugar replacers for about 80 years. Clinical trial showed that polyols had a role in lowering serum glucose levels in T2D patients (Mohsenpour et al., 2019), which may provide a new strategy to manage T2D. Dietary fibers, which are mainly found in cereals, fruits, vegetables, or legumes, showed close associations with T2D. Increased fiber intake, especially soluble fiber, played a beneficial role in improving glycemic control in patients with T2D (Chandalia et al., 2000).



Fat

Our body obtains kinds of lipid metabolites from diet intake directly or generated intracellularly by liver and adipose tissue in different pathways. Lipidomics help us better understand the circulating lipid species. Among these, some are considered as biomarkers related to insulin resistance, such as stearic acid and deoxysphingolipids, and saturation and chain length of fatty acids (Meikle and Summers, 2017). High-fat diet–induced insulin resistance and T2D have been largely known since 20 years ago. High-fat diet increases lipid accumulation in cells and leads to obesity. Excess of fat increases proinflammatory cytokines and other hormones or factors involved in insulin resistance (Kahn et al., 2006). Free fatty acids inhibit Akt/PKB activation, thus impairing the insulin signaling pathway (Bruce and Febbraio, 2007). Besides, the reactive oxygen species generation in mitochondrial is increased, which also affects the glucose homeostasis (Bruce and Febbraio, 2007). Peroxisome proliferator-activated receptors (PPARs) function as lipid sensors that can be activated by both dietary fatty acids and their derivatives. PPARs regulate the expression of genes involved in a variety of processes including glucose and lipid metabolism, immune response, and cell growth (Evans et al., 2004; Figure 3). PPARα is vital in regulating fatty acid oxidation and therefore has indirect effects on improving glucose metabolism (Evans et al., 2004). Besides, PPARα activates tribbles pseudokinase 3 (TRB3), a direct target, to inhibit AKT activation and impairs insulin sensitivity (Du et al., 2003). PPARγ is an effector of adipogenesis via C/EBP and is responsible for the glucose regulation.

Scientists investigated the impact of fatty acid intake on blood glucose and insulin in the diet of adults with T2D and found that replacement of saturated fats with monounsaturated fatty acids (MUFAs) or polyunsaturated fatty acids may improve their glucose or insulin tolerance (Russell et al., 2016). And in vitro experiments have also confirmed that MUFAs or oleate rather than palmitate prevents insulin resistance (Gao et al., 2009). Postprandial hyperlipidemia is common in T2D patients, and it was shown that omega-3 fatty acids could reduce postprandial lipids but may not correct them completely (Tomlinson et al., 2020). However, the role of trans-fats in regulating glucose control is still controversial. Meta-analysis showed cholesterol-rich diet had a positive relationship with T2D risk (Tajima et al., 2014). Besides, supplementation of plant sterols or stanols lowered serum cholesterol levels (Derosa et al., 2018) that may be indirectly beneficial to glucose metabolism.



Protein

Dietary proteins are vital to life for its important role in acquiring essential amino acids to maintain protein synthesis and degradation and supporting cellular processes such as cell growth and development (Tremblay et al., 2007). In recent years, more and more studies have shown that proteins had different effects on glucose homeostasis by affecting insulin action and secretion except for body weight and feeding behavior. In normal or diabetic humans, dietary proteins stimulate insulin secretion so as to reduce glycemia (Spiller et al., 1987). High-protein diets seem to have beneficial effects on weight loss and glucose metabolism, significantly increase insulin sensitivity, and decrease inflammation in the short term (Russell et al., 2016). But long-term high-protein intake seems to result in insulin resistance in the whole body, by increasing mTOR/S6K1 signaling pathway and stimulating gluconeogenesis and high glucagon turnover (Linn et al., 2000). Studies showed that a 6-month high-protein diet (1.87 ± 0.26 g protein/kg body weight per day) in healthy individuals increased fasting glucose levels, impaired hepatic glucose output suppression by insulin, and enhanced gluconeogenesis (Linn et al., 2000). On the other hand, low-protein diets (5%–10% protein calories) suggested improved insulin sensitivity that is beneficial to T2D, and this may be realized through the general control non-derepressible 2 (GCN2)/transcription factor 4 (ATF4)/FGF21 signaling pathway (Haro et al., 2019; Figure 3).

Soy protein is one kind of protein that is good for its hypolipidemic and hypocholesterolemic benefits in humans (Anderson et al., 1995). Studies showed that soy protein intake can positively affect glucose metabolism in addition to its effect on decreasing serum lipids. In comparison with casein, soy protein reduced fasting glucose and insulin levels in animals and prevented insulin resistance induced by a high-sucrose diet. Moreover, in humans, it was also revealed that soy protein decreased glucose levels compared to casein (Hubbard et al., 1989). And this function might be explained by the differential hormonal response. Besides, soy protein can also stimulate INSR mRNA expression and thereby increase insulin signaling in fat and liver finally improve insulin sensitivity in these tissues (Iritani et al., 1997).

Fish protein is another protein and widely known protein for years, as Alaska and Greenland populations have a low incidence of T2D for taking large amounts of fish. In lean fish, protein is the most abundant nutrient; consumption of fish protein showed improved cholesterol transport via high-density lipoprotein and reduced triglycerides via very low-density lipoprotein (Chen et al., 2020). Meanwhile, compared to casein-fed animals, cod protein–fed rats were protected against insulin resistance induced by sucrose or in saturated fat (Lavigne et al., 2000) by stimulating glucose uptake by skeletal muscle (Lavigne et al., 2001). Cod protein activated PI3K/AKT signaling pathway and selectively improved GLUT4 translocation to the T tubules, improving glucose transport in response to insulin (Tremblay et al., 2003). Moreover, human studies also showed cod protein exerted beneficial effects to T2D. Cod protein induced a lower insulin-to-glucose ratio compared with milk protein (von Post-Skagegard et al., 2006) and increased postmeal plasma insulin concentrations compared with beef protein (Tremblay et al., 2007).

Protein breakdown or synthesis leads to the change of amino acids levels. There are eight amino acids that cannot be produced inside the body but must come from food. Amino acids are considered as gene expression regulators such as CHOP, which is important to glucose metabolism (Tremblay and Marette, 2001). Amino acids activate the mTOR/S6K1 pathway, and the activation of mTOR inhibits PI3K that results in insulin resistance (Kimball and Jefferson, 2006). BCAAs are kind of important amino acids in regulating homeostasis. BCAAs regulate the release of hormones, including leptin (LEP), GLP-1, and ghrelin, which affects glucose control (Potier et al., 2009). Besides, BCAAs regulate glucose metabolism partly through activating the mTORC1/PKC signaling pathway (Vary and Lynch, 2007).

A healthy and balanced diet should meet all the requirements in amino acids and proteins from varied sources in appropriate proportions. The canonical pathway to respond to amino acid deficiency is amino acid response (Chou et al., 2012). When the essential amino acids decrease, it would cause the deacetylation of the corresponding tRNAs. Uncharged tRNAs bind and activate the GCN2 kinase, and then the activated GCN2 phosphorylates the eukaryotic initiation factor 2α (eIF2α), and induces ATF4 activation (Hao et al., 2005). Numerous studies have shown that increasing dietary levels of BCAAs had a positive effect on T2D (Lynch and Adams, 2014), whereas others suggested that deficiency of BCAAs was beneficial for improving insulin sensitivity and glucose tolerance. Leucine deprivation or methionine deficiency all showed improved insulin sensitivity, energy expenditure, and thermogenesis via GCN2/eIF2α/ATF4/FGF21 transduction pathway (Haro et al., 2019).




MICRONUTRIENT AND T2D


Mineral Substances

As micronutrient, mineral substances are required at very low concentrations for the normal growth but play important roles in maintaining metabolism homeostasis (Shenkin, 2006). Some of the mineral substances are activating cofactors and coenzymes for metabolism control, oxidative stress, and genetic transcription. The deficiency of mineral substances was shown to have relationship with T2D (Figure 3).

Selenium is a vital component of enzymes for redox reactions such as glutathione peroxidase and thioredoxin reductase in human body, and importantly, the dose range to toxicity is very narrow (Sun et al., 2013). The main dietary sources of selenium are cereals, black tea, milk, mushrooms, soybeans, bamboo shoots, nuts, and broccoli (Rayman et al., 2008). Appropriate concentration of selenium intake can act as an insulin minetic to attenuate diabetes, with the role of decreasing glucose and insulin tolerance, thus preventing hepatic insulin resistance (Zhou et al., 2013). However, high selenium concentration will result in gluconeogenesis, and fasting blood glucose (FBG) levels increased and therefore have a risk to diabetes (Ogawa-Wong et al., 2016).

Vanadium is common in nature but appears at very low concentrations in humans. It occurs with proteins such as transferrin, albumin, and hemoglobin that are vital to the physiological processes (Pessoa and Tomaz, 2010). In vitro and in vivo researches suggested that vanadium had insulin-mimetic properties and may be a potential therapeutic agent to T2D (Domingo and Gomez, 2016). Oral administration of 1 mg/kg per day of vanadyl sulfate for 4 weeks significantly decreased glucose levels in diabetes patients. The possible mechanism underlying this might be through increasing GLUT translocation to plasma membrane and then resulting in glucose transport increase (Cohen et al., 1995).

Chromium plays an important role in glucose metabolism by enhancing the binding of insulin to INSR (Cefalu and Hu, 2004). Clinical trials suggested 4 months’ supplementation of chromium significantly decreased postprandial and also fasting glucose levels. Mechanisms underlying this beneficial function of chromium may partly be explained by the increase of GLUT2 expression and the activation of PI3K/AKT pathway in skeletal muscle (Panchal et al., 2017).

Zinc is an important component of enzymes that play vital roles in regulating insulin sensitivity and glucose homeostasis. Researches showed that, in patients with T2D, the concentrations of zinc in plasma and tissues are lower (Russell et al., 2016). Zinc supplementation improved insulin sensitivity and glucose tolerance in diabetic mice models (Chen et al., 2000) and was found to have similar functions in humans (Russell et al., 2016).

High sodium intake leads to a higher risk of hypertension and cardiovascular diseases in patients with diabetes mellitus. Sodium intake increases natriuresis via PPARδ/SGLT2 pathway and subsequently regulates glucose metabolism of type 2 diabetic patients (Zhao et al., 2016). In contrast, another substance, magnesium, was suggested to decrease the risk of cardiovascular diseases in T2D patients. Magnesium deficiency was associated with diabetes risk, whereas magnesium supplementation could attenuate insulin resistance and improve glycemic control in T2D patients (Wa et al., 2018).



Vitamin

In recent years, vitamin has received increased attention because of its roles in regulating the development of T2D by modulating insulin resistance and pancreatic β-cell functions (Figure 3). Among these, vitamins D and E are the two most popular types. Vitamin D was used to be a regulator of bone metabolism but was found to have various clinical functions. It is a key hormone involved in calcium and phosphorous balance with several derivatives (Muscogiuri et al., 2017). Vitamin D receptor (VDR) is found in the pancreatic β cells and insulin response tissues such as skeletal muscle and adipose tissue (Fan et al., 2016). Studies showed that vitamin D affected glucose utilization in VDR-dependent manner in muscle and adipose tissue and activated PPARδ, which is a transcription factor involved in fatty acid metabolism (Grammatiki et al., 2017). Besides, vitamins modulated insulin action and insulin sensitivity by directly stimulating INSR gene expressions (Maestro et al., 2000) or altered calcium flux to influence insulin release of β cells (Muscogiuri et al., 2017). Moreover, vitamin is a negative modulator of inflammatory cytokine such as TNF-α and IL6, which are closely related to insulin resistance (Garbossa and Folli, 2017).

Insulin resistance is the main diagnosis in most T2D patients, and vitamin D deficiency was found to result in insulin resistance and metabolic syndrome such as hypogonadotrophic, renal diseases and cardiovascular complications (Garbossa and Folli, 2017). And some beneficial effects of vitamin D supplementation have been reported. In several clinical trials, vitamin D administration decreased serum fasting glucose levels and improved Homeostatic Model Assessment of Insulin Resistance index in T2D patients (Talaei et al., 2013; Grammatiki et al., 2017). Vitamin E is a fat-soluble vitamin, which is well known for its antioxidant capacity. Besides, it also functions on cell cycle, cell signaling, lipid metabolism, and inflammation (Gray et al., 2011). Several years ago, vitamin E has been reported to have a role in regulation of insulin sensitivity (Galmes et al., 2018). Vitamin E supplementation significantly decreased plasma glucose and hemoglobin A1c (HbA1c) levels (Paolisso et al., 1993). The underlying mechanisms may include several pathways. For its antioxidant capacity, vitamin E alters IRS1 phosphorylation, thus affecting insulin signaling (Gray et al., 2011). Besides, vitamin E was shown to directly regulate gene expression such as PPARγ, which plays important roles in insulin sensitivity (Landrier et al., 2009).




OTHER CHEMICALS AND T2D

Besides macronutrients and micronutrients, others such as phytochemicals and bioactives that are widely distributed in diets or chemicals (such as alcohol) also have potential effects on T2D. Phytochemicals or bioactives exist in fruits, flowers, wood, seeds, bark, and stems, and some of them are found in traditional Chinese medicine (Zhao et al., 2019). They have been reported for their beneficial and therapeutic roles on diabetes in various studies. Phytochemical compounds such as lignans or flavonoids protect against oxidative stress and help diabetic wound healing (Bacanli et al., 2019). Bioactives, such as curcumin, capsaicin, berberine, celastrol, or artemisinin, were shown to improve insulin sensitivity to combat diabetes (Zhao et al., 2019). Despite the promising benefits, the molecular activity and toxicity of these numerous phytochemicals and bioactives need to be explored in further studies.

Alcohol is closely related to diseases such as fatty liver, cardiovascular diseases, and also T2D. Recently, a dose-response meta-analysis suggested that light and moderate alcohol intake may reduce the risk of T2D, whereas heavy alcohol intake showed inconclusive association (Knott et al., 2015).



NUTRITIONAL RECOMMENDATIONS FOR T2D

Prospective studies and clinical trials suggest different nutritional recommendations for the prevention and management of T2D. And they all highlight the importance of dietary habits and lifestyles. For example, calorie restriction and exercise are helpful to reduce the risk of T2D. From the perspective of nutrients, the quality is more important than the quantity. To better improve glucose control in T2D patients, diets rich in fruits, vegetables, legumes, and whole grains are recommended. Low-carbohydrate, low-GI (glycemic index), and high-protein diet patterns will protect us from hyperglycemia incidence. Moreover, moderate consumption of nuts and alcohol is also beneficial (Ley et al., 2014). Different populations or individuals have different foods, dietary habits, and disease susceptibility as well, so nutritional strategies should vary according to their cultures and genetic background.



DIET WITH GENETICS, EPIGENETICS, AND METAGENOMICS INVOLVED IN THE RISK OF T2D

Genetic backgrounds and environments (e.g., high-fat and high-energy dietary habits, and a sedentary lifestyle) are major factors that contribute to high susceptibility of T2D. The impressive progress of next-generation sequencing (NGS) technology has enabled genome sequencing to be obtained in a cheap and reliable large-scale manner, which provides a comprehensive description of genetic variants including single-nucleotide polymorphisms (SNPs), copy number variations, and other structural variants. Various technologies combined with NGS are developed to explore an increasingly diverse range of biological problems extensively for transcriptome, epigenome, and microbiome. Genetic variants account for only 5–10% for the observed heritability of T2D (Schwenk et al., 2013). Recent advances in precision nutrition have recognized that an individual’s diet may increase the disease risk of T2D by interacting with specific gene variants, affecting the expression of genes, modifying the epigenetic features, or altering microbial composition involved in critical metabolic pathways.


Genetic Variants and Diet Interactions

Genetic variants are the most widely studied features in the field of precision nutrition, and the GWASs have generated extensive knowledge about the genetic background of T2D (Table 1; Hindy et al., 2012; Ortega-Azorin et al., 2012; Ericson et al., 2013; Hwang et al., 2013; Ouhaibi-Djellouli et al., 2014; InterAct Consortium, 2016; Park et al., 2017; Schuler et al., 2017). For example, The α-ketoglutarate–dependent dioxygenase (FTO) and melanocortin-4 receptor (MC4R) genes were confirmed to be obesity-associated loci, which promotes researchers to study the association of these variants with T2D. GWASs showed these two genes were not significantly associated with diabetes, and conversely, SNP–diet interactions were found to play an important role in the risk of T2D (Ortega-Azorin et al., 2012). FTO rs9939609 and MC4R rs17782313 polymorphisms conferred a higher risk of T2D in subjects with low adherence to the Mediterranean diet. Transcription factor 7–like 2 protein (TCF7L2) was reported to play an important role in the pathogenesis of T2D, and the rs7903146 polymorphism was associated with a high risk of T2D in an Algerian population (Ouhaibi-Djellouli et al., 2014). In addition, the risk was increased in the subjects with both rs7903146 SNP and high dessert and milk intakes, which had higher fasting plasma glucose concentration.


TABLE 1. SNPs–diet interactions increase the risk of type 2 diabetes.

[image: Table 1]In order to better understand the cumulative effect of known T2D-related genetic variants, genetic risk score (GRS) has been developed. For example, 22 T2D-related SNPs identified by GWAS were chosen, where 15 SNPs affect β-cell function, and 7 SNPs affect insulin response, and the number of risk alleles present for each SNP was summed as a GRS for each individual (Layton et al., 2018). The GRSs were found to be significantly related to the risk of T2D in African Americans. There were also several studies using GRS to examine the effect of SNPs on diet interactions and disease risk. In the Malmö Diet and Cancer cohort (1991–1996) in Sweden (Ericson et al., 2018), GRS and dietary risk score (DRS) were found to be associated with risk of T2D independently, and the individuals with both high GRS and DRS have the highest risk of T2D. However, no interaction was observed between GRS and dietary intakes in terms of disease risk. Likewise, the same observation was reported in the EPIC-InterAct case-cohort study restricted to Mediterranean diet (Langenberg et al., 2014). However, in United States men, a Western dietary pattern, characterized by a high intake of processed meat, red meat, refined cereals, butter, eggs and high-fat dairy products, showed a significant interaction with the GRS based on 10 T2D-associated SNPs, to increase the risk of T2D (Qi et al., 2009).



The Effect of Dietary Intakes on Gene Expression and Epigenetic Modification

Besides interacting with genetic background, diet styles have been shown to change transcriptions related to T2D and increase the disease risk (Table 2). There are two types of transcriptome studies focusing on the gene expression change response to long-term dietary interventions or differentially expressed transcripts comparing the conditions from different habitual dietary exposures. Dietary intervention studies were usually carried out in rat or mice, and the effects on the metabolism were tested in both maternal and offspring. Low-protein diets in rat model down-regulated the expression of NR1H3 and then increased the expression of hepatic gluconeogenic genes (including G6PC and HSD11B1) and consequently resulted in glucose intolerance in adult offspring (Vo et al., 2013). Vitamin D deficiency in pregnant rat induced the down-regulation of nuclear factor κB inhibitor α (Iκbα) and resulted in insulin resistance in the offspring, which was associated with persistently increased inflammation (Zhang et al., 2014). Chromium was reported to regulate blood glucose first in 1959 (Mertz and Schwarz, 1959), a recent study using a mouse model found that chromium deficiency increased T2D susceptibility by downregulating insulin signaling genes to result in glucose intolerance (Zhang et al., 2017).


TABLE 2. Dietary intakes changing gene expression and epigenetics increase the risk of type 2 diabetes.

[image: Table 2]Epigenetics, including DNA methylation, histone modification, non-coding RNAs, chromatin structure, and so on, can regulate gene expression without changing the DNA coding sequence. Epigenetics are inheritable and reversible processes and involved in every aspect of life, for example, cell differentiation, embryogenesis, and development. In recent years, researches have recovered that epigenetic changes play an important role in various diseases including cancers, mental disorders, immune disease, diabetes, and cardiovascular diseases. In several population studies (Chambers et al., 2015; Dayeh et al., 2016; Wahl et al., 2017), DNA methylation markers were reported to be significantly associated with T2D incidence, and the DNA methylation risk score was able to predict the risk of T2D. The environment and lifestyle can directly interact with the genome to modify the epigenetics, and their influence can even be passed to the next generation. In the previous study, low-protein diet decreased the acetylation of histone H3 surrounding NR1H3 promoter to silence its expression and increased the risk of T2D in the offspring (Vo et al., 2013). Iκbα expression was found to be repressed potentially by Iκbα methylation when vitamin D was deficient (Zhang et al., 2014). DNA methylation profiling of the maternal liver tissue with chromium restriction diet revealed hypermethylated genes mainly involved in insulin signaling pathway; these genes were downregulated and consequently promoted T2D (Zhang et al., 2017). Likewise, magnesium and calcium deficiency increased the risk of T2D by inducing DNA methylation aberrations in genes related to glucocorticoid metabolism (Takaya et al., 2011, 2013).



The Effect of Dietary Intakes on Gut Microbiota

Gut microbiome is related to the pathogenesis of most chronic diseases, for example, controlling body weight and regulating insulin resistance. Among the environmental factors contributing to T2D, diet plays an important role through changing the gut microbiome. With the technology advances recently, 16S rRNA gene amplicon sequencing, shotgun metagenomic, and metatranscriptomic sequencing have been well established and widely used for comprehensive mapping of gut microbes. In a recent review (Gurung et al., 2020), the authors summarized 42 observational studies about bacterial microbiome and T2D and reported that five genera (including Bifidobacterium, Bacteroides, Faecalibacterium, Akkermansia, and Roseburia) were negatively associated with T2D, whereas the genera of Ruminococcus, Fusobacterium, and Blautia were positively associated with T2D. It is known that gut microbiota influences the nutrition absorption, and correspondingly, nutrition modulates the composition of gut microbiota. Several literatures have studied how food intakes change the gut microbiome and then promote T2D. From 59 T2D patients, high-carbohydrate, high-fat, and high-protein diets were found to increase counts of Clostridium clusters IV and XI and decreased counts of Bifidobacterium species, order Lactobacillales, and Clostridium cluster IV in gut; therefore, fecal short-chain fatty acid (SCFA) production was decreased subsequently, leading to metabolic disorders, which increased the blood insulin levels and insulin resistance (Yamaguchi et al., 2016).

These scientific advances allow us to predict individual risk by taking into account the genetic, epigenetic information, and dietary habits, thus enabling personalized prevention of the disease by formulating dietary recommendations.




DIET WITH GENETICS, EPIGENETICS, AND METAGENOMICS INVOLVED IN THE INTERVENTION OF T2D

Dietary intervention is an important way to control blood glucose levels in the treatment of T2D. There have been more recognitions that nutrition adjustment for T2D, which mainly aim at adjusting the metabolic disorders (i.e., insulin resistance), has different responses, given the individuals’ genetic features. Dietary interventions can also change the expression and epigenetic feature of genes involved in the important metabolic pathway, whereas the expression profiles and epigenetic markers can be used to predict personalized response. Moreover, the gut microbiota compositions can be modulated directly by nutrition during dietary interventions.


SNPs–Diet Interactions Showing Differential Responses to Dietary Intervention

FTO rs1558902 polymorphisms with high-fat diet were reported to improve the insulin sensitivity differently rather than low-fat diet from a randomized weight-loss dietary interventional trial (Zheng et al., 2015). Similarly, food interventions aimed at restricting caloric intake or modifying energy derived from fat, protein, or carbohydrates were screened with several SNPs, showing that different SNPs–diet interactions resulted in varied response in terms of weight loss, fasting insulin, and HOMA-IR (Grau et al., 2010; Qi et al., 2011, 2012, 2015; Xu et al., 2013; Huang T. et al., 2015). In a POUNDS LOST trial (Huang et al., 2016), a 2-year low-protein weight-loss diet for individuals with low diabetes GRS was found to significantly improve β-cell function and insulin resistance, whereas a high-protein diet might be more beneficial for patients with high GRS.



Epigenetic Modification After Dietary Intervention

Epigenetics play an important role in the metabolic disorders contributing to T2D, whereas lifestyle interventions aiming at diet and physical activity can reversely change the epigenetics and metabolic pathways. The current nutritional recommendations for diabetes management mostly aim to achieve modest weight loss and maintenance. There are not much direct studies about dietary intervention for T2D patients; however, several weight loss programs studied the interactions between DNA methylation and diet intervention. In a trial using 27 obese women with an 8-week low-calorie diet to study the interindividual difference (Cordero et al., 2011), good responders with a successful weight loss showed lower methylation of LEP and TNF-α promoter in adipose tissue and improved the lipid profile and fat mass percentage after the dietary intervention. This observation indicates the potential to predict the efficiency of weight loss by dietary intervention using DNA methylation of LEP and TNF-α promoter. Similarly, differential methylation of five regions located in or near AQP9, DUSP22, HIPK3, TNNT1, and TNNI3 genes was discovered between high and low responders to a weight loss intervention (Moleres et al., 2013). Interestingly, a pilot study reported that DNA methylation patterns of RYR1, TUBA3C, and BDNF in peripheral blood mononuclear cell were changed after weight loss intervention, and the DNA methylation pattern in the successful weight loss maintainers for up to 3 years after intervention was similar to normal-weight individuals rather than obese participants (Huang Y.T. et al., 2015). Therefore, DNA methylation markers might be used to predict body weight maintenance after weight loss.



Modulation of Gut Microbiota After Dietary Intervention

Unhealthy food intakes, e.g., Western diet, might change gut microbiota to increase the risk of T2D; conversely, the gut microbiome can be used as a target for the treatment of T2D. Several studies have shown that dietary intervention can modulate gut microbiota composition to treat T2D (Table 3). Deficiency in SCFA production has been associated with T2D (Puddu et al., 2014). A randomized clinical study using fecal shotgun metagenomic sequencing uncovered that high-fiber diet increased the abundance of SCFA-producing microbiota in TD2 patients to alleviate their phenotype (Zhao L. et al., 2018). Similarly, fiber-rich macrobiotic Ma-Pi 2 diet or a recommended control diet for T2D treatment (Candela et al., 2016) was found to have a positive impact on modulating gut microbe dysbiosis, especially recovering the SCFA-producing microbiome such as Faecalibacterium, Roseburia, Lachnospira, Bacteroides, and Akkermansia. Moreover, the Ma-Pi 2 diet showed the potential to reverse proinflammatory dysbiosis in T2D by counteracting the increase in the proinflammatory groups, such as Collinsella and Streptococcus. Low-calorie formula diet was proven to have a favorable impact on gut microbiome in a standardized three-phase weight loss program for T2D patients (Taheri et al., 2019). The result showed that all of the participants lost their weight and accompanied by a significant improvement of glucose metabolism indicated by a reduction of HbA1c, fasting glucose, and insulin. Meanwhile, both the phylogenetic diversity and β diversity markedly shifted during the end of the low-calorie formula diet. Based on the epidemiological studies, increased circulating BCAAs are associated with insulin resistance and T2D. A randomized crossover trial performed on T2D patients identified that decreased intake of BCAAs was negatively relevant to postprandial insulin secretion (Karusheva et al., 2019). Meanwhile, the analysis of fecal microbiome showed enrichment in Bacteroidetes but decrease of Firmicutes.


TABLE 3. Dietary interventions modulate gut microbiota.

[image: Table 3]There were also many researches using animal models to investigate dietary intervention for T2D. A report demonstrated that pumpkin polysaccharide had the ability to ease the phenotype of T2D in rat model induced by high-fat diet and streptozotocin and selectively enriched the butyric acid–producing microbiota in rat gut, which is the potential mechanism (Liu et al., 2018). In a non-obese type 2 diabetic animal model, the pancreatectomized rats were provided diets supplemented with aronia, red ginseng, shiitake mushroom, and nattokinase (AGM) (Yang et al., 2018). After 12 weeks’ feed, the experimental group showed enhanced insulin secretion and reduced insulin resistance, as well as improved the gut microbiome dysbiosis. According to traditional Chinese medicine, oil tea containing green tea and ginger has potential to treat various ailments (Lin et al., 2018). Lin et al. (2018) orally gavaged the db/db mice with oil tea for 8 weeks and tested FBG, oral glucose tolerance test, and lipid levels. The result showed that oil tea can effectively suppress the blood glucose elevation, and meanwhile the gut microbiota was markedly enriched with Lachnospiraceae. It was also reported that the high-fat diet–fed mice showed reduced insulin resistance after oral gavage red pitaya β-cyanins for 14 weeks (Song et al., 2016). 16S rRNA sequencing analysis found the structure of gut microbiota was modulated especially with the decreased ratio of Firmicutes and Bacteroidetes and increased relative abundance of Akkermansia. In another streptozotocin-induced type 2 diabetic mice model, Lessonia nigrescens ethanolic extract was shown to decrease FBG levels (Zhao C. et al., 2018). The gene and protein of PI3K in liver were upregulated, whereas JNK was significantly downregulated. Meanwhile, the gut microbiota was enriched with beneficial bacteria, Barnesiella, and had less abundances of Clostridium and Alistipes.

In summary, previous studies have shown that the specific dietary (e.g., high-fiber, low-fat, or low-calorie formula diet) can regulate insulin secretion and resistance through modulating the gut microbiota. Therefore, modification of the gut bacteria composition by dietary intervention might be a feasible method to alleviate the symptom of T2D. However, concrete conclusion remains to be obtained by future well-designed and long-term studies. Especially, more effort is expected to study the role of individual food compounds or nutrients in regulating the metabolism to prevent and treat T2D.




CONCLUSION

Type 2 diabetes is a metabolic disease characterized by insulin resistance and/or abnormal insulin secretion that is caused by multiple factors including genetics, nutrition, and physical activity. Insulin signaling dysregulation in glucose metabolism is the major mechanism contributing to T2D, and the factors involved in this pathway can be targets for prevention and intervention of T2D. Growing evidence suggest the important role of nutrition in developing T2D, and the mechanisms behind are explored, respectively, in terms of five main nutrients, namely, proteins, carbohydrates, fats, vitamins, and minerals. Previous suggestions for management of T2D are usually made based on average population; however, with the advance of precision medicine, precision nutrition has attracted increasing attention in T2D. Genetic predisposition combined with diet specifically influences the risk of developing T2D for individuals, and food intakes change gene expression, epigenetic features, and gut microbiota to characterize individuals’ response to prevention and treatment by adjusting dietary patterns. However, precision nutrition is still in its infancy, and the studies performed are not comprehensive and sometimes have contradicted conclusions, possibly due to the limited sample size, varied population, and unstandardized study design. In conclusion, nutrition plays a big role in the prevention and intervention of T2D, and precision nutrition holds promise for future therapeutic strategies.
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Age-related sarcopenia probably leads to chronic systemic inflammation and plays a vital role in the development of the complications of the disease. Gut microbiota, an environmental factor, is the medium of nutritional support to muscle cells, having significant impact on sarcopenia. Consequently, a significant amount of studies explored and showed the presence of gut microbiome–muscle axis (gut–muscle axis for short), which was possibly considered as the disease interventional target of age-related sarcopenia. However, a variety of nutrients probably affect the changes of the gut–muscle axis so as to affect the healthy balance of skeletal muscle. Therefore, it is necessary to study the mechanism of intestinal–muscle axis, and nutrients play a role in the treatment of senile sarcopenia through this mechanism. This review summarizes the available literature on mechanisms and specific pathways of gut–muscle axis and discusses the potential role and therapeutic feasibility of gut microbiota in age-related sarcopenia to understand the development of age-related sarcopenia and figure out the novel perspective of the potential therapeutic interventional targets.
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INTRODUCTION

With the global improvement of life quality and medical care, average human life expectancy has be prolonged dramatically and it will prolong continuously (Kontis et al., 2017; Ben-Haim et al., 2018; Partridge et al., 2018). However, age-related diseases are thriving (Carmona and Michan, 2016), which means longer human lives result in a global burden of late-life disease (Partridge et al., 2018). It is imperative to obtain more understanding about the aging process, since healthy aging has become a popular topic (Lu et al., 2019). In recent years, more and more studies suggest that the muscle mass and function significantly and inexorably decline with age (Blau et al., 2015; Curtis et al., 2015; Brook et al., 2016; Cartee et al., 2016; Giallauria et al., 2016; Francis et al., 2017; Tezze et al., 2017; Tieland et al., 2018; Wilkinson et al., 2018; Larsson et al., 2019), which is termed as sarcopenia (Larsson et al., 2019). Sarcopenia is strictly defined as an age-related syndrome, which is characterized by progressive and generalized loss of skeletal muscle mass and strength. Moreover, sarcopenic obesity, a new concept that emerged recently, reflects a combination of sarcopenia and obesity (Choi, 2016). Sarcopenia may reduce mobility lead to fall-related injuries, such as bone fracture, diminish health-related quality of life and lead to premature death (Curtis et al., 2015; Shaw et al., 2017; Larsson et al., 2019). A systematic review and meta-analysis study shows that a substantial proportion of the old people have sarcopenia, and the overall estimate of prevalence in both men and women is 10% (Shafiee et al., 2017). The cause of sarcopenia or sarcopenia obesity is complex. The lack of exercise, age-related decreases in hormone concentrations and low vitamin D status are considered as the risk factors inducing sarcopenia presently (Dhillon and Hasni, 2017; Petroni et al., 2019). Interestingly, an increasing number of studies suggest gut microbiota is closely associated with sarcopenia in aging (Ticinesi et al., 2019b).

It is not difficult to find that the relation between the gut microbiota and human health is being increasingly recognized, so the concept that the human gut microbiota is involved in multiple interactions influencing host health during the host’s entire lifespan is well known. Notably, the composition of human gut microbiota changes with age, and some transition points and patterns in the changes of composition in gut microbiota with age have been indicated (Odamaki et al., 2016). A separate phylogenetic study finds out the core intestinal flora of people in different age groups: young people (22–48 years old), elderly (65–75 years old), centenarians (99–104 years old), and half-centenarians (105–109 years old; Biagi et al., 2016). The core intestinal flora is composed of Bacteroides, Rumen bacteria, and Spirulina, implying unhealthy intestine status probably due to changes of composition of the core intestinal flora or the risk of unhealthy intestines with age. Actually, as the biological age increases, the overall abundance of gut microbiome decreases, with the addition of some microbial classifications related to unhealthy aging (Kim and Jazwinski, 2018). Compared with younger individuals, the frail elderly have a greater change in the intestinal flora, with an observed change that dominated population of Bacteroides in the microbial community (Mangiola et al., 2018). The transition between the adults and the elderly is mainly characterized by a decrease in bacterial diversity, the transition between the adults and the elderly is mainly characterized by a decrease in bacterial diversity and a decrease in bifidobacteria and an increase in Clostridium, Lactobacillus, Enterobacteriaceae, and Enterococcus (Mitsuoka, 2014). A study shows that the fecal samples of individuals from 0 to 104 years old were analyzed by 16S rRNA sequencing, whose results support that the gut microbiome changes with age (Odamaki et al., 2016).

Specifically speaking, the composition of gut microbiota is proved to be dynamic throughout the lifespan attributing to the factors such as dietary changes, antibiotic intake, age, disease, and so on (Manuel Marti et al., 2017). The host and the microbiota are extremely related, owing to the functions mediated or affected by bacteria of host. The regulatory effect of the microbiota for the balance of body health includes fiber catabolism, host immune system regulation and resistance to pathogens, vitamin and amino acid biosynthesis, xenobiotic detoxification, etc. (Kundu et al., 2017). Because of the regulatory effect of gut microbiome on human metabolism and immunology, the gut microbiome is considered as a possible determinant of healthy aging (Claesson et al., 2012; Candela et al., 2014). The maintenance of host microbial homeostasis probably counteracts inflammation (Biagi et al., 2010), intestinal barrier permeability (Nicoletti, 2015), and so on. However, the composition of gut microbiota changes rapidly again, leading to gastrointestinal dysbiosis, which is associated with increasing biological age (Maffei et al., 2017; Salazar et al., 2017). An increasing number of evidence suggest that dysbiosis in the microbiome is associated with a variety of diseases, including atherosclerosis, hypertension, obesity, diabetes (types 1 and 2), cancer, sarcopenia, and so on (Lloyd-Price et al., 2016; Cigarran Guldris et al., 2017; Lau et al., 2017; Li et al., 2017; Rajagopala et al., 2017; Tang et al., 2017; Weiss and Hennet, 2017; Picca et al., 2018a; Durazzo et al., 2019).

Interestingly, although the dysbiosis in the microbiome can induce a lot of diseases, the health effects of regulating gut microbiota in the body obtained more and more attention in recent years. As for sarcopenia, it is remarkable that an increasing number of studies suggest the presence of gut–muscle axis, indicating the gut microbiome may affect the health of skeletal muscle and vice versa (Picca et al., 2018a). A Chinese cohort survey finds that different dietary habits attributed to different geographical locations lead to significant differences in the composition of the gut microbiome (Zhang et al., 2015). Because aging is often accompanied by a decrease in the amount and diversity of fiber-containing foods intake, and a risk of malnutrition and lifestyle, especially diet, plays a vital role on aging gut health (Claesson et al., 2012). Therefore, changes in dietary patterns, supplementation of nutrients, and intervention of active substances improve the incidence of sarcopenia via the gut–muscle axis and have become some of the new treatment methods in recent years.

