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Non-alcoholic fatty liver disease (NAFLD) is one of the most common chronic liver diseases and is a nutritional metabolic disease. Artemisia capillaris (AC) is the above-ground dried part of Artemisia capillaris Thunb. or Artemisia scoparia Waldst. et Kit., a natural medicinal plant with pharmacological effects of heat-clearing and biliary-promoting. In order to evaluate the therapeutic effect of Artemisia capillaris on NAFLD and obesity, experiments were conducted using aqueous extracts of Artemisia capillaris (WAC) to intervene in NAFLD models in vivo and in vitro. In vivo experiments were performed using HFD-fed (high fat diet) C57BL/6 mice to induce NAFLD model, and in vitro experiments were performed using oleic acid to induce HepG2 cells to construct NAFLD cell model. H.E. staining and oil red O staining of liver tissue were used to observe hepatocytes. Blood biochemistry analyzer was used to detect serum lipid levels in mice. The drug targets and mechanism of action of AC to improve NAFLD were investigated by western blotting, qRT-PCR and immunofluorescence. The results showed that C57BL/6 mice fed HFD continuously for 16 weeks met the criteria for NAFLD in terms of lipid index and hepatocyte fat accumulation. WAC was able to reverse the elevation of serum lipid levels induced by high-fat diet in mice. WAC promoted the phosphorylation levels of PI3K/AKT and AMPK in liver and HepG2 cells of NAFLD mice, inhibited SREBP-1c expression, reduced TG and lipogenesis, and decreased lipid accumulation. In summary, WAC extract activates PI3K/AKT pathway, reduces SREBP-1c protein expression by promoting AMPK phosphorylation, and decreases fatty acid synthesis and TG content in hepatocytes. AC can be used as a potential health herb to improve NAFLD and obesity.
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1 INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a clinicopathologic syndrome of hepatic steatosis. It is characterized by excessive accumulation of lipids, mainly triglycerides (TG), in hepatocytes. However, NAFLD does not include a history of excessive alcohol consumption and definite liver damage factors (Cohen et al., 2011; Chalasani et al., 2018). NAFLD is a chronic nutritional metabolic disease that can develop into hepatitis, cirrhosis, and even liver cancer (Diehl and Day, 2017; Huang et al., 2021; Ratziu et al., 2022). Studies have shown that the incidence of NAFLD has shown a high development worldwide (Lonardo et al., 2016). It is closely associated with other metabolic diseases such as obesity, type 2 diabetes, dyslipidemia and hypertension, so NAFLD has become a global health problem of concern (Chalasani et al., 2018). Currently, clinical treatment is mostly carried out with lipid-lowering drugs, antioxidants and insulin sensitizers, but long-term use of these drugs produces toxic side effects. Natural medicines as alternative therapies have their unique advantages in the treatment of NAFLD, and there are some herbal medicines that have potential applications in the treatment of NAFLD.
The occurrence of NAFLD is closely related to insulin resistance (IR). When IR occurs in the body, in order to meet the body’s energy supply needs, fat becomes the main mode of energy supply. After the increased breakdown of peripheral adipose tissue in the body, the uptake of free fatty acids by hepatocytes increases and they are deposited in the form of TG in the cells, and eventually NAFLD occurs. The phosphatidylinositol-3-kinase (PI3K) signaling pathway (PI3K/AKT) is the classical hepatic insulin signaling pathway (Fukuda et al., 2016). Activation of the PI3K/AKT transduction pathway improves IR and alleviates NAFLD. AMP-activated protein kinase (AMPK) is an important factor in the development of NAFLD and regulation of hepatic lipid metabolism. Activation of AMPK has an important regulatory role on lipid metabolism (Kamikubo et al., 2016; Garcia et al., 2019). Activated AMPK promotes lipid catabolism and ATP production, reduces mitochondrial ATP consumption to maintain the steady state of cellular energy, and regulates the activity of lipid metabolism-related enzymes to regulate fatty acid synthesis and oxidation in the liver (Hardie, 2015; Garcia and Shaw, 2017). AMPK inhibits sterol-regulatory element binding proteins-1c (SREBP-1c) activity, inhibits lipid synthesis, and reduces lipid deposition in the liver (Day et al., 2017). SREBP is an endoplasmic reticulum (ER) membrane-bound transcription factor that activates genes encoding fatty acid synthesis and regulating cholesterol (Horton et al., 2002). SREBP-1c, one of the isoforms of the SREBP family, is a key transcription factor with the function of enhancing the expression of genes related to hepatic adipogenesis (Irimia et al., 2017). It is mainly distributed in the liver and adipose tissue. Overexpression of SREBP-1c will cause lipid metabolism disorders. Activation of AMPK can downregulate SREBP-1c expression, control fatty acid oxidation (Samovski et al., 2015). TG and TC production in the liver, reduce lipid accumulation in hepatocytes, improve lipid metabolism disorders in the liver, and alleviate NAFLD (Tang et al., 2016).
Artemisia capillaris (AC) is a dried above-ground part of Artemisia capillaris Thunb. or Artemisia scoparia Waldst. et Kit. which is commonly used in traditional medicine for the treatment of clearing heat and gallbladder. It mainly contains coumarins, flavonoids, organic acids, volatile oils, terpenoids and other chemical components (Yuan et al., 2017). Recent studies have found that, in addition to its pharmacological effects such as choleretic and hepatoprotective, AC also has a variety of pharmacological activities such as antipyretic, anti-inflammatory, analgesic, and regulating lipid metabolism (Hsueh et al., 2021)。Organic acids such as chlorogenic acid and caffeic acid contained in AC exhibited potential anti-obesity effects in mice induced by high-fat diet (HFD) (Cho et al., 2010). In addition, Ethanol extract of Artemisia scoparia (Galluzzi et al., 2018) has a modulating effect on lipid metabolism. The addition of SCO to HFD significantly reduced the levels of circulating glycerol and free fatty acids, and in vitro experiments revealed that SCO attenuated the lipolytic effect in TNF-α-induced cultured adipocytes (Boudreau et al., 2018).
In the present study, we evaluated the effects of WAC on a high-fat diet-induced mouse model of NAFLD and an oleic acid-induced HepG2 cell model. Then we explored the mechanisms by which WAC improves lipid accumulation in vivo and in vitro.
2 MATERIALS AND METHODS
2.1 Preparation of WAC
