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Abstract: Atorvastatin ester (Ate) is a structural trim of atorvastatin that can regulate hyper-

lipidemia. The purpose of this study was to evaluate the lipid-lowering effect of Ate. Male Sprague 

Dawley (SD) rats were fed a high-fat diet for seven months and used as a hyperlipidemia model. 

The lipid level and liver function of the hyperlipidemia rats were studied by the levels of TG, TC, 

LDL, HDL, ALT, and AST in serum after intragastric administration with different doses of Ate. HE 

staining was used to observe the pathological changes of the rat liver and gastrocnemius muscle. 

The lipid deposits in the liver of rats were observed by staining with ORO. The genes in the rat liver 

were sequenced by RNA-sequencing. The results of the RNA-sequencing were further examined 

by qRT-PCR and western blotting. Biochemical test results indicated that Ate could obviously im-

prove the metabolic disorder and reduce both the ALT and AST levels in serum of the hyper-

lipidemia rats. Pathological results showed that Ate could improve HFD-induced lipid deposition 

and had no muscle toxicity. The RNA-sequencing results suggested that Ate affected liver lipid 

metabolism and cholesterol, metabolism in the hyperlipidemia-model rats may vary via the PPAR-

signaling pathway. The western blotting and qRT-PCR results demonstrated the Ate-regulated lipid 

metabolism in the hyperlipidemia model through the PPAR-signaling pathway and HMGCR ex-

pression. In brief, Ate can significantly regulate the blood lipid level of the model rats, which may 

be achieved by regulating the PPAR-signaling pathway and HMGCR gene expression. 

Keywords: atorvastatin ester; hyperlipidemia; RNA-sequencing; PPAR-signaling pathway; gene 

expression 

 

1. Introduction 

Hyperlipidemia is a pathological state of metabolic disorder that is generally charac-

terized by referring to the anomalous rise of TC, TG, and LDL-C in plasma, and the anom-

alous decrease in HDL [1]. It is reported that the causes of hyperlipidemia are varied, such 

as unhealthy eating habits, psychology, diabetes, pathology, and heredity [2–4]. Accord-

ing to the 2015 Global Disease Burden Research data, metabolic diseases have become a 

key factor caused by the high incidence rates and high mortality rates worldwide [5]. 

The treatment of hyperlipidemia is divided into diet treatment and drug treatment 

[6]. The diet treatment of hyperlipidemia should follow the First or Second step diet of the 

American Heart Association for patients [7]. In fact, a plant-based diet containing healthy 
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complex carbohydrates can reduce the risk of cardiovascular disease. Recent reports con-

tinue to support the view that consuming less fat and refined carbohydrates, as well as 

increasing the intake of fruits and vegetables, low-fat dairy products, and whole grain 

foods can protect people from cardiovascular disease. However, diet alone often insuffi-

ciently decreases serum cholesterol and it is difficult for many patients to maintain [8]. 

Current anti-hyperlipidemic medicines mainly include statins, fibrates, bile acid seques-

trants, nicotinic acid, and cholesterol absorption inhibitors [9]. By inhibiting 3-hydroxy-3-

methyl-glutaryl-coenzyme A (HMG-CoA) reductase, statins are the most effective lipid-

lowering drugs currently and also are known as one of the most successful drugs to re-

duce CVD at the same time [10,11]. They can effectively reduce the total plasma choles-

terol and LDL [12]. At the same time, they can also reduce TG and increase HDL in plasma 

to a certain extent and become commonly anti-cholesterol drugs [13,14]. Since 1987, 

atorvastatin and the other five available statins have been prescribed to prevent adverse 

cardiovascular events and to reduce both the total cholesterol and LDL levels in blood 

[15]. Lipoproteins are conventionally defined by their density as such: very-low-density 

lipoprotein (VLDL), intermediate-density lipoprotein (IDL), low-density lipoprotein 

(LDL), and high-density lipoproteins (HDL) [16]. Cholesterol fractions such as LDL and 

HDL cholesterol are the most common measure biomarkers in clinical medicine. Obser-

vational studies have shown that there is an inverse correlation between LDL and HDL 