This review summarized the available literature on evidence and mechanisms of gut–muscle axis and aimed at coming up with promising preventive and therapeutic measures targeting gut microbiome on sarcopenia in order to improve the quality of life in aging and decrease global burden of late-life disease.



SKELETAL MUSCLE AND MICROBIOME

In recent years, more and more studies have shown that gut microbes are related to skeletal muscle metabolism. The state of gut microbes possibly affects the content and function of skeletal muscle. Intestinal microbial disorders cause health loss to patients and even the elderly, affecting the quality of life. Therefore, it is urgent for us to efficiently find out intervention approach via clarifying the role of the gut microbiota in skeletal muscle metabolism.


Effect of Gut Microbiome on Skeletal Muscle: Animal Studies

Skeletal muscle descending size and function are related to metabolic disorders (Kelley et al., 1999) and osteoporosis (Nair, 2005), and animal studies show that intestinal microbial metabolism can regulate skeletal muscle function. The study by Honglin Yan et al. finds that, compared with lean Yorkshire pigs, obese Rongchang pigs (RP) have a different composition of gut microbes. The intestinal microbes of RP were transplanted to germ-free (GF) mice, and the muscle characteristics of GF mice are highly similar to those of RP, which indicated gut microbiome plays a potential role in the skeletal muscle development (Yan et al., 2016). Similarly, it is generally believed that the physiological metabolism of gut microbiome, muscle, and immunity is related to age. Combined with the analysis of intestinal microbiome, biochemical indicators of muscle metabolism, and serum proteomics and liposome profile of elderly rats with age, the results show that old rats have a higher inflammation/immune status compared with adult rats; the intestinal flora probably participated in the metabolic processes of musculoskeletal system, nutrition, and inflammation/immunity through various complex mechanisms (Siddharth et al., 2017). The antibiotic metronidazole-treated mice have a significant increase of the bacterial phylum Proteobacteria in fecal pellets, accompanied by a decrease in muscle weight of the hind limbs, resulting in smaller tibial anterior muscle fibers. In the gastrocnemius muscle, metronidazole treatment leads to the increasing expression of neurogenic atrophy-related biochemical indicators of skeletal muscle, including the up-regulation of HDAC4, myogenin, MuRF1, and avergin1 (Manickam et al., 2018).

Based on the physiological analytic results, intestinal microbial composition is closely related to skeletal muscle content and related biochemical and metabolic indicators (Manickam et al., 2018; Lahiri et al., 2019); some researchers have tried to apply intestinal flora transplantation in skeletal muscle improvement. Certain gut microbiomes are able to produce intestinal metabolites that promote skeletal muscle anabolism. Feces transplanted from unhealthy children (or malnourished children) changed the growth of mice (Ticinesi et al., 2017). Having a gut microbial composition similar to that of the donor, the sterile mice transplanted with feces from the elderly show high (with higher lean meat and lower fat mass) or low function (Fielding et al., 2019). The high function transplanted mice show higher grip strength and a higher proportion of microorganisms. GF mice had lower muscle mass and fewer muscle fibers, while muscle atrophy markers increased compared to pathogen-free mice; however, these are mostly reversed after fecal transplantation and short-chain fatty acid (SCFA) treatment, surprisingly (Lahiri et al., 2019). Researchers continuously find from animal models that change of the composition of gut microbiome regulates the metabolic function of skeletal muscle. Therefore, it is of significance to understand the complex relationship between gut microbiome and host physiology to determine approaches of lifestyle/nutrition/pharmaceutical intervention in maintaining the potential range of skeletal muscle health.



Effect of Gut Microbiome on Skeletal Muscle: Human Studies

The relationship between the composition of the gut microbiome of the elderly and the function of skeletal muscle has also been found in human studies. Changes in gut microbiome that occur when the elderly were transferred to long-term care facilities may eventually change bones and body composition, leading to sarcopenia, osteoporosis, and obesity, increasing the risk of fractures (Inglis and Ilich, 2015). According to the potential close relationship between intestinal population composition and skeletal muscle metabolism, some researchers have explored its possibility as a clinical diagnostic indicator in the clinic. The Sequential and Orthogonalized Covariance Selection (SO-CovSel) prediction model was established by a multimarker method of labeling biomarkers of gut microbial profile, systemic inflammation, and metabolic characteristics in the available cohort of elderly people, and the model correctly distinguished 91.7% of the elderly in the physical frailty and sarcopenia (PF&S) group and 87.5% of the non-PF&S control group (Picca et al., 2020), suggesting close relationship between the gut microbiome, inflammation, nutritional, metabolic status and muscle rebuilding.

Simultaneously, gut microbiome has been explored its possibility as a therapeutic intervention target of skeletal muscle metabolism in the clinic. Sarcopenia, as a common complication in patients with chronic kidney disease (CKD), is related to the activation of protein breakdown signal pathways. The dynamic balance symbiosis system composed of gut microbiome and the human body is destroyed in CKD state, and the resulting intestinal microecological imbalance can accelerate the progress of sarcopenia (Tang et al., 2020). Therefore, the dynamic balance of gut microbiome is considered as the novel and effective intervention target. Clinically, non-target comprehensive metabolomics analysis was performed on middle-aged men with metabolic syndrome treated with resveratrol (RSV). Among men treated with RSV, muscle renewal biochemical markers increase; lipid metabolism is affected; and the urinary derivatives of aromatic amino acids, that mainly reflect the changes of the composition of gut microbiome, have been altered, which may be owing to the change of metabolic function of gut microbiome (Korsholm et al., 2017). The curative effect of the treatment of sarcopenia that targets gut microbiome for intervention has begun to be explored. We will describe the mechanism of action of “gut–muscle axis” and intervention treatment in detail in the following sections.



MECHANISM OF GUT-MUSCLE AXIS

At present, the role of the gut–muscle axis in regulating age-related muscle health has been confirmed by animal models and human studies, while its mechanisms have not been systematically understood. We will systematically introduce the mechanisms probably involved, including protein metabolism, systemic chronic inflammation and metabolic resistance, mitochondrial dysfunction, and modulation of host gene expression (Figure 1).
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FIGURE 1. The possible mechanisms of the skeletal muscular improving quality via gut–muscle axis.



Protein Metabolism

In fact, gut microbiota can be regarded as a highly significant metabolic organ or endocrine organ that generates bioactive metabolites and impacts physiological processes those are vital to host health such as regulation of immune mediators, energy homeostasis, neurobehavioral development, and gut epithelial health (Marchesi et al., 2016; Takiishi et al., 2017; Tang et al., 2017; Barko et al., 2018). Besides, gut microbiota can alter the bioavailability of amino acids through utilizing several amino acids that originate from both alimentary and endogenous proteins, influencing muscle protein synthesis and breakdown, and having an effect on host muscle (Neis et al., 2015; Karlund et al., 2019). As we all know, protein is vital for skeleton muscle. In addition, the gut microbiota is capable of synthesizing some nutritionally essential amino acids de novo, such as tryptophan, which represents the fundamental substrates for muscle protein anabolism (Lin et al., 2017). Tryptophan probably plays a role of stimulating the insulin-like growth factor 1/p70s6k/mTOR pathway in muscle cells and promoting the expression of genes involved in myofibrillar synthesis (Dukes et al., 2015). However, it is also suggested that protein-enriched diets may switch bacterial metabolism toward amino acids degradation and fermentation (Picca et al., 2020).



Systemic Chronic Inflammation and Metabolic Resistance

It is recognized that age-related sarcopenia can be caused by systemic chronic inflammation, as well as metabolic resistance in aging, and the mechanism is gradually understood by people.



Systemic Chronic Inflammation and Gut Barrier Function

Studies suggest that age-related systemic chronic inflammation (“inflaming”) is involved in the development of sarcopenia (Boirie, 2009; Bindels and Delzenne, 2013; Ogawa et al., 2016; Steves et al., 2016; Ticinesi et al., 2017; Grosicki et al., 2018; Liguori et al., 2018; Ni Lochlainn et al., 2018). The changes in the gut microbiome could alter the inflammatory state of the individual and consequently result in sarcopenia (Biagi et al., 2010; Bindels and Delzenne, 2013; Quigley, 2013; Steves et al., 2016; Ni Lochlainn et al., 2018; Picca et al., 2018a). It is reported that modulation of the gut microbiota can influence the gut’s barrier function, thereby playing an important role in maintaining the balance of proinflammatory and anti-inflammatory responses (Ni Lochlainn et al., 2018; Picca et al., 2018a). The healthy gut microbiome induces a big variety of host responses within the intestinal mucosa and thereby strengthens the gut barrier function, exerting immunomodulatory actions within the gut and beyond (Bindels and Delzenne, 2013; Lin and Zhang, 2017; Ni Lochlainn et al., 2018). In addition, work in animal models shows evidence of gut barrier dysfunction in association with age-associated microbial dysbiosis, increasing intestinal permeability (Grosicki et al., 2018; Ni Lochlainn et al., 2018; Thevaranjan et al., 2018). This could contribute to facilitating translocation of microbial byproducts into the circulation. Microbial byproducts include endotoxins such as lipopolysaccharide (LPS); they can induce systemic chronic inflammation as well as insulin resistance which is one form of metabolic resistance and finally lead to sarcopenia (Bindels and Delzenne, 2013; Ni Lochlainn et al., 2018). A low representation of SCFAs, producers in gut microbiota, are proved involved in increasing subclinical chronic inflammation and then resulted in sarcopenia (den Besten et al., 2013; Ticinesi et al., 2017). In other words, SCFAs produced by gut microbiota can help reduce inflammation and thereby prevent sarcopenia. From a skeletal muscle perspective, one of the most studied mediators among SCFAs is butyrate. Butyrate also plays a vital role in intestinal barrier function and therefore may be associated in intestinal permeability (Peng et al., 2009; Ni Lochlainn et al., 2018). Besides, its anti-inflammatory properties are demonstrated in inflammatory bowel diseases (Leonel and Alvarez-Leite, 2012; Ticinesi et al., 2017). Interestingly, lack of SCFAs can also lead to metabolic resistance (Sonnenburg and Backhed, 2016; Ticinesi et al., 2017; Vaiserman et al., 2017; Ni Lochlainn et al., 2018).



Metabolic Resistance

It is suggested that age-related sarcopenia is closely associated with metabolic resistance (Figure 2; Ticinesi et al., 2017; Ni Lochlainn et al., 2018). There is evidence showing “anabolic resistance” in older adults, which means a higher dose of protein is needed to achieve the same myofibrillar protein synthesis response as a younger person (Dillon, 2013; Welch, 2014; Moore et al., 2015; Mitchell et al., 2017). The gut microbiota is involved in many of the postulated mechanisms for anabolic resistance in older people, either directly or indirectly, and it is probably to be a complex interaction between these postulated processes (Ni Lochlainn et al., 2018). The changes in gut microbiome composition and/or diversity result in changes in protein metabolism (Figure 2A), including absorption as well as availability reduction and increased hydrolysis, leading to anabolic resistance, reduction of muscle protein synthesis, and the development of sarcopenia (Rampelli et al., 2013; Mitchell et al., 2017). Besides, gut microbial dysbiosis can lead to gut barrier dysfunction (Figure 2B), which causes the concentration of LPS in the blood to rise. In addition, gut microbial dysbiosis can also result in reduced production of SCFAs. Both the rise of LPS concentration in the blood and the reduction of SCFAs can bring about inflammation and insulin resistance first and then lead to metabolic resistance, or they can also result in metabolic resistance without causing inflammation or insulin resistance first (Ni Lochlainn et al., 2018; Mesinovic et al., 2019). Anabolic resistance should not be limited to one or two mechanisms but must be regarded as a complex and multidimensional construct. The etiologies and mechanisms implicated are not clear; thus, further investigation is required to understand the potential role of the gut microbiota in a variety of postulated mechanisms for anabolic resistance.
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FIGURE 2. Transmutation of gut status maintains sarcopenia via metabolic resistance. (A) The changes in gut microbiome composition and/or diversity result in changes in protein metabolism; (B) gut microbial dysbiosis leads to gut barrier dysfunction, which causes the concentration of LPS in the blood to rise and/or SCFAs to decline.




Mitochondrial Dysfunction

In skeletal muscle, primary aging leads to mitochondrial energetics deficiency and muscle mass reduction (Cartee et al., 2016). It is suggested that ultrastructural modifications in the number and functionality of mitochondria caused reduced muscle protein synthesis (Marzetti et al., 2013, 2016; St-Jean-Pelletier et al., 2017). Ibebunjo et al. suggest that aged rats lose muscle mass and function gradually (i.e., sarcopenia) through mechanisms involving mitochondrial dysfunction (Ibebunjo et al., 2013; Siddharth et al., 2017). As for human, a study finds that sedentary but not active humans show an age-related decline in optic atrophy 1 (OPA1), a mitochondrial protein, leading to mitochondrial dysfunction; finally, it results in muscle loss. Specifically speaking, the ablation of Opa1 results in endoplasmic reticulum stress, which signals via the FoxOs and unfolded protein response, inducing a catabolic program of systemic aging and muscle loss (Tezze et al., 2017). Interestingly, evidence shows that there is a strict connection between microbiota and mitochondrial function. There is a regulatory relationship between the gut microbiota and mitochondria; therefore, a disruption of the relationship leads to dysfunctional mitochondria. A network analysis shows that Atopobium parvulum was the most prominent microbe associated with mitochondrial dysfunction and the relative abundance of A. parvulum correlates negatively with both the level of butyrate producers and the mitochondrial protein expression. Besides, the loss of butyrate producers will cause decreased butyrate production that in turn will impair mitochondrial functions (Mottawea et al., 2016). What is more, SCFAs are the putative mediators of the effect of gut microbiome on skeletal muscle, whose main host targets are skeletal muscle mitochondria; it also suggests a close connection between microbiota and mitochondrial function (Kimura et al., 2014; Clark and Mach, 2017).

It is worth noting that mitochondrial dysfunction may play a vital role to link the relation between chronic inflammation and age-related sarcopenia, and the gut microbiota dysbiosis may be a key role in the gut–muscle crosstalk (Picca et al., 2018a). Nucleoids or oxidized cell free-mtDNA extruded from damaged mitochondria could trigger inflammation in sarcopenia (Figure 3B); they would activate the innate immune system as well as induce body to produce inflammatory mediators. The release of the latter would maintain a vicious circle in myocytes, leading to further mitochondrial impairment, finally resulting in sarcopenia (Picca et al., 2018b). Moreover, mitochondrial dysfunction is suggested as one of the possible mechanisms for anabolic resistance (Ni Lochlainn et al., 2018).
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FIGURE 3. The gut–muscle axis led to sarcopenia via regulating the processes of mitochondrial dysfunction and modulation of host gene expression. (A) AMP-activated protein kinase (AMPK) and carnitine palmitoyl transferase-1 (CPT-1) are increased. (B) Mitochondrial dysfunction. (C) Autophagy-lysosomal pathway related proteins reduced. (D) Cell signaling pathway regulation process.




Modulation of Host Gene Expression

In fact, gut microbiota is able to produce a variety of metabolites that reach the muscle to give proanabolic signals to the host, modulating gene expression of the host and enhancing antioxidant activity.

Bäckhed et al. show that the activities of AMP-activated protein kinase, which monitor cellular energy status, as well as carnitine palmitoyl transferase-1, are increased in the muscle of GF mice compared to mice with gut microbiota, promoting long-chain fatty acyl-CoA to enter into mitochondria, where they will be oxidized, which indicates an increased oxidative capacity (Figure 3A). Besides, GF mice show increased intestinal levels of fasting-induced adipocyte factor that is associated with an increased expression of proliferator-activated receptor-γ coactivator-1 in the gastrocnemius muscle. These increased activities counteract the effect of denervation and fasting on muscle atrophy (Backhed et al., 2007; Bindels and Delzenne, 2013; Picca et al., 2018a). A study shows a reduction of LC3 and cathepsin L in tibialis and gastrocnemius muscles, and they are two markers of the autophagy–lysosomal pathway, which is a major system, in skeletal muscle, of protein breakdown (Figure 3C; Mammucari et al., 2007; Bindels and Delzenne, 2013). It is reported that a healthy gut microbiota can produce a mass of complex cobalamin (or vitamin B12) and folate, which may prevent reduction of muscle function through improving muscle anabolism, as well as preventing both hyperhomocysteinemia-induced oxidative stress and endothelial damage (Kuo et al., 2007; Guy LeBlanc et al., 2013). Besides, indoxyl sulfate, gut microbiota-specific metabolite, can lead C2C12 myoblasts to increase the activity of the pentose phosphate pathway and show an up-regulation of glycolysis, inducing sarcopenia (Wikoff et al., 2009; Sato et al., 2016; Grosicki et al., 2018). In addition, bile acids produced by gut microbiota can be signaling molecules in regulating G-protein–coupled bile acid receptor-1 (also known as TGR5) in the muscle, promoting intracellular thyroid hormone activation, and thereby elevate energy expenditure in human skeletal muscle cells (Watanabe et al., 2006; Di Ciaula et al., 2017). Except this, bile acids also prevent muscle fat deposition by activating the nuclear farnesoid X receptor (Watanabe et al., 2006; Cipriani et al., 2010; Di Ciaula et al., 2017). Nuclear factor κB (NF-κB), the transcription factor of muscle-specific activation, causes sarcopenia, which calls toll-like receptors/NF-κB pathway (Figure 3D), and may be associated with the gut microbiota-muscle axis (Bindels and Delzenne, 2013). What is more, betaine is a microbial metabolite that activates cytosolic calcium influx, synthesis of IGF-1, and extracellular signal–regulated kinase in human osteoblast cultures, which may have effects on skeletal muscle (Villa et al., 2017; Grosicki et al., 2018). The induction of Klf15 gene expression and activation of the branched-chain amino acid pathway in GF mice may be another possible mechanism of gut–muscle axis, which is called HPA-glucocorticoid–driven atrophy of skeletal muscle mass (Lahiri et al., 2019).



Others

Interestingly, gut microbiota could also affect muscle function via the mediation of the central nervous system (Ticinesi et al., 2017), Lahiri et al. observed reduced serum choline, which is the precursor of acetylcholine and the key neurotransmitter that signals between muscle and nerve at neuromuscular junctions (NMJs) in GF mice, which suggests that the communication between muscle and nerve cells at NMJs may be impaired under GF conditions. Besides, gut microbiota is observed to alter the expression of genes encoding Rapsyn and Lrp4, two proteins important for NMJ assembly and function expression of NMJ-associated genes in GF mouse muscle alterations (Lahiri et al., 2019). However, further experiments are needed to reach a definitive conclusion.



TREATMENT

On the basis of mechanisms of gut–muscle axis, a significant amount of studies suggest that gut microbiota modulation may potentially be a future therapeutic target in age-related sarcopenia. In this review, we will summarize the possible ways to modulate gut microbiota and thereby come up with potential treatments of sarcopenia.


Modulate Gut Microbiota Directly


Supplement of Probiotics and Prebiotics and Dietary Fibers

More and more animal and human studies suggest that the use of prebiotics and/or probiotics has beneficial effects on skeletal muscle. Prebiotics, fermented in the lower part of the gut and selectively stimulating the growth and/or activity(ies) of a limited number of bacteria, are non-digestible carbohydrates and therefore have healthy effects on the host (Delzenne and Cani, 2011). There are two substances, inulin and trans-galacto-oligosaccharides, meeting the criteria for classification as a prebiotic (Steves et al., 2016; Vandeputte et al., 2017), and more investigated prebiotics anticipated as standard in recent years (Jäger et al., 2019; Khuituan et al., 2019). Cani et al. (2009) demonstrate that the supplement of prebiotics has beneficial efficacy on skeletal muscle of mice. Besides, an increase in muscle strength and endurance can be observed after prebiotic supplementation (inulin plus fructo-oligosaccharides) in older people (Buigues et al., 2016). Probiotics are live microorganisms, such as Lactobacillus species and so on, which confer a health benefit on the host when administered in adequate amount (Delzenne and Cani, 2011). Sarcopenia is attenuated through oral supplementation with specific Lactobacillus species in a mice model of acute leukemia (Bindels et al., 2012). Besides, the muscle mass and function increased by supplementation with Lactobacillus plantarum (Chen et al., 2016). Treatment with probiotic formulations, containing Faecalibacterium prausnitzii, which is one of the main SCFA producers, is associated with reduced systemic inflammation in mice (Munukka et al., 2017). As for human studies, two probiotic trials show an increase in skeletal muscle function in elite athletes (Salarkia et al., 2013; Shing et al., 2014). Interestingly, it is suggested that supplement of prebiotic and/or probiotic elevates the abundance of butyrate producers, as well as Bifidobacterium, and thereby improves the muscle mass and function in older people (Vulevic et al., 2008; Eloe-Fadrosh et al., 2015). However, most of the evidence for a benefit of probiotics is in rodents. In humans, probiotic studies have only shown evidence in randomized controlled trials in young populations or very old or the severely ill (Steves et al., 2016). Moreover, dietary fibers play a key role in gut microbiome diversity and composition, and its supplementation may be a significant approach for increasing gut bacterial SCFA production (Lustgarten, 2020), which may have positive effects on skeletal muscle mass and physical function in humans (Lustgarten, 2019).



Fecal Microbiota Transplantation

Fecal microbiota transplantation (FMT) is the infusion of a solution of donor feces to patients (van Nood et al., 2013). Many studies suggest that FMT could potentially be a method to improve skeletal muscle mass and function. Yan et al. (2016) transfer gut microbiota from obese pigs to GF mice, and the result is that the metabolic profile and fiber characteristics of the skeletal muscle are replicated in the recipients, which indicates the beneficial effect of FMT on skeletal muscle performance. Compared to supplementation with prebiotic and/or probiotic, FMT is a more radical treatment option (Steves et al., 2016).



Diet and Nutrition

During aging, most of gut microbiota alterations due to diet, in other words, gut microbiota composition, depends heavily on diet composition (Claesson et al., 2012). It is suggested that long-term dietary habits have important effects on gut microbiome (Fielding et al., 2019); according to the report, increased levels of Prevotella, some Firmicutes, and SCFAs are significantly associated with consumption of a Mediterranean diet (De Filippis et al., 2016). In fact, except changing the composition of gut microbiota, nutrition may also influence metabolic process of it, such as modulating the host gene expression via various mediators, because most of the mediators produced by gut bacteria originate from dietary intake (Salazar et al., 2017). In this context, new nutritional therapeutic avenues have been proposed to relieve age-related sarcopenia (Siddharth et al., 2017). We will summarize the balance effects of different nutrients supplements on the gut and/or skeletal muscle health of animal models or patients in Table 1.


TABLE 1. The balance effects of different nutrients supplements and exercise on the gut and/or skeletal muscle health of animal models or human.

[image: Table 1]


High-Protein Diets

A study shows that protein consumption is correlated positively with gut microbiota diversity (Singh et al., 2017), and the source of protein seemed influential. In an animal study, compared to animal protein feeding, hamsters show higher microbial diversity in those fed soy protein (An et al., 2014; Butteiger et al., 2016). As is known to all, supplementation with protein can improve skeletal muscle mass and function, and it has been reported that a high-protein diet (HPD) adhering to the recommended acceptable macronutrient distribution ranges might help reduce sarcopenia (Ford et al., 2020). Moreover, studies suggest that whey protein and leucine supplementation appeared to improve muscle mass and function (Bechshoft et al., 2016; Kobayashi, 2018). However, further study is needed to prove that the increase in muscle mass and function through HPDs is involved in the modulation of gut microbiota.



Supplement of Other Nutrients and Plant Active Substances

Recently, an animal study shows that feeding a mixture of SCFAs to GF mice was able to improve muscle strength (Lahiri et al., 2019). In addition, there is evidence showing that butyrate treatment may be a promising approach to counteract age-related sarcopenia; by the way, butyrate can be produced by Bifidobacterium (Walsh et al., 2015). Melatonin is proved to have the activity of effectively improving age-related skeletal muscle disorders (Stacchiotti et al., 2020). It possibly targets mitochondria through the gut–muscle axis, effectively maintaining mitochondrial function, scavenging free radicals, reducing oxidative damage, and achieving the purpose of maintaining age-related sarcopenia. Notably, plant active substances have also been confirmed to have an impact on gut and skeletal muscle health. A recent study shows that lycopene has a dose-dependent health effect on the human intestine (Wiese et al., 2019). The relative abundance of Bifidobacterium in the adolescent group and Bifidobacterium longum in the lycopene-treated middle-aged group increases and is accompanied by dose-dependent changes in blood, liver metabolism, and skeletal muscle and skin parameters. Additionally, RSV, a polyphenol found in walnuts, berries, and grapes, is capable of improving muscle performance in mature aged mice (Rodriguez-Bies et al., 2016). After 4 months of RSV treatment for middle-aged men with metabolic syndrome, it was found that the composition of the intestinal microflora is changed, accompanied by an increase in biochemical indicators of skeletal muscle turnover process (Korsholm et al., 2017). Dietary nutrients and natural plant active substances commonly have thriving biological activity and biocompatibility, while they are often required for the gut microbiome as a medium for health function. Therefore, it is of great significance to investigate their interventional and improvement effects in diseases, such as age-related sarcopenia, through the gut–muscle axis. However, further studies are needed to prove the effect of the supplement of these nutrients and plant active substances.



Exercise

There are no pharmacologic agents for the treatment of sarcopenia, and the main treatment of sarcopenia is physical therapy for muscle strengthening and gait training (Dhillon and Hasni, 2017). Exercise training (particularly resistance training) has long been regarded as the most prospective method for improving muscle mass and strength in older people (Giallauria et al., 2016), and almost all clinical trials have proved the beneficial effects of exercise in preventing sarcopenia (Beaudart et al., 2017). Exercise has significant impact on intestinal microbiome, because some investigations show that exercise is associated with increased biodiversity, as well as representation of taxa with beneficial metabolic functions (Clarke et al., 2014; Bressa et al., 2017; Ticinesi et al., 2019a). It is suggested that there is a bidirectional relationship between skeletal muscle and the gut microbiome (Ni Lochlainn et al., 2018). Interestingly, a large number of studies suggest that there is a synergistic effect in improving muscle performance, between exercise and supplementation with protein (Bechshoft et al., 2016; Kobayashi, 2018; Ni Lochlainn et al., 2018). However, the findings of using a combined approach of exercise and dietary protein supplements were inconsistent among various populations; thus, further studies are needed (Dhillon and Hasni, 2017).



DISCUSSION

In conclusion, gut microbiota plays a highly important role in skeletal muscle, and chronic inflammation is the main pathogenic mechanism of sarcopenia. In fact, systemic chronic inflammation also represents the substrate of aging and a significantly important risk factor for both morbidity and mortality in older people (Picca et al., 2018a). However, inflammation-independent changes in skeletal muscle cell metabolism have also been observed, such as autophagy–lysosomal pathway, which illustrates that gut microbiota may affect the skeletal muscle mass and strength through multitude of ways. The potential therapeutic methods targeting gut microbiota are various accordingly, but not all methods work in all situations. For example, the treatment of exercise is not suitable for someone bedridden, such as paralyzed old people. The good news is that more and more studies are exploring the mechanisms of gut–muscle axis, and the new potential therapeutic approaches will be put forward accompanied by the breakthrough of the discovery of mechanism of gut–muscle axis, highlighting the multitude of ways in which gut microbiota may influence the metabolic function of skeletal muscle. Notably, nutrient supplementation is one of the effective treatment methods due to its simpleness and easy realization; it has become one of the potential and promising therapeutic methods. Nutrients are capable of changing the composition of the gut microbiome and affecting the metabolic process, because most of the mediators produced by intestinal bacteria come from dietary intake (Salazar et al., 2017). The intervention of nutrients and plant active extracts on age-related sarcopenia has been considered as a new research field.
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Glioblastoma is one of the most common and lethal intracranial malignant, and is still lack of ideal treatments. Kaempferol is a major nutrient found in various edible plants, which has exhibited the potential for the treatment of glioblastoma. However, the specific anti-glioma mechanism of kaempferol is yet to be studied. Herein, we aim to explore the mechanisms underlying the anti-glioma activity of kaempferol. Our results demonstrated that kaempferol suppresses glioma cell proliferation in vitro and inhibits tumor growth in vivo. Moreover, kaempferol raises ROS and decreases mitochondrial membrane potential in glioma cells. The high levels of ROS induce autophagy then ultimately trigger the pyroptosis of glioma cells. Interestingly, when we used 3-MA to inhibit autophagy, we found that the cleaved form of GSDME was also decreased, suggesting that kaempferol induces pyroptosis through regulating autophagy in glioma cells. In conclusion, this study revealed kaempferol possesses good anti-glioma activity by inducing ROS, and subsequently leads to autophagy and pyroptosis, highlighting its clinical potentials as a natural nutrient against glioblastoma.
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INTRODUCTION

Glioblastoma (GBM) is one of the most aggressive type of cancers in central nervous system with poor prognosis. Patients diagnosed with GBM have the median survival time range from 5 to 15 months while the 5-year survival rates range from 0 to 5% (Wen and Kesari, 2008; Tsitlakidis et al., 2010; Ostrom et al., 2017). Despite tremendous effort has been devoted to develop novel cancer therapies, the treatment of GBM remained relatively unchanged for decades and consists of surgical resection followed by adjuvant chemoradiotherapy. Currently, Temozolomide (TMZ), a first-line drug in the treatment of GBM, is the most effective regimen that increases the median overall survival of GBM patients from 12 to 14.6 months, and increases the 2-year survival rate from 10.4 to 26.5%(Stupp et al., 2005). However, tumors will inevitably recur in most of cases and seem to be resistant to even higher dose of chemotherapy regimens (Stupp et al., 2009; Gilbert et al., 2013). Besides, traditional chemotherapy drugs usually cause certain side effects. Therefore, it is urgently needed to develop natural anti-tumor drugs with unique curative and low toxicity side effects.

A large number of natural products derived from plants have shown great promise in treating or preventing cancer in recent years. Flavonoids is a type of natural compounds found abundantly in many herbal medicines which possesses multiple pharmacological activities. Kaempferol is one of the most common aglycone flavonoids in the form of glycoside. It can be found in many edible plants, such as tea (Figure 1A), most vegetables and fruits. Kaempferol has a variety of beneficial biological properties (Harborne and Williams, 2000; Rajendran et al., 2014; Imran and Salehi, 2019), including anti-oxidant, anti-carcinogenic, and anti-inflammatory. According to epidemiologic studies, high intake of kaempferol is associated with decreased risk of different types of cancers (Garcia-Closas et al., 1999; Nöthlings et al., 2007; Cui et al., 2008). Although kaempferol has shown anti-glioma effects in vitro (Sharma et al., 2007; Siegelin et al., 2008; Jeong et al., 2009), its in vivo anti-glioma activity and the specific mechanism have not been fully elucidated yet.


[image: Figure 1]
FIGURE 1. Kaempferol suppressed glioma cells. (A) Structure of kaempferol. (B) U251 and U87 MG cells were treated with different concentrations of kaempferol for 24 h, and cell viability was assessed by MTT assay, n = 6. Data was presented as mean ± SD. *P < 0.05, **P < 0.01 compared with the control.


As we all know, there are several cell death types in cancer treatment, including necrosis, apoptosis, necroptosis, autophagy and pyroptosis. Pyroptosis is an inflammatory form of programmed cell death activated by some inflammasomes. Gasdermin D and Gasdermin E, as the essential mediators of pyroptosis, can be separately cleaved by caspase-1/4/5/11 and caspase-3 into GSDMD-NT and GSDME-NT, which further connects to the cell membranes and triggers oligomerization, forming the pores and leading the leakage of inflammatory substances into intercellular space (Schroder and Tschopp, 2010; Kayagaki et al., 2015; Fang et al., 2020). The activation of gasdermin E in chemotherapy can change the morphology of the dying tumor cells from apoptosis into a pyroptosis-like death (Wang et al., 2017). Autophagy is a process that cells use to recycle intracellular components to sustain metabolism and survival by which cellular material is delivered to lysosomes for degradation. Although autophagy normally promotes cell survival and prevents cancer development (Galluzzi et al., 2015), in advanced cancers, both enhancing and inhibiting autophagy can kill cancer cells. Moreover, inhibiting different stages of autophagy may have the opposite effect in a same cancer (Amaravadi et al., 2016). Autophagy can either promote or inhibit apoptosis under different cellular contexts, the mechanisms underlying these opposing effects are related to the degradation of different pro-apoptotic or anti-apoptotic regulators by autophagy.

It has been reported that increasing intracellular oxidative stress and inducing apoptosis were considered to be one of the anti-glioma mechanisms of kaempferol (Sharma et al., 2007; Jeong et al., 2009). Since ROS could induce a variety of complex cascades, including autophagy and pyroptosis. Therefore, in this study, we aimed to explore the anti-glioma effect of kaempferol in vitro and in vivo, and further investigate the mechanism of inducing glioma cell death, especially the involvement of autophagy and pyroptosis.



MATERIALS AND METHODS


Reagents

Kaempferol (≥97%, HPLC grade), Thiazolyl Blue Tetrazolium Bromide (MTT), and 3-methyladenine (3-MA) were purchased from Sigma-Aldrich Chemical (St. Louis, MO, USA). 2′, 7′-Dichlorodihydrofluorescein diacetate (H2DCFDA), Hoechst 33342, N-acetyl-L-cysteine (NAC), Lyso-Tracker Green, and MitoTracker Red CMXRos were obtained from Beyotime Biotechnology (Shanghai, China). Annexin V-FITC Apoptosis Detection kit was provided by BD Biosciences (Franklin Lake, New Jersey, USA). Necrosulfonamide (NSA) was obtained from MCE (New Jersey, USA).



Animals and CDX Model

The anti-glioma effect of kaempferol in vivo was conducted on 6-week old male immune-deficient BALB/c Nude Mice (purchased from the laboratory of Southern medical University). Mice were kept in SPF level animal room. All the investigations were approved by the Animal Care and Institutional Ethics Committee of Sun-Yat Sen University and conformed to the US National Institutes of Health (Bethesda, MD, USA) Guide for the Care and Use of Laboratory Animals and the ARRIVE guidelines.

Six BALB/c Nude Mice were randomly divided into two groups (with Two biological repetitions), and U87 MG cells (107/100 μL PBS/mouse) were injected subcutaneously to establish cell line derived xenografts (CDX) models. Mice were checked every other day to monitor the tumor growth and the weight. Then the kaempferol treatment group were received kaempferol (40 mg/kg, dissolved in plant oil) by gavage daily for 3 weeks, while the control group only received the plant oil instead. When the experiment was terminated, mice were euthanized by overdose anesthesia. The tumor tissues and the viscera were removed for further analysis.



Cell Culture

U87 MG and U251 Glioblastoma cell lines were obtained from the American Type Culture Collection (Rockville, MD, USA) and cultured with DMEM (Gibco BRL, Invitrogen, Carlsbad, CA, USA) containing 10% FBS (Gibco BRL, Invitrogen, Australia, USA) at 37°C with a 5% CO2–humidified atmosphere.



Measurement of Cell Viability

Cell viability was evaluated using MTT assay as previous described (Liu et al., 1997). U87 MG and U251 cells were seeded on 96-well-plates at a density of 5.0 × 103 cells/well. After adhesion, cells were treated with different concentrations (0, 20, 40, 80, and 120 μM) of kaempferol for 24 h. After washing the cells, culture medium containing 0.5 mg/ml of MTT was added to each well. Then the cells were incubated for 4 h at 37°C, the supernatant was removed and the formed formazan crystals in viable cells were solubilized with 100 μL of dimethyl sulfoxide and the absorbance of each well was measured at 570 nm with microplate Reader (Varioskan Lux, Thermo Scientific, USA). Values were expressed as a percentage relative to those obtained in controls. The ratio of viability of control cells in the absence of kaempferol was taken as 100%.



Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential was measured using JC-1 probe. For flow cytometric analysis of JC-1 Staining, U87 MG and U251 cells were cultured in 6-well-plates and treated with different concentrations (0, 40, and 80 μM) of kaempferol for 24 h. Then, the cells were collected and stained with 500 μL 1 × JC-1 staining solution and 500 μL of DMEM for 30 min at room temperature, and the stained cells were tested using a BD LSRFortessa flow cytometer with emission at 590 and 529nm. JC-1 accumulates as J-aggregates (590 nm; red) only in metabolically active mitochondria and depolarization of mitochondrial membranes leads to JC-1 monomer formation (527 nm; green). For fluorescence image assay, U87 MG and U251 cells were cultured in cover glass bottom dishes and treated with 80 μM of kaempferol for 24 h. After stimulation, the cells were stained with JC-1 staining solution (1×) for 30 min and then observed and photographed using a Confocal microscope (LSM 880 with fast Airyscan, Zeiss, Germany).



Measurement of ROS

Intracellular ROS generation in cells treated with kaempferol was assessed using H2DCFDA probe. After treating with 80 μM of kaempferol for 24 h, Cells cultured in cover glass bottom dishes were incubated with 10 μM H2DCFHDA for 30 min at 37°C and washed twice with PBS. Then cells were observed and photographed using a Confocal microscope (LSM 880 with fast Airyscan, Zeiss, Germany).