The air-dried AC used in this study, produced in Gansu Province, China, was purchased from Harbin Songshantang Pharmaceutical Company, China. AC was identified by a professor from the Institute of Chinese Veterinary Medicine, Northeastern Agricultural University. Weigh 100 g of dried AC, add 800 ml of distilled water, soak for 30 min at room temperature, decoct for 1 h, and collect the decoction solution. Then, 600 ml of distilled water was added and the decoction was decocted again for 1 h. The decoction was collected. The decoction solution collected twice was mixed, and the decoction solution was filtered, centrifuged to remove insoluble substances, and lyophilized at -50°C for 48 h to a powdered solid (Huang et al., 2022). The average yield of AC was 15.6% (W/W). The lyophilized product was stored at -20°C. For cellular experiments, WAC was dissolved in DMEM and filtered (0.22 μm).
2.2 Identification of WAC active ingredients by LC-MS
WAC (100 mg) were individually grounded with liquid nitrogen and the homogenate was resuspended with prechilled 80% methanol by well vortex. The samples were incubated on ice for 5 min and then were centrifuged at 15,000 g, 4°C for 20 min. Some of supernatant was diluted to final concentration containing 53% methanol by LC-MS grade water. The samples were subsequently transferred to a fresh Eppendorf tube and then were centrifuged at 15000 g, 4°C for 20 min (Want et al., 2013). Finally, the supernatant was injected into the LC-MS/MS system analysis LC-MS/MS analyses were performed using an ExionLCTM AD system (SCIEX) coupled with a QTRAP® 6,500 + mass spectrometer (SCIEX). Samples were injected onto a Xselect HSS T3 (2.1 × 150 mm, 2.5 μm) using a 20-min linear gradient at a flow rate of 0.4 ml/min for the positive/negative polarity mode. The eluents were eluent A (0.1% Formic acid-water) and eluent B (0.1%Formic acid-acetonitrile) (Luo et al., 2015). The solvent gradient was set as follows: 2% B, 2 min; 2–100% B, 15.0 min; 100% B, 17.0 min; 100–2% B, 17.1 min;2% B, 20 min. QTRAP® 6,500 + mass spectrometer was operated in positive polarity mode with Curtain Gas of 35 psi, Collision Gas of Medium, Ion Spray Voltage of 5500V, Temperature of 550°C, Ion Source Gas of 1:60, Ion Source Gas of 2:60. QTRAP® 6,500 + mass spectrometer was operated in negative polarity mode with Curtain Gas of 35 psi, Collision Gas of Medium, Ion Spray Voltage of -4500V, Temperature of 550°C, Ion Source Gas of 1:60, Ion Source Gas of 2:60.
2.3 Experimental grouping and sample collection
Five-week-old male C57BL/6 mice were purchased from Changsheng Biotechnology (Changsheng, Liaoning, China). Animal experimental design strictly followed the guidelines of the International Association for the Evaluation and Accreditation of Laboratory Animal Care and was licensed by the Research Animal Protection Committee of Northeast Agricultural University. Mice were housed at 25 ± 1°C and in humidity-controlled chambers with natural light and dark cycles. After a 1-week adaptation period, mice were randomly divided into two groups: normal diet (ND) group (n = 6); and high-fat diet (HFD) group (n = 12). The nutritional analysis values and energy supply ratios of the high-fat diet are shown in Tables 1, 2, respectively. Mice in the high-fat diet group at week 16 formed a model of NAFLD (Li et al., 2022). Twelve mice in the high-fat diet group were randomly divided into two groups: the NAFLD model group (n = 6), and the NAFLD + WAC group (HFD + WAC, 50 mg/kg/d, WAC gavage twice a week, n = 6). WAC gavage lasted for 6 weeks. The experimental period was 22 weeks. The doses administered in this experiment were selected based on the experiments of Choi (Choi et al., 2013). All mice were fed and watered ad libitum, and body weight and food intake were recorded weekly. At the end of the animal experimental period, all mice were fasted and watered ad libitum for 12 h. Then, blood was collected from the eyes after anesthesia with ether, and serum was obtained by centrifugation at 3,000 rpm for 5 min at 4°C. Livers were immediately excised, collected and stored at -80°C for analysis, or stored in 4% paraformaldehyde for histological studies.
TABLE 1 | Nutritional analysis values.
[image: Table 1]TABLE 2 | Energy supply ratio.
[image: Table 2]2.4 Detection of major lipid indicators and glucose in blood and liver tissues
Serum TC, TG, Glucose, HDL and LDL levels were measured by a fully automated biochemical analyzer, and liver TC and TG levels were measured by a commercially available kit (Jiancheng, Nanjing, China). The liver tissue samples were accurately weighed, mechanically homogenized under ice and water bath conditions, centrifuged at 2,500 rpm for 10 min, and the supernatant was extracted and used to assay TG and TC levels.
2.5 Histological tests for liver pathology
Immediately after execution of the mice, liver tissue was fixed in 4% paraformaldehyde, paraffin-embedded, and sections were stained for H&E. The tissues were sectioned using a fcryostat and stained for Oil Red O. Light was observed using an optical microscope (Nikon, Tokyo, Japan).
2.6 Western blot analysis
Total protein samples were prepared using RIPA lysis buffer containing protease inhibitors and phosphatase inhibitors and quantified by the BCA protein assay kit. Equal amounts of proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The molecular weight region of the target protein indicated by the pre-stained Marker was cut off and transferred to PVDF membrane or NC membrane, and the skimmed milk powder was closed at room temperature for 2 hours, and the primary antibody was added at the end of closure and incubated in the refrigerator at 4°C overnight. The primary antibodies are shown in Table 4. Then incubation with secondary antibody IgG (1:10,000) and preparation of ECL luminescent solution (meilunbio, Dalian, China) was performed for strip exposure. The strips were exposed using a 5,200 Tanon imaging system (Tanon science and technology, Shanghai, China). The developed protein bands were further quantified by ImageJ software and then compared with the grayscale values of the internal reference gene β-tubulin to calculate the relative expression levels of the target proteins measured in each of the above experimental groups.
TABLE 4 | Antibodies and reagents.
[image: Table 4]2.7 HepG2 cell culture and drug treatment
HepG2 cells were provided by Dr. Zhang, College of Food, Northeastern Agricultural University. HepG2 cells were cultured in DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C and 5% CO2 atmosphere. In the experiments, cells were starved in DMEM without FBS for 12 h. Subsequently, cells were cultured with DMEM containing FBS (negative control), OA-BSA complex (0.5 mM) (Xie et al., 2016) alone for 24 h to develop steatosis, and OA (0.5 mM) and WAC (1.5 mg/ml) were co-treated for 24 h. Next, cells were collected for subsequent experimental analysis. OA-BSA complexes were prepared by first dissolving OA in NaOH at 75°C by saponification and then adding the saponified OA to the medium containing 5% BSA and heating at 55°C until the solution became clear and transparent, resulting in a final concentration of 0.5 mM OA-BSA complexes.