[17]. In the early stage of atherosclerosis, due to the increased intimal permeability caused 

by vascular endothelial cell damage or exudation, a few plasma LDL penetrates the lower 

vascular endothelium, becomes stagnant in the vascular wall, and is further oxidized to 

the oxidized LDL (OX-LDL). The oxidized LDL is eaten by macrophages and forms foam 

cells. Foam cells continuously aggregate and fuse to form an atherosclerotic lipid core [18–

20]. On the bright side, HDL can reverse cholesterol transport, inhibit the Ox-LDL, prevent 

the blood lipids from entering the inner wall of blood vessels, actively remove cholesterol 

formed by macrophages in the inner wall of blood vessels, and prevent the formation of 

the atherosclerosis. Therefore, it is an established fact that reducing the plasma LDL con-

centration can reduce the cardiovascular disease [21]. Plasma HDL cholesterol was asso-

ciated with a reduced risk of myocardial infarction [22]. Atorvastatin is one of the most 

prescribed statins drugs in the world [23]. Therefore, it is essential to understand the re-

lated effects of atorvastatin. Currently, there are many pharmacological and medical stud-

ies on atorvastatin. First, it is very certain that atorvastatin has made an outstanding con-

tribution to human health, but the adverse reactions of atorvastatin in the clinical appli-

cation cannot be ignored [10,24]. The major reason for statins’ discontinuation is statin-

induced myotoxicity (SIM) [25], with a 7% to 29% incidence rate of myotoxic reactions in 

patients treated with statins [26]. In addition, a major drawback associated with atorvas-

tatin therapy concerns elevated serum transaminase. Therefore, atorvastatin is included 

in the list of the potential hepatotoxic drugs [27]. Statins appear to possess similar side 

effect profiles, differing only in their maximum potency [10]. 

Ate, with a molecular weight of 630.7574, was selected as the tested drug in this ex-

periment. It was obtained by the structural modification of atorvastatin and provided by 

Harbin Medical University (Harbin, Heilongjiang, China). Therefore, the purpose of this 

study was to evaluate the lipid-lowering effect of Ate by detecting ORO-staining as well 

as biochemical indicators of blood lipids in rats; to explore whether Ate would have the 

common side-effects of statins by HE-staining, and to investigate its potential mechanism. 

This study will provide more insights into the potential mechanism of Ate. 

2. Results 

2.1. Characterization of Ate 

As shown in Figure 1, the molecular formula and molecular weight of Ate were 

C37H42FN2O6 and 630.7574, respectively. 1H-NMR (400 MHz, CDCl3), δ(ppm): 7.21–7.14 

(9H, m), 7.06 (2H, d, J = 7.9 Hz), 7.02–6.96 (3H, m), 6.86 (1H, s), 4.33–4.22 (1H, m), 4.19–4.07 
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(2H, m), 3.97–3.90 (1H, m), 3.77–3.72 (2H, m), 3.70 (1H, brs), 3.64–3.46 (3H, m), 2.46–2.40 

(2H, m), 1.70–1.60 (2H, m), 1.54 (6H, d, J = 7.2 Hz), 1.49–1.43 (1H, m), 1.29–1.18 (5H, m); 
13C-NMR (100 MHz, CDCl3), δ(ppm): 173.2, 172.3, 165.0, 162.4 (d, J = 247 Hz), 141.6, 138.5, 

134.7, 133.3 (d, J = 9 Hz), 130.6, 128.9, 128.8, 128.5, 126.7, 123.7, 122.0, 119.7, 115.5 (d, J = 20 

Hz), 69.7, 69.0, 68.1, 66.7, 63.8, 41.9, 41.4, 41.3, 39.2, 26.2, 21.9, 21.8, and 15.1. 

A 

 

B 

 

C 

 

Figure 1. Characterization of Ate. (A) Ate was obtained after atorvastatin was modified. Reagents 

and conditions of Scheme i: 2-Ethoxyethanol, CH2Cl2, H2SO4, r. t., and 3 h. (B) The 1H NMR of Ate. 

(C) The 13C NMR of Ate. 
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2.2. Ate Can Significantly Reduce the Body Weight and Liver Index of the Hyperlipidemia Rats 

The body weight of the experimental animals in each group is shown in Figure 2. 

