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In this study, the following four groups of mice with hyperlipidemia were involved: the model control group (MC), the Chrysanthemum flavonoids group (CF), the luteolin group, and the luteoloside group. The whole gene expression profile was detected in the liver tissues of each group. Differential genes significantly enriched in the biological process of gene ontology (GO) items and Kyoto Encyclopedia of Genes and Genomes (KEGG) were selected, and 4 differential genes related to lipid metabolism were selected for further real-time quantitative PCR verification. Compared with the MC, 41 differential genes such as Sqle, Gck, and Idi1 were screened in the CF intervention group; 68 differential genes such as Acsl3, Cyp7a1, and Lpin1 were screened in the luteolin intervention group (CF); and 51 differential genes such as Acaca, Cyp7a1, and Lpin1 were screened in the luteoloside group. The mechanism of CF to improve hyperlipidemia is very complex, mainly involving biological processes such as cholesterol and fatty acid metabolism and glycolysis, luteolin mainly involves the synthesis and transport of cholesterol, and luteoloside mainly involves fatty acid metabolism. The functional pathways of CF may not be completely the same as luteolin and luteoloside, and further study is needed on the mechanism of action of other components.
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Introduction

Hyperlipidemia refers to one or more metabolic diseases with abnormal blood lipids (1). Most patients with hyperlipidemia have no obvious clinical symptoms, but it is a major risk factor for cardiovascular and cerebrovascular diseases (2). The 2015 Survey in China showed that the rate of dyslipidemia among adults was 40.4%. In view of the limitations of clinical lipid-lowering drugs, several studies are focusing on the lipid-lowering efficacy and application of natural products. Phytochemicals can be further developed as a potential new natural, safe, and efficient lipid-lowering drugs because of their cheap, safe, and efficient characteristics. The known phytochemicals with lipid-lowering effects are phytosterols, phenols, saponins, alkaloids, organic sulfides, and lectins (3).

At present, the research on the lipid-lowering activity of flavonoids is more and more extensive and in-depth. Foodborne flavonoids can improve lipid metabolism and prevent cardiovascular disease (4–6). The lipid-lowering activity of flavonoids may be achieved by affecting a variety of lipid metabolism pathways in the intestine and the liver, such as inhibiting intestinal absorption of lipids and increasing lipid excretion (7, 8), activating adenylate-activated protein kinase (AMPK) so as to promote lipid catabolism or inhibit lipid synthesis (9), and regulating microRNAs (miRNAs) with the function of regulating lipid metabolism (10).

Chrysanthemum has been used mainly in traditional herbal teas and beverages, and various studies have shown that it has biological activities to lower blood lipids and fight obesity. Chrysanthemum extract alleviated the fatty liver in mice by the PPARα-mediated pathway (11). After enzymatic treatment, lipid accumulation and production in obese male mice induced by a high-fat diet were reduced (12). In vitro, it inhibited adipogenesis by inhibiting mitosis in the early differentiation of 3T3-L1 cells (13). In vivo and in vitro experiments have shown that chrysanthemum can activate the AMPK pathway to inhibit fat production (14, 15).

In our previous study, we compared the effects of Chrysanthemum flavonoids (CF), luteolin, and luteoloside, on improving blood lipid and liver steatosis, and found that the preliminary mechanism may be related to antioxidant levels and enzymes related to regulating fatty acid, cholesterol, and triglyceride metabolism in the liver (16). In this study, differential genes are screened out by a gene chip, and the molecular mechanism of their function is further discussed from the biological process and signal pathway.



Materials and methods


Materials

The animal ethics approval was 2015ZDSYLL004.0. We selected liver tissues from the pre-study animals (16) for whole gene expression profiling to explore the mechanism of lipid lowering, with three samples from each group. The Agilent SurePrint G3 Rat GE V2.0 Microarray (8*60K,Design ID:074036) was used in this experiment, provided by Shanghai Ouyi Biomedical Technology Co., Ltd., the chip contains 45,738 probes.



Extraction of total ribonucleic acid from liver tissue

Total ribonucleic acid (RNA) of liver tissue was extracted from 100 mg liver tissue using mirVana™ RNA Isolation Kit, AM1561 Kit. The total RNA was preserved at -80°C. NanoDrop ND-2000 (Thermo Fisher Scientific, China) was used to detect the absorbance of the extracted RNA at 260 and 280 nm, and the concentration of the total RNA was calculated. Agilent Bioanalyzer 2100 (Agilent, United States) was used to carry out the integrity test (with 2100RIN ≥ 7 and 28/18 s ≥ 0.7 as the qualified standard) before the gene chip test can be carried out. Three samples from each group were randomly selected for follow-up chip experiments.