2.8 HepG2 cell viability assay
Cell viability was assessed by cck-8 assay. HepG2 cells were inoculated at a density of 5 × 104 per well in 96-well plates with 100 μL of medium per well. Six replicate wells were set up and HepG2 cells were pre-cultured in an incubator at 37°C for 24 h. Then OA was co-treated with WAC (0.5 mg/ml, 1 mg/ml, 1.5 mg/ml, 2 mg/ml, 2.5 mg/ml, 3 mg/ml) for 24 h. 10 μL of cck-8 working solution was added to each well, protected from light, and incubated for 0.5 h in an incubator at 37°C. The absorbance at 450 nm was measured by an enzyme marker, and the cell survival rate (%) was calculated relative to the control group.
2.9 HepG2 cell lipid droplet observation
Oil Red O staining was used to assess the level of intracellular lipid droplets. The cells were washed 3 times with PBS, fixed with 4% paraformaldehyde for 10 min, and washed 3 times with PBS. The appropriate amount of staining washing solution was added to cover cells for 20 s and then aspirated and stained with modified Oil Red O staining solution for 20 min, and then the modified Oil Red O staining solution was removed with staining washing solution and washed with PBS. Finally, stained HepG2 cells were observed with an E100 light microscope (Nikon, Tokyo, Japan). For BODIPY staining, HepG2 cells were first inoculated in 24-well plates and treated with OA and WAC when the density reached 60%–70% for 24 h. Cells were fixed with 4% paraformaldehyde PBS for 1 h at room temperature, then washed 3 times with PBS for 5 min each, stained with 4 μM BODIPY493/503 at 37°C for 30 min, washed with PBS for 3 times, re-stained with DAPI for 5 min, and washed with PBS for 3 times. After blocking with PBS, the cell plates were placed on an inverted fluorescence microscope and the fluorescence signal was acquired and quantified using Image-Pro Plus software (version 3.0, Media Cybernetics, Bethesda, MD, United States) and the same parameters.
2.10 Detection of TC and TG content in HepG2 cells
Commercially available kits (Nanjing Jiancheng Bioengineering Co., Ltd. Nanjing, China) were used to determine intracellular TC and TG levels and to assess the extent of lipid accumulation. TG and TC levels were measured according to the manufacturer’s instructions, and protein concentrations were determined by the Enhanced BCA Protein Assay Kit. Then, lipid levels/protein concentrations were calculated.
2.11 Immunofluorescence assay
HepG2 cells were plated in 24-well plates and treated with OA and WAC when the density reached 60%–70% for 24 h. Cells were fixed with 4% paraformaldehyde, washed, permeabilized, and closed. Cells were incubated with SREBP-1c (1:200) primary antibody overnight at 4°C in the refrigerator. Secondary antibody goat anti-rabbit IgG HampL/HRP (1:200) was added to the cells for 1 h. The nuclei were stained with DAPI (BL105A, Biosharp, Hefei, China) for 5 min. After blocking with PBS, the cell plates were placed on an inverted fluorescence microscope and the fluorescence signal was acquired and quantified using Image-Pro Plus software (version 3.0, Media Cybernetics, Bethesda, MD, United States) and the same parameters.
2.12 qRT-PCR analysis
0.1 g of liver tissue was weighed, total RNA was extracted and RNA concentration was detected according to the kit. RNA was reverse transcribed into cDNA using the kit, primers were synthesized by Sangon Biotech (Sangon Biotech Co., Ltd. Shanghai, China), primer design is shown in Table 3 qRT-PCR was performed using SYBR Green in a Light Cycler@480 System (Roche, Switzerland). reaction conditions were: pre-denaturation at 95°C for 10 min; denaturation at 95°C for 15 s, denaturation at 60°C for 1 min, 40 cycles; and finally melting reaction. The mRNA expression level was quantified using β-actin as the control. The calculation method used was 2−ΔΔCt method.
TABLE 3 | mRNA primer sequences.
[image: Table 3]2.13 Statistical analysis of data
Data were expressed as mean ± standard deviation, and statistical analysis was performed using SPSS software 22.0. Statistical differences in quantitative data between groups and significance of nonparametric comparisons between groups were analyzed using one-way ANOVA and Tukey’s test. Plots were performed using Origin 2019. p < 0.05 was considered statistically significant.
3 RESULTS
3.1 LC-MS analysis of WAC
As shown in Figure 1A,B, 11 compounds were characterized by LC/MS, including 1) 1-Caffeoylquinic acid (rt = 5.46 min), 2) Isoferulic Acid (rt = 7.008 min), 3) Costunolide (rt = 12.083 min), 4) Neochlorogenic acid (rt = 4.879 min), 5) Chlorogenic Acid (rt = 5.37 min), 6) 3-O-Feruloylquinic acid (rt = 5.55 min), 7) Caffeic acid (rt = 5.801 min), 8) Isochlorogenic acid B (rt = 6.768 min), 9) 1,5-Dicaffeoylquinic acid (rt = 7.676 min), 10) Isochlorogenic acid C (rt = 7.053 min), and 11) Scoparone (rt = 7.935 min). The WAC extract samples used in this study contained the active ingredients described in previous reports (Dai et al., 2021; Hsueh et al., 2021).
[image: Figure 1]FIGURE 1 | LC-MS analysis. (A) positive mode (B) negative mode. 1) 1-Caffeoylquinic acid (rt = 5.46 min), 2) Isoferulic Acid (rt = 7.008 min),3) Costunolide (rt = 12.083 min), 4) Neochlorogenic acid (rt = 4.879 min), 5) Chlorogenic Acid (rt = 5.37 min), 6) 3-O-Feruloylquinic acid (rt = 5.55 min), 7) Caffeic acid (rt = 5.801 min), 8) Isochlorogenic acid B (rt = 6.768 min), 9) 1,5-Dicaffeoylquinic acid (rt = 7.676 min), 10) Isochlorogenic acid C (rt = 7.053 min), 11) Scoparone (rt = 7.935 min).
3.2 WAC alleviates high fat diet-induced obesity and hepatic steatosis in non-alcoholic fatty liver disease mice
To determine the effect of WAC on NAFLD in vivo, a mouse model of NAFLD was constructed by feeding mice with HFD for 16 weeks, and WAC was given by gavage at 50 mg/kg/d for the next 6 weeks (Figure 2A). In terms of histopathology, WAC treatment significantly improved fat accumulation in the liver of HFD-fed mice (Figures 2B,I). Mice fed with HFD showed higher weight gain. weight gain was reduced after WAC treatment (Figures 2C–E). The liver index, inguinal adiposity index and epididymal adiposity index were significantly increased in HFD-fed mice, and the above indices were significantly reduced after 6 weeks of WAC treatment. HFD enhanced the adiposity index and WAC treatment reduced the adiposity index, suggesting that the weight loss was associated with a reduction in the amount of adiposity (Figures 2F–H). These results suggest that WAC treatment alleviates obesity and hepatic steatosis in HFD-induced NAFLD mice.