Compared with the NFD group, the HFD group had a significant increase in the body 

weight at all time points. Compared with the HFD group, the body weight in the Ato 4.0 

mg/kg group and Ate 2.0 mg/kg group had no change at each time point. Compared with 

the HFD group, the body weight of the Ate 4.0 mg/kg group decreased significantly at the 

second and third week after administration of Ate, and the body weight of the Ate 8.0 

mg/kg group decreased significantly at all time points. 
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Figure 2. The effect of Ate on the body weight of rats. All data are shown as mean ± SEM, n = 15. *** p < 0.001 compared 

with the NFD group and # p < 0.05, ## p < 0.01, and ### p < 0.001 compared with the HFD group. The body weight of the 

HFD group, Ato 4.0 mg/kg group, Ate 2.0 mg/kg group, Ate 4.0 mg/kg group, and Ate 8.0 mg/kg group after being fed a 

high-fat diet for 7 months was regarded as the initial body weight of these five groups of rats. The body weight of NFD 

rats after being fed a normal diet for 7 months was regarded as the initial body weight of NFD rats. 

The liver index of the experimental animals in each group is shown in Figure 3. After 

4 weeks of administration, the liver index of the HFD group was significantly higher than 

that of the NFD group and the liver index of both the group and Ate-dose groups was 

significantly lower than that of the HFD group. 

 

Figure 3. The effect of Ate on the liver coefficient of rats. All data are shown as mean ± SEM, n = 7. 

** p < 0.01 compared with the NFD group and both # p < 0.05 and ## p < 0.01 compared with the 

HFD group. 
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2.3. Biochemical Analysis 

After administration, the TC, TG, HDL, and LDL levels in serum were as shown in 

Figure 4A–D. Compared with the NFD group, the TC and LDL levels in serum of the HFD 

group increased significantly. After Ato and Ate treatment, the TC and LDL levels in se-

rum of the HFD groups were significantly reduced. Compared with the NFD group, the 

content of TG in serum of the HFD group increased and decreased significantly after 4 

weeks of treatment with 4.0 mg/kg Ato. The TG level in the Ate 8.0 mg/kg group decreased 

significantly after 4 weeks of treatment. Additionally there was no significant change in 

the TG level of the Ate 2.0 mg/kg and Ate 4.0 mg/kg groups. Compared with the NFD 

group, the HDL level in serum of the HFD group decreased significantly. After 4 weeks 

of treatment, the HDL level in serum of the Ato and Ate different-doses groups increased 

significantly. 

The levels of ALT and AST in serum are shown in Figure 4E,F. Compared with the 

NFD group, the ALT and AST level in serum of the HFD group increased significantly. 

After 4 weeks of treatment with Ate and Ato, the ALT and AST content in serum of all the 

treatment groups were significantly decreased. 

 
Figure 4. The effects of Ate on rat serum biochemistry. The levels of (A) TC, (B) TG, (C) HDL, (D) 

LDL, (E) ALT, and (F) AST in serum of rats are shown. All data are presented as mean ± SEM, n = 

6–15. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the NFD group; # p < 0.05, ## p < 0.01, 

and ### p < 0.001 compared with the HFD group. 
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2.4. Histopathological Analysis 

As shown in Figure 5A, Ate could improve hepatic steatosis and protect the liver. In 

the NFD group, there were abundant cytoplasms in the perivascular hepatocytes without 

steatosis. The HFD group had fat vacuoles of different sizes around the blood vessels. 

Compared with the HFD group, the Ato and Ate group had a certain degree of recovery 

of the liver cell structure, fat degeneration, and fat vacuole reduction. 

As presented in Figure 5B, Ate could improve the lipid deposition in the liver of the 

hyperlipidemia-model rats. There was no lipid deposition in the liver of rats in the NFD 

group and the liver of rats in the HFD group showed a large area of orange-red, with 

serious lipid deposition. Liver lipid deposition decreased in different degrees in each dose 

group of Ate. 

As presented in Figure 5C, Ate did not cause muscle toxicity in the experimental rats. 

In terms of the cross-sectional staining of the gastrocnemius muscle in the NFD group, it 

could be observed that the skeletal muscle cells at the staining site were arranged regu-

larly; the nucleus was flat and oval; and the sarcoplasma was in the form of red and white 

muscle fibers, as indicated by the green arrow. The Ate 2.0 mg/kg group and Ato 4.0 

mg/kg group showed a few nuclear movements inward. Compared with the NFD group, 

the HFD group, Ate 4.0 mg/kg group, and Ate 8.0 mg/kg group had no abnormal changes. 