Assays for Mitochondrial Membrane Potential and Autophagy

U87 MG and U251 cells were cultured in cover glass bottom dishes overnight before treating with or without kaempferol (80 μM) for 24 h. Then, the cells were stained with MitoTracker Red CMXRos working solutions (100 nM) and LysoTracker Green working solutions (100 nM) for 1 h. After that, the cells were stained with Hoechst working solutions (1×) or 4′,6′-diamidino-2-phenyl-indole (DAPI) working solutions (1×) for another 20 min. Then, the cells were imaged with a confocal microscope (LSM 880 with fast Airyscan, Zeiss, Germany).



Western Blotting

Western blotting was used to determine the protein expression level. U87 MG and U251 cells cultured in 6-well-culture plates were treated with different concentrations (0, 40, and 80 μM) of kaempferol for 48 h. The samples of whole-cell protein were prepared with radioimmunoprecipitation assay (RIPA) buffer containing protease/phosphatase inhibitor cocktail (CST), separated by 10–15% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes (Millipore). Antibodies including PARP (46D11, CST), LC3 (3868s, CST), γH2AX (9718s, CST), β-actin (4967s, CST), p62/SQSTM1 (18420-1-AP, Proteintech), α-tubulin (5886s, CST), and gasdermin E (GSDME) (ab215191, Abcam) were used in this study. After addition of chemiluminescence reagent (Thermo), the blots were exposed to ChemiDoc Touch imaging System (Singapore) and the images were analyzed using Image J version 1.52 (National Institutes of Health).



Real-Time-Polymerase Chain Reaction

The mRNA expressions were detected using quantitative polymerase chain reaction (qPCR) assay. Briefly, total RNA was isolated using RNeasy Mini Kit (Qiagen) and reversely transcribed to cDNA via PrimerScript RT reagent Kit with gDNA Eraser (Takara). The primer sequences used in qPCR are as follows, IL-1β: 5′-AGCTACGAATCTCCGACCAC-3′ and 5′-CGTTATCCCATGTGTCGAAGAA-3′; ASC: 5′-TGGATGCTCTGTACGGGAAG-3′ and 5′-CCAGGCTGGTGT-GAAACTGAA-3′. We used TB Green Premix (Takara) to performed qPCR according to the directions.



Statistical Analysis

Analyses were managed using SPSS version 17.0 (USA). Data in this study were presented as mean ± standard deviation (SD) and analyzed using the T-test analysis or Repeated Measures ANOVA. *P < 0.05 was considered to be statistically significant. All experiments were performed in triplicate at a minimum.




RESULT


Kaempferol Suppressed Human GBM Cells in vitro

To evaluate whether kaempferol affects viability of GBM cells, MTT assay was done on U87MG and U251 cells. As shown in Figure 1B, kaempferol showed a dose-dependent manner in inhibiting GBM proliferation. The half maximal inhibitory concentration (IC50) of kaempferol against U87MG and U251 cells was 97.2 and 79.2 μM, respectively.



Kaempferol Suppressed GBM Growth in vivo

The nude-mouse CDX model was used to investigate the anti-glioma effect of kaempferol in vivo. The result showed that tumor size was significantly suppressed in mice treated with kaempferol when compared with the control group (Figures 2A,B). The weight of mice was measured and found that kaempferol has no detectable impact on the weight of nude-mice at the dose of 40 mg/kg (Figure 2C).


[image: Figure 2]
FIGURE 2. Kaempferol inhibited glioma growth in vivo (n = 3, with two biological duplication). (A) Tumor weight compared between control and kaempferol treatment group. (B) Comparison of the tumor volume between control and kaempferol treatment group. (C) The body weight changes of mice in control group and kaempferol treatment group were compared. Data was presented as mean ± SD. **P < 0.01 and ***P < 0.001 compared with the control.




Kaempferol Induced Reactive Oxygen Species Generation

Reactive Oxygen Species (ROS) is one of the causes for apoptosis. Many chemotherapeutic drugs kill cancer cells by inducing ROS generation. To explore whether kaempferol increases ROS levels in GBM cells, we used fluorescent probe H2DCFDA to measure the levels of ROS in GBM cells. Our results showed that kaempferol induced ROS generation in both U87MG and U251 cells (Figure 3A). Apoptosis assay and WB result of γH2AX indicated that kaempferol could induce apoptosis via triggering DNA damage (Supplementary Figures 1A–C), which was consistent with previous reports (Sharma et al., 2007).


[image: Figure 3]
FIGURE 3. Kaempferol inhibited IL-6 secretion, induced ROS generation, and decreased mitochondrial membrane potential in glioma cells. (A) ROS was detected by DCFDA-H2 staining. (B) Mitochondrial membrane potential was measured by JC-1 probe. Red/green fluorescence intensity was measured by flow cytometry. (C) Fluorescence photographs of mitochondrial membrane potential in glioma cells. Data was presented as mean ± SD. **P < 0.01 compared with the control.




Kaempferol Decreased Mitochondrial Membrane Potential in Human GBM Cells

Since ROS generation is inversely correlated with mitochondrial membrane potential by disrupting the outer mitochondrial potential to release the death-promoting proteins, we investigated mitochondrial changes by JC-1 staining. In intact mitochondria, JC-1 aggregates in the matrix of mitochondria to form polymers, which can produce red fluorescence; while the membrane potential of mitochondria is low, JC-1 is not able to gather in the matrix of mitochondria, results in the form of monomer and produce green fluorescence. A significant reduction of mitochondrial membrane potential in a dose-dependent manner was observed in kaempferol-treated U87MG and U251 cells (Figures 3B,C), indicating that kaempferol induces ROS generation and decreases mitochondrial membrane potential in GBM cells.



Kaempferol Induced Autophagy in Human GBM Cells

The role of autophagy in tumor development is complicated, it can be tumor-suppressing or tumor-promoting at different tumor stage or tumor microenvironment condition (Amaravadi et al., 2016). Autophagy can also be triggered by ROS and cross-link with apoptosis or pyroptosis via regulating the degradation of the proteins involving in the different pathways (Su et al., 2015). To investigate whether kaempferol could induce autophagy in GBM cells, we detected the level of several autophagy markers, ubiquitin-like molecule Light chain 3 (LC3) and Sequestosome 1 (SQSTM1, also known as p62). Cleaved LC3 will further lead to form phagophore and autophagosome. The LC3-binding protein p62 is a specific substrate for autophagy. Extensive accumulation of p62 as a scaffold protein is associated with several signal pathways, including apoptosis. Immunofluorescence images showed that kaempferol treatment could increase LC3 expression in GBM cells (Figure 4A). Further quantitative analysis by western blotting showed that kaempferol treatment led to a conversion from LC3-I to LC3-II and increased the expression of p62 in a dose-dependent manner (Figure 4B), which supported that kaempferol induces autophagy in GBM cells.


[image: Figure 4]
FIGURE 4. Kaempferol induced autophagy in U251 and U87 MG cells. (A) The protein expression of LC3-I, LC3-II, and p62 detected by Western blotting. (B) Immunofluorescence images of the LC3 and mitochondria. (C) U251 and U87 MG cells stained with MitoTracker Red and LysoTracker Green. Lyso: lysosome; and Mito: mitochondria. Data was presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the control.


Mitophagy is a form of autophagy that selectively degrades damaged or aged mitochondria, which occurred especially when the mitochondrial membrane potential decreased. Since our previous studies has confirmed that kaempferol could decrease mitochondrial membrane potential and induce autophagy, we wondered if kaempferol could induce mitophagy in GBM cells. MitoTracker Red is a red fluorescent probe, which is specifically used to stain mitochondria in living cell. LysoTracker Green is a Green fluorescent labeled lysosome probe, which can selectively stain the acid regions in living cells. LysoTracker Green and MitoTracker Red co-staining showed that kaempferol increased the expression and colocalization of lysosomes and mitochondria (Figure 4C), indicating kaempferol could induce mitophagy in GBM cells.



Kaempferol Induced Pyroptosis in Human GBM Cells

ROS serves as an important inflammasome activation signal, while inflammasome activation could further lead to pyroptosis, a process of programmed cell death distinct from apoptosis through activation of caspase and further leading to activation of inflammatory cascade. Based on our findings that kaempferol induces ROS generation, we were curious to know whether kaempferol could induce pyroptosis in GBM cells. There are three kinds of activation pathways in pyroptosis, canonical inflammasome pathway, noncanonical inflammasome pathway and a new-found GSDME-mediated pathway. GSDME-mediated pyroptosis shares some early stage activation molecular with apoptosis, such as caspase 3. We wondered if kaempferol can induced apoptosis and trigger pyroptosis while activating the same pro-caspase3, so we detected the cleaved form of GSDME. As shown in Figure 5A, kaempferol could increase the cleavage levels of GSDME, which suggested kaempferol could induce pyroptosis in GBM cells. We also measured the mRNA expression of the proinflammatory factor IL-1β and ASC, which presented that the mRNA levels of IL-1β and ASC increased after a 24 h treatment of kaempferol (Figure 5B).


[image: Figure 5]
FIGURE 5. Kaempferol induced pyroptosis in glioma cells. (A) Western blotting showed the protein expression of GSDME, and c-GSDME in U251 and U87 MG cells. (B) qPCR showed the mRNA expression of IL-1β and ASC in glioma cells. Data was presented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control.




Kaempferol Induced Pyroptosis Through Regulating Autophagy in Human GBM Cells

In order to clarify the relationship between autophagy and pyroptosis, we blocked ROS generation and autophagy pathway by using antioxidant reagent N-acetyl-L-cysteine (NAC) and PI3K inhibitor 3-Methyladenine (3-MA), respectively. The result showed that NAC reduced the levels of kaempferol-inducing ROS in both U87MG and U251 cells (Figure 6A). Furthermore, we found that NAC reversed autophagy by decreasing the cleavage levels of LC3 and reversed the pyroptosis by decreasing the cleavage levels of GSDME (Figure 6B), which indicates that ROS generation induced by kaempferol contributed to autophagy and pyroptosis in GBM cells. We further used 3-MA to inhibit the pathway of autophagy, and found that the levels of cleaved form of LC3 was decreased as expected, while the levels of cleaved form of GSDME also decreased (Figure 6C), suggesting autophagy induced by kaempferol may lead to pyroptosis in GBM cells.


[image: Figure 6]
FIGURE 6. Kaempferol induced pyroptosis through regulating autophagy in glioma cells. (A,B) U251 and U87 MG cells were treated with or without NAC (5 mM) for 2 h before a 12 h treatment of kaempferol (80 μM). (A) ROS was detected by DCFDA-H2 staining. (B) Western blotting showed the protein expression of LC3, GSDME, and c-GSDME in glioma cells. (C) Glioma cells were treated with or without 3-MA (5 mM) for 2 h before a 12 h treatment of kaempferol (80 μM), the expression of LC3, GSDME, and c-GSDME was detected. Data was presented as mean ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control.





DISCUSSION

Cancer is one of the biggest challenges to human health and the second major cause of death in the world (Bray et al., 2018). Most of the current chemotherapy drugs have systemic toxicity, which limits their application in treating certain type of cancers. Increasing evidence showed that diverse compounds derived from natural products exhibited anti-cancer activities (Cragg and Pezzuto, 2016). Most of these agents are abundantly present in different plant-based food items, with low toxicity and multiple biological activities, including antioxidant, antimetastatic and anti-inflammatory activities, making them good candidates as new antitumor drugs.

Flavonoids are widely present in plants in response to microbial infection, with the structure of 2-phenylchromone and a keto carbonyl group in their molecules, flavonoids have a variety of biological activities, including antioxidant, anti-inflammatory, anti-tumor, antibacterial and antiviral activities. As one of the most common flavonoids, with broad range of activity, and low toxicity compared with other compounds, kaempferol is widely reported (Imran et al., 2019). Glioblastoma is one of the most invasive and aggressive brain tumors, most of them have high resistance against current therapies (Stupp et al., 2005). It has been reported that kaempferol inhibited both growth and migration of GBM cells, and triggered ROS generation and apoptosis (Sharma et al., 2007; Jeong et al., 2009). However, the underlying mechanisms of kaempferol in inducing glioma cell death are still elusive. Here, we verified that kaempferol could significantly inhibit glioma in vitro and in vivo via triggering ROS and further inducing autophagy and pyroptosis besides the commonly known apoptosis.

Increased generation of intracellular ROS may induce programmed cell death, such as apoptosis, autophagy and pyroptosis, via execution by lysosomal proteases or caspases (Li et al., 2015). Autophagy is a highly sensitive cellular process which can be induced in response to a wide range of stresses. A number of studies have suggested that ROS induces autophagy as upstream modulators (Filomeni et al., 2010; Szumiel, 2011). In this study, we found that inhibition of ROS can reverse the autophagy induced by kaempferol in human glioblastoma cells, indicating that ROS generation induced by kaempferol contributed to autophagy.

Pyroptosis is a type of programmed cell death with the feature of pro-inflammatory and can be triggered by increasing ROS and the subsequent activation of inflammasome-caspase-1-IL-1β signaling. GSDME belongs to the gasdermin superfamily and cleavage form of GSDME is an important marker of pyroptosis (Wang et al., 2018). In this study, we found that blocking ROS generation could reverse pyroptosis, suggesting that kaempferol induced ROS and further contributing to GSDME-mediated pyroptosis in glioma cells. Based on our current findings, kaempferol could induce ROS and further lead to both autophagy and pyroptosis. We were curious that whether pyroptosis was functionally associated with autophagy. The further results showed that inhibition of autophagy using 3-MA could reverse pyroptosis, demonstrating that pyroptosis induced by kaempferol could be regulated by autophagy in glioma cells.

In conclusion, kaempferol significantly inhibits the proliferation of GBM cells both in vitro and vivo without obvious toxicity and side effects. In addition to the common apoptosis, kaempferol cause ROS and autophagy, which further leads to pyroptosis in GBM cells. Taken together, kaempferol represents a promising new anti-glioma candidate by inducing apoptosis and triggering ROS-mediated pyroptosis through the regulation of autophagy in GBM cells.
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Chrysophanol Exerts Anti-inflammatory Activity by Targeting Histone Deacetylase 3 Through the High Mobility Group Protein 1-Nuclear Transcription Factor-Kappa B Signaling Pathway in vivo and in vitro
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Chrysophanol (Chr) is the main monomer isolated from Rheum rhabarbarum. This study aimed to identify the potential in vitro and in vivo cytoprotective effects of Chr on lipopolysaccharide (LPS)-triggered acute lung injury (ALI). We used an ALI-murine model and constructed an inflammatory macrophage in vitro cell model to determine the cellular mechanisms involved in Chr-mediated activity. To observe the vital role of histone deacetylase 3 (HDAC3) in abolishing inflammation action, HDAC3 was downregulated using small interfering RNA. Analysis of the expression of nuclear transcription factor-kappa B p65 (NF-κB p65) and molecules of its downstream signaling pathway were assessed in vitro and in lung tissue samples using the mouse model. Concentrations of tumor necrosis factor-α, interleukin-1β, high mobility group protein 1 (HMGB1), and interleukin-16 in supernatants and the bronchoalveolar lavage fluid were measured using enzyme-linked immunosorbent assay. A reporter gene assay measured HMGB1 activity, and NF-κB p65 and HMGB1 intracellular localization was determined by immunofluorescence detection on histological lung samples from Chr-treated mice. The protein interactions between HMGB1, HDAC3, and NF-κB p65 were tested by co-immunoprecipitation. Chr treatment relieved LPS-induced lung lesions. Chr also enhanced superoxide dismutase levels in ALI mice. Chr reduced the LPS-induced protein expression of NF-κB and its related pathway molecules in both in vivo and in vitro models. Moreover, Chr downregulated LPS-enhanced HMGB1 expression, acetylation, and nuclear nucleocytoplasmic translocation. However, HDAC3 knockdown substantially reduced Chr-mediated HDAC3/NF-κB expression.

Furthermore, Chr enhanced HMGB1/HDAC3/NF-κB p65 complex interaction, whereas HDAC3 knockdown reduced Chr-mediated HMGB1/HDAC3/NF-κB p65 formation. This study showed that the protective effects induced by Chr were associated with the regulation of the HMGB1/NF-κB pathway via HDAC3.
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GRAPHICAL ABSTRACT.




INTRODUCTION

Sepsis, a generalized inflammatory state induced by lipopolysaccharide (LPS) infection, usually leads to acute lung injury (ALI). Sepsis can induce multi-organ dysfunction syndrome or septic shock (Drewry et al., 2017). Septic ALI is induced by a lung inflammatory response syndrome, which leads to high mortality rates, high patient management costs, and accelerated morbidity (Ishii, 2011). LPS is the main component of the outer membrane of Gram-negative bacteria and induces lung leukocyte activation and promotes the secretion of inflammatory cytokines. Effective treatment for sepsis shock for ALI remains limited, and it is necessary to find novel agents.

As a late pro-inflammatory factor, the extracellular high mobility group box 1 (HMGB1) protein triggers responses that cause damage to tissues leading to the activation of the inflammatory cascade in several conditions, including lung injury and septic shock (Czura et al., 2004; El Gazzar, 2007). LPS diffuses into the lung via blood circulation, activates macrophages, and promotes HMGB1 release. Extracellular HMGB1 recognizes and binds to its receptors, for example, Toll-like receptor 4, and may activate NF-κB by its translocation to the nucleus where it triggers the transcription and release of inflammatory mediators, including tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 (Valdes-Ferrer et al., 2015). Therefore, HMGB1/NF-κB activation and nucleocytoplasmic transport might show promise as a crucial pathway in the development of ALI.

A crucial epigenetic factor present in macrophages is a histone deacetylase (HDAC). Its activation is triggered by transient inflammatory stimuli and results in the increased synthesis and release of pro-inflammatory cytokines in numerous diseases, including septic shock and ALI. In the latter, attenuation of HDAC activity has been reported to decrease the expression of inflammatory cytokines (Leoni et al., 2002; Pooladanda et al., 2019). Moreover, histone deacetylase 3 (HDAC3) has been reported to promote hyperacetylation and translocation of HMGB1, suggesting a pivotal role for HDACs in regulating the HMGB1 translocation (Zou and Crews, 2014; Banerjee et al., 2015; Pooladanda et al., 2019). Conversely, inhibition of HDAC3 decreased TNF-α levels and was accompanied by a co-dependent increase in acetylated p65, a subunit of NF-κB, which has been reported to play a vital role in abolishing IκBα-mediated NF-κB transcriptional activity (Kiernan et al., 2003; Zhu et al., 2010).

Rhubarb (Rheum rhabarbarum) is a well-known traditional medicinal herb that has been widely used in clinical and pharmacological studies. Chrysophanol (Chr), a bioactive compound isolated from Rhubarb, has been reported to protect the human body from LPS-induced toxicity (Kim et al., 2010; Menghini et al., 2016). In the treatment of lung diseases, Chr can reverse lung injury via its anti-inflammatory and immunosuppressive effects (Qian et al., 2011; Lian et al., 2017). Our previous studies have reported that Chr inhibited the LPS-triggered release of pro-inflammatory factors, downregulating NF-κB gene expression and activation via regulation of the PPARγ pathway (Wen et al., 2018); however, the detailed molecular mechanisms involved in Chr-mediated effects on the NF-κB pathway are still elusive.

Hence, we propose that Chr attenuates macrophage activation, reduces levels of intrapulmonary inflammation-associated cytokines, and improves LPS-induced sepsis shock through the HMGB1/NF-κB axis by regulating HDAC3.



MATERIALS AND METHODS


Reagents

Chr (purity ≥ 99%) was obtained from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). LPS (055:B5), the HMGB1 antagonist sodium butyrate (SB), and the HDAC3 antagonist RGFP966 were obtained from MedChemExpress (New Jersey, United States). Dexamethasone (DEX) was purchased from Shanghai Winherb Medical Technology Co., Ltd. (Shanghai, China). TNF-α, IL-6, IL-1β, and HMGB1 enzyme-linked immunosorbent assay (ELISA) kits were purchased from Multi Sciences Biotech Co. Ltd. (Hangzhou, China). Malondialdehyde (MDA), myeloperoxidase (MPO), and superoxide dismutase (SOD) kits were purchased from the Jiancheng Bioengineering Institute (Nanjing, China). Dual-Luciferase® reporter assay kits were purchased from Promega (Madison, WI, United States). Antibodies against HMGB1 (#6893), HDAC3 (#3949), TNF-α (#11948), IL-1β (#12703), IL-6 (#12912), inhibitor of nuclear factor kappa B (IκBα) (#4814), acetylated-lysine (#9441), NF-κB p65 (#8242), β-actin (#4970), lamin B (#13435), phospho-p65 (#3031), and phospho-IκBα (#2859) were purchased from Cell Signaling Technology (Danvers, MA, United States). All reagents used for cell culture were obtained from Gibco (Grand Island, NY, United States).



Experimental Animals and Protocols

Male BALB/c mice (18–22 g) were supplied and housed in the laboratory animal services center (Guangzhou University of Chinese Medicine, Guangzhou, China). The animals were housed in specific pathogen-free surroundings, provided with food and sterilized water ad libitum, and exposed to 12 h light/dark cycles and appropriate temperature and humidity. All experimental methods were followed in accordance with the Institutional and National Institutes of Health guidelines for humane animal experimentation. Animal handling followed the dictates of the National Animal Welfare Law of China.


Measurement of Blood Pressure and Mortality

Sodium pentobarbital (30 mg/kg) was used to anesthetize mice by intraperitoneal injection. To monitor blood pressure and drug administration, the neck skin was dissected to expose and cannulate the right carotid artery and connected to a blood pressure transducer (BL-420 Apparatus). The mice were grouped into the control group (isotonic saline, n = 12) and the LPS-treated group (15 mg/kg, n = 72). After LPS treatment, mice went into shock (30 min later, blood pressure reduced by ∼30%); we divided the 72 shock-induced mice into six groups: six groups received increasing does of Chr (7.5, 15, and 30 mg/kg) (Kim et al., 2010; Lian et al., 2017), the DEX treatment group (2 mg/kg) and the LPS group (LPS only). Every 30 min, the blood pressure [mean arterial pressure (MAP)] was recorded for 5 h. The survival rate was tested at the 24 h time point to assess the efficacy of Chr treatment.



Tissue Extraction

Mice (n = 12 per group) were killed after 24 h, the right lung tissues were rapidly collected under aseptic conditions, and after washing, approximately 50% of the total lung tissue was transferred to −80°C for subsequent quantitative real-time polymerase chain reaction or Western blotting (WB), and another portion of the tissue was fixed in 10% formalin for histological studies.



Histological Analysis

The fixed left lungs were rendered transparent for 20 h, embedded in paraffin wax, and sliced into 4 μm sections. After staining, the morphological structure and pathological index of the lung tissues were determined under a light microscope. The lung inflammation was scored by its histological severity as follows: grade 0: no inflammatory cells, grade (1) few cells, grade (2) a ring of cells surrounding the vessels with infiltration 1 cell layer deep, (3) a ring of cells 2–4 cell layers deep; and (4) a ring of cells with more than 4 cell layers deep.



Evaluation of Lung Wet-to-Dry Ratio

After blunt dissection, the right lung trachea and esophagus were exposed from the right middle lobe, and the level of pulmonary edema was determined. Next, samples were placed in an oven at 60°C for 48 h and allowed to dry by eliminating moisture, then wet-to-dry (W/D) ratios were calculated.



Collection of Bronchoalveolar Lavage Fluid

After treatment with Chr, lung tissue samples were collected and infused three times in phosphate-buffered saline. Bronchoalveolar lavage fluid (BALF) fluid was collected, centrifuged, and then stored at −80°C for subsequent analyses.



Biochemical Tests

The activities of MPO, SOD, and MDA in the BALF samples from the mouse model were detected following the manufacturer’s instructions using a commercial detection product (Jiancheng Bioengineering).



Cell Culture and Treatment

RAW264.7 cells (China Center for Type Culture Collection, Shanghai, China) were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin and incubated at 37°C in 5% carbon dioxide. There were six groups: control, LPS (0.2 μg/ml), LPS-SB (10 mM SB plus 0.2 μg/ml LPS), and LPS-Chr groups treated with increasing doses of Chr (5, 10, and 5 μM plus 0.2 μg/ml LPS) (Wen et al., 2018). We stimulated cells by LPS for 0.5 h before Chr was added.



MTT Assay

The MTT assay detected cell activity. First, RAW264.7 cells (5 × 103 cells/ml) were seeded in a 96-well plate overnight. The cells were treated with increasing concentrations of Chr (5, 10, 15, and 20 μM) for an additional 24 h. Next, MTT was added for the final 4 h of culture at 37°C away from light, and the absorbance values were detected at 480 nm.



Transient Transfection and Luciferase Reporter Assays

RAW264.7 cells were seeded in 24-well plates for 12 h. HMGB1 promoter–reporter plasmids and corresponding negative control (NC) vectors were transiently transfected into cells using Lipofectamine 2000 (Invitrogen, United States). Transfected cells were treated with LPS and/or Chr for another 24 h. Luminescence was determined by the Dual-Luciferase Reporter Assay System (Promega). The ratio of Firefly luciferase/Renilla luciferase was used to normalize the luminescence intensity.



Total RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

RAW264.7 cells or lung tissue samples were lysed by TRIzol reagent (Invitrogen). For qRT-PCR, the reaction steps were performed according to the protocol indicated by the manufacturer (Fermentas, United States). Thermal cycling conditions were 9 s at 95°C, 5 s at 95°C, followed by 40 cycles at 95°C for 13 s, 60°C for 1 min, and 95°C for 17 s in a StepOnePlus thermocycler (Applied Biosystems). The primer sequences are listed in Table 1.


TABLE 1. Primers for real time-PCR.
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Immunofluorescence

After fixation in 3% paraformaldehyde for 40 min, cells were permeabilized by 0.1% Triton X-100 for 30 min and then incubated using the following antibodies overnight at 4°C: rabbit anti-HMGB1 Abs (1:500, CST) and rabbit anti-NF-κB p65 antibody (1:500, CST). Next, cells were exposed to fluorescein isothiocyanate-conjugated secondary antibody (1:1,000, Abcam) for another 1 h, followed by observation by confocal microscopy (Zeiss LSM 710 Meta; Carl Zeiss).



Cytokine Assay by Enzyme-Linked Immunosorbent Assay

ELISA kits were used to measure the levels of inflammatory factors (TNF-α, IL-6, IL-1β, and HMGB1) in supernatant or tissues in accordance with the manufacturer’s protocols. The emission absorbance of 480 nm was detected using a Thermomax microplate reader.



Preparation of Protein Extracts and Western Blotting

Briefly, cells were washed, lysed, and centrifuged. Next, cytoplasmic protein extracts were obtained, and the pellets containing nuclei were resuspended, placed on ice for 20 min, and the nuclear debris was centrifuged at 15,000×g for 15 min. Cells were lysed in mammalian protein extraction reagent (Thermo Fisher Scientific, Pierce). Total proteins and nuclear and cytoplasmic fractions were collected. The protein concentrations were analyzed using the bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Pierce) and were stored at −80°C until use. The lung tissues were quickly lysed using ice–cold radioimmunoprecipitation assay lysis buffer.

The concentration of total protein of lung tissue lysates was determined for WB. After electrophoresis, proteins were transferred into polyvinylidene fluoride membranes (Roche Ltd, Basel, Switzerland). Membranes were incubated with 5% bovine serum albumin at 37°C for 1 h to block membranes, which were subsequently exposed to the following primary antibodies at 4°C overnight: anti-acetylated lysine (1:1,000), anti-β-actin (1:1,000), anti-glyceraldehyde 3-phosphate dehydrogenase (1:1,000), anti-NF-kB p65 (1:1,000), anti-IkBa (1:1,000), anti-TNF-a (1:1,000), anti-IL-1β (1:1,000), anti-lamin B (1:1,000), anti-HMGB1 (1:1,000), and anti-HDAC3 (1:1,000). Next, an anti-rabbit secondary antibody (1:2,000) was used to incubate the membranes at 37°C for 1 h. The Bio-Rad imaging system imaged the immunoreactive bands.



Small Interfering RNA Transfection

HDAC3 small interfering RNA (siRNA) and the non-specific NC were constructed by GenePharma (Shanghai, China). The transient siRNA transfection was performed by the protocol indicated by the manufacturer. Cells were transfected for 24 h and then treated with 0.2 μg/ml LPS for 30 min; after that, cells were treated with increasing concentrations of Chr (5, 10, 15, and 20 μM) for 24 h. At the end of the treatment period, we collected cells for WB and immunofluorescence analysis.



Co-immunoprecipitation

Protein immunoprecipitation (IP) was carried out with antibodies against HMGB1, HDAC3, and NF-κB (CST). Immunoglobulin G was used as a parallel-group. First, samples were incubated with immunoglobulin G reagent to be precleared. Samples were then treated with anti-HMGB1 (1:500), HDAC3 (1:500), and NF-κB (1:500) antibodies; 24 h later, lysates were incubated with protein A/G-agarose for another 2 h. Finally, samples were washed three times in phosphate-buffered saline and subjected to WB analysis.



Statistical Analysis

GraphPad Prism version 6.0 (GraphPad Software, La Jolla, CA, United States) was used to evaluate the data. Multiple comparisons between the groups were performed using one-way analysis of variance, followed by variance with Tukey’s test. A value of P < 0.05 was considered statistically significant; data are expressed as the means ± SD.



RESULTS


Chrysophanol Treatment Improved the Pathological Changes in Lung Tissues, Survival Rates, and Mean Arterial Pressure of Mice With Lipopolysaccharide-Induced Shock

We used hematoxylin–eosin staining to reveal the pathological changes on pulmonary tissue. Compared with the control group, the LPS group presented distinct neutrophil sequestration and infiltration in the lung tissue. The Chr- and DEX-treated groups showed varying degrees of protective effects in the LPS-induced mouse model (Figures 1A,B).
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FIGURE 1. Effects of Chr on the pathological changes, survival rate, and MAP of ALI mice (n = 12). (A,B) Pathological effects of Chr (7.5, 15, 30 mg/kg) in lung tissues (×200). (C) Survival rate of different groups. (D) MAP was recorded over 5 h at 30 min intervals. #P < 0.01, ##P < 0.01, ###P < 0.001 vs. control group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. LPS group.


As an essential indicator of the therapeutic outcome of Chr, the survival rate of mice was measured (Figure 1C). Administration of 15 mg/kg LPS led to 70% mice mortality (P < 0.001). Chr treatment (Chr 30 mg/kg) protected mice from LPS-induced lethality, as shown by the higher survival rates; in addition, survival rates were better than those of the DEX group. Next, we evaluated the impact of Chr on MAP in our mouse model. LPS administration lowered the MAP by > 30% (P < 0.01). In contrast, Chr significantly restored the reduction in MAP in ALI mice, more strongly than with DEX treatment (Figure 1D).



Effects of Chrysophanol on Wet-to-Dry, Myeloperoxidase in Lung Tissues, Malondialdehyde, and Superoxide Dismutase Activities in Bronchoalveolar Lavage Fluid

To estimate the degree of pulmonary edema, the W/D weight ratio, MDA, and SOD levels in BALF were calculated.

Chr notably decreased the LPS-induced lung W/D weight ratio (Figure 2A). LPS sharply increased the production of MPO and MDA, whereas Chr treatment (7.5, 10, and 20 mg/kg) remarkably decreased MPO and MDA levels in the BALF (Figures 2B,D). The SOD index was downregulated in the LPS-induced sepsis model group, and Chr (7.5, 10, and 20 mg/kg) treatment led to a significant increase in SOD activity in BALF (Figure 2C).
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FIGURE 2. Effects of Chr on (A) wet-to-dry weight ratio, (B) MPO, (C) SOD, and (D) MDA activities. Data are expressed as mean ± SD. #P < 0.05, ##P < 0.01, ####P < 0.0001 compared with control group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with LPS.




Chrysophanol Inhibited High Mobility Group Protein 1/Nuclear Transcription Factor-Kappa B p65 Signaling Pathway Activity in the Acute Lung Injury Model

As shown in Figures 3A,B, we explored the inflammatory response in murine lung tissue. We detected NF-κB pathway-related proteins using WB analysis. The expression of NF-κBp65, p-NF-κB p65, IκBα, p-IκBα, HMGB1, TNF-α, and IL-1β increased in the LPS-treated group. As anticipated, Chr (7.5 and 15 mg/kg) or DEX treatment significantly inhibited the expression of these proteins. The results indicated that Chr possessed the anti-inflammatory activity in treating LPS-induced ALI through the HMGB1/NF-κB pathway. Moreover, we also found that Chr significantly downregulated LPS-induced HDAC3 protein levels. The ELISA result confirmed that the LPS group presented significantly enhanced TNF-α, IL-6, IL-1β, and HMGB1 release in BALF; however, their concentrations were decreased after Chr treatment (Figures 3C–F). These data indicated that Chr could sharply inhibit the levels of inflammatory factors in the ALI mouse model.
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FIGURE 3. Effects of Chr on HMGB1/NF-κB axis in mice. (A,B) Protein content of inflammation factors was analyzed by Western blotting. (C–F) Influence of Chr on TNF-α, IL-6, IL-1β, and HMGB1 concentration in BALF as measured by ELISA. Data are expressed as mean ± SD. #P < 0.05, ##P < 0.01, ####P < 0.0001 vs. control; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. LPS.




Effects of Chrysophanol on the Viability of RAW264.7 Cells

We used the MTT assay to investigate the effects of Chr at different concentrations (5, 10, 15, or 20 μM) on RAW264.7 cells viability in the LPS-induced in vitro cell model. There was no obvious cytolethality induced by Chr on cells (Figure 4A), except for the 20 μM Chr-treatment group. Instead, the viability of cells stimulated by LPS was 80.0 ± 1.0% of the control group, and treatment with Chr (5, 10, and 15 μM) protected cells against LPS-induced cellular injury, increasing cell activity up to 90.67 ± 1.15%, 96.0 ± 1.73%, and 98.0 ± 1.0%, respectively (Figure 4B). Therefore, Chr (5, 10, and 15 μM) were decided to use for the next experiment.
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FIGURE 4. Effects of Chr on the viability of RAW264.7 cells. MTT assay was used to evaluate effects of (A) Chr in RAW264.7 cells and in (B) LPS-stimulated model pretreated with Chr with increasing concentration of Chr. *P < 0.05, **P < 0.01 vs. control.




Chrysophanol Reduced Lipopolysaccharide-Induced High Mobility Group Protein 1 Expression, Nucleocytoplasmic Translocation, and Acetylation in Macrophages

Our previous study found Chr could attenuate inflammatory factor levels in LPS-induced macrophages. To investigate the potential role of Chr, we examined the effects of Chr on HMGB1 in vitro. We evaluated HMGB1 promoter activity and mRNA levels. Treatment with Chr (5, 10, and 15 μM) and the HMGB1 inhibitor SB (10 μM) significantly inhibited LPS-induced HMGB1 promoter activity (Figure 5A) and mRNA expression (Figure 5B), compared with the LPS-treatment group. We also evaluated the influence of Chr on total, cytoplasmic, and nuclear HMGB1 protein levels by WB. As shown in Figures 5C–E, total and cytoplasmic HMGB1 levels increased, whereas the nuclear levels decreased after LPS stimulation. However, all these effects were reversed by exposure to Chr.
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FIGURE 5. Chr reversed LPS-induced HMGB1 release and inhibited HMGB1 acetylation. Cells were treated with LPS (0.2 μg/ml) for 30 min before being exposed to Chr (5, 10, and 15 μM) for 24 h. (A) HMGB1 promoter activity was determined. Mean value of the relative luciferase activity is shown. (B) Inhibition of HMGB1 mRNA expression by Chr in RAW264.7 cells. (C) Protein expression of HMGB1. (D) Protein expression of the nuclear HMGB1. (E) Protein expression of cytosolic HMGB1. (F) HMGB1 concentration as determined by ELISA. (G) Localization of HMGB1 was visualized in RAW264.7 cells by confocal microscopy. (H) Western blotting was performed to determine acetylated HMGB1 levels. Data are presented as means ± SD for three independent experiments. *P < 0.05, **P < 0.01 vs. control; ▲P < 0.05, ▲▲P < 0.01 vs. LPS.


We then examined the levels of HMGB1 in the supernatant by ELISA assay. The levels of HMGB sharply increased after LPS exposure; however, this increase was inhibited in the presence of 10 μM SB (Figure 5F). Furthermore, Chr nearly completely abolished LPS-triggered intracellular HMGB1 production, similar to that in the SB-treated group (Figure 5F). Our results indicated the important inhibitory activity by Chr (5, 10, and 15 μM) on LPS-induced HMGB1 release in a dose-dependent fashion.

Immunofluorescent assay results also supported our conclusion. Nuclear–cytoplasmic translocation of HMGB1 was induced by LPS (Figure 5G, middle). Simultaneous treatment with Chr reduced cytoplasmic HMGB1 and enhanced nuclear localization of HMGB1 (Figure 5G, right), similar to unstimulated cells (Figure 5G, left), which provided morphological evidence to support our results.