[image: Figure 2]FIGURE 2 | Effect of WAC on obesity and hepatic steatosis in HFD-induced NAFLD mice. (A) Animal experimentation process. (B) Pictures of liver morphology, HE staining and oil red O staining of liver sections after 6 weeks of WAC gavage. (C) Body condition of mice in each group after 6 weeks of WAC gavage. (D) Body weight changes in mice over 22 weeks. (E) Body weight gain in mice over 22 weeks. (F) Mouse liver index. (G) Index of inguinal adipose tissue in mice. (H) Adipose tissue index of mouse epididymis. (I) The positive areas of oil-red O staining were analyzed using ImageJ. Compared with HFD, * indicates p < 0.05 and ** indicates p < 0.01.
3.3 WAC ameliorates lipid metabolism disorders in high fat diet-induced non-alcoholic fatty liver disease mice
Excessive accumulation of hepatic lipids is due to a dysregulation of lipid metabolic homeostasis, which ultimately leads to hepatic steatosis. Mice fed HFD exhibited significantly higher serum TG and TC levels compared to mice in the ND group, and WAC treatment restored serum triglyceride and cholesterol levels to normal levels (Figures 3A,B). Elevated serum glucose in mice fed HFD was also reversed by WAC, restoring normal levels (Figure 3C), suggesting that WAC may regulate glucose metabolism in mice. Compared with mice in the ND group, serum levels of HDL were reduced and LDL levels were increased in mice fed HFD, and both reduced HDL levels and increased LDL levels were reversed after 6 weeks of WAC treatment (Figures 3D,E). In addition, the liver of HFD-induced NAFLD mice exhibited elevated TG and TC levels, which were significantly reduced after WAC treatment (Figures 3F,G). These results suggest that WAC treatment ameliorates metabolic disorders in HFD-induced NAFLD mice.
[image: Figure 3]FIGURE 3 | Effect of WAC on metabolic disorders in HFD-induced NAFLD mice. (A) Serum triglyceride levels. (B) Serum cholesterol levels. (C) Serum glucose levels. (D) Serum HDL levels. (E) Serum LDL levels. (F) Liver triglyceride levels in mice. (G) Liver cholesterol levels in mice. Compared with HFD, * indicates p < 0.05 and ** indicates p < 0.01.
3.4 WAC ameliorates OA-induced lipid accumulation in HepG2 cells
The cytotoxic effect of WAC was determined by cck-8, and 1.5 mg/ml was selected as the WAC concentration for the following in vitro experiments (Figure 4B). In vitro, lipid accumulation in HepG2 cells was induced with 0.5 mM OA. The effect of WAC on lipid accumulation in HepG2 cells was assayed by co-treatment of HepG2 cells with WAC and OA (Figure 4A). Compared with the NC group, the TG content of HepG2 cells in the OA group was significantly higher, whereas the TG content was significantly lower after treatment of HepG2 cells with WAC (Figure 4C). In contrast to the in vivo results, the OA-induced TC of HepG2 cells did not change, nor did WAC treatment cause changes in the TC of HepG2 cells (Figure 4D). The results of cytosolic oil red O staining showed a significant increase in lipid droplets in HepG2 cells in the OA group compared to the NC group. There was a decrease in lipid droplets in HepG2 cells in the WAC group compared to the OA group (Figure 4E). After HepG2 cells were incubated with OA for 24 h, lipid accumulation was detected by staining with BODIPY493/503 (a specific lipophilic probe), which showed that OA significantly promoted lipid accumulation in HepG2 cells, and the green fluorescence intensity of HepG2 cells in the WAC group was diminished (Figure 4F). These results suggest that in vitro, WAC ameliorates OA-induced lipid accumulation in HepG2 cells.
[image: Figure 4]FIGURE 4 | Effect of WAC on lipid accumulation in OA-induced HepG2 cells. (A) Cellular experimental procedures. (B) Cell viability. (C,D) Triglyceride and cholesterol levels in HepG2 cells. (E) Graph of oil red O staining results. (F) Graph of BODIPY staining results. Compared with OA, * indicates p < 0.05 and ** indicates p < 0.01.
3.5 WAC activates PI3K/AKT and AMPK in vivo
Total PI3K and AKT and their phosphorylation levels, AMPK and its phosphorylation levels were detected in vivo by western blotting. Mice in the HFD group had elevated PI3K and AKT protein levels, decreased phosphorylated PI3K and AKT protein levels, decreased p-PI3K/PI3K and p-AKT/AKT levels, and significantly increased AMPK and p-AMPK protein levels in the liver. Mice in the WAC group had decreased PI3K and AKT protein levels, increased phosphorylated PI3K and AKT protein levels, increased p-PI3K/PI3K and p-AKT/AKT levels, and increased p-AMPK/AMPK (Figures 5A,B). Liver SREBP-1c protein levels were significantly elevated in mice in the HFD group, and WAC treatment significantly decreased the elevated SREBP-1c protein levels (Figures 5C,D). The qRT-PCR results showed that WAC decreased the expression of the lipid synthesis genes FASN, ACC, SREBP-1c and SCD-1 caused by the high-fat diet (Figure 5E). These results suggest that WAC activates PI3K/AKT and AMPK and decreases SREBP-1c expression.
[image: Figure 5]FIGURE 5 | Effect of WAC on PI3K, AKT, AMPK phosphorylation and SREBP-1c protein expression in HFD-induced NAFLD mice. (A,B) Phosphorylation and total protein levels of PI3K, AKT, and AMPK in mouse liver. (C,D) Protein levels of SREBP-1c in mouse liver. (E) The mRNA levels of mouse liver FASN, ACC, SREBP-1c and SCD-1. Compared with HFD, * indicates p < 0.05 and ** indicates p < 0.01.
3.6 WAC activates PI3K/AKT and AMPK in vitro
In vitro, total PI3K and AKT and their phosphorylation levels, AMPK and p-AMPK protein levels were measured by protein blotting, and the trends were the same as in vivo. The phosphorylated PI3K and AKT protein levels were decreased, p-PI3K/PI3K levels were decreased, AMPK protein levels were significantly increased and p-AMPK protein levels were decreased in HepG2 cells of OA group. After WAC treatment of HepG2 cells, the above results were reversed (Figures 6A–D). As with the results of in vivo experiments, SREBP-1c protein levels were significantly elevated in HepG2 cells in the OA group compared with the NC group, and WAC treatment reversed the elevated SREBP-1 protein levels (Figures 6C,D). Immunofluorescence staining of OA and WAC-treated cells using SREBP-1c antibody showed that WAC significantly reduced SREBP-1c expression in HepG2 cells (Figure 6E). WAC decreased OA-induced mRNA expression of the elevated expression of the lipid synthesis genes FASN, ACC, SREBP-1c and SCD-1 (Figure 6F).
[image: Figure 6]FIGURE 6 | Effect of WAC on OA-induced PI3K, AKT, AMPK phosphorylation and SREBP-1c protein expression in HepG2 cells. (A,B) Phosphorylation of PI3K, AKT, AMPK and total protein levels in HepG2 cells. (C,D) Protein levels of SREBP-1c in HepG2 cells. (E) Graph of SREBP-1c immunofluorescence results. (F) mRNA levels of FASN, ACC, SREBP-1c and SCD-1 in HepG2 cells. Compared with OA, * indicates p < 0.05 and ** indicates p < 0.01.