Expression gene profile detection

An amount of 0.2 μg of total RNA was taken, and 2.5 μl of deionized water and 2.8 μl of the reaction mixture (2 μl of Spike Mix and 0.8 μl of T7 Promoter Prime) were added. After mixing using centrifugation, denaturing for 10 min at 65°C and ice bath for 5 min were performed. A volume of 2 μl of 5 × First-Strand Buffer (preheat at 80°C for 3 min) was taken, 1 μl of 0.1 m dithiothreitol (DTT), 0.5 μl of 10 mM deoxyribonucleoside triphosphate (dNTP) mix, and 1.2 μl of AffinityScript Rnase BLock Mix were added, the sample was mixed well, and then the RNA was added. Reaction PCR was performed after mixing and centrifugation (40°C for 2 h, 70°C for 15 min, and ice bath for 5 min). All reagents were obtained from Agilent Low Input Fast Amplifier Labeling kit (Agilent, United States).



Synthesis and purification of fluorescently labeled cDNA

Notably, 0.75 μl of H2O, 3.2 μl of 5 × transcription buffer, 0.6 μl of 0.1 m DTT, 1 μl of NTP mix, 0.21 μl of Cy3-CT (to avoid light), and 0.24 μl of T7 RNA polymerase blend were added into the sample tube and allowed to react for 2 h at 40°C. Then, 84 μl of enzyme-free water, 350 μl of BufferRLT, and 250 μl of anhydrous ethanol were added and the sample was centrifuged for 30 s (4°C, 2,500 rpm) to discard the filtrate. Next, 500 μl of buffer RPE was added to wash the filtrate two times. After washing, 30 μl of non-enzyme water was added, the sample was centrifuged (4°C, 10,000 g) for 1 min, and then the filtrate was collected. All reagents were obtained from Agilent Low Input Fast Amplifier Labeling kit (Agilent, United States).



Determination of cRNA concentration

The concentration of purified RNA was determined by NanoDrop ND-2000 (Thermo Fisher Scientific, China). After adjusting to zero with water, 1 μl of the sample was used to determine and record the concentration of cRNA and the content of fluorescence. The specific calculation formula was given as follows: cRNA content (μg) = cRNA concentration (ng/μl) × 30 μl/1,000; Cy3-incorporation rate (pmol/μg) = Cy3-concentration/cRNA concentration (ng/μl) × 1,000.



Sample fragmentation and chip hybridization of cRNA

The hybrid furnace was preheated at 65°C, and a fragmentation mixture was added and then placed in the ice bath for 1 min. cRNA from Fragmentation Mix and 2 × GE Hyb Hi-RPM Buffer were added. The cover was removed from the hybrid rack, and samples were added to each hole of the chip. The required hybrid chip was taken out, the Agilent marker was covered face down horizontally, the hybridization device was assembled and tightened, and the chip was turned clockwise three times to fully combine the hybrid liquid with the probe. The hybrid frame was placed in a hybrid furnace for 17 h for rolling hybridization under the condition of 65°C and 10 rpm.



Chip washing and scanning

The chip was washed three times in the washing cylinder. The chip was put forward slowly to ensure that there were no residual water droplets, and the chip was carefully placed face up into the scanning rack. Agilent scanner G2505C (Agilent, United States) was used to scan the chip.



Screening of differential genes

The fluorescence signal values of the images were processed by Feature Extraction and standardized by GeneSpring 13.1 (Agilent, United States). Taking the difference significance P-value and difference multiple (fold change, Fc) value as reference, the differential genes were screened according to the absolute value of Fc ≥ 2 and P ≤ 0.05. The functions and pathways of annotated differential genes were analyzed.