 

Figure 5. (A) HE-staining of rat liver in each group (400×): the cytoplasm of muscle cells is purple-red and the nucleus is 

blue. (B) Oil red O-staining of rat livers in each group (400×): the triglycerides were stained orange-red and the nucleus 

were stained blue. (C) Comparison of HE-staining in the cross-section of gastrocnemius muscle fibers in each group (400×): 

the cytoplasm of muscle cells is rose-red and the nucleus is blue. The green arrow indicates the inward migration of the 

nucleus. 

2.5. RNA-Sequencing Analysis 

The NFD, HFD, and Ate 4.0 mg/kg group had three samples in each group and about 

20 million reads were measured for each sample. Q 20% and Q 30% of the sequencing data 

of each sample were more than 98% and no less than 94%. The quality of the sequencing 

data was high, which meet the conditions for further analysis. 

2.5.1. Number of DEGs 

The number of DEGs are shown in Figure 6A–D. In comparing the gene expression 

profiles of the HFD group and NFD group, 422 genes were significantly changed in the 

HFD group, of which 183 genes were up-regulated and 239 genes were down-regulated. 

Compared with the HFD group, 299 genes were significantly changed in the Ate group, 

of which 166 genes were up-regulated and 133 genes were down-regulated. There were 

72 common DEGs in the HFD group, NFD group, and Ate 4.0 mg/kg group. 
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Figure 6. RNA-sequencing analyses of the livers’ DEGs in the NFD, HFD, and Ate 4.0 mg/kg groups. (A,B) Volcano dia-

gram of DEGs in the livers between HFD group vs. NFD group and Ate 4.0 mg/kg group vs. HFD group. Red indicates 

up, green indicates down. (C) The numbers of up-regulated (red) and down-regulated (green) DEGs between the HFD 

group vs. NFD group and Ate 4.0 mg/kg group vs. HFD group. (D) Venn diagram of DEGs in between the HFD group vs. 

NFD group and HFD group vs. Ate 4.0 mg/kg group. (E) GO enrichment of those common selected DEGs including the 

biological process (green), cellular component (red), and molecular function (blue). We displayed the top 10 enrichment 

pathways of the Q-value in ascending order. (F) KEGG pathway enrichment histogram. All date values of the Q-value < 

0.05. (G) Hierarchical clustering of the expression data for mRNA. Each column represents one sample; rows indicate the 

TPM of mRNAs. The relative expression of mRNAs is displayed according to the color scale. Green and red denote down-

regulation and up-regulation, respectively. All date values of |Log2FC|> 0.585, p < 0.05, were accepted as significant. 
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2.5.2. GO Enrichment and KEGG Enrichment Analysis 

The results of the GO enrichment analysis of differential genes are shown in Figure 

6E. The terms shown in the figure are the top ten in descending order of the Q-values in 

this type. DEGs were the most highly involved in the cholesterol biosynthetic process in 

the biological process, in the ATP-binding cassette (ABC) transporter complex in cellular 

processes, and in monooxygenase activity in biological regulation. 

To further understand the function of Ate, we performed a KEGG pathway analysis. 

As shown in Figure 6F, DEGs were significantly enriched in the PPAR-signaling pathway, 

retinol metabolism, steroid hormone biosynthesis, glycolysis/gluconeogenesis, biosynthe-

sis of unsaturated fatty acids, and in other metabolic pathways in the KEGG pathway, 

although most significantly enriched in the PPAR-signaling pathway. These genes were 

Cyp4a2，Scd，Pparg，Cyp4a8，Pck2，Pck1，RGD1565355, and Fabp4. The expression 

amounts of these eight genes in different groups are shown in Figure. 6G. DEGs involved 

in PPAR-signaling pathway construction through the KEGG (https://www.kegg.jp/, ac-

cessed on 15 August 2021) website are shown in Figure 7. Genes of Pparg and Pck1 were 

lowly expressed in the HFD group and highly expressed in both the NFD and Ate 4.0 

mg/kg group. On the contrary, Genes of Cyp4a2，Scd，Cyp4a8，Pck2, RGD1565355, and 

Fabp4 were highly expressed in the HFD group and lowly expressed in both the NFD and 

Ate 4.0 mg/kg group. 

 

Figure 7. KEGG network diagram of the PPAR-signaling pathway. Red indicates up-regulated 

genes, blue indicates down-regulated genes, and green indicates genes that were not changed sig-

nificantly. 