To explore whether the HMGB1 translocation is related to its deacetylation, we analyzed the content of acetylated HMGB1 by IP (Figure 5H). When LPS-induced RAW264.7 cells to release HMGB1, we found acetylated HMGB1 levels were enhanced. Conversely, HMGB1 acetylation was markedly decreased after Chr treatment, indicating that Chr interfered with the acetylation of HMGB1 (Figure 5H).



Effects of Chrysophanol on Nuclear Transcription Factor-Kappa B Pathway After Histone Deacetylase 3 Knockdown

Our previous study demonstrated that Chr significantly reduced LPS-activated NF-κB promoter and the expression of mRNA, protein, and phosphorylation of components of the NF-κB pathway (Wen et al., 2018). Because Chr significantly downregulated HDAC3 protein expression and inhibited NF-κB pathway activation in the sepsis shock mice model, we then performed in vitro model experiments to clarify the potential mechanisms involved. To specifically knockdown HDAC3 levels, we used targeted siRNA inhibition. After LPS induction, Chr (15 μM) and HDAC3 antagonist RGFP966 (10 μM) were added to cells for 24 h. Then, qPCR and WB were performed. As shown in Figures 6A–E, mRNA and protein expression (NF-kB p65, IκBα, IL-1β, and TNFα) in the control group and siNC group were unchanged. Instead, after siHDAC3 transfection, the mRNA and protein levels of NF-kB p65, IκBα, IL-1β, and TNFα were more remarkably downregulated than the control group (P < 0.01). After transfected HDAC3 siRNA, in contrast with the siHDAC3-treated group, the NF-kB p65 pathway activity was enhanced by LPS (P < 0.01), exposure to RGFP966 significantly inhibited LPS-enhanced NF-kB p65 pathway activation (P < 0.05). In contrast, we observed that pathway inhibition by Chr treatment was reversed after HDAC3 gene knockdown (Figure 6).
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FIGURE 6. Effect of Chr on NF-κB pathway after HDAC3 knockdown. siHDAC3 was transfected into RAW264.7 cells. (A–D) Expression of mRNA levels of NF-κB signaling pathway. (E) Protein expression of components of NF-κB signal pathway. (F) Immunofluorescence staining results. (G–I) Concentrations of NF-κB downstream factors as determined by ELISA. Data shown are mean ± SD. $P < 0.05, $$P < 0.01, $$$$P < 0.0001 vs. control group; #P < 0.05, ##P < 0.01 vs. siHDAC3 group; *P < 0.05, **P < 0.01, vs. siHDAC3-LPS group; ▲P < 0.05, ▲▲P < 0.01, vs. RGFP966 group.


Next, immunofluorescence analysis was performed. NF-κB p65 nuclear localization signals were increased in the siHDAC3-LPS group, consistent with the expression of inflammation genes, HDAC3 knockdown almost entirely abrogated the inhibitory capacity of Chr-modulated NF-κB p65 nuclear translocation (Figure 6F).

In brief, the Chr inhibitory effect on NF-κB p65 expression and on downstream proinflammatory gene expression was notably reversed in cells transfected with siRNA targeting HDAC3.



Chrysophanol Reduced Lipopolysaccharide-Induced High Mobility Group Protein 1 Acetylation and Translocation Were Reversed After Knockdown of Histone Deacetylase 3 Expression by Small Interfering RNA

As a part of the HDAC protein family, HDAC3 has been reported to play a key role in blocking HMGB1 secretion (Bonaldi et al., 2003). To further investigate the influence of Chr on HDAC3 activity and levels of acetylated HMGB1 and cytoplasmic to nuclear translocation, we transfected HDAC3 siRNA and NC-siRNA into RAW264.7; in addition, the HMGB1 inhibitor SB was used as a positive control. The distribution of HMGB1 was analyzed to determine the nucleocytoplasmic localization using fluorescence signals, HMGB1production was analyzed through ELISA, and IP was used to detect the HMGB1 acetylation level. As shown in Figures 7A,B, LPS induced translocation of HMGB1 protein from the nucleus to the cytoplasm; meanwhile, the inhibitory effects on HMGB1 translocation by Chr treatment were reversed in HDAC3 siRNA-transfected cells. In addition, ELISA results showed that HDAC3 siRNA eliminated the inhibitory effects of Chr on HMGB1 production in the cell culture supernatants (Figure 7C).
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FIGURE 7. Knockdown of HDAC3 expression promotes nuclear HMGB1 translocation to the cytoplasm, enhances HMGB1 release, and reverses Chr effects. (A) Protein expression of nuclear HMGB1. (B) Protein expression of cytosol HMGB1. (C) HMGB1 concentration. (D) Localization of HMGB1was visualized in RAW264.7 cells by confocal microscopy. Red, HMGB1; blue, nuclei. (E) Western blotting was performed to determine acetylated HMGB1 levels. Data are analyzed as means ± SD for three independent experiments. *P < 0.05, **P < 0.01 vs. control group.


Immunofluorescent staining for HMGB1 recapitulated the results of WB and ELISA. In the HDAC3 siRNA control group and siRNA NC group, HMGB1 staining was only positive in the nucleus, whereas HMGB1 fluorescence signals were present in both the nuclear and cytoplasmic compartments in both the LPS- and the Chr-treated groups (Figure 7D). As shown in Figure 7E, after siRNA transfection, Chr treatment did not reduce LPS-induced HMGB1 acetylation.

Collectively, these results demonstrated that Chr reversed LPS-triggered HMGB1 acetylation and nucleocytoplasmic translocation by enhancing HDAC3 expression.



Chrysophanol Enhances Formation of the HDAC3:HMGB1:NF-κB p65 Complex

Protein–protein interactions have an important role in multiple diseases (Gao et al., 2006). We speculated that HDAC3 deacetylates HMGB1 and regulates the NF-κB p65-mediated inflammatory signaling pathway by enhancing the interaction between HDAC3:HMGB1:NF-κB p65. As shown in Figure 8, LPS-induced RAW264.7 cell extracts were immunoprecipitated with HMGB1, HDAC3, and NF-κB p65 antibodies, respectively, and were subjected to WB using HDAC3, NF-κB p65, and HMGB1 antibodies. The results indicated a positive interaction between these proteins. After stimulation with LPS, the amount of HDAC3 immunoprecipitated with anti-HMGB1, NF-κB p65 antibodies were decreased. By comparison, the interaction of HMGB1:NF-κBp65 and HMGB1:HDAC3 were dramatically enhanced through treatment with 15 μM Chr (Figure 7A). Moreover, similar results were observed when the cell extract was immunoprecipitated with the HDAC3 or NF-κB p65 antibody and followed by immunoblotting with HMGB1, NF-κB p65, or HDAC3, HMGB1 antibodies (Figures 8B,C).
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FIGURE 8. Chr enhances interaction between HDAC3, HMGB1, and NF-κB p65. Immunoprecipitation of total and (A) anti- HMGB1-, (B) anti- HDAC3-, or (C) anti-NF-κB p65-antibody-treated lysates, respectively, subjected to WB.


Results verifying the relationship of the three proteins indicated that LPS induced HMGB1, NF-κB p65, and HDAC3 complex dissociation, whereas Chr enhanced the interaction between HMGB1, NF-κB p65, and HDAC3, which changes reflected our intended meaning.



Histone Deacetylase 3 Knockdown Suppressed Chrysophanol-Mediated Enhancement of HDAC3:HMGB1:NF-κB p65 Complex Formation

Then, we used siRNA to knockdown HDAC3 expression in vitro. HDAC3 was decreased after transfection into RAW264.7 cells with siRNA for 48 h. Co-immunoprecipitation assays were carried out to test the interaction between the HDAC3:HMGB1:NF-κB p65 protein complex after HDAC3 knockdown by HMGB1 and NF-κB p65 antibodies, respectively. We found that under the NC or HDAC3-siRNA conditions, HMGB1 protein was detected in the IP product using the p65 antibody, and conversely, p65 protein was detected in the IP product using the HMGB1 antibody (Figures 9A,B). After LPS stimulation, the coexisting protein–protein interactions between HMGB1 and p65 were inhibited, which was observed in the siHDAC3-LPS group. Moreover, we observed from the IP product that HDAC3 knockdown potently abolished the Chr-augmented p65:HMGB1 proteins complex formation, indicating the regulation role of HDAC3 in Chr-mediated enhancement of HDAC3:HMGB1:NF-κB p65 complex formation.
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FIGURE 9. (A) Co-immunoprecipitation was performed using protein lysate from cells to observe relationship between HMGB1/NF-κB p65 complex formation in HDAC3 knockdown condition with specific siRNA and after LPS activation and Chr treatment. (B) Co-immunoprecipitation was performed to determine the interactions between p65-HMGB1.




DISCUSSION

Sepsis is a life-threatening pathological condition characterized by a dysregulated inflammatory response, a disordered blood coagulation cascade, and multiple organ dysfunctions (Falagas and Kopterides, 2006; Jean-Baptiste, 2007; Prescott et al., 2016). The effective treatment of sepsis involves the inhibition of the expression of proinflammatory mediators. In our study, we examined the underlying mechanisms and protective effects of Chr in LPS-induced ALI in in vitro cell lines and in an in vitro LPS-induced murine model of ALI. Our findings explicitly demonstrated that Chr could significantly downregulate the HMGB1/NF-κB axis and inhibit the inflammatory response via modulation of HDAC3 expression. Finally, Chr treatment markedly enhanced protein–protein interactions and relieving symptoms of ALI.

The overproduction of inflammatory mediators has been associated with the pathogenesis of ALI; thus, the identification of effective measures to control lung injury is important. The therapeutic activity of DEX is attributed to its anti-inflammatory (Tolaj et al., 2017), immunosuppressive (Wang et al., 2013), anti-endotoxic (Zhang et al., 2017), and anti-shock (Yang et al., 2010) activity. Recent studies have determined that DEX possesses the capacity to activate the remission of organ injury and to overcome the infection, although the limitation of DEX treatment is that it is not recommended for long-term use, as it causes numerous adverse effects (Wang et al., 2013; Sun et al., 2017). Thus, there is an urgent need to identify novel effective treatments for ALI having fewer secondary adverse effects.

LPS induces the same disease characteristics as ALI and thus has been applied as the best model for ALI. We studied the protective effects of Chr in the ALI mouse model. The results showed that Chr sharply reduced MAP, the lung W/D weight ratio, lung MPO activity, MDA content in LPS-stimulated mice, and the levels of several inflammatory mediators in the BALF. In addition, Chr also increased SOD levels and the survival rate and, thus, effectively relieved ALI.

The level of lysosomal-specific MPO is an indicator of the active condition of macrophages (Yang et al., 2016), which contribute to inducing the oxidative stress reaction and causing organ or tissue damage (Jiang et al., 2016). Researchers have determined that the lipid peroxidation reaction induced by MDA (Diao et al., 2016) can lead to substantial cytotoxicity. SOD has been reported to be the major enzymatic antioxidative enzyme able to detoxify and eliminate free radicals (Wang et al., 2016). Our study suggested that Chr treatment could enhance SOD levels in contrast to the changes observed in the LPS group.

We then performed WB and ELISA to identify mechanisms involved in Chr protection against LPS-induced ALI. ALI is well known to develop from the increased exposure to cytokines released during the inflammation process. Our results indicated that the activation of LPS led to a significant increase in the activation of the NF-κB p65 pathway, as detected in the BALF, whereas Chr treatment disrupted the LPS-induced pro-inflammatory effects. Bacterial LPS triggering activation of the NF-κB signaling pathway has been considered to be a major component of ALI. LPS interacts with TLRs. In addition, as a late-onset risk factor, released HMGB1 induces the inflammatory cascade and accelerates the synthesis of inflammatory cytokines by binding to NF-κB receptors, which triggers NF-κB kinase phosphorylation, and signals that converge on the IkB/NF-kB, allowing the disruption of the complex, and shifting of NF-κB to the nucleus, leading to the release of large quantities of lethal factors (Jiang et al., 2005). Moreover, the results suggested that Chr treatment decreased LPS-enhanced expression of HDAC3, which is considered a transcriptional co-repressor of NF-κB p65. The HDAC3 inhibitor effectively inhibited NF-κB p65 transcriptional activity, likely by binding to the co-repressor transcription complex PPARγ (Jennewein et al., 2008).

In line with our in vivo study, we assumed that Chr could also inhibit activated cells and intrapulmonary lethal cytokines and relieve ALI through the HMGB1/NF-κB pathway via the HDAC3 signaling. The in vitro study was designed to define better the underlying molecular mechanisms involving Chr activity on the HMGB1/NF-κB signaling pathway. First, we found that Chr suppressed LPS-induced HMGB1 acetylation, which was in line with the reduction in HMGB1 nuclear translocation and extracellular HMGB1 production, suggesting a mechanism in which HDAC3 deacetylates HMGB1 and leads to the inhibition of HMGB1 release. Our previous study confirmed that Chr treatment inhibited the NF-κB p65 signaling pathway via inhibition of sIκB phosphorylation and NF-κB p65 relocation triggered by LPS-activated RAW264.7 cells (Wen et al., 2018). To provide a more in-depth exploration of how and whether Chr-regulated HMGB1 suppression influenced the HDAC3-mediated inactivation of NF-kB p65, we used synthetic siRNA targeting HDAC3. We found that the inhibitory effect of Chr was essentially lost in cells where the expression of HDAC3 was silenced, suggesting an important role for HDAC3 in the effects induced by Chr.

Next, we explored the mechanisms involved in Chr-regulation of the p65:HDAC3:HMGB1 complex. Co-immunoprecipitation findings indicated that the members of the p65:HDAC3:HMGB1 complex were tightly bound to each other in the quiescent state. Then, we confirmed that after LPS activation, the binding between the components of the complex was disrupted, which might be a consequence of protein degradation. Furthermore, we showed that Chr treatment before LPS stimulation led to the stronger interaction between the complex components. When HDAC3 was knocked down, the enhancement effect of Chr was sharply abolished, suggesting an essential role of HDAC3 in the effects of Chr (Figure 10). In brief, our research showed that Chr possesses an intense anti-inflammatory effect by regulating HMGB1/NF-κB signaling through HDAC3.


[image: image]

FIGURE 10. Schematic diagram of Chrysophanol-mediated suppression of the inflammatory response.


Our study has some limitations. In our experiments, the potential mechanism of Chr via macrophages in vivo was not investigated. Thus, to better understand and characterize LPS-induced ALI, influence functions of other cell types (e.g., pulmonary macrophages and epithelial cells) are required to assess the clinical benefits of Chr further.



CONCLUSION

In conclusion, the present study showed that Chr exerts an intense anti-inflammatory effect by regulating HMGB1/NF-κB signaling through HDAC3 expression.
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The effects of banana resistant starch (BRS) on obesity-related metabolic and intestinal flora were investigated in a high-fat diet-induced obesity model. After 6 weeks of intervention, the glucolipid metabolism index [blood glucose (GLU), total cholesterol (TC), triacylglycerol (TG), low density lipoprotein-cholesterol (LDL-C), and high density lipoprotein-cholesterol (HDL-C)], hormone index [leptin (LEP), insulin (INS), ghrelin, adiponectin (ADP), and thyroxine (T4)], and 16S rRNA sequencing analyses were performed for each group to explore the regulating effect of intestinal flora and the mechanism of weight loss in obese rats. The results showed that (1) BRS intervention significantly reduced the levels of GLU, TG, TC, LDL-C, LEP, and INS (p < 0.01) and increased the contents of ghrelin (p < 0.05) and ADP (p < 0.01). (2) BRS could improve the diversity of intestinal flora and regulate the overall structure of intestinal microorganisms, mainly by upregulating the Bacteroides/Firmicutes ratio and the relative abundance of Cyanobacteria and downregulating the relative abundances of Deferribacteres and Tenericutes (at the phylum level). BRS could inhibit the proliferation of Turicibacter, Romboutsia, and Oligella and increase the abundances of Bacteroides, Ruminococcaceae, and Lachnospiraceae (at the genus level). (3) Some significant correlations were observed between the gut microbiota and biomarkers. Turicibacter, Romboutsia, and Oligella were positively correlated with GLU, TG, TC, LEP, and INS and negatively correlated with ghrelin and ADP. Bacteroides, Parabacteroides, and Akkermansia were negatively correlated with GLU, TG, and TC. Conclusion: BRS had promising effects on weight loss, which could be associated with the improvement in host metabolism by regulating intestinal flora.

Keywords: banana resistant starch, biochemical index, gut microbiota, correlation analysis, obesity


INTRODUCTION

Obesity (BMI ≥ 30 kg/m2) is a metabolic disease that results in weight gain due to the accumulation of a large amount of adipose tissue in the body (Prospective Studies Collaboration, 2009). The prevalence of obesity likely results from the interaction of multiple factors: heredity, environment, dietary intervention, physical activity, lifestyle, and so on. Sedentary lifestyle and a high-sugar high-fat diet appear to be the most important factors causing obesity (Chooi et al., 2019). With the development of society, the prevalence of obesity has risen dramatically year after year. In 2015, approximately 603 million adults and 107 million children were obese (Collaborators et al., 2017), which means that obesity has become a worldwide epidemic. Moreover, obesity is a prevalent manifestation of metabolic disorders, and accumulating evidence has demonstrated that TC, TG, LDL-C, INS, and LEP levels were significantly higher in obese than in normal weight people, while the concentrations of ADP and ghrelin decreased (Yildiz et al., 2004; Addante et al., 2011). Vekic’s work (Vekic et al., 2019), which focused on metabolic disorders in obesity, indicated that high concentrations of TG and LDL-C accompanied by decreased HDL-C concentrations are the main characteristics of dyslipidaemia. LEP and ADP are associated with inflammation since LEP stimulates adipose tissue to secrete inflammatory cytokines, while ADP acts as an anti-inflammatory adipokine. At the same time, INS has a higher concentration in plasma and can lead to insulin resistance, hyperglycaemia, and hyperinsulinaemia. In summary, obesity will increase the risk of a variety of diseases, such as cardiovascular diseases (hypertension, atherosclerosis, and hyperlipidaemia) (Lavie et al., 2014), type 2 diabetes (Malik et al., 2010) and some cancers (esophageal cancer, cholangiocarcinoma, and pancreatic cancer) (Nam, 2017), which cause great threats to global public health and have passive effects on the quality of human life and healthcare costs (Tremmel et al., 2017).

Approximately 1.5 kg of bacteria exists in our gut, and they are not only the densest but also the most diverse microbiome in the human body (Zhao, 2013). The intestinal flora is closely related to the health status of the host, and the composition of the gut microbiota varies due to the age of the host, living environment, dietary habits, and other factors (Delzenne and Cani, 2011). It plays a very important role in the physiological processes of the host, such as nutrient digestion, absorption, energy utilization and storage, and metabolism (Saad et al., 2016). Diet is considered to be a major factor affecting the structure of intestinal flora that transforms food ingredients into bioactive metabolites with different functions, which further regulate the composition of intestinal microorganisms and influence the host phenotype (Laparra and Sanz, 2010). A large number of studies have demonstrated that obesity is related to gut microbiota dysfunction and that dietary intervention has important impacts on intestinal flora to a certain extent, mainly manifesting as changes in gut microbiota structure and function, hindering the development of obesity (Portune et al., 2017).

Resistant starch (RS) is defined as the sum of the starch and products of starch degradation not absorbed in the small intestine of healthy individuals (Anonymous, 1991). RS is subdivided into five major types: RS1, RS2, RS3, RS4, and RS5 (Meenu and Xu, 2019). RS1 is found mainly in grains or seeds and is composed of a matrix of proteins that makes it difficult for enzymes to get close to the starch granules. RS2 is resistant to enzyme digestion and present in food such as raw potatoes and unripe bananas. RS3 is retrograded starch formed during the cooling of gelatinized starch in moist-heated food. RS4 is chemically modified starch due to crosslinking, esterification, and etherification. RS5 is formed by amylose with lipids, and the long carbon chains are the cause of RS5 resistance. As a new prebiotic (Sajilata et al., 2006), RS can prevent colon cancer, slow the release of glucose, and control weight gain and other physiological effects, and the fermentation of RS in the colon produces short-chain fatty acids (SCFAs), which improve the intestinal barrier environment and play a key role in the prevention and relief of metabolic syndrome.

Recent studies have pointed to the composition of intestinal flora in connection with RS. The higher levels of Bifidobacterium, Akkermansia, and Allobaculum, which were colonized by RS, could alleviate the development of obesity, and the proportions of Bifidobacterium and Akkermansia were positively correlated with gut weight and GLP-1 (Tachon et al., 2013). Furthermore, RS could stimulate a cluster of bacteria in the Clostridia class and increase the concentration of fecal butyrate to decrease the inflammatory response and improve insulin sensitivity (Sanchez-Tapia et al., 2020). In addition, Bacteroides plebeius, Blautia producta, and Prevotella stercorea were negatively associated with TC, while Bacteroides ovatus, Bacteroides uniformis, and Bacteroides acidifaciens were positively correlated with ADP, and all of them were enriched after RS intervention, although RS did not significantly enrich Methanobrevibacter spp. and Eubacterium dolichum, but they were correlated with weight and SCFA levels. Methanobrevibacter spp., Ruminococcus gnavus, and Prevotella stercorea were negatively correlated with LDL (Upadhyaya et al., 2016).

Banana resistant starch (BRS) belongs to the RS2 type and is the main ingredient of green banana, which comprises approximately 50% of unripe banana pulp (dry base). Our preceding study showed that BRS had a good effect on weight loss and improved the condition of the obese rats. After obese rats were treated with a dose of 2.5 g/kg BRS for 6 weeks, the body weight of rats in BRS group was significantly decreased by 9.06% (p < 0.05) and the fat accumulation was reduced, which especially decreased by 34.32% in the epididymis fat and 31.48% in the ratio of adipose tissues (including epididymis fat and renal fat) and weight (p < 0.05), compared with that of obese rats in model group. But there was no significant difference in food intake compared with obese rats. Histology analysis revealed that BRS alleviated hepatic steatosis and fatty liver in obese rats. All of these above will be reported in detail in another article.

There are some studies about food intervention to relieve obesity. Our preceding researches (Tan and Wang, 2018; Wang, 2018) report that BRS has a good effect on weight loss and improved the condition of the obese rats. Moreover, some literatures (Alvarado-Jasso et al., 2020; Wu et al., 2020) show that banana flour is benefit for reducing body fat. But few studies focused on the mechanistic role of the BRS-induced weight loss. Therefore, the anti-obesity mechanism of BRS mediating intestinal flora was studied in this article. It is reported that RS has many physiological benefits, including the management and control of glucose-metabolism related diseases such as type 2 diabetes and obesity (Niba, 2002). However, the microstructures of RS from different food sources are not same, so the physiological functions of RS may be different. Therefore, the health benefits of BRS could not be predicted without test. The structures and physicochemical properties of BRS differ from variety to variety (Wang et al., 2014, 2016). We found that some banana cultivar do not have good effects on weight loss (Tan and Wang, 2018). Thus, the cultivar of banana used here is proved with a positive influence on alleviating obesity by our previous studies.

The present study aimed to explore the effect of BRS on intestinal flora and discuss the correlation among intestinal flora, the glucolipid metabolism index and serum hormones in a high-fat diet-induced obesity model in order to understand the mechanism of BRS-induced weight loss. The significances of this study are as follows. Firstly, it could enrich the theoretical basic research related to RS. Secondly, it is a fundamental research about the functional ingredient of banana.



MATERIALS AND METHODS


Materials

Banana resistant starch was provided by Natural Banana Healthy Food Co., Ltd., (Guangdong, China). Banana cultivar is Musa ABB Dajiao. Orlistat (approval number H20123131) was purchased from Zhien Pharmaceutical Co., Ltd., (Chongqing, China).



Animals and Experimental Design

Male SD rats (100–110 g, 6 weeks old) were purchased from Guangdong Medical Laboratory Animal Center (GDMLAC, Guangdong, China) with the laboratory animal license number SCXK (Guangdong) 2013-0002. The normal chow diet (NCD: 55% nitrogen-free extract, 18% crude protein, 10% water, 8% ash, 4% crude fat, 5% crude fiber, 1.8% calcium, and 1.2% phosphorus, with total calorific value 327.6 Kcal/100 g) was obtained from Jiangsu Xietong Pharmaceutical Bioengineering Co., Ltd., (Jiangsu, China). A high-fat diet (HFD: containing 64% normal control diet, 15.0% lard, 15.0% sucrose, 5% casein, 0.6% calcium hydrogen phosphate, and 0.4% stone powder, with total calorific value 404.84 Kcal/100 g) was obtained from Guangdong Medical Laboratory Animal Center (GDMLAC, Guangdong, China).

All animals were raised in the specific pathogen-free (SPF) experimental animal room (constant temperature 21 ± 2°C, relative humidity 50 ± 10% and a 12-h light-dark cycle) of the Experimental Animal Center of South China Agricultural University with free access to water and food. The protocol and design of the animal experiment was showed in Figure 1. After 6 weeks of the experiment, all rats were fasted for 12 h and sacrificed with an intraperitoneal injection of 10% chloral hydrate. Blood samples were collected from the abdominal aorta and centrifuged at 3,000 r/min for 15 min at 4°C to obtain serum, which was stored at −80°C for measurements. The intestinal tract contents were obtained and stored at −80°C until analysis.


[image: image]

FIGURE 1. Animal experimental protocol and design. MC-model control group, LD-low dose group of BRS, MD-middle dose group of BRS, HD-high dose group of BRS, PC-positive control group, NC-normal control group.




Biochemical Assays

Total cholesterol (TC), total triacylglycerol (TG), low density lipoprotein-cholesterol (LDL-C), high density lipoprotein-cholesterol (HDL-C), and blood glucose (GLU) were determined by commercially available kits (Mindray Biomedical Electronics Co., Ltd., Shenzhen, China). Serum leptin (LEP), insulin (INS), adiponectin (ADP), thyroxine (T4), and ghrelin were measured using ELISA kits (ColorfulGene Biological Technology Co., Ltd., Wuhan, China). All measurements were carried out according to the manufacturer’s protocol.



DNA Extraction and Sequencing

Total genomic DNA from large intestine samples (n = 3 per group) was extracted using the CTAB method, and the DNA concentration and purity were monitored on 1% agarose gels. Then, the V3–V4 hypervariable region of the microbiota 16S rRNA was amplified with the primers 341F (5′- CCTAYGGGRBGCASCAG-3′) and 806R (5′- GGACTACNNGGGTATCTAAT-3′). The PCRs consisted of the following program: initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 30 s, and finally 72°C for 5 min. PCRs were carried out in 30-μL reactions with 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM of forward and reverse primers, and approximately 10 ng of template DNA. The same volume of 1 × loading buffer (containing SYBR green) was mixed with PCR products, and electrophoresis was performed on a 2% agarose gel for detection. Then, mixed PCR products were purified with a GeneJETTM Gel Extraction Kit (Thermo Scientific, MA, United States). Purified amplicons were sequenced on an Ion S5TM XL platform (Thermo Scientific, MA, United States), and 400/600 bp single-end reads were generated following the manufacturer’s recommendations by Nuohe Zhiyuan Technology Co., Ltd (Beijing, China).



Bioinformatics Analysis

Cutadapt software (version V1.9.1) was used to filter and quality control the data to obtain raw reads, and then raw reads were detected and the chimera sequences were removed by usearch software (version v7.0.10901) to obtain clean reads. Operational taxonomic units (OTUs) were performed by Uparse (version v7.0.10012) with a ≥ 97% similarity threshold, and taxonomic analysis was conducted in comparison with the Silva database3 using the RDP classifier Mothur algorithm to annotate the taxonomic information of representative sequences for each OTU. The alpha diversity index and PCA analysis were calculated with QIIME (Version 1.7.0) and displayed with R software (Version 2.15.3). A heatmap was generated by using the vegan package in R software. Linear discriminant effect size analysis (LEfSe) was performed to characterize the differences among groups. The non-parametric factorial Kruskal-Wallis (KW) sum-rank test was used to evaluate species with significant differences in abundance between different groups, and linear discriminant analysis (LDA) was used to assess the magnitude of the impact of significantly different species. Spearman association analyses between gut microbiota and the metabolites and the r- and p-values were conducted using the MANTEL function. Moreover, the visualization work was done by the PHEATMAP function in the pheatmap package.



Statistical Analysis

The data are shown as the mean ± SD. Statistical analysis was implemented using a one-way analysis of variance (ANOVA) followed by LSD post hoc test to determine the differences between groups. The results were considered significant when p < 0.05. Analyses were performed using IBM SPSS Statistics 24.0 (IBM, Chicago, IL, United States).



RESULTS


BRS Ameliorated the Levels of Glucolipid Metabolism

The results showed that, compared with the NC group, the levels of GLU, TG, and TC markedly increased in the MC group (p < 0.01). The BRS treatment groups displayed a significant decrease in the levels of GLU (p < 0.01) and TG (p < 0.01) in comparison with the MC group, which gradually approached the NC group. The TC level in the LD (p < 0.01) and HD (p < 0.05) groups was extremely reduced, except for the MD group. In addition, an eventful reduction in LDL-C (p < 0.01) in the HD group, as well as a significant enrichment of HDL-C (p < 0.05) in the PC group, were observed compared with the MC group, but the HDL-C (p < 0.05) level in the HD group was lower than that in the MC group (Table 1). The above results showed that BRS could improve glucose and lipid metabolism abnormalities by lowering levels of TG and GLU. Effects of BRS on serum hormone levels.


TABLE 1. BRS improved glucose and lipid metabolism in obese rats (mmol/L).

[image: Table 1]To further explain the relationship between serum hormones and obesity, the levels of LEP, INS, ghrelin, ADP, and T4 were analyzed. As shown in Table 2, LEP and INS levels (p < 0.01) in the MC group significantly increased, while ADP (p < 0.01), ghrelin (p < 0.01), and T4 (p < 0.05) levels significantly decreased compared with the NC group. Compared with the MC group, the LEP and INS levels were crucially lower, while the ADP levels were sharply higher in the BRS and PC groups (p < 0.01). Additionally, the ghrelin levels (p < 0.05) of the HD group were obviously increased, but the LD and MD groups lacked a notable increase. The contents of T4 (p < 0.01) in the MD and HD groups were substantially enhanced compared with the MC group. It was interesting that the above serum hormones have a dose-effect relationship with BRS. It was implied that BRS were effective on reducing LEP and INS levels, increasing ghrelin and ADP levels, and then inhibiting obesity.


TABLE 2. BRS ameliorated the levels of serum hormones in obese rats.
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BRS Changed the Diversity of the Gut Bacterial Communities

Alpha diversity is used to assess the diversity of the microbial community in the sample, usually expressed as the alpha diversity index (Good’s coverage, Chao1, ACE, and Shannon) (Li et al., 2020). The Good’s coverage index reflects the depth and rationality of sample sequencing, which means that the closer the value is to 1, the lower is the probability of new OTUs in the sample. The Chao1 and ACE indexes were positively correlated with species richness. The Shannon index considers the uniformity of species distribution on the basis of richness; the higher the richness index and the uniformity, the stronger is the sample diversity. Therefore, the higher the Shannon index, the higher the biodiversity. The species diversity in different groups is shown in Table 3. The Good’s coverage of each group reached more than 0.99 (p > 0.05), indicating that each group had sufficient samples and that almost all of the sequences were detected. Compared to the NC group, the Chao1 and ACE indexes were not significantly different in the MC group (p > 0.05), but the Shannon index was significantly lower (p < 0.05). There was no difference in species richness in the intestinal flora of rats induced by the high-fat diet, but the highly uneven colony distribution led to a decrease in the community diversity of the MC group, suggesting that the high-fat diet caused an imbalance in the proportion of intestinal flora structure in rats. In the MD group, the Shannon index was significantly increased compared with that in the MC group (p < 0.05), reflecting that supplementation with BRS regulates intestinal microbial community diversity to a certain extent.


TABLE 3. Alpha diversity analysis of the gut microbiota in different groups.

[image: Table 3]Beta diversity is the analysis of microbial community structure of different samples to reveal the similarity of community composition between groups. Principal component analysis (PCA) is one of the methods used to evaluate the diversity of phylogenetic differences. In the PCA plot (Figure 2A), all groups exhibited an obviously distinct clustering of microbiota composition, suggesting that the samples in each group have a high degree of parallelism. The MC group was markedly separated from the NC group, with the LD, HD, and PC groups distributed in between, although the MD group overlapped with the MC group. The results implied that BRS intervention evidently altered the overall structure of the gut microbiota and improved disorders of the intestinal bacteria. It was observed that the diversity of intestinal flora was reduced significantly in obese rats. But the diversity could be recovered by BRS.
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FIGURE 2. BRS alters the composition based on OTUs and the relative abundance of gut microbiota at the phylum level. (A) Principal component analysis (PCA) of gut microbiota based on OTUs. The abscissa represents the first principal component, the ordinate represents the second principal component, and the percentage represents the contribution of the principal component to the sample difference. Each point in the figure represents a sample, and samples from the same group are represented in the same color. (B) Bacterial taxonomic profiling at the phylum level of gut microbiota. (C) Bacteroidetes, (D) Firmicutes, (E) Bacteroidetes/Firmicutes ratio, (F) Deferribacteres, (G) Tenericutes, and (H) Cyanobacteria. Differences were based on ANOVA analysis followed by LSD post hoc test and denoted in graph bars as follows: ∗p < 0.05 and ∗∗p < 0.01 compared with NC; #p < 0.05 and ##p < 0.01 compared with MC.




Effects of BRS on the Composition and Structure of Intestinal Bacteria

To provide a better comprehension of the changes in the composition and structure of intestinal bacteria in response to BRS treatment, the bacterial species and abundance were determined at the phylum and genus levels among groups. In total, 12 phyla, 25 classes, 52 orders, 88 families, 192 genera, 78 species, and 1,043 OTUs were detected in this research. The study indicated that Firmicutes, Bacteroidetes, Verrucomicrobia, Proteobacteria, Tenericutes, Actinobacteria, Cyanobacteria, Deferribacteres, Saccharibacteria, and Lentisphaerae were phyla found in each group, and the bacterial composition was dominated by Firmicutes and Bacteroidetes (Figure 2B). Meanwhile, the relative abundance of different phyla in the gut microbes of each group was discussed for the purpose of accounting for the effect of BRS in intestinal bacteria. It was clear that the MC group fed a high-fat diet induced a major reduction in the relative abundance of Bacteroidetes (p < 0.05); however, although the difference was not significant, Firmicutes had a slight increase combined with the Bacteroidetes/Firmicutes ratio (B/F) and had a mild decrease (Figures 2C–E) in comparison with the NC group (p > 0.05), which was consistent with the literature (Dong et al., 2016). After 6 weeks of BRS treatment in obese rats, the LD and HD groups had a higher abundance of Bacteroidetes (38.31 ± 4.94%, 38.65 ± 5.33% vs. 17.98 ± 0.01%), a lower abundance of Firmicutes (45.55 ± 1.56%, 51.11 ± 4.03% vs. 71.18 ± 0.47%) and a higher B/F ratio (0.84 ± 0.08, 0.76 ± 0.16 vs. 0.25 ± 0.02) than the MC group (p < 0.01). As shown in Figures 2F–H, compared with the NC group, Deferribacteres and Tenericutes were significantly enhanced (p < 0.01), and Cyanobacteria was decreased in the MC group (p > 0.05), but the result did not achieve significance. Notably, BRS treatment had a beneficial effect on intestinal flora. The LD (p < 0.01) and HD (p < 0.05) groups had a considerable improvement in Cyanobacteria compared with the MC group (0.96 ± 0.10%, 0.38 ± 0.07% vs. 0.16 ± 0.02%); the LD (p < 0.01), MD (p < 0.05), and HD (p < 0.01) groups had a substantial reduction in Tenericutes compared with the MC group (0.23 ± 0.10%, 0.81 ± 0.08%, 0.45 ± 0.07% vs. 1.31 ± 0.46%); the Deferribacteres abundance of MC, LD, MD, HD, and PC was 0.17 ± 0.05%, 0.05 ± 0.02%, 0.08 ± 0.01%, 0.07 ± 0.01%, and 0.08 ± 0.01%, respectively, which were extremely lower with BRS treatment than that of the MC group (p < 0.01).