Real-time fluorescence quantitative PCR verification

Quantification was performed with a two-step reaction process, namely, reverse transcription (RT) and PCR. Each RT reaction had two steps. The first step was to add 0.5 μg of RNA, 2 μl of 4 × gDNA wiper mix, and nuclease-free H2O to 8 μl. The sample was allowed to react for 2 min at 42°C. The second step was to add 2 μl of 5 × HiScript II Q RT SuperMix IIa. The sample was allowed to react for 10 min at 25°C, 30 min at 50°C, and 5 min at 85°C. The 10 μl of RT reaction mix was then diluted 10 times in nuclease-free H2O and held at -20°C. Real-time PCR was performed with a 10-μl PCR reaction mixture that included 1 μl of cDNA, 5 μl of 2 × QuantiFast® SYBR® Green PCR Master Mix (Qiagen, Germany), 0.2 μl of forward primer, 0.2 μl of reverse primer, and 3.6 μl of nuclease-free H2O. Reactions were incubated in a 384-well optical plate (Roche, Swiss) at 95°C for 5 min, followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. The primer sequences (Table 1) were designed in the laboratory and synthesized by Generay Biotech (Generay, PRC). The expression levels of mRNAs were normalized to ACTB and were calculated using the 2–ΔΔCt method [Livak and Schmittgen, (17)].


TABLE 1    Primer sequences of qPCR verified genes.
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Statistical analysis

The data were analyzed using SPSS16.0 (IBM, United States), which was expressed as mean ± standard deviation, and a P-value of < 0.05 was considered statistically significant.




Results


Chip hybrid scan image

In the scatter plot (Figure 1), each point represents a probe, the horizontal axis represents the sample fluorescence signal value of the intervention group, and the longitudinal axis represents the sample fluorescence signal value of the model control group (MC), which on the y = x line indicate that the signal values of the two samples are equal (multiple of difference Fc = 1). The point that fall above the line (y = x) represents upregulation and that fall below the line represents downregulation.
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FIGURE 1
Scatter plot of intervention groups compared with the model control group. (A) Scatter plot of fluorescence signal values in chrysanthemum flavonoids intervention group (CF) and model control group. (B) Scatter plot of fluorescence signal values in luteolin intervention group and model control group. (C) Scatter plot of fluorescence signal values in luteoloside intervention group and model control group.




Screening of differential genes between intervention group and model control group

Figure 2 shows a differential gene volcano map of MC and intervention groups, the horizontal axis represents the logarithm of the Fc based on 2, and the vertical axis represents the negative logarithm of the P-value with the base of 10. Red represents significantly upregulated genes, and blue represents significantly downregulated genes. Compared with the MC, there were 427 differential genes in the CF intervention group (260 downregulated genes and 167 upregulated genes significantly), 451 differential genes in the luteolin intervention group (335 downregulated genes and 116 upregulated genes significantly), and 420 differential genes in the luteoloside intervention group (260 downregulated genes and 160 upregulated genes significantly).
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FIGURE 2
A differential gene volcano map of intervention groups compared with the model control group. (A) Volcano map of model control group and chrysanthemum flavonoids intervention group. (B) Volcano map of model control group and luteolin intervention group. (C) Volcano map of model control group and luteoloside intervention group.




GO analysis of differential genes between intervention group and model control group

The selected differential genes were functionally annotated by the GO database, which can be divided into three parts. P ≤ 0.05 indicates that the differential genes are significantly enriched in the GO entry. Table 2 shows the number of significantly enriched items in the three GO plates in different intervention groups compared with the MC. The first 20 GO items with significant enrichment of differential genes in each plate are shown in Figure 3.


TABLE 2    Functional classification of differentially expressed genes.
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FIGURE 3
First 20 GO items with significant enrichment of differential genes in each plate. (A) CF group vs. model control group. (B) Luteolin group vs. model control group. (C) Luteoloside group vs. model control group.




KEGG analysis of differential genes between intervention group and model control group

The differential genes were analyzed by KEGG. A P-value of < 0.05 indicates a significant enrichment of differential genes. The results showed that there were 186 annotable items in the CF group compared with the MC, among which 13 were significantly enriched. There were 187 annotable items in the luteolin group compared with the MC, among which 26 were significantly enriched. There were 180 annotable items in the luteoloside group compared with the MC, among which 18 were significantly enriched. The top 20 significantly enriched pathways in each group are shown in Figure 4.
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FIGURE 4
KEGG analysis of differential gene significant enrichment pathways (top 20). (A) CF group vs. model control group. (B) Luteolin group vs. model control group. (C) Luteoloside group vs. model control group.




Comprehensive analysis and verification gene selection

Differential genes significantly enriched in the biological process of GO items and KEGG were selected (the number of genes in each intervention group is shown in Figure 5), and 4 differential genes related to lipid metabolism were selected for further real-time quantitative PCR verification. KEGG items with a significant enrichment and GO biological process items involved in chip results are summarized in Table 3.
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FIGURE 5
The number of genes in each intervention group. (A) CF group vs. model control group. (B) Luteolin group vs. model control group. (C) Luteoloside group vs. model control group.