2.6. Real-Time PCR Analysis 

In order to further understand the RNA-sequence analysis, the genes related to the 

PPAR-signaling pathway with significant changes were selected from the suggested re-

sults and PPARα, PPARγ, CD36, HMGCS1, and LPL were verified by qRT-PCR. The re-

sults are established in Figure 8A–E. After modeling, the mRNA expression levels of 

PPARα, PPARγ, LPL, HMGCS1, and CD36 genes decreased significantly. After admin-

istration of Ate, the mRNA expression levels of PPARα, PPARγ, and LPL increased 
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significantly, while the mRNA expression levels of HMGCS1 and CD36 genes decreased 

significantly. 

 

Figure 8. mRNA expression of genes related to the PPAR-signaling pathway. The gene expression of (A) PPARγ, (B) 

PPARα, (C) LPL, (D) CD36, and (E) HMGCS1 after modeling and treatment with Ate. All data are shown as mean ± SEM, 

n = 6. * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the NFD group; # p < 0.05, ## p < 0.01 and ### p < 0.001 compared 

with the HFD group. 

2.7. Western Blot 

In order to further explore the mechanism of Ate on the hyperlipidemia-model rats 

from the protein level, western blotting was used to detect the protein levels. 

As shown in Figure 9, compared with the NFD group, the PPARα protein and 

HMGCS1 protein of the hyperlipidemia rats induced by HFD decreased significantly, 

while the expression of the HMGCR protein increased significantly. After 4 weeks of treat-

ment, the expression of the PPARα protein and HMGCS1 protein increased significantly 

in a dose-dependent manner. HMGCR protein expression decreased significantly. Ato 

also significantly increased the expression of the PPARα protein and decreased the ex-

pression of the HMGCR protein significantly. 

As shown in Figure 9, compared with the NFD group, the expression of the LPL pro-

tein and CD36 protein of the hyperlipidemia rats induced by HFD decreased significantly. 

After 4 weeks of treatment, the expression of the PPARγ protein and LPL protein in-

creased significantly in a dose-dependent manner. However, the expression of the CD36 

protein decreased significantly. Ato also increased the expression of the PPARγ and LPL 

protein significantly, and decreased the expression of the CD36 protein significantly. 
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Figure 9. The effects of Ate on the PPAR-signaling pathway proteins and HMGCR protein expression in the liver of hy-

perlipidemia rats. The expression of PPARα, PPARγ, HMGCS1, CD36, LPL, and HMGCR after modeling and after treat-

ment with Ate. All data are shown as mean ± SEM, n = 3. * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with the NFD 

group; # p < 0.05, ## p < 0.01 and ### p < 0.001 compared with the HFD group. 

3. Discussion 

TG is the most abundant lipid in the human body, which mainly exists in chylomi-

crons (CM) and in very low-density lipoprotein (VLDL) particles in blood. If the TG level 

in blood is too high, it becomes too easy to deposit on the vascular wall and result in both 

vascular blockage and atherosclerosis. TC is one of the important bases for clinical detec-

tion and diagnosis of atherosclerosis and coronary heart disease [28,29]. Abnormal TC 

levels are often a component of atherogenic dyslipidemia, which is associated with de-

creased levels of HDL cholesterol and increased levels of small dense LDL particles [30]. 

Thus, it can be seen that when the levels of TG and TC in vivo are abnormal, the levels of 

HDL and LDL usually change. Consequently, in the screening of hyperlipidemia animal 

models, we believed that TC and TG in the serum of experimental animals increased sig-

nificantly, indicating that the hyperlipidemia model is successful. Thus, when we studied 

the mechanism of Ate, TC, TG, LDL, and HDL were selected as indicators to evaluate the 

level of the blood lipid. 

HFD is one of the factors causing hyperlipidemia. Excess blood lipid in the body will 

lead to hyperlipidemia and hepatocyte steatosis, resulting in a series of diseases such as 

fatty liver and liver cirrhosis. When hepatocytes are damaged, ALT and AST in the cyto-

plasm will be released into blood and their content in serum will increase significantly 

[31]. In this research study, Ate could significantly reduce the levels of ALT and AST in 

the hyperlipidemia rats and could alleviate liver injury. Ate had no muscle toxicity, 

proved it could regulate blood lipid, inhibited liver lipid deposition, and improved liver 

injury by HE-staining. It should be noted that the effect of 4.0 mg/kg Ate and 8.0 mg/kg 

Ate on reducing lipid, improving liver injury, and improving liver lipid deposition was 

better than Ato. 
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Peroxisome proliferator-activated receptors (PPARs) are ligand-activated transcrip-

tion factors and comprise three subtypes, including PPARα, PPARγ, and PPARβ/δ [32]. 