3.7 WAC reduces lipogenesis in HepG2 cells
We further verified whether SREBP-1c acts as a target of WAC to reduce lipid synthesis. We treated HepG2 cells with the SREBP-1c inhibitor Fatostatin (FATO) in vitro and performed subsequent experiments (Figure 7A). After WAC treatment of HepG2 cells, TG was significantly reduced, but TC remained unchanged significantly (Figures 7B,C). Oil red staining and BODIPY493/503 staining also demonstrated that WAC reduced the number of lipid droplets and lipid accumulation (Figures 7D,E). The expression of adipogenesis-related proteins SCD1, FAS and DGAT2 was also examined, and WAC reduced the protein expression levels of SCD1, FAS and DGAT2 compared with the model group (Figure 7G). With the SREBP-1c inhibitor FATO, the trend of action was the same as that of WAC. The above results suggest that WAC reduces lipogenesis in HepG2 cells and is able to regulate the SREBP-1c pathway.
[image: Figure 7]FIGURE 7 | Effect of WAC on SREBP-1c in HepG2 cells. (A) Experimental procedure of cells after the addition of FATO. (B,C) Triglyceride and cholesterol levels in HepG2 cells. (D) Graph of oil red O staining results. (E) Graph of BODIPY staining results. (F) Graph of SREBP-1c immunofluorescence results. (G) SREBP-1c, SCD1, FAS, DGAT2 protein levels in HepG2 cells. Different letters represent significant differences.
4 DISCUSSION
HFD-fed C57BL/6 mice for 16 weeks were successfully constructed as a model of NAFLD. WAC intervention reversed the abnormal levels of TG, TC, GLU, HDL, LDL in serum and TG and TC in liver of mice induced by high-fat diet, and the results of liver pathology tests indicated that WAC reduced the number of hepatic lipid droplets. The results of in vitro experiments were also similar, indicating that WAC has the effect of promoting lipid metabolism and reducing the accumulation of lipids in the liver. By using LC/MS technology, Zhao et al. detected nine Nine chlorogenic acid analogues of AC, including chlorogenic acid, cryptochlorogenic acid, neochlorogenic acid, 3,5-dicaffeoylquinic acid, 4,5-dicaffeoylquinic acid, 3,4-dicaffeoylquinic acid, chlorogenic acid methyl ester, cryptochlorogenic acid methyl ester, neochlorogenic acid methyl ester (Zhao et al., 2014). The active components of WAC were identified by LC-MS. Recent studies have found that chlorogenic acid (CGA) inhibits adipocyte differentiation and triglyceride (TG) accumulation (Liu et al., 2021), and caffeic acid (CA) reduces gene expression related to fatty acid synthesis and improves hepatic steatosis (Kim et al., 2018), therefore, we hypothesize that the active substances of WAC that promote lipid metabolism are chlorogenic acid analogues.
PI3K/AKT signaling pathway plays an important role in the development of NAFLD (Huang et al., 2018; Santoleri and Titchenell, 2019). Insulin is recruited through insulin receptor substrate (IRS) and activates PI3K. Activated PI3K signals to its downstream target kinase AKT (Osorio-Fuentealba and Klip, 2015), which inhibits GSK3. GSK3 promotes the degradation of mature SREBP-1c (Cross et al., 1995), which mediates lipid metabolism (Lagathu et al., 2006). SREBP-1c is a major regulator of fatty acid synthesis in the liver (Osborne and Espenshade, 2022). It can control the amount of TG in vivo by regulating acetyl coenzyme A carboxylase 1 (ACC1), fatty acid synthase (FASN), stearoyl coenzyme A desaturase (SCD-1) and other enzymes or proteins related to fatty acid synthesis (Wang et al., 2015). In mouse liver and in vitro cultured HepG2 cells, we observed that HFD and OA impaired PI3K/AKT signaling pathway and up-regulated SREBP-1c protein expression, whereas WAC increased PI3K/AKT phosphorylation and decreased SREBP-1c expression. WAC decreased TG content and reduced lipid deposition in liver and HepG2 cells. Although there are no reports of WAC affecting NAFLD through the PI3K/AKT signaling pathway, it has been shown that chlorogenic acid prevents HFD-induced hepatic steatosis and may achieve this effect by modulating intestinal flora and increasing GLP-1 secretion (Jiang et al., 2022).
AMPK is a member of the serine/threonine kinase family and has the role of SREBP-1c, a factor that regulates energy homeostasis (Desjardins and Steinberg, 2018). In recent years, the AMPK signaling pathway has been shown to be associated with the alleviation of metabolic disorders in many studies on the treatment of NAFLD. Activation of AMPK signaling pathway is a common feature of NAFLD treatment (Chen et al., 2019; Zhou et al., 2021; Chen et al., 2022; Kim et al., 2022; Liao et al., 2022; Zhang and Feng, 2022). Activated AMPK signaling pathway in the liver reduces NAFLD mainly by reducing lipid production in the liver and regulating fatty acid oxidation in the liver (Day et al., 2017; von Loeffelholz et al., 2021). AMPK is an upstream kinase of SREBP-1c (Zhao et al., 2022). It can inhibit the expression of genes related to lipid synthesis such as SREBP-1c (Kim et al., 2020), and reduce hepatic TG synthesis. In this experiments, p-AMPK/AMPK and SREBP-1c protein expression were detected by western blotting. The results showed that WAC reversed the trend of decreased p-AMPK/AMPK protein expression and increased SREBP-1c expression in HFD mouse hepatocytes and OA-induced HepG2 cells. This indicated that the AMPK/SREBP-1c pathway was activated by WAC. The mRNA expression of the lipid synthesis genes FASN, ACC, SREBP-1c and SCD-1 was also observed by qRT-PCR. This showed that WAC significantly reduced the expression of the above lipid synthesis genes. In summary, WAC reduces TG synthesis in liver and HepG2 cells by activating PI3K/AKT pathway and AMPK to decrease SREBP-1c expression and alleviate hepatic steatosis.
SCD1, FAS and DGAT2 are all downstream factors of SREBP-1c. FAS and SCD1 are known to be involved in the ab initio synthesis, esterification and desaturation of fatty acids. DGAT2 catalyzes the final step of TG production and accelerates hepatic lipid synthesis (Liu et al., 2012; Shimano and Sato, 2017). We found that AMPK could regulate the expression of SREBP-1c. To verify whether SREBP-1c is the target of WAC action, we further inhibited SREBP-1c with inhibitors in vitro and found that the results after inhibition were consistent with the trend of WAC action results. The expression of SCD1, FAS, and DGAT2 were all inhibited after inhibition of SREBP-1c. The above results indicate that SREBP-1c is the pathway of WAC action, and WAC can regulate the SREBP-1c pathway and reduce lipogenesis in HepG2 cells.