TABLE 3    Differential genes both significantly enriched in KEGG and GO biological process items.
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RT-PCR verification results of the intervention group and the model control group

The comparison between the RT-PCR and gene chip results is shown in Figure 6. The expression trend is completely the same, suggesting that the data of the gene chip are reliable. As shown in Table 4, compared with the MC, in the luteolin intervention group, the expression of Acsl3 and Cyp7a1 was significantly upregulated, and the expression of Lpin1 was significantly downregulated, while there was no statistical difference in Gpam expression downregulation; in the CF intervention group, the expression of Sqle, Gck, and Idi1 was statistically and significantly downregulated, while there was no statistical difference in Gpam expression downregulation; in the luteoloside intervention group, the expression of Acaca and Cyp7a1 was significantly upregulated and the expression of Lpin1 was significantly downregulated, while there was no statistical difference in Angptl4 expression downregulation.
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FIGURE 6
The comparison between the RT-PCR and gene chip results. Compared with the model control group: *P < 0.05; **P < 0.01.



TABLE 4    Gene expression verified by real-time PCR.
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Discussion

The results suggest that compared with the normal control group, mice with hyperlipidemia have different biological processes that may involve monounsaturated fatty acid biosynthesis processes, cellular response to insulin stimulation, steroid decomposition processes, and response to fatty acids. The involved signaling pathways include the PPAR signaling pathway, biosynthesis of unsaturated fatty acids, and fatty acid metabolism.

In this experiment, differential genes in the intervention group and MC were screened and 4 genes related to lipid metabolism were selected for RT-PCR verification. Compared with the MC, 41 genes were both significantly enriched in GO and KEGG analyses in the CF intervention group. The results of gene verification are consistent with the trend of gene chip. Sqle, Gck, and Idi1 were significantly downregulated. Squalene cyclooxygenase (Sqle) is a rate-limiting and first oxygenation enzyme of cholesterol biosynthesis and is considered a proto-oncogene. Sqle induced the development of non-alcoholic fatty liver disease (NAFLD) by inducing cholesterol biosynthesis and Sqle/CA3-axis-mediated adipogenesis in Sqle overexpression transgenic mice (18). Meanwhile, SQLE silencing can limit the occurrence of liver tumors induced by NAFLD (19). The results of our previous animal experiments also support the idea that the intervention group of CF improved the hepatic steatosis of hyperlipidemic rats (16). Gluckinase (GCK) is a key enzyme regulating insulin release and the first step in catalyzing glycolysis in the liver (20). Its genetic polymorphisms are associated with susceptibility to gestational diabetes. Studies have shown that the GCK RS1799884 mutation is associated with a higher incidence of gestational diabetes mellitus (GDM) in the Chinese population (21). Its expression is also associated with hyperlipidemia, and the molecular mechanism of the regulation of hyperlipidemia by instant dark tea (IDT) has been demonstrated in rats fed with a high-fat diet and is related to the significant influence on the expression of glycoly-related genes such as GCK (22). Isoprene diphosphate isomerase (IDI) is involved in the biosynthesis of isoprene-like cholesterol, and there are two subtypes in humans, namely, IDI1 and IDI2 (23). IDI1 plays a regulatory role in atrial lipotoxic myopathy associated with atrial enlargement (24). Studies have shown that polygala tenuifolia extract (PTE) has anti-obesity activity, and its mechanism is related to the expression of genes involved in lipid and cholesterol metabolisms in the liver, such as IDI1 (25). Glycerol-3-phosphate acyltransferase mitochondrial (GPAM), also known as GPAT1, is a member of the GPAT gene family. Its protease is the first step in the biosynthesis of triglycerides and phospholipids (26). The expression of GPAM can induce the formation of at least 50% triglycerides in the liver and adipose tissue (27). GPAM can further affect the expression of mRNA of key enzymes in the second step of triglyceride synthesis to regulate lipid metabolism (28). In contrast, the expression of GPAM is consistent with the results of the gene chip, but there was no statistically significant. CF may be related to the expression of genes related to glycolysis and cholesterol metabolism in the liver, and the effect on triglyceride metabolism may not be the main way to improve hyperlipidemia.