They are encoded by different genes and are involved in several physiological processes 

including the modulation of cellular differentiation, development, the metabolism of car-

bohydrates, lipids and proteins, and tumorigenesis [33]. Many exogenous peroxisome 

proliferators (PP) are agonists of PPAR, as evidenced by the fact that PPARγ and PPARα 

are respective molecular targets for the type 2 diabetes drug thiazolidinediones (TZDs) 

and for dyslipidemia drug fibrates. Activated PPAR binds to retinol X receptor to form 

heterodimer and then binds to the peroxisome proliferator response element (PPRE), 

which can activate some proteins or enzyme genes related to fat metabolism [34,35]. 

PPARα is a member of the PPARs family and mainly located in the liver, heart, skel-

etal muscle, kidney, and brown adipose tissue ricing with active oxidation fatty acid β 

[36]. PPARα regulates various metabolic processes in the liver mainly by activating nu-

clear receptor mRNA, thus regulating the expression of downstream lipid metabolism-

related genes and proteins, especially the expression of fatty acid β oxidation-related 

genes and proteins [37,38], such as transmembrane transport of fatty acid transport-re-

lated genes LPL and adenosine triphosphate-binding cassette transporter A1 [39]. Studies 

have shown that PPARα agonists can significantly reduce blood lipid and fatty liver in 

rodents, and PPARα agonists also have stable hypolipidemic effects in human clinical dis-

eases [40–42]. It was found that compared with the control group, the model group of the 

PPARα gene knockout mice had prominent lipid deposition in the liver and the gene ex-

pression of lipid catabolism was down-regulated [43]. PPARγ is mainly distributed in ad-

ipose tissue and expressed in various organs and tissues such as liver and lymphoid tis-

sue. PPARγ, a critical role in lipid metabolism, can regulate LPL, fatty acid translocase 

(CD36) phosphoenolpyruvate carboxy kinase (PCK), and other genes involved in fatty 

acid release, decomposition, transport, and storage [44,45]. PPARγ can also affect the sig-

nal pathways mediated by signal transcription factors and activator protein-1; can inhibit 

the activation of these pathways; and can achieve the purpose of inhibiting the activation 

and transcription of target gene promoters. PPARγ regulated glucose and lipid metabo-

lism by these genes containing the PPRE structure, including hexyl COA synthase, LPL, 

insulin receptor substrate-2, and tumor necrosis factor [46]. In this study, the mRNA and 

protein expression of PPARα in the hyperlipidemia-model rats induced by HFD were sig-

nificantly reduced. The blood lipids were abnormal and the liver fat lesions were obvious. 

After 4 weeks treatment with Ate, the mRNA and protein expression of PPARα and 

PPARγ increased significantly, and the dyslipidemia and liver lesions were improved to 

a certain extent, suggesting that PPARα/γ abnormal expression can lead to change in fat 

metabolism and result in the imbalance of both the lipid metabolism and lipid deposition 

in the liver. Ate can enhance the expression of PPARα/γ and restore it to the normal level, 

suggesting that Ate plays a role in regulating lipid metabolism, may regulate the blood 

lipid level, and may alleviate the liver lipid deposition by promoting the expression of 

PPARα/γ. 

Clinical research found that 50% of 95 patients with hyperlipidemia suffered from 

fatty liver and most of them were hyperlipidemia at the same time [47]. It is thought that 

high TG caused by any reason can lead to hepatic steatosis [48]. The liver is the largest 

and most important metabolic site of the body. TG metabolism and cholesterol metabo-

lism are the main energy metabolism processes of the liver. As the rate-limiting enzyme 

of TG degradation, LPL is the key factor for plasma TG clearance and tissue-uptake of 

fatty acids. It can hydrolyze TG in CM and VLDL into fatty acids and monoglycerides to 

provide energy for tissue oxidation [49,50]. The lipids absorbed by the human body from 

food are exogenous lipids, which are absorbed into blood in the small intestine to form 