Our experiments showed that WAC can activate PI3K/AKT pathway and AMPK and thus reduce hepatic TG synthesis, but there are some limitations. In this experiment, we did not investigate the specific relationship between PI3K/AKT pathway and AMPK each with SREBP-1c expression by further experiments. This is the focus of our follow-up study.
In summary, our in vivo and in vitro studies showed that WAC activates PI3K/AKT pathway, activates AMPK to promote SREBP-1c expression, thereby reducing hepatic TG synthesis and lipid synthesis (Figure 8). Therefore, AC could be used as a potential health herb for improving NAFLD and obesity.
[image: Figure 8]FIGURE 8 | Schematic diagram of the mechanism by which WAC improves NAFLD. WAC activates PI3K/AKT pathway, activates AMPK to promote SREBP-1c expression, thereby reducing hepatic TG synthesis and lipid synthesis.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
All experiments were conducted in accordance with the NEAU animal use and ethics policy. All animal experiments were approved by the Northeastern Agricultural University Experimental Animal Welfare and Ethics Committee (NEAUEC-20210219).
AUTHOR CONTRIBUTIONS
ML: Conceptualization; Data curation and analysis; Writing. MH: Validation; Data analysis. YG: Validation. YZ: Data curation. XX: Data curation. JX: Data curation. LF: Data curation. HW: Data curation. XJ: Review. WY: Review and editing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.1084435/full#supplementary-material
REFERENCES
 Boudreau, A., Richard, A. J., Burrell, J. A., King, W. T., Dunn, R., Schwarz, J. M., et al. (2018). An ethanolic extract of Artemisia scoparia inhibits lipolysis in vivo and has antilipolytic effects on murine adipocytes in vitro. Am. J. Physiol. Endocrinol. Metab. 315 (5), E1053–e1061. doi:10.1152/ajpendo.00177.2018
 Chalasani, N., Younossi, Z., Lavine, J. E., Charlton, M., Cusi, K., Rinella, M., et al. (2018). The diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from the American Association for the Study of Liver Diseases. Hepatology 67 (1), 328–357. doi:10.1002/hep.29367
 Chen, K., Chen, X., Xue, H., Zhang, P., Fang, W., Chen, X., et al. (2019). Coenzyme Q10 attenuates high-fat diet-induced non-alcoholic fatty liver disease through activation of the AMPK pathway. Food Funct. 10 (2), 814–823. doi:10.1039/c8fo01236a
 Chen, H., Nie, T., Zhang, P., Ma, J., and Shan, A. (2022). Hesperidin attenuates hepatic lipid accumulation in mice fed high-fat diet and oleic acid induced HepG2 via AMPK activation. Life Sci. 296, 120428. doi:10.1016/j.lfs.2022.120428
 Cho, A. S., Jeon, S. M., Kim, M. J., Yeo, J., Seo, K. I., Choi, M. S., et al. (2010). Chlorogenic acid exhibits anti-obesity property and improves lipid metabolism in high-fat diet-induced-obese mice. Food Chem. Toxicol. 48 (3), 937–943. doi:10.1016/j.fct.2010.01.003
 Choi, M. K., Han, J. M., Kim, H. G., Lee, J. S., Lee, J. S., Wang, J. H., et al. (2013). Aqueous extract of Artemisia capillaris exerts hepatoprotective action in alcohol-pyrazole-fed rat model. J. Ethnopharmacol. 147 (3), 662–670. doi:10.1016/j.jep.2013.03.065
 Cohen, J. C., Horton, J. D., and Hobbs, H. H. (2011). Human fatty liver disease: old questions and new insights. Science 332 (6037), 1519–1523. doi:10.1126/science.1204265
 Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., and Hemmings, B. A. (1995). Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. Nature 378 (6559), 785–789. doi:10.1038/378785a0
 Dai, Y., Dou, Z., Zhou, R., Luo, L., Bian, L., Chen, Y., et al. (2021). Quality evaluation of Artemisia capillaris Thunb. Based on qualitative analysis of the HPLC fingerprint and UFLC-Q-TOF-MS/MS combined with quantitative analysis of multicomponents. J. Anal. Methods Chem. 2021, 5546446. doi:10.1155/2021/5546446
 Day, E. A., Ford, R. J., and Steinberg, G. R. (2017). AMPK as a therapeutic target for treating metabolic diseases. Trends Endocrinol. Metab. 28 (8), 545–560. doi:10.1016/j.tem.2017.05.004
 Desjardins, E. M., and Steinberg, G. R. (2018). Emerging role of AMPK in Brown and beige adipose tissue (BAT): Implications for obesity, insulin resistance, and type 2 diabetes. Curr. Diab. Rep. 18 (10), 80. doi:10.1007/s11892-018-1049-6
 Diehl, A. M., and Day, C. (2017). Cause, pathogenesis, and treatment of nonalcoholic steatohepatitis. N. Engl. J. Med. 377 (21), 2063–2072. doi:10.1056/NEJMra1503519
 Fukuda, T., Hamaguchi, M., Kojima, T., Mitsuhashi, K., Hashimoto, Y., Ohbora, A., et al. (2016). Transient remission of nonalcoholic fatty liver disease decreases the risk of incident type 2 diabetes mellitus in Japanese men. Eur. J. Gastroenterol. Hepatol. 28 (12), 1443–1449. doi:10.1097/meg.0000000000000736
 Galluzzi, L., Vitale, I., Aaronson, S. A., Abrams, J. M., Adam, D., Agostinis, P., et al. (2018). Molecular mechanisms of cell death: Recommendations of the nomenclature committee on cell death 2018. Cell Death Differ. 25 (3), 486–541. doi:10.1038/s41418-017-0012-4
 Garcia, D., and Shaw, R. J. (2017). AMPK: Mechanisms of cellular energy sensing and restoration of metabolic balance. Mol. Cell 66 (6), 789–800. doi:10.1016/j.molcel.2017.05.032
 Garcia, D., Hellberg, K., Chaix, A., Wallace, M., Herzig, S., Badur, M. G., et al. (2019). Genetic liver-specific AMPK activation protects against diet-induced obesity and NAFLD. Cell Rep. 26 (1), 192–208. doi:10.1016/j.celrep.2018.12.036
 Hardie, D. G. (2015). AMPK: Positive and negative regulation, and its role in whole-body energy homeostasis. Curr. Opin. Cell Biol. 33, 1–7. doi:10.1016/j.ceb.2014.09.004
 Horton, J. D., Goldstein, J. L., and Brown, M. S. (2002). SREBPs: activators of the complete program of cholesterol and fatty acid synthesis in the liver. J. Clin. Invest. 109 (9), 1125–1131. doi:10.1172/jci15593
 Hsueh, T. P., Lin, W. L., Dalley, J. W., and Tsai, T. H. (2021). The pharmacological effects and pharmacokinetics of active compounds of Artemisia capillaris. Biomedicines 9 (10), 1412. doi:10.3390/biomedicines9101412
 Huang, X., Liu, G., Guo, J., and Su, Z. (2018). The PI3K/AKT pathway in obesity and type 2 diabetes. Int. J. Biol. Sci. 14 (11), 1483–1496. doi:10.7150/ijbs.27173
 Huang, D. Q., El-Serag, H. B., and Loomba, R. (2021). Global epidemiology of NAFLD-related HCC: trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 18 (4), 223–238. doi:10.1038/s41575-020-00381-6
 Huang, G., Zhu, Y., Yong, C., Tian, F., Liu, L., Wu, Q., et al. (2022). Artemisia capillaris Thunb. water extract attenuates adriamycin-induced renal injury by regulating apoptosis through the ROS/MAPK axis. J. Food Biochem. 46 (2), e14065. doi:10.1111/jfbc.14065
 Irimia, J. M., Meyer, C. M., Segvich, D. M., Surendran, S., DePaoli-Roach, A. A., Morral, N., et al. (2017). Lack of liver glycogen causes hepatic insulin resistance and steatosis in mice. J. Biol. Chem. 292 (25), 10455–10464. doi:10.1074/jbc.M117.786525