The Top10 genera of relative abundance in different groups were Bacteroides, Akkermansia, Lachnospiraceae_ NK4A136_group, Desulfovibrio, [Eubacterium]_ coprostanoligenes_group, Ruminococcaceae_NK4A214_ group, Romboutsia, unidentified_Ruminococcaceae, Roseburia, and Ruminococcaceae_UCG-014 (Figure 3A). In addition, the heatmap analysis showed that the MC group had more Turicibacter, Romboutsia, Oligella, Roseburia, Coprococcus_2, and Bifidobacterium than the NC group. As expected, BRS could regulate intestinal flora; the relative abundances of Turicibacter, Romboutsia, and Oligella were lower, and Bacteroides, Parabacteroides, Desulfovibrio, [Eubacterium]_coprostanoligenes_group, Psychrobacter, Akkermansia, Ruminococcaceae_UCG-014,Ruminococcaceae_UCG-005,Ruminococcaceae_NK4A214_gr oup, Alistipes, Lactobacillus, Oscillibacter, Alloprevotella, Parasutterella, Christensenellaceae_R-7_group, and Corynebacterium_1 were greater in response to BRS intake (Figure 3B and Table 4). In particular, the relative abundance of some bacteria was reversed to close to that of normal rats by BRS and orlistat (Figures 3C–E). Turicibacter in MC (2.47 ± 1.09%) and NC (0.72 ± 0.03%) decreased in LD (0.60 ± 0.12%), MD (0.91 ± 0.11%), HD (0.67 ± 0.17%), and PC (1.02 ± 0.15%). Romboutsia in MC (5.06 ± 1.97%) and NC (1.89 ± 0.08%) decreased in LD (2.27 ± 0.36%), MD (2.44 ± 0.29%), HD (1.87 ± 0.44%), and PC (3.10 ± 0.31%). Oligella in MC (1.51 ± 0.39%) and NC (0.31 ± 0.07%) decreased in LD (0.18 ± 0.08%), MD (0.33 ± 0.21%), HD (0.68 ± 0.47%), and PC (0.52 ± 0.36%), which fell sharply with BRS and orlistat treatment (p < 0.01). Therefore, BRS intervention increased the abundance of beneficial bacteria, such as Cyanobacteria, Alistipes, Parabacteroides, Bacteroides, Ruminococcaceae, Lachnospiraceae, and Akkermansia. At the same time, it inhibited the growth of bacteria including Deferribacteres, Tenericutes, Turicibacter, Romboutsia, and Oligella.
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FIGURE 3. Relative abundance of gut microbiota at the genus level. (A) Bacterial taxonomic profiling at the genus level of gut microbiota. (B) Heatmap analysis at the genus level among different test groups displayed the changes in the relative abundance of identified genus. (C) Turicibacter, (D) Romboutsia, and (E) Oligella. Differences were based on ANOVA analysis followed by LSD post hoc test and denoted in graph bars as follows: ∗p < 0.05 and ∗∗p < 0.01 compared with NC; #p < 0.05 and ##p < 0.01 compared with MC.



TABLE 4. Effects of BRS on gut bacteria at the genus level.
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BRS Modulated the Key Phylotypes of Gut Microbiota

LEfSe was able to search for biomarkers with statistically significant differences from group to group and was applied to determine characteristic bacteria in each group. The results revealed that the NC group was rich in Clostridiales; in contrast, the MC group was characterized by a greater increase in the abundance of Coprococcus_2. After gavage of BRS, the intestinal flora of the LD group was markedly enhanced in Bacteroides and Ruminococcaceae_UCG-014, while the MD group was rich in Lachnospiraceae_bacterium_28-4. Orlistat treatment also notably increased the abundance of Ruminococcaceae_NK4A214_group. However, there was no significant change in the HD group, and only the NC group was detected to have a lower abundance of Firmicutes at the phylum level (Figures 4A,B). The results showed that BRS administration modulated the key phylotypes of gut microbiota by elevating the Bacteroides, Ruminococcaceae_UCG-014, and Lachnospiraceae_bacterium_28-4 levels.
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FIGURE 4. LEfSe analysis of gut bacteria in each group. (A) Linear discriminant analysis (LDA) score plot. Species with an LDA Score threshold >4 were listed and the length of the bar chart represented the impact of different species. (B) Taxonomy cladogram. The circle of radiation from inside to outside represented the taxonomic rank from phylum to genus (or species) and the diameter of the circles was based on relative abundance.




Association Between Obesity-Related Biological Parameters and Gut Microbiota

Spearman correlation analysis was applied to assess the relationship between intestinal flora and the obesity-related biochemical indexes to identify whether there was a correlation between gut microbiota and host metabolism. The results showed that unidentified_Ruminococcaceae, Romboutsia, and Turicibacte were positively associated with the levels of GLU, TG, TC, LDL and HDL. Bacteroides, Akkermansia, Desulfovibrio, X.Eubacterium._coprostanoligenes_group, and Parabacteroides were negatively associated with GLU, TG, TC, and HDL levels and positively correlated with LDL levels. In contrast, bacteria including Blautia, Ruminiclostridium_5, Clostridium_sensu_stricto_1, and Ruminiclostridium_6 appeared to have a positive relationship with GLU, TG, TC, and HDL levels and had a negative correlation with LDL levels. Oligella, Coprococcus_2 and Bifidobacterium were positively related to GLU, TG, and TC levels, while they were negatively related to HDL levels (Figure 5A and Supplementary Table 1). The relationship between serum hormones and intestinal flora was studied, as shown in Figure 5B and Supplementary Table 2. Romboutsia, Turicibacter, and Oligella presented a negative relationship with ghrelin, ADP, and T4 and displayed a positive relationship with LEP and INS. However, X.Eubacterium._coprostanoligenes_group, Coprococcus_1, and Anaerotruncus were positively correlated with ghrelin, ADP, and T4 and negatively correlated with LEP and INS. Additionally, Roseburia was found to have a positive relationship with T4, ADP, and INS and to have a negative relationship with ghrelin and LEP. In summary, the change in gut microbiota regulated by BRS was linked with obesity-related blood indicators, suggesting that the BRS-induced weight loss may partly root in the impact on intestinal flora.
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FIGURE 5. Spearman association analysis between gut microbiota and metabolic parameters at the genus level. The depth of the color corresponded the extent of relevance between gut microbiota and metabolic parameters, red meant positive correlation and blue meant negative correlation. (A) Glucolipid metabolism parameters and (B) Serum hormone. *Correlation was significant at the 0.05 level, **Correlation was significant at the 0.01 level.




DISCUSSION

Our former researches showed that BRS could play a role in the prevention and control of obesity, and the dietary supplement of BRS could reduce body fat and weight (Wang et al., 2019). Increasing evidence showed that the levels of serum parameters and the relative abundance of gut microbiota will change dramatically with the development of obesity. However, the relationship between biological parameters and gut microbiota, and the anti-obesity mechanism of BRS have not yet been investigated. This study showed the effects of BRS on glucose and lipid metabolism, gut bacteria and their correlation, in order to understand the anti-obesity mechanism of BRS. Therefore, this study could provide the evidence and data for banana functional food development.

In this experiment, the concentrations of GLU, TG and TC were notably increased in high-fat diet-induced obese rats, and studies have demonstrated that the accumulation of serum lipids is considered to be the major factor in the risk of cardiovascular disease accompanied by an increase in GLU, TG, TC, and LDL-C levels and a decrease in HDL-C levels (Dyrbus et al., 2018). BRS significantly reduced GLU, TC, TG, and LDL-C levels in serum compared to the MC group during 6 weeks of BRS supplementation, which is consistent with previous literature (Lee et al., 2018), suggesting that BRS may play an effective role in ameliorating abnormal blood glucose and lipid metabolism induced by obesity.

Obesity is associated with changes in hormones that can send signals to the brain to modulate energy balance, including reducing energy consumption and increasing energy intake (Hariri and Thibault, 2010). High levels of insulin are a sign of insulin resistance caused by obesity; an abundance of adipose tissue reduces the sensitivity of cells to insulin, and islet cells are then stimulated to produce more insulin, resulting in hyperinsulinaemia. Generally, insulin resistance will elevate the level of free fatty acids (FFAs), decrease the transportation of glucose and then store it as glycogen, resulting in damaged glucose tolerance and an increase in blood glucose levels (Chen et al., 2018). As expected, the rats in the MC group had a significantly higher concentration of INS than those in the NC group, revealing that obese rats had severe insulin resistance. The research also showed that BRS could reduce INS significantly, which is consistent with previous studies (Maki et al., 2012). Meanwhile, with the increase in BRS dose, the insulin concentration gradually decreased in serum. Similarly, other hormones, including LEP, ADP, T4, and ghrelin, were also detected. LEP and ghrelin were associated with appetite and host energy balance. Similar to insulin resistance, there was resistance to leptin in obesity caused by excessive leptin content in serum and impaired energy homeostasis, leading to increased food intake and weight gain (Scarpace et al., 2005). In addition, the level of ghrelin was downregulated in obesity, and previous results indicated that ghrelin resistance may exist in obesity (Luna-Moreno et al., 2017). A low level of adiponectin in serum was related to chronic inflammation, and increasing adiponectin levels was conducive to preventing the occurrence of cardiovascular diseases through anti-inflammatory effects (Ohashi et al., 2010). According to the results, BRS treatment markedly decreased serum LEP levels and increased ADP, T4 and ghrelin levels compared with the MC group, which is consistent with previous research (Robertson et al., 2005; Shen et al., 2014). The data implied that BRS had potent effects on improving obesity-related hormone levels; furthermore, BRS could not only enhance the absorption and utilization of glucose and inhibit the rise in fasting blood glucose but also suppress the excessive secretion of insulin and improve the insulin sensitivity of cells.

The intestinal flora has a crucial influence on the human body, affecting the health and physiological functions of the host (Nicholson et al., 2012). Abundant evidence has indicated that gut microflora could be altered, including composition and diversity, in response to obesity caused by a high-fat diet (Damms-Machado et al., 2015; Liu et al., 2017). When the microbiome is distorted, dysbiosis may result in a disease state either by an excessive inflammatory response or poor immune system (Lumeng and Saltiel, 2011). Currently, diet is regarded as the key modulator in regulating disorders of the gut microbiota (Sonnenburg and Backhed, 2016). Therefore, long-term dietary intervention could be a potential, safe, and effective approach in the prevention and treatment of obesity. In the present report, alpha diversity was significantly enhanced by BRS treatment, especially in the MD group compared to the MC group, and the overall gut microbiota structure was distinctly shifted, as evidenced by PCA.

At the phylum level, all groups had the same species composition but different relative abundances. Bacteroidetes and Firmicutes, to our knowledge, co-exist in the human gut. The obese gut showed a tendency to reduce Bacteroidetes levels and increase Firmicutes levels, which was associated with host pathology (Ley et al., 2006). There was an outstanding decrease in the levels of Bacteroidetes in the MC group, and BRS could increase the Bacteroidetes levels and the ratios of B/F, which is consistent with a previous report (Parnell and Reimer, 2012). It is worth noting that in the MC group, the relative abundances of Deferribacteres and Tenericutes were sharply increased, while the relative abundance of Cyanobacteria was decreased. Although the difference was not significant in comparison with the NC group, the condition was significantly reversed after BRS treatment, which insinuated that BRS could improve gut bacterial structure. The above three bacteria belong to low-abundance bacteria (relative abundance < 1%), while the dominant bacteria provide an overview of healthy or diseased states. Some key organisms with low abundance are also essential (Benjamino et al., 2018). Recent studies have shown that Cyanobacteria have anti-inflammatory effects due to heightened IL-10 levels, and exogenous Cyanobacteria supplementation could retard blood glucose levels and lipid peroxidation (Pandurangan and Kim, 2016; Li et al., 2019). The enrichment of the Deferribacteres and Tenericutes population is a common phenomenon in obesity, which is positively linked with the pro-inflammatory factors IL-6, TNF-α, and IL-17A, causing aggravation of inflammation in obesity (Wang et al., 2017; Li et al., 2019). BRS may have a protective effect on the integrity of the intestinal barrier by upregulating the B/F ratio, inhibiting the overgrowth of inflammation-related bacteria (Deferribacteres and Tenericutes) and repairing adverse changes in intestinal flora caused by a high-fat diet.

At the genus level, BRS administration enriched the relative abundance of Alistipes, Parabacteroides, and Akkermansia and decreased the levels of Turicibacter, Romboutsia, and Oligella, which were dramatically increased in the MC group. The increasing proportion of Turicibacter was illustrated to have a side effect on lipid metabolism, which was positively correlated with TG, TC, and LDL-C levels and negatively correlated with HDL-C levels (Wan et al., 2018). Romboutsia, the characteristic microbes in HFD-fed rats, exhibited a positive relationship with indicators of body weight (waistline and BMI) and lipid levels (TG, TC, and LDL-C) (Zeng et al., 2019). The current research on Oligella mainly focused on the urinary tract, but it could be isolated from wounds, making it an opportunistic pathogen (Demir and Celenk, 2014; Wang et al., 2018). Alistipes played a vital role in the improvement in obesity-related clinical indicators, including body weight, blood pressure, glucose homoeostasis, and uric acid (Wan et al., 2018). Antagonistic substances produced by Parabacteroides could defend against the colonization of pathogenic bacteria and prevent the development of infectious diseases (Nakano et al., 2013). Akkermansia, a mucin-degrading bacterium, belongs to the Verrucomicrobia phylum, which has been shown to play an important role in maintaining a healthy mucus layer in the human gut by degrading mucus to produce oligosaccharides and SCFAs (Belzer and de Vos, 2012). On the other hand, the higher species abundance of Akkermansia trended toward a healthier metabolic status in overweight and obese people, alleviating the progression of obesity (Dao et al., 2016). Increased levels of Alistipes, Parabacteroides, and Akkermansia and decreased levels of Turicibacter, Romboutsia, and Oligella were considered to have beneficial potential in the healthy state of the human intestine. The results showed that BRS had the ability to regulate gut microbial disorders and improve the host’s metabolic function.

It was essential to confirm the characteristic bacteria in different groups, finding the key phylotypes of gut bacteria modulated by BRS. Bacteroides facilitated the degradation of various complex carbohydrates, such as glycans and starch, and generated SCFAs, such as acetic acid, propionic acid, and succinic acid (Roberfroid et al., 2010). In addition, the commensal factor (polysaccharide A) originating from Bacteroides could promote host immune function (Telesford et al., 2015). Ruminococcaceae was abundant in the large bowel and cecum of animals and humans and enriched in response to a high-RS diet (Abell et al., 2008). Numerous studies have demonstrated that Ruminococcaceae contribute to the degradation and fermentation of carbohydrates, favoring the production of SCFAs (Hooda et al., 2012; Shang et al., 2016). Lachnospiraceae, a butyrate-producing taxonomic core in healthy colons, dominated most individuals and synthesized butyrate through the acetyl-coenzyme A (CoA) pathway, which was supported by a meta-genomic data analysis (Vital et al., 2014).

It is widely believed that SCFAs have a beneficial effect on maintaining the health of colon cells and providing energy for the body (Topping and Clifton, 2001; Brahe et al., 2013). The abundance of Bacteroides, Ruminococcaceae, and Lachnospiraceae, as members of SCFA producers, was elevated in response to BRS. Based on this, a supposition was put forward that BRS was primarily fermented by Bacteroides, Ruminococcaceae, and Lachnospiraceae and subsequently produced SCFAs, which then had beneficial effects on its growth and colonization. It can be seen that obvious shifts in the populations of bacteria in the intestinal tract, on the one hand, inhibit the proliferation of Turicibacter, Romboutsia, and Oligella, and on the other hand, promote the growth of Alistipes, Parabacteroides, Akkermansia, Bacteroides, Ruminococcaceae, and Lachnospiraceae. In summary, BRS intervention may repair the imbalance of intestinal flora and be responsible for protecting the gut steady state.

This research provided further evidence that the gut microbiome participates in a variety of host metabolic processes, especially lipid and hormone levels, in obese rats. Combined with the shifted gut microbiota profile, a speculation was proposed that the healthy glycolipid metabolism cycle and hormone homeostasis were linked to the upregulation of beneficial bacteria and downregulation of harmful bacteria. Spearman correlation analysis confirmed that Turicibacter, Romboutsia, and Oligella (downregulated by BRS) were positively related to GLU, TG, TC, LEP, and INS and negatively related to ghrelin and ADP; Bacteroides, Akkermansia, and Parabacteroides (upregulated by BRS) were negatively related to GLU, TG, and TC. Generally, these key metabolites hold the potential to forecast obesity-related disease, and improvement based on these biomarkers might be beneficial to weight control and reduce the risk of dysmetabolism. Therefore, it is surmised that BRS could ameliorate host metabolism and relieve obesity by altering gut microbiota structure.



CONCLUSION


(1)BRS reversed dyslipidaemia, controlled blood glucose stability, improved insulin sensitivity, and maintained hormone homeostasis in HFD-induced rats; in particular, BRS dose and hormone level showed a dose-effect relationship.

(2)BRS improved the diversity of gut microbiota and was responsible for the transformation in the overall structure of gut microbes, leading to a higher ratio of Bacteroidetes/Firmicutes; lower population of Deferribacteres, Tenericutes, Turicibacter, Romboutsia, and Oligella; and higher population of Cyanobacteria, Alistipes, Parabacteroides, Bacteroides, Ruminococcaceae, Lachnospiraceae, and Akkermansia.

(3)The change in gut microbiota induced by BRS was linked with obesity-related indicators (serum lipid, blood glucose, and hormone levels). Turicibacter, Romboutsia, and Oligella were positively related to GLU, TG, TC, LEP, and INS, while Bacteroides, Akkermansia, and Parabacteroides were negatively related to GLU, TG, and TC.

(4)The mechanism of BRS against obesity may be attributed to the manipulation of the intestinal microbiota that then improves glucolipid metabolism and guarantees hormone homeostasis, leading to a promotion in the state of host health and alleviation of obesity.
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Melanin, as a natural product, has been used as an extraordinary ingredient for nanomedicine due to its great biocompatibility and light responsive property. In this study, polydopamine (PDA), an analog of melanin, was extracted from dopamine and encapsulated with doxorubicin (DOX). The as-prepared nanoparticles (NPs) with good stability, great biosafety and high near infrared (NIR) responsive property ameliorated the cell uptake of DOX in OS-RC-2/ADR cells, exhibited synergistic chemo/photothermal (PTT)/photodynamic (PDT) effects, induced the release of damage associated molecular patterns (DAMPs), and finally, led to immunogenic cell death (ICD). In general, it was suggested that PDA-DOX NPs with NIR irradiation could serve as a promising agent for tumor therapy.
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INTRODUCTION

Cancer is a challenging health issues for human beings, with 14 million new cases and over eight million deaths worldwide every year (Bray et al., 2018). As the investigation of tumor characteristics continues, a number of potent cancer fighting strategies have been successfully adopted in clinical practice. Among these combating methods, chemotherapy remains the most preferred and remarkable treatment. For example, doxorubicin (DOX) can not only restrain the proliferation and metastasis of tumor cells, but can also simultaneously lead to immunogenic cell death (ICD) (Casares et al., 2005). ICD, as a promising treatment, aims at enhancing anti-tumor immunity, controlling and damaging cancer cells, and sensitizing therapy by immune system activation. Antineoplastic chemotherapeutic agents can alter the tumor microenvironment that has been infiltrated by various immune cells; whose characteristics usually determine the therapeutic outcome. So, it is prospectively used to facilitate antitumor chemo-immunotherapy (Casares et al., 2005; Obeid et al., 2007; Lu et al., 2018). However, their clinical use is greatly compromised by their adverse systemic effects arising from poor specificity on cancerous tissue. Furthermore, the therapeutic effect could be dramatically reduced owing to drug resistance and an adverse tumor microenvironment. Clinicians often choose to increase the dosage of drugs or change the therapy scheme when topical drug concentration in the cancer region is reduced. Nevertheless, this method could also lead to systemic toxicity, such as liver damage, bone marrow suppression, neuritis, and other unknown adverse events. As a result, there is an urgent need to explore the deeper mechanisms of drug resistance and to find other ways of improving therapeutic efficiency.

Numerous DOX-based nanomedicines have been synthesized to enhance the absorption of DOX at the cancer region, by taking advantage of the enhanced permeability and retention (EPR) effect. However, the therapeutic performance of these nanomedicines remains unsatisfactory. Whether chemotherapeutic resistance is inherent or acquired (Dean et al., 2005; Iyer et al., 2013; Pérez-Herrero and Fernández-Medarde, 2015; Liang et al., 2016) is one of the greatest challenges of effective therapy. Consequently, nanomedicines incorporated into additional therapeutic modalities have the potential to yield better clinical benefits. In recent years, phototherapy based on near infrared (NIR) coupled with chemotherapy, has been developed as a desirable treatment strategy due to its precise tumor localization, highly efficient ablating capability, and better biocompatibility (Zhu et al., 2018). Phototherapy can accelerate the release of drugs to a deeper part of the tumor, by increased vascular permeability and reverse drug resistance (Li et al., 2015, Li F. et al., 2017; Huang et al., 2019). On the other hand, the integrity and permeability of the cancer cell membrane would be damaged by phototherapy, which can also stimulate the release of tumor-related antigens and can activate the immune response, namely ICD (Sweeney et al., 2018; Li et al., 2019; Shang et al., 2020; Wang et al., 2020). Detecting a proper photosensitive agent for cementing between chemotherapy and phototherapy to achieve ICD and therapy sensitization is therefore of great urgency.

Melanin and its analogs are distributed in many creatures, and widely utilized as ubiquitous biomaterials, owing to their optical absorption property, photoconversion, and affinity. They are wonderful nanocarriers applied to the field of biological imaging, phototherapy, antioxidant therapy, and drug delivery systems, etc. (Solano, 2017; Huang et al., 2018). Moreover, it is worth noting that melanin-like nanoparticles (NPs) can modulate an immune response, as it has been elaborated that NPs from cuttlefish ink mediated the repolarization of M2 TAMs to M1 (Ye et al., 2017; Deng et al., 2019; Rong et al., 2019). As a result, melanin and melanin-like nanoparticles are suitable nanoplatform for drug loading, phototherapy, and immune activation.

Polydopamine (PDA) was synthesized, as one kind of melanin-like NPs, while the characteristics and the biocompatibility of PDA and DOX loading PDA (PDA-DOX) NPs were also detected. Synergistic antitumor efficiency of PDA-DOX NPs with NIR was investigated on cancer cells. More importantly, it was found that PDA-DOX NPs could induce the release of damage associated molecular patterns (DAMPs) leading to ICD (as shown in Scheme 1).
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SCHEME 1. The mechanism of PDA-DOX with NIR inducing ICD in OS-RC-2/ADR cells.




MATERIALS AND METHODS


Materials and Characterization

Dopamine hydrochloride (98%), Sodium hydrate (99%), and Poly-(ethylene glycol) (NH2-mPEG-NH2 MW 2000, 98%) were obtained from Guangzhou Tanshui Co., Ltd (Guangzhou, China). Deionized (DI) water (18.2 MΩ cm), obtained from a water purification system (Synergy, Millipore, MA), was used in all preparation processes. Transmission electron microscope (TEM) images were taken by a JEOL JEM-2100F TEM. Zeta potential and hydrodynamic diameter measurement was performed by Zetasizer Nano ZS (Malvern). Shimadzu UV-2600 UV–vis spectrophotometer was used to acquire UV–vis absorption spectra. Nicolet/Nexus 670 Fourier transform infrared (FTIR) Analyzer (Thermo Nicolet, United States) was used to obtain FTIR spectra.



Synthesis of Different Sizes of PDA NPs

300 mg of dopamine hydrochloride (1.95 mmol) (Aladdin) were dissolved in 216 mL of deionized water. 1,700 μL of 1 mol/L NaOH solution was added to a dopamine hydrochloride solution at 50°C under vigorous stirring. When the solution’s color turned to pale yellow, NaOH was added into the solution, and gradually the color changed to dark brown. After stirring for 6 h, the solution was further centrifuged with a centrifugal-filter (Amicon centrifugal filter device, MWCO = 10 kDa) and washed with deionized water; this was repeated three times.



Surface Modification of PDA NPs With NH2-PEG5000-NH2 (PEG-Melanin-Like NPs)

1 mol/L NaOH solution was added to 5 mL of melanin-like aqueous solution (5 mg/mL of water) to adjust the pH of the solution to 9. This mixed solution was added dropwise into a 25 mg NH2-PEG2000-NH2 aqueous solution with pH = 9. After vigorous stirring for 8 h, PEG-modified PDA NPs was retrieved by centrifugation with a centrifugal-filter (Amicon centrifugal filter device, MWCO = 10 kDa), followed by washing with deionized water several times to remove the unreacted NH2-PEG2000-NH2. Finally, the aqueous solvent was removed by freeze-drying, and a PEG-PDA-like powder was obtained.



Photothermal (PTT)/Photodynamic (PDT) Effects of PDA-DOX NPs

PDA-DOX NPs were treated by 808 nm wavelength laser irradiation (0.7 W/cm2, 5 min), as a thermal probe was used to detect the temperature changes at different time-points, while an equivalent amount of PBS with the same laser irradiation was chosen as the negative control. The images of temperature changes were recorded by an infrared imaging device (ThermaCAMSC3000, Flirsystem Incorporation, United States) at 0.5 min internals for a total of 5 min. To further validate PDT potentials, the yield of ROS produced by PDA-DOX NPs under NIR (0.7 W/cm2) was quantitatively analyzed by DPBF. The absorption value of DPBF and PDA-DOX NPs mixed solution at 410 nm was detected every 1 min.



Drug Loading Efficiency of PDA-DOX NPs

Doxorubicin and PDA NPs was mixed at ratios of 1:0.125, 1:0.25, 1:0.5, and stirred in the dark at room temperature for 24 h. The formed NPs were centrifuged with a centrifugal-filter (Amicon centrifugal filter device, MWCO = 30 kDa) and washed with deionized water to remove unloaded DOX. Unloaded DOX was collected and analyzed using a UV–vis–NIR spectrophotometer. The loading content [weight of loaded DOX/(weight of loaded DOX + weight of NPs) × 100%] and loading efficiency (weight of loaded DOX/weight of added DOX × 100%) of DOX on the NPs was calculated.



pH-Responsive Drug Release of PDA-DOX NPs

10 mg PDA NPs loaded with DOX were resuspended in 10 mL deionized water. The samples were transferred into a dialysis membrane bag with a MWCO of 3,500, which was immersed in 30 mL buffer at 5.5, 6.5 and 7.4, respectively. At predetermined time points, 3 mL of release medium was taken out and 3 mL fresh buffer was added. The content of released DOX was measured by a PerkinElmer UV750 spectrophotometer (PE Co., United States) at a wavelength of 480 nm.



Cell Culture and Preparation

Human renal proximal tubule epithelial cell (HK-2) cells and OS-RC-2/ADR cells (American Type Culture Collection) were bought, cultured, and maintained by Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Langley, OK, United States) supplemented with 10% fetal bovine serum (FBS; Gibco) and antibiotics (100 U/mL) at 37°C in 5% CO2. For the preparation of experiments, cells were seeded into 6-well plates or 96-well plates, respectively, and incubated with appropriate DMEM added with 10% FBS. The prepared cells were exposed to the DMEM with 10% FBS (the blank control), DOX (the DOX group), PDA (the PDA group), and PDA-DOX (the PDA-DOX group) at different concentrations. After incubation with these nanomaterials, half of the treated cells were irradiated with an 808 nm laser (NIR group) (0.7 W/cm2, 5 min), and all continued to incubate for further experiments.



Confocal Laser Scanning Microscope Imaging

OS-RC-2/ADR cells were seeded in confocal laser scanning microscope (CLSM) dishes, cultured for 24 h in DMEM supplemented with 10% FBS. Cells were then incubated with PDA-DOX NPs for 1–4 h. The cells were then washed, fixed by 4% paraformaldehyde, and stained with DAPI. Finally, the dishes were imaged by CLSM (Olympus, Japan).



Flow Cytometry Assay

OS-RC-2/ADR cells were seeded in 6-well plates, cultured for 24 h in DMEM supplemented with 10% FBS. Cells were then incubated with PDA-DOX NPs for 1–4 h, harvested, suspended, and analyzed by flow cytometry. Furthermore, in our study, the fluorescence channel of DOX and PE is similar so that the PE-positive cells were considered to have internalized DOX, and flow cytometry assays were also used to assess the amount of Reactive Oxygen Species (ROS).



Cell Counting Kit-8 Assay

HK-2 cells were cultured for 24 h in DMEM supplemented with 10% FBS before the incubation with PDA-DOX, at the varying concentrations for 24 h. Then a Cell Counting Kit-8 (CCK-8) detection kit was applied to prove the biosafety of PDA-DOX NPs following the protocol. The biosafety was assumed by the cell viability ratio of exposed groups to the blank control (cells exposed to the DMEM with 10% FBS).

To detect the anti-tumor effect of PDA-DOX NPs, OS-RC-2/ADR cells were seeded into 96-plates, cultured for 24 h in DMEM supplemented with 10% FBS. After that, cells were exposed to different treatments, and cell viabilities were analyzed using CCK-8 assay.



Live and Death Assay

The antitumor effect of PDA-DOX with/without NIR was assessed by Live and Death Staining Kit (KeyGen, Nanjing, China). OS-RC-2/ADR cells were plated and cultured overnight. Then, cells were incubated with different concentrations of DOX, PDA, and PDA-DOX, respectively. Following the above treatment, cells were subsequently treated with the absence or presence of NIR irradiation (0.7 W/cm2, 5 min). Next, as per the manufacturer’s instruction of Live and Death Staining Kit, treated cells were labeled as green (live) or red (dead), and finally monitored by a confocal laser scanning microscope (CLSM, Olympus).



5-Ethinyl-2′ DNA Nucleoside Uracil (EdU) Assay

The antitumor effect of PDA-DOX with/without NIR was assessed by 5-ethinyl-2′ DNA nucleoside uracil (EdU) assay (KeyGen, Nanjing, China). OS-RC-2/ADR cells were plated and cultured overnight. Cells were then incubated with the same concentration of DOX, PDA, and PDA-DOX, respectively. Following the above treatment, cells were subsequently treated with or without NIR irradiation (0.7 W/cm2, 5 min). Next, as per the manufacturer’s instruction of EdU assay, treated cells were labeled, fixed, stained, and finally monitored by a confocal laser scanning microscope (CLSM, Olympus). The three random zones were captured to calculate the number of EdU-positive cells.



ROS Assay

OS-RC-2/ADR cells were seeded into a 6-well plate and cultured for 24 h (37°C, 5% CO2). After that, cells were incubated with the same concentrations of DOX, PDA, and PDA-DOX for 48 h respectively, with or without the presence of NIR irradiation (0.7 W/cm2, 5 min). Finally, cells were incubated with ROS Assay Kit (KeyGen, Nanjing, China).



In vitro Detection of ICD Biomarkers

The treated OS-RC-2/ADR cells were collected and fixed with 4% paraformaldehyde for 10 min. After being blocked for 1 h at room temperature by 5% BSA, the cells were further incubated with rabbit anti-Rabbit chaperone calreticulin (CRT) or large amounts of high-mobility group box 1 (HMGB1) primary antibodies, respectively, at 4°C overnight. The cells were subsequently incubated with PE or FITC-labeled goat anti-rabbit secondary antibodies away from light for an additional 1 h. Finally, the nuclei were stained with DAPI and the CRT and HMGB1 expression levels were observed under CLSM (Olympus, Japan). Additionally, the HMGB1 ELISA kit was used to detect the release of HMGB1 in the supernatant, while the Luminescent ATP Detection Assay was applied to evaluate the release of adenosine triphosphate (ATP) in the supernatant.



Statistical Analysis

Mean ± standard deviation (SD) was used to value the data. All experiments were repeated at least three times, unless indicated otherwise. The unpaired Student’s t-test or the analysis of variance (ANOVA) followed by Scheffe’s post hoc test was applied to value the data. A P < 0.05 was considered to be a significant difference.



RESULTS AND DISCUSSION


Synthesis and Characterizations of PDA-DOX

Melanin, as a natural product, has been used for cancer phototherapy due to its great biocompatibility and NIR light responsive properties. In this study, a cancer phototherapy nanoplatform was obtained based on PDA, by oxidation–polymerization of dopamine monomers in alkaline environments. The different sizes were synthesized from ∼80 to 370 nm (Supplementary Figure 1) by simply adjusting the pH value, as the size of PDA would decrease with the increase of the pH value (Hawley et al., 1967; Ju et al., 2011). The antitumor drug, DOX was loaded into PDA NPs (named as PDA-DOX) for the purpose of synergetic chemotherapy, as DOX can be loaded onto PDA by means of π-π conjugation and coordination (Li W. Q. et al., 2017). The DOX loading capacity (DLC) increased with the amount of feeding DOX, and a DLC as high as 67% was obtained when the feeding DOX vs. PDA (w/w) was 1:0.125 (Supplementary Figure 2A). However, the DOX loading efficiency (DLE) gradually decreased as the feeding DOX/PDA mass ratios increased (Supplementary Figure 2B). Therefore, considering the economical utilization efficiency, we chose the feeding ratio of 1:0.25 (DOX vs. PDA) for the following experiments. To further improve the water solubility, PEG was applied to modify the surface of PDA NPs. The successful synthesis of PDA-DOX NPs was characterized by TEM, zeta potential, UV–vis spectra analysis, and FTIR analysis. PDA-DOX NPs exhibited an average size distribution of 79.21 ± 27.11 nm with a negative charged surface zeta potential of −41.3 ± 4.2 eV, as demonstrated by the TEM, zeta potential and DLS results (Figures 1A–C). The broad absorption bands shown in the ATR-FTIR analysis of PDA-DOX NPs between 3,690 and 3,000 cm–1 are characteristics of the O–H or N–H stretching vibration modes. These broad absorption bands were resulted by carboxylic acid, phenolic, and aromatic amino functions present in the indolic and pyrrolic systems (Ozlu et al., 2019). At 1,612 cm–1, NH2 scissoring could be seen, representing the successful modification of PEG on PDA-DOX NPs (Figure 1D).
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FIGURE 1. (A) TEM image, (B) Zeta potentials, (C) DLS, (D) FT-IR, and (E) UV results of PDA-DOX NPs. (F) The temperature increase curve induced under different powers of NIR irradiation. (G) The temperature increase curve induced by different concentrations of PDA-DOX NPs and PBS. (H) PTT stability of PDA-DOX NPs under NIR irradiation (0.7 W/cm2). (I) The production of 1O2 by PDA-DOX NPs with or without NIR irradiation (0.7 W/cm2). (J) The pH-responsive release curve of PDA-DOX.


Apart from that, several studies have reported that melanin and its analogs could respond well to NIR light (650–900 nm), in most conditions transferring light into heat (Baldea et al., 2018; Deng et al., 2019; Rong et al., 2019; Xiong et al., 2019). The NIR-responsive properties of PDA-DOX NPs were then measured by irradiating with a NIR laser (808 nm). It could be seen that the temperature increases of the PDA-DOX NPs solution showed both concentration and laser power density dependent properties, indicating their good photothermal effect (Figures 1F,G). Moreover, the temperature increase remained almost the same even after five laser on/off cycles, demonstrating their good photothermal stability (Figure 1H). Furthermore, in our previous works (Hou et al., 2018; Chen et al., 2019; Guo et al., 2020) it has been found that some photothermal agents also possess the ability to generate ROS under NIR irradiation and could be used as photosensitizers for photodynamic therapy. Herein, ROS generation ability of our as-prepared NPs was also investigated using a ROS probe DPBF. As seen from Figure 1I, the absorption of DPBF decreased most in the PDA-DOX-treated group than in the other groups, suggesting that more 1O2 could be produced when the NPs were irradiated by NIR laser. The above results indicate that the PDA-DOX NPs could be applied as a promising PTT and photodynamic therapy (PDT) agent.

The encapsulation of DOX was characterized by UV–vis spectra. It could be seen that a distinctive absorbance peak appeared at approximately 480 nm of the PDA-DOX NP compared with PDA NPs only, indicating the successful encapsulation of DOX (Figure 1E). The loading efficiency of DOX was calculated as 30%. The drug release property of PDA-DOX NPs was also evaluated under different pH values (pH 7.4, pH 6.5, and pH 5.5). It could be seen that only a small amount of DOX would be released at a neutral pH value, which could decrease the side effects to the normal tissues. The drug was released more rapidly at lower pH values and exhibited an obvious pH-dependent drug release performance (Figure 1J). Considering the acid tumor microenvironments, the pH-sensitive dox release makes the PDA-DOX NPs a promising DOX delivery system.



Cellular Uptake and Biosafety of PDA-DOX in vitro

As a natural product, it has already been proven that melanin and its analogs can easily enter cancer cells, making them a widely used drug delivery platform (Ju et al., 2013; Jiang et al., 2017). It is therefore expected that cellular uptake of DOX in cancer cells could increase greatly using PDA nanocarriers. To confirm the synergistic uptake of PDA-DOX, OS-RC-2/ADR cells were exposed to DOX and PDA-DOX separately from 0 to 4 h and analyzed with CLSM and flow cytometry. CLSM showed that red fluorescence intensity from DOX increased as time passed, both in DOX and PDA-DOX groups. It could be observed that the fluorescence intensities in PDA-DOX group were stronger than those in the free DOX group at different time points (Figure 2A), indicating that PDA indeed helps to gain a more desired cell uptake ratio of DOX. Correspondingly, the accumulation of DOX in OS-RC-2/ADR cells treated with free DOX and PDA-DOX was also analyzed by flow cytometry. The result revealed that cellular uptake of DOX at 4 h was threefold that of free DOX (Figure 2B), indicating that the as-prepared PDA-DOX NPs could significantly enhance the cellular uptake of DOX.
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FIGURE 2. Cell uptake of PDA-DOX analyzed by (A) CLSM and (B) flow cytometry. *** indicates P < 0.001. N.S. means no significance.