Compared with the MC, 68 genes were both significantly enriched in GO and KEGG analyses in the luteolin intervention group. The results of gene verification are consistent with the trend of gene chip. Acsl3 and Lpin1 were significantly downregulated, and Cyp7a1 was significantly upregulated. Cholesterol 7 α-hydroxylase (CYP7A) catalyzes the synthesis of bile acid in the liver and maintains cholesterol balance in the body. Studies have shown that the upregulation of its expression can promote the conversion of cholesterol into bile acid (29, 30). This is consistent with the results of our previous study that the enzyme activity in the liver of rats in the luteolin group was significantly increased, indicating that luteolin can promote the expression of CYP7A1 and thus activate its enzyme activity to promote the conversion of bile acids and exert a hypolipidemic effect. Long-chain fatty acid (ACSL) acyl-coA synthase (FAs) plays an important role in lipid biosynthesis, in which ACSL3 activity is thought to be related to adipocyte differentiation, and ACSL3 overexpression can promote the increase of lipid drop triglyceride content (31). TNF-α increased ACSL3 expression to induce lipid droplet formation in human endothelial cells (32). The red raspberry extract (RRE) can significantly reduce the level of blood lipid in mice with hyperlipidemia, and Acsl3 is one of the regulatory genes, accelerating the conversion of triglyceride to fatty acid (33). The results of our preliminary animal experimental study showed that the metabolic enzyme activity of triglycerides was significantly higher and fatty acid synthase activity was significantly higher in the luteolin group than the intervention effect of luteoloside, which may be related to the regulatory genes for the conversion of triglycerides into fatty acids. GPAM expression was downregulated in the luteolin intervention group, but the difference was not statistically significant. The hypolipidemic effect of luteolin may be related to the expression of genes related to cholesterol biosynthesis and transformation in the liver. In addition, affecting the differentiation of adipocytes may also be a way to improve hyperlipidemia.

Compared with the MC, 51 genes were both significantly enriched in GO and KEGG analyses in the luteoloside intervention group. Lpin1 was significantly downregulated, and Acaca and Cyp7a1 were significantly upregulated. The expression of Angptl4 was downregulated but the difference was not statistically significant. Acetyl CoA carboxylase (ACACA) is a key gene for de novo synthesis of fatty acids, downregulation of its expression can deeply inhibit the biosynthesis of fatty acids, and its expression is significantly increased in high-carbohydrate and high-fat diet rats (34). It plays an important role in anti-obesity and improves the pathogenesis of NAFLD by micronutrients or traditional Chinese medicine (35, 36). Studies on the anti-obesity mechanism of naringin and its glycoside showed that naringin can inhibit lipid accumulation and TG content in 3T3-L1 cells by regulating some genes related to lipid metabolism, including Acaca (37). The results of our previous animal experimental study showed significant differences in triglyceride metabolism-related enzyme activities in the luteoloside intervention group, which may be related to its regulation of gene expression including Acaca to reduce triglyceride accumulation in hepatocytes. In addition, CYP7A1 overexpression in the luteoloside intervention group was consistent with a significant increase in its enzymatic activity in the liver tissue. Angiopoietin-like protein 4 (Angptl4) is a key gene in the regulation of lipid and glucose metabolism (38), and hyperlipidemia levels were significantly reduced in Angptl4 knockout mice (39). The results of this study showed that compared with the control group, the expression of Angptl4 in liver tissues was downregulated after luteoloside intervention, but the difference was not statistically significant, indicating that Angptl4 may not be a key gene in the mechanism of luteolin lowering blood lipid.

The results of our previous in vivo studies showed that both CF and its main components, luteolin and luteoloside, have significant hypolipidemic and hepatic steatosis effects, but CFs seem to have stronger antioxidant and lipid metabolism-related enzyme activities, which may have better effects in the long run (16). In fact, the results of this study indicate that the hypolipidemic mechanism of CF is more complex, involving various biological processes such as cholesterol, fatty acid metabolism, and glycolysis. The hypolipidemic effect of luteolin and luteoloside is mainly through the synthesis and transport of cholesterol and the fatty acid metabolic pathway, suggesting that there may be other major components involved in the hypolipidemic mechanism of CF.



Conclusion

The mechanism of CF to improve hyperlipidemia is very complex, mainly involving biological processes such as cholesterol and fatty acid metabolism and glycolysis, including 41 differential genes such as Sqle, Gck, and Idi1. Luteolin mainly involves the synthesis and transport of cholesterol, which may include 68 differential genes such as Acsl3, Cyp7a1, and Lpin1. Luteoloside mainly involves fatty acid metabolism, which may include 51 differential genes such as Acaca, Cyp7a1, and Lpin1. The functional pathways of CF and its main components, luteolin and luteoloside, may not be completely the same, and further study is needed on the mechanism of action of other components.
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