 Jiang, H., Mao, T., Liu, Y., Tan, X., Sun, Z., Cheng, Y., et al. (2022). Protective effects and mechanisms of yinchen linggui zhugan decoction in HFD-induced nonalcoholic fatty liver disease rats based on network Pharmacology and experimental verification. Front. Pharmacol. 13, 908128. doi:10.3389/fphar.2022.908128
 Kamikubo, R., Kai, K., Tsuji-Naito, K., and Akagawa, M. (2016). β-Caryophyllene attenuates palmitate-induced lipid accumulation through AMPK signaling by activating CB2 receptor in human HepG2 hepatocytes. Mol. Nutr. Food Res. 60 (10), 2228–2242. doi:10.1002/mnfr.201600197
 Kim, H. M., Kim, Y., Lee, E. S., Huh, J. H., and Chung, C. H. (2018). Caffeic acid ameliorates hepatic steatosis and reduces ER stress in high fat diet-induced obese mice by regulating autophagy. Nutrition 55-56, 63–70. doi:10.1016/j.nut.2018.03.010
 Kim, M. H., Seong, J. B., Huh, J. W., Bae, Y. C., Lee, H. S., and Lee, D. S. (2020). Peroxiredoxin 5 ameliorates obesity-induced non-alcoholic fatty liver disease through the regulation of oxidative stress and AMP-activated protein kinase signaling. Redox Biol. 28, 101315. doi:10.1016/j.redox.2019.101315
 Kim, E., Jang, E., and Lee, J. H. (2022). Potential roles and key mechanisms of hawthorn extract against various liver diseases. Nutrients 14 (4), 867. doi:10.3390/nu14040867
 Lagathu, C., Yvan-Charvet, L., Bastard, J. P., Maachi, M., Quignard-Boulangé, A., Capeau, J., et al. (2006). Long-term treatment with interleukin-1beta induces insulin resistance in murine and human adipocytes. Diabetologia 49 (9), 2162–2173. doi:10.1007/s00125-006-0335-z
 Li, X., Yao, Y., Wang, Y., Hua, L., Wu, M., Chen, F., et al. (2022). Effect of hesperidin supplementation on liver metabolomics and gut microbiota in a high-fat diet-induced NAFLD mice model. J. Agric. Food Chem. 70 (36), 11224–11235. doi:10.1021/acs.jafc.2c02334
 Liao, M., Sun, C., Li, R., Li, W., Ge, Z., Adu-Frimpong, M., et al. (2022). Amelioration action of gastrodigenin rhamno-pyranoside from Moringa seeds on non-alcoholic fatty liver disease. Food Chem. 379, 132087. doi:10.1016/j.foodchem.2022.132087
 Liu, Q., Siloto, R. M., Lehner, R., Stone, S. J., and Weselake, R. J. (2012). Acyl-CoA:diacylglycerol acyltransferase: molecular biology, biochemistry and biotechnology. Prog. Lipid Res. 51 (4), 350–377. doi:10.1016/j.plipres.2012.06.001
 Liu, M., Qin, J., Cong, J., and Yang, Y. (2021). Chlorogenic acids inhibit adipogenesis: Implications of wnt/β-catenin signaling pathway. Int. J. Endocrinol. 2021, 2215274. doi:10.1155/2021/2215274
 Lonardo, A., Byrne, C. D., Caldwell, S. H., Cortez-Pinto, H., and Targher, G. (2016). Global epidemiology of nonalcoholic fatty liver disease: Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 64 (4), 1388–1389. doi:10.1002/hep.28584
 Luo, P., Dai, W., Yin, P., Zeng, Z., Kong, H., Zhou, L., et al. (2015). Multiple reaction monitoring-ion pair finder: a systematic approach to transform nontargeted mode to pseudotargeted mode for metabolomics study based on liquid chromatography-mass spectrometry. Anal. Chem. 87 (10), 5050–5055. doi:10.1021/acs.analchem.5b00615
 Osborne, T. F., and Espenshade, P. J. (2022). Lipid balance must be just right to prevent development of severe liver damage. J. Clin. Invest. 132 (11), e160326. doi:10.1172/jci160326
 Osorio-Fuentealba, C., and Klip, A. (2015). Dissecting signalling by individual Akt/PKB isoforms, three steps at once. Biochem. J. 470 (2), e13–e16. doi:10.1042/bj20150750
 Ratziu, V., Francque, S., and Sanyal, A. (2022). Breakthroughs in therapies for NASH and remaining challenges. J. Hepatol. 76 (6), 1263–1278. doi:10.1016/j.jhep.2022.04.002
 Samovski, D., Sun, J., Pietka, T., Gross, R. W., Eckel, R. H., Su, X., et al. (2015). Regulation of AMPK activation by CD36 links fatty acid uptake to β-oxidation. Diabetes 64 (2), 353–359. doi:10.2337/db14-0582
 Santoleri, D., and Titchenell, P. M. (2019). Resolving the paradox of hepatic insulin resistance. Cell. Mol. Gastroenterol. Hepatol. 7 (2), 447–456. doi:10.1016/j.jcmgh.2018.10.016
 Shimano, H., and Sato, R. (2017). SREBP-Regulated lipid metabolism: convergent physiology - divergent pathophysiology. Nat. Rev. Endocrinol. 13 (12), 710–730. doi:10.1038/nrendo.2017.91
 Tang, H., Yu, R., Liu, S., Huwatibieke, B., Li, Z., and Zhang, W. (2016). Irisin inhibits hepatic cholesterol synthesis via AMPK-SREBP2 signaling. EBioMedicine 6, 139–148. doi:10.1016/j.ebiom.2016.02.041
 von Loeffelholz, C., Coldewey, S. M., and Birkenfeld, A. L. (2021). A narrative review on the role of AMPK on de novo lipogenesis in non-alcoholic fatty liver disease: Evidence from human studies. Cells 10 (7), 1822. doi:10.3390/cells10071822
 Wang, Y., Viscarra, J., Kim, S. J., and Sul, H. S. (2015). Transcriptional regulation of hepatic lipogenesis. Nat. Rev. Mol. Cell Biol. 16 (11), 678–689. doi:10.1038/nrm4074
 Want, E. J., Masson, P., Michopoulos, F., Wilson, I. D., Theodoridis, G., Plumb, R. S., et al. (2013). Global metabolic profiling of animal and human tissues via UPLC-MS. Nat. Protoc. 8 (1), 17–32. doi:10.1038/nprot.2012.135
 Xie, C., Chen, Z., Zhang, C., Xu, X., Jin, J., Zhan, W., et al. (2016). Dihydromyricetin ameliorates oleic acid-induced lipid accumulation in L02 and HepG2 cells by inhibiting lipogenesis and oxidative stress. Life Sci. 157, 131–139. doi:10.1016/j.lfs.2016.06.001
 Yuan, H. J., Li, W., Jin, J. M., Chen, J. J., Jiang, J., Wang, H., et al. (2017). Research progress on chemical constituents, pharmacological mechanism and clinical application of Guizhi decoction. Zhongguo Zhong Yao Za Zhi 42 (23), 4556–4564. doi:10.19540/j.cnki.cjcmm.20170928.010
 Zhang, J., and Feng, Q. (2022). Pharmacological effects and molecular protective mechanisms of Astragalus polysaccharides on nonalcoholic fatty liver disease. Front. Pharmacol. 13, 854674. doi:10.3389/fphar.2022.854674
 Zhao, Y., Geng, C. A., Ma, Y. B., Huang, X. Y., Chen, H., Cao, T. W., et al. (2014). UFLC/MS-IT-TOF guided isolation of anti-HBV active chlorogenic acid analogues from Artemisia capillaris as a traditional Chinese herb for the treatment of hepatitis. J. Ethnopharmacol. 156, 147–154. doi:10.1016/j.jep.2014.08.043
 Zhao, X., Xue, X., Wang, C., Wang, J., Peng, C., and Li, Y. (2022). Emerging roles of sirtuins in alleviating alcoholic liver disease: A comprehensive review. Int. Immunopharmacol. 108, 108712. doi:10.1016/j.intimp.2022.108712
 Zhou, F., Ding, M., Gu, Y., Fan, G., Liu, C., Li, Y., et al. (2021). Aurantio-obtusin attenuates non-alcoholic fatty liver disease through AMPK-mediated autophagy and fatty acid oxidation pathways. Front. Pharmacol. 12, 826628. doi:10.3389/fphar.2021.826628
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liang, Huo, Guo, Zhang, Xiao, Xv, Fang, Li, Wang, Dong, Jiang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-1084435-g005.gif
s e