In addition, a prerequisite of nanoparticles for therapy is that they are less toxic to normal cells (Huang et al., 2018). Hence, the CCK-8 assay was used to evaluate the biosafety of PDA-DOX to normal HK-2 cells, while over 85% cell viability was observed, after HK-2 cells were exposed to PDA-DOX for 24 h with the increasing PDA concentrations up to 200 μg/mL (Supplementary Figure 3). Overall, these results revealed that PDA-DOX NPs have great biocompatibility and could be used to delivery DOX into renal cancer cells for treatment.



PDA-DOX NPs With Combined Chemo/PTT/PDT Effect on Killing Cancer Cells

As mentioned above, PDA gives rise to high cellular uptake of DOX and exhibit a pH-sensitive drug release property, which could theoretically increase the chemo-therapeutic effect of DOX. Therefore, better antitumor effects could be achieved when PDA NPs were used as the nanocarrier with the same DOX concentration (Figure 3A). As proven above, the intrinsic NIR-responsive properties of the PDA NPs make them a potential PTT/PDT agent. For example, it has been reported that PDA, functioned with arginine-glycine-aspartic-cysteine acid (RGDC) peptide and loaded with DOX, could be released and induces chemo-photothermal effect availably (Li Y. et al., 2017). It could therefore be hypothesized that PDA-DOX with NIR irradiation can cause not only a chemical lesion but also thermal injury and oxidative stress. To further validate the synergistic chemo/PTT/PDT effect of our as-prepared NPs, OS-RC-2/ADR cells were incubated with the PDA, DOX, and PDA-DOX at different concentrations, respectively, with or without the presence of NIR (0.7 W/cm2, 5min). After being cultured for 24 h, treated OS-RC-2/ADR cells were analyzed by CCK-8, EdU and Live/Dead Cell Double Staining Kit. As illustrated in Figure 3B, cell viabilities decreased with the increasing concentrations of DOX and PDA-DOX, while PDA-DOX with NIR-irradiation could achieve the best therapeutic effect compared with PDA-and-NIR-irradiation-treated cells, PDA-DOX-treated cells, and the control group. Moreover, EdU assay revealed that PDA-DOX-and-NIR-irradiation-treated, PDA-and-NIR-irradiation-treated, and PDA-DOX-treated cells were shown to be less EdU-positive in comparison with the control and DOX-treated groups (Figure 3C). A similar tendency was also observed in Live/Dead Cell Double Staining Kit results (Figure 3D). These results suggested that PDA-DOX could facilitate the chemo-effectiveness of DOX, and in combination with NIR would stimulate better efficiency than mono chemotherapy or phototherapy, implying a PDA-DOX induced synergetic chemo/PTT/PDT effect against OS-RC-2/ADR cells.
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FIGURE 3. The antitumor effect of PDA-DOX in vitro. (A) Viabilities of OS-RC-2/ADR cells after incubation with DOX and PDA-DOX at different concentrations of DOX. (B) Viabilities of OS-RC-2/ADR cells after incubation with PDA and PDA-DOX, with or without NIR at different concentrations of PDA, while the DMEM with 10% FBS was used as the negative control (blank) group. (C) Live/Dead Cell Double Staining images of OS-RC-2/ADR cells after the incubation with PDA, DOX, and PDA-DOX, at presence or absence of NIR. (D) EdU images of OS-RC-2/ADR cells after the incubation with PDA, DOX, and PDA-DOX, upon NIR or not. Data are shown as the mean ± SD, n = 3. *** indicates P < 0.001. *indicates P < 0.05.




Immunogenic Cell Death Induced by Synergetic Chemo/PTT/PDT Effect of PDA-DOX in vitro

Immunogenic Cell Death is a kind of regulated cell death and is able to distinguish from other cell death so that it can activate the immune system against tumor cells (Ahmed and Tait, 2020; Fumet et al., 2020). It has been reported that DOX has the immunogenicity to recruit immune cells according to the ICD, but the efficiency of mono DOX is not strong enough (Casares et al., 2005). Recent studies found that phototherapy based on melanin and its derivatives might cause ICD, consecutively reinforcing immune response and more tumor cell death (Yan et al., 2019; Li et al., 2020). During this process, ICD plays an important initial role and DAMPs are provoked into release to promote the immunostimulatory effect. Three typical DAMPs have been recognized in virtually all ICD inducers, including CRT, ATP, and HMGB1 (Kepp et al., 2014). Moreover, it has been confirmed that the release of DAMPs, especially CRT’s translocating into membrane, results from endoplasmic reticulum (ER) stress related to the generation of extra ROS (Garg et al., 2011; Galluzzi et al., 2012; Gomes-da-Silva et al., 2018; Deng, 2020). Considering this, we assumed that increasing ROS might be key in leading to ICD effects of PDA-DOX under NIR irradiation. Interestingly, it conformed with our hypothesis that stronger ROS means that fluorescence intensity could be observed in the PDA-DOX-and-NIR-irradiation-treated group rather than in other groups (Figures 4A,B). The extra generation of ROS might be rooted in the combined chemo/PTT/PDT effect of PDA-DOX due to its high light absorption.
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FIGURE 4. ICD induced by synergetic chemo/PTT/PDT effect of PDA-DOX in vitro. (A,B) The generation of ROS in OS-RC-2/ADR cells after the incubation with PDA, DOX, and PDA-DOX with or without NIR. (C) HMGB1 images of OS-RC-2/ADR cells after the incubation with PDA, DOX, and PDA-DOX with or without NIR. (D) The HMGB1 release of OS-RC-2/ADR cells after incubation with PDA, DOX, and PDA-DOX with or without NIR. (E) CRT images of OS-RC-2/ADR cells after the incubation with PDA, DOX, and PDA-DOX with or without NIR. (F) The ATP secretion of OS-RC-2/ADR cells after incubation with PDA, DOX, and PDA-DOX with or without NIR. Data are shown as the mean ± SD, n = 3. *** indicates P < 0.001.


Consequently, we attempted to clarify whether the combination of PDA-DOX and NIR can stimulate ROS production to boost the release of the above DAMPs and ICD of DOX or PDA with NIR alone. CLSM imaging then revealed that DOX, PDA-DOX, PDA plus DOX, and PDA-DOX plus NIR, could induce translocation of CRT into the cell membrane, while the PDA-DOX plus NIR group led to more obvious CRT translocation (Figure 4E). In addition, we observed the downregulated expression level of HMGB1 inside the cell (Figure 4C), and more HMGB1 release and ATP secretion in the supernatant after treatment with PDA-DOX plus NIR (Figure 4D,F), indicating that ICD could be elicited by PDA-DOX plus NIR. Taken together, these results suggest that PDA-DOX with NIR irradiation do not only facilitate the release of DOX to attract tumor cell death, but also results in more ICD effects in contrast to DOX or PDA with NIR. It is the same as previous research, where DOX combined with NIR irradiation resulting in ICD. It is presumed that high-efficient ICD is attributed not only to a high concentration of local DOX but also phototherapy (Phung et al., 2019; Wen et al., 2019; Xia et al., 2019; Zhang et al., 2019). In summary, this shows that the synergetic chemo/PTT/PDT effect of PDA-DOX and NIR irradiation could lead to the ICD via the generation of ROS, providing prospects for the combination with tumor immunotherapy.



CONCLUSION

In this work, we developed PDA-DOX NPs, the natural product used for chemotherapy drug loading, to improve the effect of DOX. It not only inherited great stability and sound biocompatibility of the natural product, but also exhibited strong photothermal conversion ability and a simultaneous ROS generation effect, which is appropriate for phototherapy. Considering this, PDA-DOX plus proper NIR irradiation in vitro showed good synergistic chemo/PTT/PDT effects against OS-RC-2/ADR cells, compared to DOX or PDA with NIR alone. Furthermore, boosting ROS is a key process to mediating the release of DAMPs, involving CRT, HMGB1, and ATP. In conclusion, PDA-DOX might be a dramatic drug for renal carcinoma chemotherapy and phototherapy, and is promising for tumor immunotherapy.
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In this study, acenaphthylene was used as the raw material, and a series of novel 1,8-naphthalimide-1,2,3-triazole derivatives was obtained through oxidation, acylation, alkylation, and click reactions, and subsequently, their anti-tumor activities were tested. After screening, we found that Compound 5e showed good activity against H1975 lung cancer cells, with the half maximal inhibitory concentration (IC50) reaching 16.56 μM.
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INTRODUCTION

Cancer is the leading cause of death worldwide. At present, surgery is still the first choice of treatment for many cancers, but easy recurrence and metastasis after surgery greatly affect the efficacy and prognosis (Gaitanis et al., 2018). For patients with local advanced tumors or distant metastases that are not suitable for surgery, traditional chemotherapy and radiotherapy show poor efficacy, and finding active and effective cancer treatments has become a main focus for researchers, especially the development of safe anti-cancer drugs. Based on DNA intercalators, small molecule drugs are being developed as anti-tumor drugs. Due to differences between the DNA of cancerous cells and normal cells, DNA intercalators play a significant role in treating tumors (Jiang, 2013). Naphthalimide derivatives have a special rigid planar structure, which gives them a strong ability to intercalate into DNA (Finney, 2006; Takahashi et al., 2007), so they have attracted extensive attention in the field of anti-tumor drug research and development. Some mononaphthalimides, such as amonafide (Wang et al., 2017; Johnson et al., 2019) and mitonafide (Sinha et al., 1985; Rosell et al., 1992), and bisnaphthalimides have entered the clinical research stage. Amonafide and mitonafide can not only intercalate into DNA and inhibit the synthesis of DNA and RNA, but also inhibit the activity of topoisomerase II, thereby inhibiting tumor cell division (Nazari and Ghandi, 2015). In addition, bisnaphthalimide compounds can bis-intercalate into DNA, have specificity to G-C bases, and exhibit stronger DNA binding and greater cytotoxicity than mononaphthalimides (Laquindanum et al., 1996; Wang and Yu, 2003; Langhals, 2004; Li and Wonneberger, 2012; Verma et al., 2013). For example, DMP-840 is a novel DNA-interactive chemical entity with excellent activityagainst human tumor colony-formingunits and its IC50 to Leukemia and other cell lines is 2.3–53 nM (Kirshenbaum et al., 1994; Nitiss et al., 1998). LU-79553, a bisnaphthalimides, exhibited dramatic antitumor activity in a variety of xenograft models and activity over a broad spectrum of tumor types made it an excellent candidate (Bousquet et al., 1995). For example, IC50 of LU-79553 is 18.0 μM to ovarian cell (Braña et al., 2004; Gonzalez-Bulnes and Gallego, 2009; Ferri et al., 2011; González-Bulnes and Gallego, 2012). Yet, the activity of naphthalimide derivatives on lung cancer is rarely reported (Figure 1).


[image: image]

FIGURE 1. The reported naphthalimide derivatives.


Herein, a series of novel 1,8-naphthalimide-linked 1,2,3-triazole compounds were synthesized and tested for their antilung-cancer activity. From the raw material acenaphthylene (Compound 1), 1,8-naphthalic anhydride (Compound 2) was obtained by an oxidation reaction, and then the intermediate (Compound 3) was obtained by an acylation reaction. Compound 3 underwent alkylation with 4-bromo-1-butyne to yield Compound 4, which underwent a 1,3-dipolar cycloaddition reaction with different substituted azides to obtain target Compound 5 with a 1,2,3-triazole structure. The structures of the synthesized compounds Scheme 1) were confirmed by nuclear magnetic resonance (1H NMR and 13C NMR).


[image: image]

SCHEME 1. Reaction routes for the production of the target compounds.




RESULTS AND DISCUSSION


Effect of the Amount of Potassium Dichromate on the Yield of 1,8-Naphthalic Anhydride (Compound 2)

The key to this reaction is to use a strong oxidant to oxidize the carbon–carbon double bond to yield acid anhydride. We chose sodium dichromate as the oxidant and screened the amount of added sodium dichromate (Table 1). It can be seen from the table that under the condition that the reaction conditions remained unchanged, the reaction yield gradually increased with increasing amount of sodium dichromate. When the molar ratio of compound 1 to sodium dichromate is 1:2, the yield reached 80%. With the increase of the oxidant, the yield did not increase obviously. Therefore, the ratio of 1:2 was chosen as the optimal ratio to prepare compound 2.


TABLE 1. Ratio optimization of sodiumdichromate to yield compound 2.

[image: Table 1]


Influence of Reaction Temperature on the Yield of 1,8-Naphthalimide (Compound 3)

This reaction is an acylation reaction, and its temperature has a great influence on the yield of the reaction product. If the reaction is not complete, the raw materials will precipitate with the product during the cooling and crystallization process, which will affect the purity of the product. Therefore, we maintained the other reaction conditions unchanged and studied the reaction temperature (Table 2). With the increase of temperature, the yield increased. But the yield remained unchanged with the increase of temperature until 70°C. So we chose 70°C as the optimal reaction temperature.


TABLE 2. Optimization of the temperature of reaction to produce compound 3.

[image: Table 2]


Inhibitory Activity of Compounds on Tumor Cells

The inhibitory effect of Compounds 5a–5o on H1975 lung cancer cells is shown in Table 3. Most of the compounds in this series had poor inhibitory effects on this cell type. Only compounds 5e, 5g, 5h, and 5j had a certain activity. Among them, 5e showed the strongest effect with an IC50 of 16.56 μM. We then studied the structure-activity relationship. By comparing compounds 5a and 5j, 5c and 5f, 5k and 5o, and 5e and 5m, we clearly found that compounds with substituents at the ortho position of the benzene ring were more active than those with substituents at the para position. For compounds 5j and 5k, and 5h and 5m, we found that the activity of 1,2,3-triazole linked with the phenyl structure was generally stronger than those with 1,2,3-triazole linked with the benzyl structure. The results of 5e and 5h showed that when an electron withdrawing group with steric hindrance is at the para position of the benzene ring, the activity was obviously improved. The reason is worthy of further exploring.


TABLE 3. Data of the inhibitory effect of compounds 5a–5o on lung cancer cell line.

[image: Table 3]


CONCLUSION

In summary, we designed and synthesized a series of novel 1,8-naphthalimide-1,2,3-triazole derivatives through simple and efficient methods, conducted anti-tumor activity studies on them, and found that compound 5e had a good inhibitory effect on H1975 lung cancer cells. The results showed that compounds 5e deserves further research about its anti-tumor activity and mechanism of action in order to find better compounds. Meanwhile, because the introduced substituents of our compounds are lipophilic, the solubility in water of our compounds is less than DMP. Our next step is to improve the water solubility of 5e.



MATERIALS AND METHODS

1,8-naphthalimide-1,2,3-triazole derivatives were in-house synthesized. All reagents were obtained from commercial sources and used without further purification. All reactions were monitored by thin-layer chromatography (TLC). 1H and 13C spectra were recorded on a Bruker Avance 400 or 600 MHz spectrometer, respectively. NMR spectra were recorded in CDCl3 or DMSO-d6 at room temperature (20 ± 2 °C). 1H and 13C chemical shifts are quoted in parts per million downfield from TMS. H1975 lung cancer cell line, DMEM medium and fetal bovine serum were purchased from ATCC (Virginia, United States). MTT powder and Dimethyl sulfoxide (DMSO) was purchased from Acros Organics (Morris Plains, NJ, United States).


General Procedure for the Compound 2

[image: image]

In a reaction flask, acenaphthylene (Compound 1, 15 g, 0.1 mol) was added into 500 mL of glacial acetic acid, followed by adding 55 g (0.2 mol) of sodium dichromate. The mixture was stirred evenly at room temperature, and then the temperature was slowly increased to 80 °C, after which the reaction was carried out for 6 h. Thin layer chromatography (TLC) was used to monitor the progress of the reaction. When the reaction was complete, the reaction mixture was poured into 2,000 mL of ice water while it was hot. Solid precipitates appeared, and the reaction mixture was filtered, and the filter cake was dried to obtain 1,8-naphthalic anhydride (Compound 2, 16 g), and the yield was 80%; 1H NMR (400 MHz, DMSO-d6): δ 8.55 (dd, J1 = 8.0 Hz, J1 = 4.0 Hz, 4H), 7.93 (t, J1 = 4.0 Hz, J1 = 8.0 Hz, 2H); 13C NMR (100 MHz, DMSO-d6): 161.19, 135.86, 132.93, 130.22, 128.03, 119.54 ppm.



General Procedure for the Compound 3

[image: image]

In a reaction flask, 1,8-naphthalic anhydride (Compound 2, 50 g, 0.25 mol) was added to 1,000 mL of saturated ammonia water, and the mixture was stirred at room temperature for 10 min to obtain a yellow mixed liquid, which was slowly heated to 70°C. At this temperature, the reaction was carried out for 90 min. TLC was used to monitor the progress of the reaction. When the reaction was complete, heating was stopped. The flask was slowly cooled down to room temperature, solid precipitates appeared, and the reaction mixture was filtered. The filter cake was washed with 500 mL of water to neutralize it, and then dried at 60 °C to obtain 1,8-naphthalimide (Compound 3,44 g), with a yield of 88%; 1H NMR (400 MHz, DMSO-d6): δ 8.42 (d, J = 4.0 Hz, 4H), 7.83 (t, J1 = 8.0 Hz, J2 = 4.0 Hz, 2H); 13C NMR (100 MHz, DMSO-d6): 164.56, 134.78, 132.03, 130.42, 127.53, 122.93ppm.



General Procedure for the Preparation of Compound 4

[image: image]

Compound 3 (10.00 g, 50.71 mmol) was added to a reaction flask and dissolved in N,N-dimethylformamide (DMF) (150 mL), and 4-bromo-1-butyne (7.42 g, 55.78 mmol) and potassium carbonate (21.02 g, 152.13 mmol) were added successively. Under nitrogen protection, the reaction was carried out at 100 °C overnight, and TLC was used to monitor the progress of the reaction. When the reaction was completed, the reaction mixture was filtered while it was hot, the filtrate was cooled at room temperature, and solid precipitates appeared. The filter cake was washed with a small amount of DMF and dried to obtain a white solid Compound 4 (9.65 g, 38.71 mmol), with a yield of 76.3%; 1H NMR (600 MHz, DMSO-d6) δ 8.50 (d, J = 7.2 Hz, 2H), 8.46 (d, J = 7.8 Hz, 2H), 7.86 (t, J = 7.8 Hz, 2H), 4.45 (t, J = 7.2 Hz, 2H), 3.18 (t, J = 7.2 Hz, 2H), 2.89 (s, 1H). 13C NMR (150 MHz, DMSO-d6) δ 163.85, 143.96, 134.65, 131.68, 128.63, 127.84, 124.26, 80.95, 56.53, 44.18, 24.92.



General Procedure for the Preparation of Compound 5a–5o

[image: image]

Aryl-azido (1.2 mmol) and compound 4 (1.0 mmol) were added to 15 mL mixed solvent (water/tert-butanol = 2:1). The reaction was catalyzed with CuI (0.1 mmol) at 80 °C. After completion of the reaction (monitored by TLC), the mixture was extracted with dichloromethane (15 mL × 3). The combined organic phase was washed successively with water and brine, dried over sodium sulfate and concentrated in vacuo. The residue was purified by through column chromatography (CH2Cl2/MeOH) to obtain the desired compound 5 as a crystalline powder.


2-(2-(1-(2-fluorophenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione(5a)

1H NMR (600 MHz, DMSO-d6) δ 8.50 (d, J = 7.2 Hz, 2H), 8.49 (d, J = 1.8 Hz, 1H), 8.47 (d, J = 7.8 Hz, 2H), 7.88 (t, J = 7.8 Hz, 2H), 7.80 (td, J1 = 7.8 Hz, J2 = 1.2Hz, 1H), 7.61–7.58 (m, 1H), 7.57–7.53 (m, 1H), 7.43 (t, J = 8.4 Hz, 1H), 4.40 (t, J = 7.2 Hz, 2H), 3.14 (t, J = 7.8 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.88, 144.94, 134.83, 131.80, 131.55, 131.49, 131.21, 127.90, 127.71, 126.28, 126.00, 124.60, 124.57, 122.56, 117.68, 117.55, 24.00.



2-(2-(1-(3-fluorophenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5b)

ield:69.5%; 1H NMR (400 MHz, DMSO-d6) δ 8.78 (s, 1H), 8.48 (dd, J = 7.2, 1.2 Hz, 2H), 8.45 (dd, J1 = 8.0 Hz, J2 = 1.2Hz, 2H), 7.88–7.84 (m, 2H), 7.81–7.74 (m, 2H), 7.66–7.59 (m, 1H), 7.35–7.28 (m, 1H), 4.38 (t, J = 8.0 Hz, 2H), 3.11 (t, J = 7.6 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ 163.86, 161.68, 145.63, 134.81, 132.33, 132.24, 131.78, 131.19, 127.88, 127.67, 122.52, 121.49, 116.14, 115.68, 115.47, 107.82, 107.55, 39.70, 24.10.



2-(2-(1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5c)

ield: 35.9%; 1H NMR (400 MHz, DMSO-d6) δ 8.70 (s, 1H), 8.48 (dd, J1 = 7.2 Hz, J2 = 1.2 Hz, 2H), 8.45 (dd, J1 = 8.4 Hz, J2 = 1.2 Hz, 2H), 7.93–7.88 (m, 2H), 7.86 (m, 2H), 7.43 (t, J = 8.8 Hz, 2H), 4.38 (t, J = 7.6 Hz, 2H), 3.14–3.07 (t, J = 7.6 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ 163.89, 145.47, 134.81, 133.79, 131.77, 131.22, 127.71, 122.65, 122.61, 122.57, 122.53, 121.55, 117.27, 117.07, 24.13.



2-(2-(1-(2-bromophenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5d)

ield:36.1%; 1H NMR (600 MHz, DMSO-d6) δ 8.50 (dd, J1 = 7.2 Hz, J2 = 1.2Hz, 2H), 8.48–8.45 (m, 2H), 8.37 (s, 1H), 7.90–7.86 (m, 3H), 7.62–7.59 (m, 1H), 7.58 (dd, J1 = 7.8 Hz, J2 = 1.8Hz, 1H), 7.54–7.52 (m, 1H), 4.41 (t, J = 7.2 Hz, 2H), 3.14 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.84, 144.16, 136.84, 134.82, 134.02, 132.27, 131.80, 131.23, 129.38, 129.09, 127.91, 127.70, 125.30, 122.59, 119.28, 39.65, 23.95.



2-(2-(1-(4-bromophenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5e)

ield29.2%; 1H NMR (400 MHz, DMSO-d6) δ 8.76 (s, 1H), 8.49 (d, J = 7.2 Hz, 2H), 8.46 (d, J = 8.4 Hz, 2H), 7.89–7.83 (m, 4H), 7.78 (d, J = 8.8 Hz, 2H), 4.38 (d, J = 7.6 Hz, 2H), 3.11 (d, J = 7.6 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ 163.91, 145.65, 136.38, 134.83, 133.22, 131.79, 131.20, 127.89, 127.69, 122.53, 122.20, 122.17, 121.48, 121.39, 24.11.



2-(2-(1-(2-chlorophenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5f)

Yield17.4%; 1H NMR (600 MHz, DMSO-d6) δ 8.54 (d, J = 7.2 Hz, 2H), 8.51 (d, J = 8.0 Hz, 2H), 8.44 (s, 1H), 7.93 (t, J = 7.8 Hz, 2H), 7.78 (d, J = 8.4 Hz, 1H), 7.68–7.64 (m, 2H), 7.62 (t, J = 7.8 Hz, 1H), 4.46 (t, J = 7.2 Hz, 2H), 3.20 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.84, 144.27, 135.16, 134.81, 131.92, 131.79, 131.21, 130.95, 128.96, 128.87, 128.76, 127.90, 127.68, 125.30, 122.57, 39.65, 23.97.



2-(2-(1-(2-methoxyphenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5g)

ield7.5%; 1H NMR (600 MHz, DMSO-d6) δ 8.51 (d, J = 7.2 Hz, 2H), 8.47 (d, J = 8.4 Hz, 2H), 8.31 (s, 1H), 7.89 (t, J = 7.8 Hz, 2H), 7.58 (dd, J1 = 7.8 Hz, J2 = 1.8 Hz, 1H), 7.53–7.48 (m, 1H), 7.30 (d, J = 8.3 Hz, 1H), 7.13 (t, J = 7.6 Hz, 1H), 4.40 (t, J = 7.8 Hz, 2H), 3.78 (s, 3H), 3.12 (t, J = 7.2 Hz, 2H). 13C NMR (151 MHz, DMSO-d6) δ 163.87, 152.00, 144.01, 134.82, 131.80, 131.22, 130.95, 127.90, 127.71, 126.34, 126.07, 124.91, 122.58, 121.32, 113.47, 56.48, 24.05.



2-(2-(1-(4-nitrophenyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5h)

ield30.5%; 1H NMR (600 MHz, DMSO-d6) δ 8.97 (s, 1H), 8.52 (d, J = 7.2 Hz, 2H), 8.49 (d, J = 8.4 Hz, 2H), 8.45 (d, J = 8.4 Hz, 2H), 8.20 (d, J = 8.4 Hz, 2H), 7.90 (t, J = 7.8 Hz, 2H), 4.42 (t, J = 7.8 Hz, 2H), 3.15 (t, J = 7.8 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.94, 147.01, 146.19, 141.42, 134.88, 131.84, 131.26, 127.96, 127.74, 126.10, 122.60, 121.84, 120.77, 40.53, 24.09.



2-(2-(1-benzyl-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5i)

1H NMR (600 MHz, DMSO-d6) δ 8.46 (t, J = 7.2 Hz, 4H), 8.02 (s, 1H), 7.87 (t, J = 7.8 Hz, 2H), 7.34 (t, J = 7.2 Hz, 2H), 7.31 (t, J = 6.6 Hz, 1H), 7.21 (d, J = 6.6 Hz, 2H), 5.54 (s, 2H), 4.31 (t, J = 7.2 Hz, 2H), 3.03 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.81, 136.77, 134.80, 131.78, 131.20, 129.13, 128.39, 128.00, 127.85, 127.69, 123.38, 122.50, 53.04, 24.06.



2-(2-(1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5j)

1H NMR (600 MHz, DMSO-d6) δ 8.49–8.41 (m, 4H), 8.00 (s, 1H), 7.86 (t, J = 7.2 Hz, 2H), 7.43–7.38 (m, 1H), 7.23 (t, J = 9.0 Hz, 1H), 7.20–7.17 (m, 2H), 5.60 (s, 2H), 4.31 (t, J = 7.2 Hz, 2H), 3.03 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.79, 134.77, 131.76, 131.17, 130.96, 130.91, 130.66, 130.64, 127.66, 125.24, 125.22, 123.63, 123.53, 123.43, 122.47, 116.03, 115.89, 47.11, 24.03.



2-(2-(1-(2-bromobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5k)

1H NMR (600 MHz, DMSO-d6) δ 8.46 (t, J = 7.8 Hz, 4H), 7.99 (s, 1H), 7.87 (t, J = 7.8 Hz, 2H), 7.65 (d, J = 7.8 Hz, 1H), 7.37 (t, J = 7.2 Hz, 1H), 7.29 (t, J = 7.8 Hz, 1H), 6.95 (d, J = 7.8 Hz, 1H), 5.60 (s, 2H), 4.33 (t, J = 7.2 Hz, 2H), 3.05 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.84, 144.40, 135.67, 134.81, 133.21, 131.78, 131.21, 130.61, 130.15, 128.67, 127.86, 127.68, 123.74, 122.89, 122.50, 53.16, 39.80, 24.02.



2-(2-(1-(3-bromobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5l)

1H NMR (600 MHz, DMSO-d6) δ 8.46 (t, J = 7.2 Hz, 4H), 8.05 (s, 1H), 7.86 (t, J = 7.8 Hz, 2H), 7.53 (d, J = 8.4 Hz, 1H), 7.49 (s, 1H), 7.31 (t, J = 7.8 Hz, 1H), 7.20 (d, J = 7.8 Hz, 1H), 5.55 (s, 2H), 4.31 (t, J = 7.2 Hz, 2H), 3.03 (t, J = 7.2 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.81, 144.61, 139.39, 134.79, 131.78, 131.34, 131.18, 130.89, 127.85, 127.67, 127.15, 123.47, 122.50, 122.28, 52.22, 39.81, 24.06.



2-(2-(1-(2-methylbenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5m)

1H NMR (600 MHz, DMSO-d6) δ 8.46 (d, J = 1.8 Hz, 2H), 8.45 (d, J = 3.0 Hz, 2H), 7.87 (t, J = 7.8 Hz, 3H), 7.22 (t, J = 7.2 Hz, 1H), 7.18 (d, J = 7.2 Hz, 1H), 7.14 (t, J = 7.2 Hz, 1H), 6.94 (d, J = 7.2 Hz, 1H), 5.52 (s, 2H), 4.31 (t, J = 7.2 Hz, 2H), 3.03 (t, J = 7.2 Hz, 2H), 2.24 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δ 163.81, 144.36, 136.55, 134.78, 131.78, 131.18, 130.73, 128.64, 128.55, 127.84, 127.67, 126.63, 123.28, 122.49, 51.27, 39.79, 24.02, 19.02.



2-(2-(1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5n)

1H NMR (600 MHz, DMSO-d6) δ 8.45 (dd, J1 = 7.2 Hz, J2 = 4.8 Hz, 4H), 7.97 (s, 1H), 7.87 (t, J = 7.8 Hz, 2H), 7.14–7.10 (m, 4H), 5.47 (s, 2H), 4.30 (t, J = 7.2 Hz, 2H), 3.01 (t, J = 7.2 Hz, 2H), 2.28 (s, 3H). 13C NMR (150 MHz, DMSO-d6) δ 163.79, 137.68, 134.78, 133.71, 131.77, 131.19, 129.65, 128.09, 127.84, 127.66, 123.12, 122.49, 52.87, 39.78, 24.05, 21.16.



2-(2-(1-(3,4-dimethoxybenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5o).

1H NMR (600 MHz, DMSO-d6) δ 8.67 (s, 1H), 8.50 (d, J = 7.2 Hz, 2H), 8.47 (d, J = 8.4 Hz, 2H), 7.88 (t, J = 7.8 Hz, 2H), 7.42 (d, J = 2.4 Hz, 1H), 7.37 (dd, J1 = 8.4 Hz, J2 = 2.4 Hz, 1H), 7.11 (d, J = 9.0 Hz, 1H), 4.39 (t, J = 7.8 Hz, 2H), 3.85 (s, 3H), 3.82 (s, 3H), 3.10 (t, J = 7.8 Hz, 2H). 13C NMR (150 MHz, DMSO-d6) δ 163.88, 149.76, 149.14, 145.12, 134.83, 131.80, 131.21, 130.69, 127.91, 127.70, 122.58, 121.36, 112.49, 112.29, 104.88, 56.31, 56.27, 39.79, 24.15.



MTT Assay for Cell Proliferation and Cytotoxicity

Cells (approximately 3,000–5,000 cells/well) were seeded in 96-well plates and cultured for 16 h until the cells were adherent. The concentration of test compounds was varied between 2, 4, 8, 16, and 32 μM, 0.1% DMSO was added to cells as control five multiple wells. Plates were cultured at 37 °C in 5% CO2 environment for 72 h. After treatment, 10 μL of MTT (5 mg/mL) was added to each well and the plates were incubated at 37 °C and 5% CO2 for 4 h. The reaction mixture containing 10% SDS and 0.1 mM of HCL was then added to each well before plates were incubated at 37 °C for another 4 h. The absorbance was measured on a microplate reader at a wavelength of 570 nm (Wang et al., 2020).
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Atherosclerosis is the basic pathological process of many diseases, such as coronary atherosclerosis and stroke. Nutrients can affect the occurrence and development of atherosclerosis. At present, in nutrition science, the research on atherosclerosis focuses on which nutrients play an important role in its prevention strategy, and what are the possible mechanisms of its action. In the current study, the process of atherosclerosis can be affected by adjusting the proportion of nutrients in the diet. In this review, we pay attention to the effects of phytosterols, omega-3-polyunsaturated fatty acids, polyphenol, vitamin, and other nutrients on atherosclerosis, pay attention to their current epidemiological status, current nutritional research results, and prevention or a possible mechanism to reduce the risk of development of atherosclerosis. So that more personalized nutritional approaches may be more effective in terms of nutritional intervention responses to atherosclerosis.
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INTRODUCTION

Due to population growth, population aging, and disease epidemiological changes, the number of deaths from cardiovascular diseases (CVDs) is increasing in worldwide. From 1990 to 2013, the number of deaths due to CVD increased by 41% in the worldwide. In 2016, CVD caused about 17.6 million deaths worldwide, an increase of 14.5% compared with 2006. CVD cause huge health and economic burdens in the United States and globally (Benjamin et al., 2019).

Atherosclerosis is defined as a chronic inflammatory disease. The infiltration and retention of lipoproteins in the arterial wall is a key initiation event that triggers an inflammatory response and promotes the development of atherosclerosis. Blood lipids are transported in the form of lipoproteins in the blood circulation. Studies have found that the increase in plasma low-density lipoprotein (LDL) levels and the decrease in high-density lipoprotein (HDL) levels are positively correlated with the incidence of atherosclerosis. After being oxidized and modified by arterial wall cells, LDL can promote the formation of atherosclerotic plaques. At present, oxidized LDL (ox-LDL) is considered to be an important atherosclerotic factor and a major factor that causes damage to endothelial cells and smooth muscle cells. Ox-LDL cannot be recognized by normal LDL receptors, but easily recognized by scavenger receptors of macrophages and quickly taken up, which promotes the formation of foam cells by macrophages. On the contrary, HDL remove cholesterol from the arterial wall through the cholesterol reverse transport mechanism, and prevent the occurrence of atherosclerosis. In addition, HDL also has antioxidant effects, can prevent the oxidation of LDL, and can competitively inhibit the receptors of LDL and endothelial cells.

The pathogenesis of atherosclerosis has not been elucidated. The injure of endothelial cells caused by various reasons leads to endothelial dysfunction, promotes the modification of lipoproteins and the infiltration of monocytes into inner subcutaneous space. The increased plasma lipoprotein is deposited on the arterial intima, causing connective tissue hyperplasia, thickening and hardening of the arterial wall, and then necrosis of the connective tissue to form atherosclerosis. Endothelial cells are damaged due to various reasons, so that plasma components include lipoprotein deposits on the inner membrane, causing platelets to adhere, aggregate, release various active substances [monocyte chemoattractant protein-1, interleukin (IL)-8, intercellular adhesion molecule-1 (ICAM-1), vascular adhesion molecule-1 (VCAM-1), E-selectin, and P-selectin], attract monocytes to aggregate, adhere to the endothelium, and migrate to the subendothelial tissue of the blood vessel, and combine with oxidized lipoproteins to form mononuclear cells. At the same time, the active substance activates the smooth muscle cells of the arterial media to migrate into the intima to form smooth muscle-derived foam cells. Finally, the proliferating smooth muscle cells synthesize extracellular matrix such as collagen and proteoglycan to thicken and harden the intima of the disease, promote plaque formation, and accelerate the development of atherosclerosis.

Studies have found that NO can prevent the expression of pro-inflammatory factors, such as nuclear factor NF-κB (NF-kB) and adhesion molecules (monocyte chemoattractant protein-1, ICAM-1, VCAM-1, E-selectin, and P-selectin) (Badimón et al., 2009; Zhu et al., 2018). There are also studies show a large amount of reactive oxygen species (ROS) can mediate vascular endothelial dysfunction by promoting the action of superoxide dismutase, weaken the antioxidant capacity in cells, cause lipid peroxidation and DNA damage, and cause atherosclerosis (Förstermann et al., 2017; Zhu et al., 2018).

In this review, we summarize the nutrients that have been studied in the study of atherosclerosis. Such as phytosterols, omega-3-polyunsaturated fatty acids, polyphenol, and vitamin, we summarize the active components of nutrients in foods and their effects on atherosclerosis (Figure 1).


[image: image]

FIGURE 1. The influence of some nutrients and bioactive compounds on the process of atherosclerosis.




NUTRIENT AND ATHEROSCLEROSIS

Diet is an inseparable part of our lives. It is generally believed that good eating habits have a certain inhibitory effect on the development of atherosclerosis. In recent years, some nutrients [such as polyunsaturated fatty acids (PUFAs), vitamins, and polyphenols], it can stabilize atherosclerotic plaque or reduce the level of biomarkers related to inflammation (Casas et al., 2018).


Phytosterols

Phytosterols are biologically active compounds found in food, mainly derived from plants. Phytosterols can be divided into plant sterols and plant stanols. The chemical structure of phytosterols is similar to that of cholesterol. The only difference is that an extra ethyl group at the C-24 position (Gylling and Simonen, 2015), while cholesterol is only found in food which is animal origin. More than 250 types of plant sterols have been confirmed (Cohn et al., 2010). The food sources of plant sterols are mainly vegetable oils, including corn, sunflower, and soybeans, and olives, almonds, grains such as wheat germ, also fruits and vegetables, such as passion fruit, oranges, and cauliflower.