Bl G G

[ra— "





OPS/images/fphar-13-1084435-g006.gif





OPS/images/fphar-13-1084435-g003.gif
w
= m e
£ . )
- 1§48
Ucair.t!nxlicoallil.‘i;ﬁ
w2
s
" :
] o 2
,,,,,, Tiiiis
2 ot ki mdins:
§
o £ :
i & B
:
1 i 2 I
- 2 H 8 @ @ 3
DI R N B





OPS/images/fphar-13-1084435-g004.gif





OPS/images/fphar-13-1084435-t001.jpg
Feed components

Crude protein
Crude fat

Crude fiber
Crude ash content
Water content
Calcium

Total phosphorus

Ratio (%)

192
144
38
40
92
082
0.69





OPS/images/fphar-13-1084435-g007.gif





OPS/images/fphar-13-1084435-g008.gif
- — B






OPS/xhtml/nav.xhtml
Contents

		Cover

		Aqueous extract of Artemisia capillaris improves non-alcoholic fatty liver and obesity in mice induced by high-fat diet		1 Introduction

		2 Materials and methods		2.1 Preparation of WAC

		2.2 Identification of WAC active ingredients by LC-MS

		2.3 Experimental grouping and sample collection

		2.4 Detection of major lipid indicators and glucose in blood and liver tissues

		2.5 Histological tests for liver pathology

		2.6 Western blot analysis

		2.7 HepG2 cell culture and drug treatment

		2.8 HepG2 cell viability assay

		2.9 HepG2 cell lipid droplet observation

		2.10 Detection of TC and TG content in HepG2 cells

		2.11 Immunofluorescence assay

		2.12 qRT-PCR analysis

		2.13 Statistical analysis of data





		3 Results		3.1 LC-MS analysis of WAC

		3.2 WAC alleviates high fat diet-induced obesity and hepatic steatosis in non-alcoholic fatty liver disease mice

		3.3 WAC ameliorates lipid metabolism disorders in high fat diet-induced non-alcoholic fatty liver disease mice

		3.4 WAC ameliorates OA-induced lipid accumulation in HepG2 cells

		3.5 WAC activates PI3K/AKT and AMPK in vivo

		3.6 WAC activates PI3K/AKT and AMPK in vitro

		3.7 WAC reduces lipogenesis in HepG2 cells





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Aqueous extract of Artemisia
capillaris improves non-
alcoholic fatty liver and obesity
in mice induced by high-fat diet





OPS/images/fphar-13-1084435-t004.jpg
Antibodies and Reagents

Rabbit anti-PI3K(A11402, 1:500)

Rabbit anti-p-PI3K(A4992, 1:500)

Rabbit anti-AKT(A18120, 1:500)

Rabbit anti-p-AKT(AP1068, 1:500)

Rabbit anti-AMPK(WL02254, 1:1000)

Rabbit anti-p-AMPK(WL05103, 1:1000)
Rabbit anti-SREBP-1c(WL02093, 1:1000)
Rabbit anti-SCD1(A15606, 1:1000)

Rabbit anti-FAS(WL03376, 1:1000)

Rabbit anti-DGAT2(A13891, 1:1000)

Rabbit anti-p-tubulin(AC008, 1:10000)

Rabbit anti-SREBP-1¢(A15586, 1:200)

Goat Anti-rabbit IgG/FITC antibody(bs-0295G-FITC)
BODIPY 493/503

DAPI staining solution(BL105A)

Fatostatin (125B11)

BioRT Master HiSensi cDNA First Strand Synthesis kit
BioEasy Master Mix (SYBR Green)(BSB25LIB)
High glucose DMEM(cat.no.SH30022.01)

Fetal Bovine Serum(WHRTNA101-1)
Penicillin-Streptomycin mixture

Oleic acid

High fat diet and normal diet

Producer

Abelonal, Wuhan, China
Abclonal, Wuhan, China
Abclonal, Wuhan, China
Abelonal, Wuhan, China
Wanleibio, Shenyang, China
Wanleibio, Shenyang, China
Biodragon, Suzhou, China
Abelonal, Wuhan, China
Wanleibio, Shenyang, China
Abelonal, Wuhan, China
Abclonal, Wuhan, China
Abelonal, Wuhan, China
Bioss, Beijing, China

yuanye, Shanghai, China
Biosharp, Hefei, China

MCE, Shanghai, China
Boster, USA

Boster, USA

HyClone, Shanghai, China
Wohong, Shijiazhuang, China
Solarbio, Beijing, China
yuanye, Shanghai, China
Xiaoshuyoutai, Beijing, China





OPS/images/fphar-13-1084435-g001.gif





OPS/images/fphar-13-1084435-g002.gif





OPS/images/fphar-13-1084435-t003.jpg
Name

FASN
ACC
SREBP-1c
SCD-1

Forward 5-3"

TAAAGCATGACCTCGTGATGAA
GGCCAGTGCTATGCTGAGAT
GCTACCGGTCTTCTATCAATGA
AACATTCAATCCCGGGAGAATA

Reverse 5-3"

GAAGTTCAGTGAGGCGTAGTAG
AGGGTCAAGTGCTGCTCCA
CGCAAGACAGCAGATTTATTCA
GAAACTTTCTTCCGGTCGTAAG





OPS/images/fphar-13-1084435-t002.jpg
Energy value Ratio (%)

Protein 208

Fat 349
Carbaohydrate 443









OPS/images/crossmark.jpg
©

|





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