According to some guidelines and social consensus in different countries around the world (Cohn et al., 2010; Simão et al., 2013; Expert Dyslipidemia Panel of the International Atherosclerosis Society Panel Members, 2014; Gylling et al., 2014; Catapano et al., 2016). There is similar evidence that the intake of plant sterols and stanols (2 g/day) can significantly reduce the level of low-density lipoprotein-cholesterol (LDL-c) (8–10%). A study compared yogurt with phytostanol esters (4 g/day) and low-dose (2 g/day) yogurt (Vásquez-Trespalacios and Romero-Palacio, 2014). After 4 weeks of observation, it was found that it effectively reduced 10.3% LDL-c level in patients with hypercholesterolemia. A meta-analysis included 124 studies with an average phytosterol dose of 2.1 g/day (range 0.2–9.0 g/day) (Ras et al., 2014). It indicated that daily intake of 0.6–3.3 g of phytosterols, as the dose increases, LDL-c concentration gradually decreases by 6–12%.

The main mechanism for phytosterols to reduce LDL-c levels is to reduce the cholesterol absorbed through the intestine. The main mechanism is to reduce the amount of cholesterol absorbed through the intestinal lumen by competing with cholesterol to dissolve the mixed micelles in the intestinal lumen. Another mechanism is to modify the protein that encodes sterols, such as Niemann-Pick C1-like 1 (NPC1-L1) protein, to reduce cholesterol transport to intestinal epithelial cells, or intestinal epithelial cell ATP-binding cassette transporter to promote cholesterol from Intestinal epithelial cells flow out to the intestinal lumen. It can also reduce cholesterol levels through the transintestinal cholesterol excretion (Gylling and Simonen, 2015).



OMEGA-3-POLYUNSATURATED FATTY ACIDS

Polyunsaturated fatty acids are straight-chain fatty acids with two or more double bonds and a carbon chain length of 18–22 carbon atoms. In the PUFA molecule, the double bond that is the most distant from the carboxyl group on the third carbon atom is called omega-3 PUFAs. The two most important unsaturated fatty acids of omega-3 PUFAs to the human body are docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Omega-3 PUFAs represents the most important PUFA in biology. The current research on them is mainly about their role in CVDs, inflammatory diseases, and metabolic diseases (Ander et al., 2003; Khandelwal et al., 2013; Tortosa-Caparrós et al., 2017; Schunck et al., 2018).

The REDUCE-IT trial is a randomized controlled trial that found that high-dose omega-3 PUFAs can significantly improve the prognosis of CVD, especially the use of 4 g/day of ethyl eicosapentaenoate can reduce the occurrence of cardiovascular events and reduce the risk of CVD by 25% compared with the control group (Bhatt et al., 2019). A meta-analysis conducted by Sekikawa et al. (2019) etc. included six studies, used the following criteria: adult subjects, omega-3 PUFAs (defined as ≥3.0 g/day, or 1.8 g/day in Japan), take changes in atherosclerosis as a result and perform RCT intervention time ≥6 months. Found a large dose of omega-3 PUFAs can slows down the progression of atherosclerosis and has anti-atherosclerotic effects.

Omega-3 PUFAs can regulate lipid and lipoprotein profile, and down regulate leukocyte expression and the concentration of various pro-inflammatory biomarkers related to the development of atherosclerosis. It can also reduce oxidative stress and inhibit platelets. Its activity improves the function of blood vessels (Burke et al., 2017; Innes and Calder, 2018). Studies have confirmed that in subjects suffering from MetS, supplementation with omega-3 PUFA can improve arterial vascular endothelial function and stiffness, and has parallel anti-inflammatory effects (Tousoulis et al., 2014). In an intervention study on patients waiting for carotid endarterectomy, Thies et al. (2003) found that atherosclerotic plaques can easily incorporate omega-3 PUFAs from fish oil supplements, and the induced changes can enhance atherosclerotic plaques the stability of the block. Plaque stability may be related to the reduction of non-fatal and fatal cardiovascular events caused by increased omega-3 PUFA intake. Studies have also confirmed that higher levels of EPA in plaques are associated with a decrease in the number of foam cells and T cells, leading to reduced inflammation and increased stability (Cawood et al., 2010). The results of studies also support the potential benefit of fish oil supplements in reducing the risk of atherosclerotic thrombosis in stable coronary artery disease (sCAD), and the greatest benefit for patients who have not received lipid-lowering therapy (Franzese et al., 2015).



POLYPHENOL

Polyphenols are the most abundant antioxidants in the human diet and are usually found in fruits, vegetables, green tea, red wine, nuts, spices, and extra virgin olive oil. The most common polyphenols include resveratrol and flavonoids, the latter can divided into six subcategories: flavanols, flavonoids, flavanones, anthocyanins, flavonols, and isoflavones (Korakas et al., 2018). We will focus on three types of polyphenols, polyphenol isoflavones, resveratrol, and flavonoid quercetin.


Polyphenol Isoflavones

The polyphenol isoflavones in soybeans have anti-atherosclerotic properties because their structure is similar to estrogen and binds to estrogen receptors. Consumption of soybean products can reduce the serum levels of LDL-c and triglycerides (Anderson et al., 1995). Tokede et al. (2015) analyzed a total of 35 studies (50 comparisons). The duration of treatment ranges from 4 weeks to 1 year. Ingestion of soy products resulted in a significant decrease in serum LDL-c concentration, which was −4.83 mg/dl, triglycerides was −4.92 mg/dl, and total cholesterol concentration was −5.33 mg/dl. The serum high-density lipoprotein-cholesterol (HDL-c) concentration also increased significantly, at 1.40 mg/dl, and the LDL of patients with hypercholesterolemia decreased more significantly, at −7.47 mg/dl. The results are obviously heterogeneous. However, in a community-based cross-sectional study involving 2939 subjects (2135 women and 804 men) aged 50–75 years old, it was found that greater soy consumption was related to decreased serum TC levels, dyslipidemia, hyperuricemia and less frequent cardiometabolic disorders in women (Liu et al., 2014).

Studies have shown that the isoflavones in soy protein isolate will not change the plasma cholesterol level of LDLr-null mice, but it will reduce the plasma cholesterol level of C57BL/6 mice by 30% and reduce the atherosclerotic lesion area by 50%. At the same time, studies have shown that the cholesterol clearance mechanism mediated by LDL receptors can reduce the consumption of total plasma cholesterol in C57BL/6 mice (Kirk et al., 1998). Proteomics analysis showed that soybean extract or genistein/daidzein mixture can reverse the changes in protein expression profile induced by stressors. The two application forms of isoflavones only jointly regulate protein entities related to mitochondrial dysfunction. Proteins identified through proteomics analysis indicate that soy isoflavones may enhance the anti-inflammatory response of monocytes in the blood, thereby promoting atherosclerosis prevention activities in a soy-rich diet (Fuchs et al., 2006; Wenzel et al., 2008).



Resveratrol

Resveratrol is a natural non-flavonoid polyphenol, which is found in wine, peanuts, red wine, etc. The current research has confirmed that it has anti-oxidant (da Silva et al., 2019), anti-platelet (Bertelli et al., 1995; Baur and Sinclair, 2006), and anti-inflammatory effects (Frémont, 2000), which play an important role in the process of atherosclerosis.

A large number of epidemiological studies have reported that resveratrol can improve high blood pressure, atherosclerosis, and ischemic heart disease (Zordoky et al., 2015). A three-blind, randomized, placebo-controlled trial study found that seventy-five patients (three parallel arms) took one capsule (350 mg) per day for 6 months, which contained grape extracts rich in resveratrol, grape extract without resveratrol (similar in polyphenol content) or placebo (maltodextrin). After 6 months, only LDL-c in the GE group was reduced by 2.9% (p = 0.013). Conversely, LDL-c, ApoB, LDLox, and LDLox/ApoB, decreased in the Stilvid® group, the ratio of non-HDL-c (total atherosclerotic cholesterol load)/ApoB increased, confirming that resveratrol reduced atherosclerosis markers and may have other cardioprotective effects beyond the gold standard drugs (Tomé-Carneiro et al., 2012). However, data indicate that resveratrol may prevent atherosclerosis in individuals who are not currently at high risk, indicating that resveratrol can be considered as the main atherosclerosis preventive agent (Agarwal et al., 2013).

The inflammatory response associated with atherosclerosis is largely regulated by the NF-κB pathway (Wang et al., 2016). NF-κB is connected with various signaling agents, which can trigger an inflammatory cascade. Animal studies have shown that the process of upregulation of SIRT-1 may have a significant impact on the activation and homeostasis of endothelial cells (Brandes, 2008; Ota et al., 2010). In endothelial cells, SIRT1 controls angiogenesis through multiple transcriptional regulators. Experimental studies have shown that the use of resveratrol can increase the serum SIRT1 concentration. Pre-treatment of human vascular smooth muscle cells (VSMCs) at a dose of 3–100 μM can significantly increase the expression of SIRT1 (Kao et al., 2010; Thompson et al., 2014). SIRT-1 inhibits NF-κB signaling pathway can inhibit the synthesis of a variety of pro-inflammatory cytokines, including: TNF-α, IL-1β, IL-6, and MCP-1.

Another important mechanism of resveratrol’s anti-atherosclerosis effect is antiplatelet activity. Its antiplatelet activity mechanism mainly focuses on inhibiting COX-1. Selective inhibition of COX-1 leads to TXA2 (thromboxane A2) synthesis reduced, which is an effective trigger for platelet aggregation (FitzGerald, 1991).



Flavonoid Quercetin

Flavonoid quercetin is an important food antioxidant, found in vegetables and fruits, especially onions, apples and berries, wine and tea. The quercetin can be used as a valuable protective agent in a variety of diseases including cardiovascular inflammatory diseases (D’Andrea, 2015). Quercetin can prevent obesity induced by high-fat diet, and its anti-obesity effect may be related to the regulation of adipogenesis at the transcriptional level (D’Andrea, 2015). A randomized, double-blind, placebo-controlled crossover trial involving 37 apparently healthy (hypertensive) hypertensive men and women (40–80 years old) confirmed that quercetin may provide the heart by improving endothelial function and reducing inflammation protective effects (Dower et al., 2015). A meta-analysis of randomized controlled trials (RCT) showed that supplementation with quercetin had a significant effect on C-reactive protein-especially in patients with doses greater than 500 mg/day and CRP <3 mg/l. Other polyphenols, such as cocoa flavanols, have been found to improve endothelial function and protect the cardiovascular system (Lin et al., 2016; Mozaffarian and Wu, 2018).

Studies have found that the polyphenol flavonoid quercetin reduces the inflammatory response induced by high cholesterol levels and regulates the inflammatory process of atherosclerosis by affecting the TLR-NF-κB signaling pathway. In addition, the increase of quercetin can significantly reduce serum inflammatory mediators expression of mRNA such as COX, 5-LOX, MPO, CRP, and NOS (Bhaskar et al., 2016). Thereby reducing the atherosclerosis process related to endothelial dysfunction. Mechanism studies have shown that dietary hyperquercetin can significantly reduce the expression of p47phox in the aorta of ApoE−/− mice fed a high-fat diet and inhibit NADPH oxidase-derived oxidative stress, however, the expression and activity of the antioxidant enzyme heme oxygenase-1 (HO-1) are enhanced. In vitro, quercetin significantly reduced the formation of NADPH oxidase-derived O2⋅-in endothelial cells by inducing HO-1. It is proved that quercetin has indirect antioxidant properties in the process of atherosclerosis with NADPH oxidase and HO-1 (Luo et al., 2020).



VITAMIN

The diet involved in some micronutrients in atherosclerosis role is recognized. Vitamins, in particular. Studies demonstrate that increase the intake of vitamins in patients with subclinical atherosclerosis can reduce and slow down the incidence of CVD events, thereby preventing the development of pathological events (Hansson et al., 2006). However, with the population ages and the diet diversifies, vitamin deficiency is not uncommon in the worldwide, which may be an additional explanation for the increasing rate of coronary heart disease and cerebrovascular disease caused by atherosclerosis. In order to further raise people’s awareness, it is necessary to further emphasize the influence of vitamins on the development of atherosclerosis in order to better guide the prevention of CVD.

The current new research focuses on the effect of vitamins on atherosclerosis. Especially the antioxidant capacity, so that the damage can still be reversed or at least slowed down, thereby preventing or slowing down the occurrence of vascular events caused by atherosclerosis. It appears that vitamins which with antioxidant and anti-inflammatory properties, may play an important role in targeting the subclinical atherosclerosis by equilibrating the balance of oxidation and antioxidation in human metabolism (Apryatin et al., 2018). Different groups of vitamins may play different roles, such as improving endothelial function, improving metabolism, inhibiting the renin-angiotensin-aldosterone system, anti-inflammatory, antioxidant, lowering blood homocysteine acid levels, and reversal of arterial calcification. Serum Vitamin B, C, D, E levels are of great significance for assessing cardiovascular risk and early prevention of CVD.



VITAMIN E

Vitamin E is a type of vitamin with antioxidant effect and an essential micronutrient. It exists in plants, seeds and their derivatives. It contains eight different isomers: four tocopherols (T) (α, β, γ, and δ) and four tocotrienols (T3) (α, β, γ, and δ). Among them, tocopherol α-T is the most active isomer of vitamin E. It is precursor-free and has important antioxidant effects (Parker et al., 1993). A lot of research has been done on the prevention of atherosclerosis. Vitamin E appears to be found in fat deposits, lipoproteins, and lipid-rich tissues. It seems to be involved in multiple stages of inflammation and immunity by regulating cell functions and gene expression (Rasool et al., 2008). By eliminating oxygen freelance fundamentals in cells, tissues, or membranes, it protects CVD, metabolic disorders, and other diseases at risk of oxidative stress (Meganathan and Fu, 2016).

Several interventional studies have shown that the effect of vitamin E in the early subclinical atherosclerosis phase of atherosclerosis seems encouraging. A study that used vitamin E and placebo to intervene in 36 healthy men to assess arterial compliance by measuring pulse wave velocity (PWV) and enhancement index (AI) concluded that vitamin E supplementation for 2 months had a tendency to improve arterial compliance (Waniek et al., 2017). A population-based study of the effects of antioxidant vitamin supplementation in preventing atherosclerosis has shown for the first time that a reasonable dose of a combined dose of vitamin E and vitamin C can delay the progression of common cervical atherosclerosis in men (Rasool et al., 2008). This may be further evidence of the role of vitamins in atherosclerosis trials revealed that patients with subclinical atherosclerosis treated with vitamin E a significant improvement in peripheral-artery disease and a reduced incidence of pectoris. This may imply that the earlier prevention, even if the progression of atherosclerosis is not fully controlled, can delay the occurrence of CVD. Many observational and cohort studies suggested a negative association between dietary vitamin E supplementation intake and CV events (Mozos et al., 2017). However, a meta-analysis has shown that high doses of vitamin E have oxidative effects, when vitamin E dose ≥400 IU may increase the all-cause mortality rate. Therefore, the benefits of vitamin E supplementation need to be accompanied by consideration of the hazards of higher doses.

Vitamin E inhibits the expression of adhesion molecules on endothelial cells and ligands on monocytes, and reduces the adhesion interaction between them. This is an important early event that can trigger the formation of fat streaks and atherosclerosis (Devaraj et al., 1996; Freedman et al., 1996; Wu et al., 1999). It can regulate inflammation by inhibiting 5-lipoxygenase, thereby reducing the release of interleukin-1β released by monocytes. It may also reduce the adhesion of monocytes in vitro by inhibiting the activation of nuclear factor NF-κB (Devaraj and Jialal, 1998). α-tocopherol inhibits protein kinase C (PKC)-mediated monocyte superoxide production, SMC proliferation, and platelet aggregation and adhesion (Ricciarelli et al., 1998; Keaney et al., 1999). Studies also show that vitamin E, through its non-antioxidant properties, may inhibit smooth muscle cell proliferation (Ricciarelli et al., 1998) and platelet aggregation (Freedman et al., 1996), which are important processes in plaque formation and atherosclerosis.



VITAMIN C

Vitamin C is a polyhydroxy compound. The two adjacent enol hydroxyl groups at the 2nd and 3rd positions in the molecule are easily dissociated to release H+, so it has acid properties and is also called ascorbic acid. Dietary sources of vitamin C are widely found in fresh vegetables and fruits, such as tomatoes, cauliflower, bell peppers, dark leafy vegetables, bitter gourd, citrus, grapefruit, grapes, kiwi, oranges, etc. Vitamin C must be obtained from external sources (primarily fruits and vegetables) because humans cannot synthesize it internally.

A meta-analysis consisting of 13 independent cohorts included 278,459 people (including 9143 CHD events). They were followed up for an average of 11 years and found that the daily intake of fruits and vegetables increased from less than three to more than five. A 17% reduction in heart disease risk is related (He et al., 2007).

Previous studies have demonstrated that vitamin C being able to scavenge ROS. It may prevent the oxidation of LDL-c by reducing the α-tocopherol free radical. Inhibiting ROS-mediated direct damage to the vascular endothelium and oxidative stress-induced signaling pathways, which are involved in the occurrence and development of atherosclerosis (Haendeler et al., 1996). Therefore, vitamin C plays an important role in preventing atherosclerosis and delaying the progression of coronary heart disease. Vitamin C can also prevent activation of platelets and apoptosis. A study investigated the relationship between vitamin C in supplements and early atherosclerosis [detection of carotid intima-media thickness (IMT)] and found that vitamin C in food is associated with accelerated early atherosclerosis measured by carotid IMT (Meganathan and Fu, 2016). Many studies have shown that atherosclerosis is negatively related to the intake of antioxidants, in contrast, some clinical trials have found that vitamin C are not beneficial for supplementary treatment of CVD. However, these clinical trials are not without their limitations. Antioxidant therapy for a relatively short period of time or treatment of patients with advanced disease may not provide information related to disease.



VITAMIN D

Vitamin D is a group of steroids, the most important of which are vitamin D3 (cholecalciferol) and vitamin D2 (ergocalciferol). They can be obtained from diet and various supplements. The human body can also synthesize vitamin D.

Vitamin D affects many cells involved in atherogenesis, such as immune cells, endothelial cells, smooth muscle cells, and cardiomyocytes (Brewer et al., 2011). Vitamin D may influence the pathophysiology of atherosclerosis through decreasing the expression of TNFα, IL-6, IL-1, and IL-8 in isolated blood monocytes (Giulietti et al., 2007; Kassi et al., 2013). It may regulate the expression of thromboregulatory proteins and tissue factors in monocytes, thereby affecting platelet aggregation and thrombosis activity (Koyama et al., 1998). Thereby possibly preventing luminal rupture and thrombosis due to plaque instability (Oh et al., 2009). In addition, there is conclusive evidence that VDR and 1α-hydroxylase are expressed in the heart and blood vessels. Vitamin D has been shown to delay the development of porcine coronary artery disease by inhibiting NF-κB activation, supporting that vitamin D is considered an important factor in CVD (Chen et al., 2016).



VITAMIN B

Vitamin B is an essential nutrient for all human tissues. It is all coenzymes and participates in the metabolism of sugar, protein and fat in the body, so it is classified as a family. There are more than twelve types in this category, nine of which are considered essential vitamins for the human body, all of which are water-soluble vitamins. They stay in the body for only a few hours and must be supplemented daily. Folate (B9), B12, B6, niacin (B3), and riboflavin (B2) in B vitamins are believed to be related to reducing the risk of CVD.


Niacin

Niacin, also known as vitamin B3, or vitamin PP, is a water-soluble vitamin belonging to the vitamin B family. Niacin is converted into nicotinamide in the human body. Niacinamide is a component of Coenzyme I and Coenzyme II and participates in lipid metabolism in the body. Food-derived niacin is widely found in arterial liver, lean meat, cereals, beans, and green leafy vegetables. In addition to being directly ingested from food, niacin can also be converted from tryptophan in the body, with an average of about 60 mg tryptophan converting 1 mg niacin.

In pharmacological doses, niacin can reduce serum levels of LDL-c, very VLDL-c and lipoprotein (a) (Lp a). In addition, it can significantly increase the serum level of HDL-c. The mechanism of niacin to lower blood lipids and prevent atherosclerosis may have the following two aspects. Niacin can up-regulate PPARγ by stimulating the ATP-binding cassette transporter A1 in monocytes and macrophages, and ultimately lead to reverse cholesterol transport (Rubic et al., 2004). On the other hand, niacin can inhibit inflammation to prevent atherosclerosis. An animal study showed that niacin inhibits vascular inflammation by down-regulating the NF-κB signaling pathway (Si et al., 2014). Niacin lowers can reduce the level of CRP and lipoprotein-related phospholipase A2 (an independent risk factor for CVD) (Kuvin et al., 2006). Studies have shown that niacin has been shown to inhibit the expression and release of chemokine induced by TNF-α (Digby et al., 2010).



Folic Acid

Folic acid is a water-soluble vitamin. The biologically active form of folic acid is tetrahydrofolate. Human intestinal bacteria can synthesize folic acid, which can cause folic acid deficiency when malabsorption, metabolic disorders or long-term use of intestinal antibacterial drugs. In addition, folic acid is also widely present in animal and plant foods, rich in: offal, eggs, fish and pears, broad beans, beets, spinach, cauliflower, celery, citrus, nuts, and soy foods.



Vitamin B12

Vitamin B12, also called cobalamin, is the only vitamin that needs the help of intestinal secretions (endogenous factors) to be absorbed. Vitamin B12 in nature is mainly synthesized by bacteria in the rumen and colon of herbivores. Therefore, its dietary sources are mainly animal foods. Among them, animal offal, meat, and eggs are rich sources of vitamin B12. Soy products will produce part of vitamin B12 after fermentation. Human intestinal bacteria can also synthesize part of it.



Vitamin B6

Vitamin B6 is also known as pitocin, which includes pyridoxine, pyridoxamine, and pyridoxal. It exists in the form of phosphate ester in the body and is a water-soluble vitamin. Vitamin B6 is higher in meat, cereal products (especially wheat), vegetables and nuts. Vitamin B6 is a component of some coenzymes in the human body and participates in various metabolic reactions, especially closely related to amino acid metabolism.



Vitamin B2

Vitamin B2, also called riboflavin, is slightly soluble in water and stable when heated in neutral or acidic solutions. It is a component of the prosthetic group of yellow enzymes in the body (yellow enzymes play a role of hydrogen transfer in biological redox). The storage of vitamin B2 in the body is very limited, so it must be provided by the diet every day. Vitamin B2 is widely present in various foods, but the content of animal foods is usually higher than that of plant foods, such as liver, kidney, heart, egg yolk, eel, and milk of various animals. Many green leafy vegetables and legumes are also high in content, while cereals and general vegetables are low in content.

Current studies have found that B vitamins can reduce homocysteine levels. Homocysteine can be methylated into methionine. Vitamin B12 and riboflavin are used as cofactors in this process. At the same time, folic acid can provide methyl groups to react. It can also be metabolized into cysteine with the help of vitamin B6 and removed from the circulation. In recent years, more and more studies have shown that high plasma concentration of homocysteine, enhances the risk of atherothrombotic vascular disease (Knapen et al., 2015; Fulton et al., 2016). High homocysteine levels are an independent risk factor for atherosclerosis. It can increase oxidative stress and vascular smooth muscle growth and can also cause endothelial cell damage (Mudd, 1985). Both folic acid and B12 are necessary components for the conversion of HCY to methionine and are significantly negatively correlated with HCY levels. It was found in hemodialysis patients that combined folic acid and vitamin b12 supplementation can reduce the degree of atherosclerosis (McCully, 1969). Although studies have confirmed that vitamin B12 and folic acid can reduce plasma high homocysteine levels and play a role in protecting atherosclerosis (Shargorodsky et al., 2009), the specific efficacy of preventing CVD remains to be further studied. But for patients with an increased risk of atherosclerosis, it is necessary to monitor serum B vitamins and appropriate supplements.

In conclusion, we have summarized the relevant research and possible mechanisms of nutrients in the occurrence and progression of atherosclerosis (Table 1). In this review, we outline the current research on nutrients in atherosclerosis and their effects on related diseases.


TABLE 1. Proposed mechanism of nutrients in preventing atherosclerosis.
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CONCLUSION

Atherosclerosis is one of the most important risk factors for CVD and stroke. At present, clinical doctor reducing the level of LDL-c delays the development of atherosclerosis. In recent years, some studies have emphasized the important role of good eating habits and living habits in the development of atherosclerosis. Including phytosterols, omega-3-polyunsaturated fatty acids, polyphenol, and vitamin, which mentioned in this article, can directly or indirectly act on the vascular system by reducing inflammation, reducing oxidative stress, or forming active metabolites. We need to pay attention to the nutritional status of patients with atherosclerosis, which is a controllable risk factor for atherosclerosis, which can improve the patient’s nutritional status and thereby improve the prognosis of patients. Therefore, it is important to establish the consensus on nutrient intake in the field of nutrition to reduce the occurrence of atherosclerosis, thereby reducing the incidence of cardiovascular and cerebrovascular diseases. Diet is an inseparable part of our lives, and whether the nutrients in food can benefit our body is worthy of long-term research in the future.
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Micronutrients extracted from natural plants or made by biological synthesis are widely used in anti-aging research and applications. Among more than 30 effective anti-aging substances, employing polyphenol organic compounds for modification or delaying of the aging process attracts great interest because of their distinct contribution in the prevention of degenerative diseases, such as cardiovascular disease and cancer. There is a profound potential for polyphenol extracts in the research of aging and the related diseases of the elderly. Previous studies have mainly focused on the properties of polyphenols implicated in free radical scavenging; however, the anti-oxidant effect cannot fully elaborate its biological functions, such as neuroprotection, Aβ protein production, ion channel coupling, and signal transduction pathways. Caenorhabditis elegans (C. elegans) has been considered as an ideal model organism for exploring the mechanism of anti-aging research and is broadly utilized in screening for natural bioactive substances. In this review, we have described the molecular mechanisms and pathways responsible for the slowdown of aging processes exerted by polyphenols. We also have discussed the possible mechanisms for their anti-oxidant and anti-aging properties in C. elegans from the perspective of different classifications of the specific polyphenols, such as flavonols, anthocyanins, flavan-3-ols, hydroxybenzoic acid, hydroxycinnamic acid, and stilbenes.
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INTRODUCTION

Aging is considered a universal physiological process that is accompanied by systemic changes in the structural integrity of cells that are caused by alterations in metabolic and signal transduction pathways (Childs et al., 2015). Understanding of the biological mechanisms of aging and longevity has been growing remarkably over the past two decades. At the molecular level, senescence is strongly associated with susceptibility to chronic diseases and disorders, such as chronic fibrosis, severe atherosclerosis, diabetes, osteoarthritis, and ultimately death (Childs et al., 2016; Amor et al., 2020). Among the various anti-aging methods and preventive strategies, the use of micronutrients or biologically active substances is considered a practical and efficient method that targets a variety of intracellular/extracellular pathways (Sahin et al., 2011; Johnson et al., 2013; Li et al., 2017).

Nutrients and bioactive substances have shed new light on the prevention and treatment of chronic diseases and aging. For example, short-term supplementation with appropriate doses of vitamin C or vitamin C plus E has already been confirmed to improve the immunological function in the elderly and contribute to health and longevity (De la Fuente et al., 2020). Most of the substances that exert bioactive properties originate from natural plants and animals and have been extensively studied for their preventive and therapeutic effects against chronic diseases and aging. Functional nutrition is of great significance to human health; however, the high cost involved in extracting and purifying bioactive compounds from natural sources in the past has limited the rapid growth of the market. Thus, with the development of synthetic biology technology, a few important functional nutrients can be produced at a low cost by biological manufacturing. In the future, biological manufacturing is expected to be replaced by traditional extraction techniques or functional nutritional chemicals. So far, plant polyphenols, such as blueberry polyphenols, black tea and green tea polyphenols, and tocotrienols in vegetable oils, have been proved to delay the aging process in model organisms (Adachi and Ishii, 2000; Wilson et al., 2006; Peng et al., 2009; Salminen et al., 2012; Zarse et al., 2012). The anti-aging effects of these polyphenols are mostly related to their anti-oxidant properties and their ability to scavenge free radicals. It has been reported that resveratrol, a polyphenol compound in red wine, could slow down aging in Caenorhabditis elegans due to the reduction of mitochondrial respiration (Wood et al., 2004). The understanding of human aging and longevity might be improved by elucidating the molecular mechanism of aging in C. elegans (Park et al., 2020).



ADVANTAGES OF USING C. ELEGANS AS A MODEL ORGANISM IN APPLIED ANTI-AGING RESEARCH

Although experiment with a mammalian model is compelling, it is time-consuming and limited by the presence of ethical concerns. C. elegans has been proved as a reasonable model organism for biological research on aging because of its advantageous features (Guarente and Kenyon, 2000). Although its anatomical structure is simple, the tissues and organs, such as muscles, nervous system, gastrointestinal tract, and gonads of C. elegans, are similar to that of higher animals (Jorgensen and Mango, 2002). In addition, its complete genome sequence is available, and about 50% of human protein-coding sequences have identifiable homologous genes in nematodes (Kim et al., 2018). Similar to humans and other higher mammals, its behavior changes and descending physiological indexes are accompanied by aging. Moreover, there are highly evolutionary conserved mechanisms controlling physiological phenomena, such as development, aging, and disease. Homologous or functionally similar forms of the main enzymes, genes, and transcription factors involved in metabolism have been found in higher animals and C. elegans (Chen et al., 2013). For example, the important transcription factor forkhead box O (FOXO), which is involved in longevity, stress resistance, and metabolism, is present in drosophila, nematodes, rodents, and humans (Martins et al., 2016). Therefore, C. elegans is broadly utilized in screening for natural bioactive substances (Ye et al., 2020). Numerous transgenes and mutants related to the longevity and aging of C. elegans are available (Chen et al., 2015), and many polyphenols have been successfully tested for their effects on general health benefits and longevity on nematodes.

At present, most of the bioactive substances with anti-aging activity were first discovered by using nematodes as model organisms. Since the first use of nematodes by Brenner as a tool in genetics research (Brenner, 1974), the model has been applied to many other research fields, such as development, disease modeling, metabolism, medicine, screening, and others. We also took advantages of this model organism in aging and signal transduction (Zheng et al., 2018; Qu et al., 2020b). Since two American scientists, Friedman and Johnson, discovered in the 1980s that the mutation of a single gene in nematodes can increase lifespan (Johnson and Wood, 1982; Friedman and Johnson, 1988), the genetic control of aging has rapidly developed. It is reported that aging and aging-related diseases are controlled by signaling pathways, such as autophagy-related target of rapamycin (TOR) signaling pathway (McCormick et al., 2011; Laplante and Sabatini, 2012), insulin/insulin-like growth factor 1 (IGF-1) signaling (IIS) pathway (Barbieri et al., 2003; Lapierre and Hansen, 2012), mitochondrial-related functional signaling pathway (Sohal and Orr, 2012), and adenosine monophosphate (AMP)-activated protein kinase (AMPK) signaling pathway related to cell energy homeostasis (Salminen and Kaarniranta, 2012; Qu et al., 2020a).



POLYPHENOLS

Polyphenols are the most widely distributed group of phytochemicals (Table 1). They are usually classified into flavonoids, phenolic acids, and non-flavonoids. Flavonoids are subdivided into flavonols, flavanones, isoflavones, anthocyanins, and flavan-3-ols according to their chemical structure. Phenolic acids are subdivided into hydroxybenzoic acid and hydroxycinnamic acid. Non-flavonoids are subdivided into lignans, stilbenes, and tannins (Papaevgeniou and Chondrogianni, 2018; Fraga et al., 2019; Majidinia et al., 2019). The category is illustrated in Figure 1.


Table 1. Modulation of the lifespan in Caenorhabditis elegans by polyphenols.
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FIGURE 1. The category of polyphenols.


Polyphenols exert beneficial effects on health, owing to their anti-oxidant and anti-inflammatory activities, and they have been commonly employed to treat cancer, autoimmune diseases, type 2 diabetes, cardiovascular disorders, and other diseases. The structural characteristics of the carbocyclic ring of polyphenols and the number of hydroxyl groups on the ring are the main prerequisites for prolonging lifespan (Grunz et al., 2012). In this article, we reviewed literature regarding the anti-aging properties of each specific polyphenol. Different classes of chemicals might activate similar signaling pathways involved in aging processes, and one class of chemicals might be involved in multiple pathways. For example, it was reported that resveratrol can extend C. elegans lifespan through the MPK-1/ERK or SIR-2.1/DAF-16 pathway (Yoon et al., 2019). In addition, many kinds of polyphenols can modulate longevity through the IIS pathway, especially through the key transcription factor DAF-16 in the pathway, for example, myricetin (Buchter et al., 2013), blueberry extract (Wang et al., 2018), echinacoside (Wang et al., 2015), and others. The main reason for this effect might be that the DAF-16 expression increases the ability to scavenge free radicals and resist oxidative stress.



FLAVONOLS

Bioactive phytochemicals, such as flavonols, are abundant in fruits and vegetables, such as onions, peppers, cauliflower, and grapes. The most common flavonol is quercetin, and other common flavonols are kaempferol, myricetin, isorhamnetin, tamarixetin, morin, fisetin, apigenin, and luteolin (Adebamowo et al., 2005; Perez-Vizcaino and Duarte, 2010). Figure 2 illustrates the model of how flavonols are involved in lifespan regulation.
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FIGURE 2. The effects of polyphenols on longevity.


Quercetin, as a strong anti-oxidant, has been demonstrated to have a positive effect on longevity and stress resistance in various animal models, and its activity and mechanism have also been studied in nematodes (Pietsch et al., 2012; Proshkina et al., 2016). Several studies have confirmed that quercetin accumulates in nematodes and exhibits reactive oxygen species (ROS) scavenging activity, which might be the reason for its beneficial health effects, and this process is regulated by the transcription factor DAF-16 (Kampkotter et al., 2008; Sugawara and Sakamoto, 2020). The C. elegans gene, daf-16, is homologous to the mammalian gene for the FOXO transcription factor, which plays a key role in controlling several stress response signaling cascades, aging processes, and other important biological functions, and it is also considered as an important downstream factor of the IIS pathway, which is one of the main pathways that regulate the lifespan of nematodes. It starts from the DAF-2 insulin receptor, and it is also the ortholog of the insulin/IGF-1 receptor in C. elegans, through AGE-1/PI3K to AKT-1/2 and then to the downstream target DAF-16/FOXO transcription factor, to control the lifespan and metabolism of C. elegans. However, the conclusion is contrary. Some reports suggested that, although DAF-2 and other components of the IIS pathway mediate the anti-oxidant activity and life-prolonging effects of quercetin on nematodes, these effects seem to be independent of DAF-16 (Pietsch et al., 2009). Hence, the role of DAF-16 in quercetin-induced health effects requires further investigation. Besides DAF-16, SKN-1 and mitogen-activated protein kinase (MAPK) pathways are also involved in the process of scavenging ROS, lifespan extension, and health improvement in C. elegans. Quercetin also induces heat resistance by co-activating the expression and/or activity of HSF-1 and DAF-16 (Sugawara and Sakamoto, 2020). HSF orthologous, HSF-1, as a transcriptional regulator of stress-induced gene expression in worms, induces the expression of molecular chaperones. UNC-43 and SEK-1 seem to be parts of the lifespan regulation of quercetin (Pietsch et al., 2009). SEK-1 is an indispensable MAPK in innate immunity, and UNC-43 is a part of the SEK-1 upstream neuron regulation signal pathway. These two regulators belong to the MAPK pathway, a major immune signaling pathway (Troemel et al., 2006). UNC-43 is also a type II Ca2+/calmodulin-dependent kinase (CAMKII) that can also regulate osmotic pressure. Therefore, quercetin can be considered a multitarget nutrient.

In addition, myricetin was first discovered by Spanier for its activation of DAF-16 and its increase in the expression of its downstream gene sod-3, but it was found that the activation of DAF-16 was not the cause of the extended lifespan because it was found that DAF-16 activation was not correlated with the myricetin-mediated decrease in mitochondrial ROS and the increase in longevity (Grunz et al., 2012). However, further experiments proved that myricetin does exert its anti-oxidant effect through DAF-16 (Buchter et al., 2013; Sobeh et al., 2020). All these studies found that, in DAF-16 mutants, the ROS-scavenging effect of myricetin was blocked to a great extent, and the beneficial effect on lifespan also disappeared completely. This indicates that, although myricetin is a strong anti-oxidant, its effect on the lifespan of C. elegans is heavily dependent on DAF-16 rather than its direct anti-oxidant capacity. At present, the study of myricetin on the life extension of nematodes is limited to its regulation of the IIS pathway. In the future, additional pathways should be further analyzed in this respect, and other mechanisms for myricetin-mediating health effects should be investigated (Buchter et al., 2013).

Baicalein mainly comes from Huangqin, which is one of the commonly used traditional Chinese medicines. It has been demonstrated that baicalein mediates anti-oxidant effects by activating nuclear factor erythroid 2-related factor 2 (Nrf2) in mammalian cell lines. When it comes to C. elegans, SKN-1 is the homologous gene of the mammalian transcription factor Nrf2 (An and Blackwell, 2003). Similar to Nrf2, SKN-1 can also be activated by oxidative stress or exogenous bioactive substances; then, it can be transferred to the nucleus and combined with anti-oxidant response elements (AREs) of various anti-oxidant or protective gene promoter regions. This pathway can induce a variety of anti-oxidant enzymes as the key defense mechanism against oxidative stress. The lifespan of skn-1 mutant is shortened, and the resistance to oxidative stress is reduced. SKN-1 is the direct target of the IIS pathway and MAPK pathway and has some common downstream targets with DAF-16. It is also required for dietary restriction (DR)-induced longevity because it interacts with amino acid and lipid metabolism during starvation (Dall and Faergeman, 2019). It has been reported that baicalein can modulate the lifespan and stress resistance of nematodes via SKN-1, but not DAF-16, a result similar to what was obtained in mammalian cell lines (Havermann et al., 2013, 2016).



ANTHOCYANINS

Anthocyanins are found in a wide variety of colored vegetables, fruits, and cereal, especially in various berry fruits, such as bilberries, blueberries, blackberries, blackcurrants, chokeberries, strawberries, and elderberries (Chen et al., 2013; Wallace and Giusti, 2015; Yan et al., 2017). Many studies have focused on the anti-oxidant capacity of different plant extracts rich with anthocyanins. The vast majority of plant extracts rich in anthocyanins, such as extracts of purple wheat (Chen et al., 2013), acai berry (Peixoto et al., 2016), mulberry (Yan et al., 2017), purple pitanga fruit (Tambara et al., 2018), tart cherry (Jayarathne et al., 2020), and bilberry (Gonzalez-Paramas et al., 2020), which can play their beneficial role by increasing nuclear translocation of DAF-16 and promoting the expression of anti-oxidant genes, such as sod-3, and the heat shock gene, hsp-16.2, in its downstream. Heat shock proteins (HSPs) are molecular chaperones and play important roles in the protection of molecular damage under environmental stress and have the ability to maintain proteostasis and prolong the longevity of organisms (Swindell, 2009). HSP-16.2 family is expressed under stress conditions and can be considered as stress-sensitive reporters to evaluate lifespan (Strayer et al., 2003). DAF-16 is a key protein for the anti-aging effects. Mechanistically, recent studies have found that anthocyanins could regulate the AAK-2/AMPK signaling pathway to perform its biological function (Jayarathne et al., 2020). aak-2 is the encoding gene of AMPK in nematodes. AMPK is a regulator of cellular energy homeostasis, which is essential for the metabolic regulation of nematodes during starvation and diapause (Demoinet and Roy, 2018), it can be activated under low energy conditions and can maintain the steady state of energy, linking nutritional availability with longevity (Tullet, 2015). Overexpression of AAK-2 in nematodes prolongs its lifespan, and this effect also requires the downregulation of the IIS pathway and the upregulation and transposition of DAF-16 (Zhao et al., 2017). Additionally, mulberry anthocyanins can also activate transcription factors SKN-1/Nrf2 and PMK-1/MAPK and their downstream targets that are related to oxidative stress (Yan et al., 2017).



FLAVAN-3-OLS

Flavan-3-ols include catechin, gallocatechin, epicatechin, epigallocatechin, epicatechin-3-gallate, epigallocatechin-3-gallate (EGCG), theaflavin, theaflavin-3-gallate, theaflavin-3′-gallate, theaflavin-3′-digallate, and thearubigins. Flavan-3-ols are mainly found in tea, apples, wine, and cocoa (Lei et al., 2016). Figure 2 shows the effect of flavan-3-ols on the lifespan of nematode. There are many types of flavan-3-ols, but the current research has focused mostly on tea extracts and the certain classes of flavan-3-ols, such as catechinic acid (CA) and EGCG. Xiong et al. (2014) found that the black tea extracts contain a variety of flavan-3-ols, which can increase the lifespan of C. elegans under stress conditions, such as osmotic pressure imbalance, ultraviolet radiation, and heat stress. This effect might be mediated by the SEK-1 signaling and SIR-2.1/DAF-16/SOD-3 pathways, which could increase stress resistance. Worms simultaneously treated with catechins-rich green tea aqueous extract (GTE) and a lethal dose of pro-oxidant, i.e., juglone, showed a decreased expression of hsp-16.2 and a significantly increased survival rate as compared with worms not receiving GTE. It suggested that GTE could enhance the anti-stress ability of nematodes and reduce oxidative damage in vivo (Abbas and Wink, 2014). In addition, it was found that CA, as a natural polyphenol compound, extended the lifespan and declined the age-related behaviors of C. elegans by regulating the mitophagy pathway related to genes of bec-1 and pink-1. It was found that it can act in the role of inducing mitochondrial phagocytosis at the early stage, which was also a key period to affect the lifespan (Wu et al., 2020). Mitophagy can prevent the accumulation of dysfunctional mitochondria and prolong lifespan. EGCG is another widely studied flavane. The regulation of EGCG on the lifespan of nematodes is affected by the concentration. The effect on the organism can be described as a hormetic effect; in other words, stimulatory and inhibitory effects would be generated in low and high doses. The health effects of EGCG depend on the hormetic effect. It was found that, when the concentration was <25 μM, it could prolong the lifespan of nematodes under the stress and improve their stress ability and the partial decline of age-related physiological behavior, but it was not enough to affect the lifespan of worms under normal conditions (Brown et al., 2006; Zhang et al., 2009). When the concentration is above 800 μM, it might produce toxic effects (Xiong et al., 2018). At a suitable concentration, EGCG induced ROS in a time-resolved manner, which can temporarily increase ROS level in the early stage and activate AAK-2/AMPK, change the metabolism of NAD+, and then increase the expression of its downstream target protein SIR-2.1. Previous studies have found that EGCG can increase the nuclear translocation and expression of DAF-16 and activate its downstream antioxidant genes (Zhang et al., 2009; Bartholome et al., 2010). However, the upstream regulation mechanism has not been further studied. Currently, it was found that EGCG acted on SIR-2.1 instead of the IIS pathway to regulate DAF-16 (Xiong et al., 2018). Besides, EGCG can mainly restore the mitochondrial function and increase the biogenesis of early-to-mid adult worms, thus improving the redox steady state of worms. The EGCG-induced longevity of nematodes also depends on the mitochondrial function. The health effect would decrease gradually with age increases (Xiong et al., 2018). Sirtuin of C. elegans is the closest homolog to human SIRT1, which is encoded by the gene sir-2.1. It is also a conservative transcription regulator. As an NAD+-dependent histone deacetylase, the overexpression of sirtuin can prolong the lifespan of many species (Smith et al., 2014; Seo et al., 2015). Sirtuin can directly activate DAF-16/FOXO by deacetylation, which affects the lifespan independently of IIS (Kenyon, 2010). It can also induce autophagy by upregulating the autophagy gene and inhibiting the TOR signal together with AMPK (Ruderman et al., 2010). In addition, the anti-oxidant mechanism is activating SKN-1 and regulating lifespan through the pathway, partially overlapping with DR (Jung et al., 2017). DR is one of the most influential environmental interventions for prolonging the lifespan and healthspan of many species.



HYDROXYBENZOIC ACID

Hydroxybenzoic acid is widely distributed in vegetables and fruits and can be synthesized from polyphenols by gut bacteria. It has been confirmed to activate Nrf2 (Juurlink et al., 2014), suggesting that it might have the anti-aging effects on nematodes via the Nrf2 signaling pathway. Furthermore, 4-hydroxybenzoic acid could extend the lifespan of nematodes through the activation of DAF-16/FOXO mediated by SIR-2.1/SIR-2, which demonstrated no relationship with DR and IIS pathway. It can also increase the stress resistance under osmotic, heat, and oxidative stress conditions (Kim et al., 2014). By bioinformatics analysis, aspirin was found to alter the expression of genes, which are involved in fat metabolisms, such as acs-2, ech-1.2, and cpt-5, which can extend the longevity of C. elegans through the activation of DAF-12 and DAF-16 (Huang et al., 2017). DAF-12 is a nuclear hormone receptor that can be initiated by insulin/IGF-1 and TGF-β and plays an important role in metabolism, longevity, and reproductive development in C. elegans. As is known to all, the primary component of aspirin is salicylic acid. As an isomer of hydroxybenzoic acid, it suggests that hydroxybenzoic acid might influence the expression of genes involved in anti-oxidation and fat metabolism.



HYDROXYCINNAMIC ACID

Hydroxycinnamic acid and its derivative, caffeic acid, are abundant in tea leaves, red wine, and coffee. It was reported that extracts of green coffee beans (GCEs), which are composed mainly of chlorogenic acid (CGA) and its derivative, 5-caffeoylquinic acid (5-CQA), have beneficial effects on longevity and reproduction in C. elegans. The study also indicated that, compared with CGEs rich in pure 5-CQA, the CGEs rich in 5-CQA have a stronger anti-aging effect, which strongly supports that it might be a better choice to use the mixture of bioactive compounds instead of just one single bioactive molecule (Amigoni et al., 2017). At the same time, it was also found that CGA and its isomers, such as 5-CQA and 4-caffeoylquinic acid (4-CQA), acted on the upstream of AKT in the IIS pathway and then exerted their life-prolonging and anti-aging effects mainly via DAF-16 and its downstream stress factors, HSF-1, SKN-1, and HIF-1 (Zheng et al., 2017). Moreover, p-coumaric acid, another derivative of hydroxycinnamic acid, can enhance the ability to resist SKN-1-mediated oxidative stress and OSR-1-mediated osmotic stress (OSR-1 can negatively regulate the activity of the MAPK pathway) (Yue et al., 2019).



LIGNANS

Six lignans were isolated from Arctium lappa seeds, and all of them were found to have anti-aging properties and to upregulate the expression of daf-16 and jnk-1 (Su and Wink, 2015). jnk-1 is considered as a positive regulator of daf-16, which indicates that lignans have the life-promoting activity through the JNK-1/DAF-16 cascade. Sesamin is a major lignan constituent of sesame and possesses various health-promoting effects. That sesamin could not only prolong the life of nematodes but could also reduce the toxicity of Alzheimer's disease (AD) β-amyloid (Aβ) plaque (Keowkase et al., 2018). It was also found that the resistance of nematodes to physical stress and some pathogenic bacteria could not be enhanced by sesamin, but it could protect nematodes from oxidative stress caused by toxins, which is partly due to the indirect hormetic effect of sesamin. Besides, it was found that sesamin could play the anti-aging role via the genes constituting the IIS pathway (daf-2 and daf-16) and MAPK pathway (pmk-1 and skn-1) (Yaguchi et al., 2014). PMK-1 is a kinase that plays an important role in immune defense and longevity in the MAPK pathway. In addition, sesamin can also act as a mimic of DR. Sesamin depends on SIR-2.1/SIRT1, AAK-2/AMPK, an autophagic modulator BEC-1, and daf-15, which encodes the target of TOR-binding partner raptor, to promote longevity (Yaguchi et al., 2014; Nakatani et al., 2018). The inhibition of the TOR pathway is another well-known intervention method to prolong lifespan. DR might induce autophagy and activate DAF-16 by inhibiting TOR kinase (Cypser et al., 2013). BEC-1 is necessary for the longevity induced by overexpression of sir-2.1. SIRT1, TOR, and AMPK are currently known as signaling pathways associated with DR. Unlike other DR analogs, sesamin is likely to be involved in almost all of the known DR-related pathways, which can prolong lifespan.

Another lignan, i.e., pinoresinol has been observed to increase the nuclear translocation of DAF-16, but it has no effect on the longevity of nematodes and has no regulating ability to the stress resistance and oxidation resistance. Although it shows strong oxidation resistance in vitro, its functional effects in organisms need further study at a molecular level (Koch et al., 2015).



STILBENES

The most important representative of stilbene compounds is resveratrol, which is mainly derived from grape skins, grape seeds, red wine (Salehi et al., 2018), blueberries, peanuts, and some traditional Chinese herbal medicines, such as rhubarb (Malaguarnera, 2019), and polygonum cuspidatum (Zhang, 2006). Resveratrol is usually recommended as a dietary supplement to maintain redox balance and to delay aging (Desjardins et al., 2017).

The activation of sirtuins is considered to be an important mechanism of resveratrol-mediated longevity. Research found that resveratrol can activate SIR-2.1 and then prolong the life of nematodes by regulating bec-1 to induce autophagy (Morselli et al., 2010). Lee et al. (2016) found that resveratrol does not need to exert its health effects through DAF-16 after activating SIR-2.1, which indicates that there might be other regulatory pathways downstream of SIR-2.1, whereas Yoon et al. (2019) found that SIR-2.1 relies on DAF-16 for its function, so the role of DAF-16 in resveratrol-induced longevity needs further study. As research progresses, scientists have learned more about the mechanism of how resveratrol works to delay aging. The effect of resveratrol on life extension might not work entirely in a sirtuin-dependent way. As a DR analog, resveratrol can prolong lifespan through AAK-2, a key factor in the AMPK pathway, and without the association of DAF-16. Similar to SIR-2.1, MPK-1 is also one of the key regulators for lifespan extension (Yoon et al., 2019). However, its contribution to resveratrol-mediated life extension is completely independent of SIR-2.1, and they have different downstream regulatory genes. MPK-1 is also known as human ERK homo that acts by promoting downstream SKN-1 nuclear translocation and is first identified as a longevity factor (Okuyama et al., 2010). Resveratrol can alleviate the damage caused by ROS and prolong the life of nematodes under pressure (Chen et al., 2013). In addition, the two newly synthesized resveratrol derivatives have stronger biological and anti-oxidant activity than resveratrol. Their strong anti-oxidant ability can also regulate DAF-16, SKN-1, SIR-2.1 in the redox activity signal pathway (Fischer et al., 2017).



TANNINS

Tannic acid (TA) belongs to the hydrolyzable tannins, containing five digallic acid residues covalently linked to a central glucose molecule, and it can precipitate protein. As a strong anti-oxidant, the observed increase in heat stress resistance and oxidative stress resistance is not due to its ability to directly remove oxygen free radicals but its ability to act as a stimulus to activate the anti-oxidant system of the body (Saul et al., 2010, 2011). Studies have shown that a low concentration of TA might simulate mild pathogenic stress, strengthen the SEK-1-based pathogen defense system, inhibit the potentially harmful effects of TA, and induce nematodes to prolong their life effectively (Saul et al., 2010). In addition, TA itself does not reduce the food intake of nematodes, but exerts the molecular regulation through eat-2 in the DR pathway or precipitates and combines nutritional proteins and digestive enzymes (eat-2 mutant suffered from insufficient food intake due to decreased pharyngeal pumping). It is worth noting that the concentration range of health effects of TA is relatively narrow, so it is also very important to find a suitable concentration to treat C. elegans. Unlike TA, ellagic acid (EA) can be used as a chemical repellent to reduce the feeding behavior of nematodes and prolong the lifespan of nematodes by its strong antibacterial ability (Saul et al., 2011). Oenothein B (Chen et al., 2020) and pentagalloyl glucose (Chen et al., 2014) extracted from eucalyptus leaves can prolong healthy life by regulating multiple targets. They can regulate the IIS pathway via age-1 and daf-16, the DR pathway via eat-2 and sir-2.1, and mitochondrial electron transfer chain via isp-1 to promote healthy life, including reducing age pigment and ROS accumulation and improving exercise flexibility, heat stress tolerance, and lifespan. isp-1 is one of the genes encoding mitochondrial electron transport chain components, and the deletion of isp-1 exists in the respiratory chain complex III. Their mechanism of action might be the same because of their similar structure.



CONCLUSIONS

Before studying the signaling pathway implicated in a certain disease in a model organism, some researchers first test this pathway in suitable cell lines. For example, resveratrol was found in the generation of different effects, such as promoting proliferation in mesenchymal stem cells, with possible involvement of the ERK/GSK-3β pathway (Yoon et al., 2015). Nematodes were further utilized to test the MPK-1 (an ERK homolog) signaling (Yoon et al., 2019). When we treat nematodes with plant extracts, we can first analyze each extract component using mass spectrometry, high-performance liquid chromatography, or similar methods; this analysis might help to identify the key components responsible for the biological effects.

At present, researchers rarely treat C. elegans with polyphenols, such as flavanones and isoflavones; therefore, it is unknown whether or not these polyphenols have direct effects on C. elegans. However, many studies demonstrated that the abovementioned polyphenols can act on homologous genes of C. elegans in other species and that these genes are involved in aging and regulation of lifespan. Flavanones, of which the representative molecule is hesperidin, are mainly found in citrus plants and have been demonstrated to be able to reduce oxidative stress caused by a high-fat diet in mice and to slow down the aging process in old-aged rats. Some studies found that one of the targets of flavanones in animals is Nrf2, whereas C. elegans has an Nrf2-homolog gene, SKN-1 (Ferreira et al., 2016; Barreca et al., 2017; Habtemariam, 2019; Miler et al., 2020). Isoflavones, such as genistein and daidzein, are generally regarded as phytoestrogens; there is evidence that Nrf2 is also one of the downstream targets of isoflavones and that it can also regulate fat metabolism in rats with diet-induced obesity, acting through the AMPK pathway (Li and Zhang, 2017; Krizova et al., 2019). In conclusion, further studies should be conducted to test whether these polyphenols have beneficial effects on C. elegans.



PROSPECTS

To the best of our knowledge, in the study of total polyphenols in plants, especially medicinal plants, their functions, the bioactive substances, and molecular mechanisms for prolonging lifespan and delaying senescence have not received enough attention. For example, mulberry leaves have been widely used in traditional Chinese medicine and folk dietary therapy for their outstanding effects of detoxifying the liver, improving eyesight, and prolonging life. It is believed that mulberry leaf extracts used in traditional Chinese medicine have anti-oxidant and hepatoprotective effects, and those two activities are related to mitochondria function (Meng et al., 2020). Liver tissue contains a large number of mitochondria, and the fatty acids are activated into ester-acyl-coenzyme A, which is metabolized by β oxidation in mitochondria. Acetyl-coenzyme A and fat synthetases required for fatty acid synthesis come from mitochondria. At present, mulberry leaf extract has been confirmed to have beneficial effects on several diseases, such as cancer, type 2 diabetes, and obesity. In addition, modern medicine experiments have proved that mulberry leaf extract can delay aging in mice (Lim et al., 2013; Turgut et al., 2016). Mulberry leaf extract is an effective and natural free-radical scavenger and anti-oxidant, but the research on mulberry leaf extract and mulberry leaf polyphenol is limited to its anti-oxidant activity in vitro, and its specific mechanisms of action have not been elaborated. Moreover, the activities of mulberry leaf polyphenols have not yet been associated with any specific physiological functions. Besides, nematodes being treated by the combination of two extracts from different plants revealed stronger effects than the treatment with only either of the single extract. A recent study shows that nematodes treated with the mixtures of blueberry and apple peel extracts have a longer lifespan than those treated with only one substance (Song et al., 2020a,b). Could mulberry leaf extract exert the effects observed in traditional Chinese medicine by regulating fat metabolism? What are the specific anti-aging mechanisms of mulberry leaves in C. elegans? Could the combinations of mulberry leaves, polyphenols, and other polyphenols, or other bioactive substances play their beneficial roles more significantly, and what are their mechanisms? We would like to answer these questions by conducting further research.
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Methods

Prebiotics supplement: oligofructose

Prebiotics supplement: a mixture of
inulin plus fructo-oligosaccharides

Prebiotics supplement: GOS mixture
(B-GOS)

Probiotics supplement: L. reuteri100-23
and L. gasseri 311476

Probiotics supplement: L. plantarum
TWK10 (LP10)

Probiotics supplement:
Faecalibacterium prausnitzii

Probiotics supplement: probiotics

capsule

Probiotics supplement: Lactobacillus
rhamnosus GG ATCC 53103 (LGG)

Fecal microbiota transplantation (FMT)

Protein supplement

Dietary fiber supplement

SCFAs (butyrate) supplement

Exercise

Objects

Mice

Older people

Older people

Mice

Mice

Mice

Athletes

Older people

Pig and mice

Human

Mice

Mice

Human

Effects

Reduction of intestinal permeability and
improvement of tight-junction integrity

Improvement of muscle strength

Decrease of less beneficial bacteria and an
increase of beneficial bacteria

Increase of tibialis muscle weight

Increase of muscle mass, strength and
endurance

Increase of muscle mass

Increase of muscle endurance

Modified the resident microbiota, producers of

the short-chain fatty acid (SCFA) butyrate
increased

Transfer of fiber characteristics and lipid

metabolic profiles of skeletal muscle from pigs

to germ-free mice through gut microbiota
Improvement of muscle mass and function

Increase of muscle mass and strength

Increase of muscle fiber cross-sectional area
and prevention of intramuscular fat
accumulation

Increase of ability and capacity of skeletal
muscle to synthesize proteins

Possible mechanisms involved

Improved gut barrier functions through
glucagon-like peptide-2-dependent
mechanism (GLP-2) and reduced
inflammatory tone

Reduced proinflammatory cytokines in
blood and inflammation

Improved NK cell activity and
phagocytosis, increased secretion of
the anti-inflammatory cytokine
interleukin 10 (IL-10), and decreased
secretion of proinflammatory cytokines
[IL-6, IL-1B, and tumor necrosis factor
(TNF-a)]

Decreased the plasma level of
inflammatory cytokines (IL-4, monocyte
chemoattractant protein 1, IL-6,
granulocyte colony-stimulating factor)
and maintained the plasma level of the
anti-inflammatory IL-10, to modulate
inflammation and systemic immunity

Reduced inflammation; enhanced
glucose utilization by increasing the
number of gastrocnemius type | muscle
fibers

Enhanced mitochondrial respiration;
improved intestinal integrity and
reduced inflammation; improved insulin
sensitivity

Reduction in gastrointestinal
permeability, serum LPS concentrations
and inflammation

Reducing intestinal permeability and
inflammation by SCFA butyrate

Specific gut microbiome could inhibit
ectopic fat deposition in skeletal muscle
and enhances muscle growth

Increase of overall diversity of gut
microbiota that can alter the
bioavailability of amino acids,
influencing muscle protein synthesis
and breakdown

Fecal SCFAs increased, improving
intestinal barrier function and reducing
inflammation

Butyrate is a histone deacetylase
(HDAGC) inhibitor; HDACs regulate
myogenesis via the transcription factor
myocyte enhancer factor—2

Increased gut microbiota biodiversity
and representation of taxa with
beneficial metabolic functions, and gut
microbiota could conversely have
influence on muscle through
modulating the inflammatory response,
changing bioavailability of dietary
proteins and producing substances that
have beneficial and proanabolic effects
in skeletal muscle cells; fecal SCFAs
increased, improving intestinal barrier
function and reducing inflammation
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Low protein
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Chromium
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Magnesium
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Target genes

NR1H3
HSD11B1, G6PC
NFKBIA

Insulin signaling
genes

NR1H3
NFKBIA
Insulin signaling

genes
HSD11B2

Calcium deficiency HSD11B1

Modification

Low expression
High expression
Low expression

Low expression
Histone acetylation
decrease

DNA methylation

DNA methylation

References

Vo etal., 2013
Vo et al., 2013
Zhang et al., 2014

Zhang et al., 2017

Vo etal., 2013

Zhang et al., 2014
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NR1HS3, nuclear receptor subfamily 1 group H member 3; HSD11B1, hydroxys-
teroid 11-p dehydrogenase 1; G6PC, glucose-6-phosphatase; NFKB1, nuclear
factor kB subunit 1, HSD11B2, hydroxysteroid 11-p dehydrogenase 2.
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Dietary factors Microbiota Metabolism References
modulation

Fiber-rich diet Higher counts of  Improving SCFA Zhao L. et al,, 2018
SCFA-producing  production
gut microbiota

Ma-Pi 2 diet Higher counts of ~ Improving SCFA Candela et al.,
SCFA-producing production 2016
microbiota

Low-calorie diet Increased gut Taheri et al., 2019
microbiota diversity,
reducing levels of
Collinsella

Branched-chain Enrichment in Reducing Karusheva et al.,

amino acids Bacteroidetes but  meal-induced 2019

reduced diet

Pumpkin
polysaccharide

Combination of

aronia, red ginseng,
shiitake mushroom,

and nattokinase
Oil tea

Red pitaya
B-cyanins

Lessonia
nigrescens
ethanolic extract

decrease of
Firmicutes
Enrichment of the
butyric

acid-producing gut

microbiota
Improving gut
microbiome
dysbiosis

Higher counts of
Lachnospiraceae

Decreasing the
ratio of Firmicutes
and Bacteroidetes,
increasing relative
abundance of
Akkermansia

Enrichment of
beneficial bacteria,
Barnesiella,
decrease of
Clostridium and
Alistipes

insulin secretion

Improving SCFA
production

Enhancing insulin
secretion and
reducing insulin
resistance

Improving insulin
resistance

Higher expression
of PISK and lower
expression of JNK
in liver

Liu et al., 2018

Yang et al., 2018

Lin et al., 2018

Song et al., 2016

Zhao C. et al., 2018

PI3K, phosphatidylinositol 3-kinase; JNK, c-Jun N-terminal kinase.
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Genes Polymorphisms Alleles Diet interaction References

FTO rs9939609 T Low adherence to  Ortega-Azorin
Mediterranean diet et al., 2012
MC4R rs17782313 T Low adherence to  Ortega-Azorin
Mediterranean diet et al., 2012
TCF7L2 rs7903146 T High dessert and Ouhaibi-
milk Djellouli et al.,
2014
TCF7L2 rs7903146 T High fiber Hindy et al.,
2012
IRS1 rs2943641 T Low carbohydrate  Ericson et al.,
intake 2013
Adiponectin SNP276G > T G>T Carbohydrate Hwang et al.,
gene 2013
TCF7L2 rs12255372 T Coffee InterAct
Consortium,
2016
PGC-1a rs10517030/ C/T Low-energy diet Park et al.,
2017
rs10517032
ACE gene  rs4343 I/D High-fat diet Schuler et al.,
2017

FTO, FTO a-ketoglutarate—dependent dioxygenase; MC4R, melanocortin 4
receptor; TCF7L2, transcription factor 7-like 2.
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		2-(2-(1-(2-fluorobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5j)



		2-(2-(1-(2-bromobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5k)



		2-(2-(1-(3-bromobenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5l)



		2-(2-(1-(2-methylbenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5m)



		2-(2-(1-(4-methylbenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5n)



		2-(2-(1-(3,4-dimethoxybenzyl)-1H-1,2,3-triazol-4-yl)ethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (5o).









		MTT Assay for Cell Proliferation and Cytotoxicity
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Number Temperature (°C) Time (h) Yield (%)

1 30 1.5 32
2 40 1.5 39
3 50 1.5 56
4 60 1.5 78
5 70 1.5 88
6 80 1.5 86
7 90 1.5 84
8 100 1.5 87
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Compound 1C50, 0 M Compound 1C50, 0 M
5a 169.3 + 1.38 5i 123 +£1.24
5b 1561.4+1.35 5j 89.15 + 1.27
5c >200 5k 190.4 +1.47
5d >200 5l 102.1 +£1.26
5e 16.56 + 1.14 5m 121.6 = 1.21
5f 172.9 +£1.47 5n 137.2+1.30
59 9416 + 1.47 50 >200

5h 80.63 + 1.27

The bold value indicates that the activity of the compound 5e is the best.
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Number n (Compound 1):n Temperature (°C) Time (h) Yield (%)
(sodium
dichromate)

1 1:1.0 80 6 59
2 12142 80 6 63
3 1:1.4 80 6 69
4 1:1.6 80 6 74
5 1:1.8 80 6 78
6 1:2.0 80 6 80
7 122 80 6 7
8 1:2.4 80 6 81
9 1:2.6 80 6 79
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‘Compound Chemical Structure

Source

Pathway/regulator

Flavonols
Quercetin

-
"

b
"

Quercetin was purchased from Sigma-Aldrich (Deisenhofen, Germany)
(Kampkotter et al., 2008; Pietsch et al., 2009)

Quercetin was purchased from Cayman Chernical Company (Ann
Arbor, MI, USA) (Sugawara and Sakamoto, 2020)

IIS/DAF-2/AGE-1,
MAPK/UNC-43/SEK-1,
DAF-16, HSF-1, SKN-1

Myricetin

Ho. _o,
\Q Im
5l

Myricetin was purchased from Sigma-Aldrich (Deisenhofen, Germany)
(Grunz et ., 2012). Myricetin was obtained from Extrasynthese,
Genay, France (Buchter et al., 2013)

LC-MS/MS? proved that the ethyl acetate fraction of Eugenia unifiora
is rich in myricetin (Sobeh et al., 2020)

DAF-16

Baicalein

N /\/’\/@

S

L )

Baicalein (298%) was obtained from Sigma-Aldrich (Deisenhofen,
Germany) (Havermann et al., 2013, 2016)

SKN-1

O

w @

0’ ~ H
5

o

- Ry

Anthocyanins

:

ot

OH

Flavan-3-ols
Catechin acid

Anthocyanin contents of the purple wheat and acai extracts were
characterized and verified by HPLG-UVAs® (Chen et al,, 2013;
Peixoto et al., 2016). Anthocyanins extract from bilberry fruit were.
analyzed by HPLC-DADC and ESI-MSP (Gonzalez-Paramas et al.,
2020). The purple pitanga extract is fich in anthocyanin, mainly in
cyanindin-3-O-glucoside (Tambara et al., 2018)

Previous HPLC-MSF resuts proved that the extract of tart cherry (TCE)
was rich in anthocyanins, and the concentration of TCE was
determined according to the concentration of anthocyaninsin a
previous experiment (Jayarathne et l., 2020)

Mulberry anthocyanins were conducted by HPLGF (Yan et al., 2017)

Catechin acid (96%, HPLC) was obtained from Sigma-Aldrich (St
Louis, MO, USA) (W et al., 2020)

DAF-16, AAK-2, SKN-1,
PMK-1

BEC-1, PINK-1

Epigallocatechin-3- s EGCG were obtained from Sigma-Aldrich (St. Louis, MO, USA) (Brown  AAK-2, SIR-2.1, DAF-16
gallate l: e et al., 2006; Zhang et al., 2009; Bartholome et al., 2010; Xiong et al.,
(EGCG) oL 0L AN AN 2018)
<
o o=dl om
Hydroxybenzoic acid
4-Hydroxybenzoic 4-Hydroxybenzoic acid with purity >98% from extract of Veronica SIR-2.1, DAF-16
acid >—©—on peregrina was verified by HPLC (Kim et al., 2014)
HO
Aspirin L Aspirin was purchased from Sigma-Aldrich (St. Louis, MO, USA) DAF-12, DAF-16
(Huang etal,, 2017)
Hy
o
Hydroxycinnamic acid
Chlorogenic acids NMRC and UPLC/ESI-HRMS analyses of green coffee extract IIS/AKT/DAF-16
(CGA) confirmed a significant content of CGA (Amigoni et al., 2017)
CGA was purchased from Adamas (Basel, Switzerland) (Zheng et al.,
2017)
6-O-caffeoylquinic HOOG OH 5-CQA is the isomer with the highest content of chlorogenic acid in IIS/AKT/DAF-16
acid (5-CQA) green coffee extract (Amigoni et ., 2017)
P y 5-CQA were purchased from Aladdin (Shanghai, China) (Zheng et al.,
LR 2017)
o oH
p-Coumaric acid p-Coumaric acid (>98% pure) was purchased from Sigma-Aldrich (St.  SKN-1, OSR-1

Louis, MO, USA) (Yue et al, 2019)

OH
Lignans
Sesarmin Sesamin was purchased from Wako (Osaka, Japan). y-Gyclodextrin IS/DAF-2/DAF-16,
o ) (yOD) was obtained from Gyclochem (Kobe, Japan) (Yaguchi ot al. MAPK/PMIK-1/SKN-1,
2014; Nakatani et al., 2018) TOR/DAF-15, SIR-2.1,
ot AAK-2, BEC-1
<° j j o’
Stilbenes.
Resveratrol OH  Resveratrol was from purchased from Sigma-Aldrich (St. Louis, MO, SIR-2.1, DAF-16, AAK-2,
O USA) (Morselli et al., 2010; Lee et al., 2016; Yoon et al., 2019) MPK-1, BEC-1
HO,
o
OH
Tannins
Tannic acid Tannic acid was purchased from Sigma-Alcich (Taufkirchen, Germany) ~ SEK-1, eat-2

(Saul et al., 2010, 2011)

Oenothein B (OEB)

OEB was isolated and purified from eucalyptus leaves, and the isolated
and purified OEB was confirmed by HPLC and 'H NMR' (Chen et al.,
2020)

IIS/AGE-1/DAF-16, SIR-2.1,
eat-2, isp-1

Pentagalloyl
glucose (PGG)

PGG was isolated and purified from eucalyptus leaves and was
confirmed by HPLG and MS" (Chen et al., 2014)

IIS/AGE- 1/DAF-16, SIR-2.1,
eat-2, isp-1

A: LC-MS/MS, liquid chromatograph-mass spectrometer; B: HPLC-UV/vis, high-performance liquid chromatography-ultraviolet/visible spectroscopy; C: HPLC-DAD, high-performance

liquid chromatography-dliode array detector; D: ESI-MS, electrospray ionization mass spectrometry; E: HPLC-MS, high-performance liquid chromatography-mass spectrometry;
HPLC, high-performance liquic chromatography; G: NMR, nuclear magnetic resonance spectroscopy;
J: MS, mass spectrometer.

1H nuclear magnetic resonance spectroscopy;

UPLG/ESI-HRMS, hybrid quadhupole-orbitrap mass spectrometry; I:'HNMR,
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Groups 6Ly TG TC LoL-c HDL-C

NG 3.82:+0.15" 0444007 1.46 £ 0.06" 0464009 070008
MC 9.77+02 0654003 1.79 0,04 0484005 064£005
) 4164052 0444005 1.45+0.02% 0494010 061010
MD 7.20 40,87 0454 0.03* 1.78+0.09" 043004 0704006
HO 378403 047 007" 1.61£0.07* 0334001 053004
PC 6.76 + 0.56"* 0.57 +0.08" 1.66 + 0.07*% 0.46 +0.04 0.78 £0.05"

The values were expressed as mean + standard error (SD). Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by LSD post hoc
test. "p < 0.05and *'p < 0.01 vs. NC; *p < 0.05 and **p < 0.01 vs. MC. “"Means the difference was significant with NC at the 0.05 level.
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Groups ADP (ng/mL)

NC 35.17 4 0.59*
MC 23.60+0.39"
LD 2471 4 046"
MD 2816 % 0.41"4
HD 34.44 4 0.68"
PC 26.18 4 0.51#*

INS (U/L)

8464019
15.15 2 0.4
1151 £0.244
1,184 1.73%

9.20+0.64"

9.23+0.23"

LEP (ng/mL)

1.20 £ 0.00%
2104013"
1.82+0.14"4
1.59 0,07
1.37 £0.00"
1620114

Ghrelin (mU/L)

1.05:+0.11%
0.76.+0.03"
079 +0.02
0.85+ 0,05
092 + 006"
086+ 0,04

T4 (ng/mL)

17.52 041
14512033
14.73£072"
17.91 £067%
18.66 + 1.27%
16.27 £ 1.18"

The values were expressed as mean = standard error (SD). Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by LSD post hoc
test. *p < 0.05and *'p < 0.01 vs. NC: *p < 0.05 and **p < 0.01 vs. MC.
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Groups Good's coverage Chaot ACE Shannon

NG 0.9990  0.0000 796.61 424,63 79379 42142 7.65 4002
MC 0.9990  0.0000 807.69+2023 808.05+21.63 7.31 2001
Lo 0.9990  0.0000 696.37 £ 16.12'* 71148 £18.51°F 653 +0.05
MD 0.9990  0.0000 78174 +23.12 784.88 4 2020 7.43 007
HO 0.9990  0.0000 766.78 + 397 765.30 +3.22° 7.284008"
PC 0.9987  0.0005 82600 +38.17" 82153 42829 7.59 001

The values were expressed as mean  standard error (SD). Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by LSD post hoc
test. "p < 0.05 vs. NC: *p < 0.05 vs. MC.
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Genus name NC (%) MC (%) LD (%) MD (%) HD (%) PC (%)

Bacteroides 3994094 388+1.24 11865 +9.43™# 4354164 110924236" 371090
Ruminococcaceae_UCG-014 1.00+0.21 087 £0.12 11.39 % 0.56* 110£017 10494009 1.28+021
Ruminococcaceae_UCG-005 0.40+0.08 0.40 0.06 11.53 & 0.68"# 0.420.11 033007 0.48+0.12
Alistipes 1.14£018 095 +0.17 1171£025" 1.04+£029 087 £0.16 1.16:+£0.16
Akkermansia 0690.13 063043 $1.29 %016 033038 0,64 +0.09 0.38+026
Parabacteroides 039013 0.25+0.07 10.88 % 036" 029013 1069 +0.34" 031£0.15

The values were expressed as mean ++ standard error (SD). Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by LSD post hoc
test. *p < 0.05and **p < 0.01 vs. NC; #p < 0.05 and ##p < 0.01 vs. MC.
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72 male

SD rats Experiment for 6 weeks
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