CM. The lipids synthesized in the liver are endogenous lipids, which form VLDL and 

transport in the blood. LPL can decompose the above lipids into the free fatty acids and 

glycerol for the oxidation and energy supply of extrahepatic tissues. Abnormal LPL will 

lead to the accumulation of VLDL and CM in the body’s blood, leading to hyperlipidemia. 
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Studies have shown that the serum TG level of mice without LPL in the liver is abnormally 

elevated and the lipid metabolism is seriously disordered. In addition, LPL-mediated TG 

hydrolysis to produce fatty acids can significantly reduce the expression of the cholesterol 

transporter in macrophages and then reduce both cholesterol outflow and hypercholes-

terolemia [51]. In this study, LPL mRNA and protein expression in the hyperlipidemia-

model rats induced by a high-fat diet were significantly increased and their expression 

were regulated by the PPAR-signaling pathway [52]. The results showed that Ate could 

significantly up-regulate PPARα and PPARγ. Additionally, the expression of mRNA and 

protein suggested that Ate could up-regulate the expression of LPL, promote the decom-

position of TG, reduce excessive TG in blood, and reduce liver lipid deposition. 

CD36，namely fatty acid transposase, also known as a class B scavenger receptor 

and platelet glycoprotein IV, was considered to relate to lipid metabolism in 1993 when it 

acquired two new functions as a macrophage receptor for ox-LDL and as an adipocyte 

receptor/transporter for long-chain free fatty acids [53,54]. When studying the induction 

mechanism of ox-LDL on CD36, it was found that ox-LDL activated PPARγ to promote 

the expression of CD36 [55]. However, LDL does not have this mechanism. Conversely, 

HDL can have PPARγ phosphorylation inhibit the expression of CD36 [56]. In brief, the 

expression of CD36 was highly controlled. Ate could reduce the mRNA and protein ex-

pression levels of CD36 as well as improve the level of HDL, regulate the liver lipid me-

tabolism in the link of the lipid transport, reduce the hepatocyte-uptake of the free fatty 

acid, and reduce the liver lipid deposition. As for the simultaneous decrease of the CD36 

protein level in the HFD group, we believed that this is consistent with the previous the-

ory. As shown in Figure 4, the level of HDL in the HFD group was lower than that in the 

NFD group. At the same time, it could be noted that the level of PPARγ in the HFD group 

was higher than that in the NFD group. Many CD36 ligands are closely involved in signal 

transduction processes. Therefore, we hypothesize that the decreased expression of CD36 

may be due to the increased expression of phosphorylated PPARγ in the existing data 

analysis. The specific mechanism needs to be further studied. 

Hyperlipidemia involves the imbalance of the cholesterol level. The increase of total 

cholesterol in the body is one of the main reasons for hyperlipidemia. The steady state of 

the cholesterol metabolism depends on its synthesis, absorption, and excretion pathways. 

Cholesterol in the body is mainly distributed in adipose tissue, about 70~80% of choles-

terol is synthesized by the liver, and the liver is the main place for endogenous cholesterol 

synthesis. Cholesterol synthesis is a complex process and both HMGCS and HMGCR are 

the two key rate-limiting enzymes. HMG-CoA is synthesized by acetyl CoA under the 

action of 3-hydroxy-3-methylglutaryl coenzyme A synthase (HMGCS). Then, under the 

action of HMGCR, mevalonate is generated, the squalene is generated, and finally the 

cholesterol is generated [57,58]. Subsequently, more than 25 enzymatic reactions are re-

quired to synthesize cholesterol [59]. It is not difficult to observe that the balance of cho-

lesterol is not only maintained by the synthesis of cholesterol. Rate-limiting enzymes play 

a key role in the synthesis process but not all perform this function. Therefore, the lower 

expression of the HMGCS1 protein in the HFD group compared to the NFD group was 

not surprisingly. However, it has been reported that the expression of the HMGCS gene 

will decrease when feeding excessive cholesterol [60]. The decrease of HMGCS1 expres-

sion may also be due to the negative feedback regulation of the body. Ate reduced the 

expression of HMGCR significantly, which was consistent with that of the HMGCR inhib-

itor Ato, and the effect of 8.0 mg/kg Ate was better than Ato. Ate decreased the expression 

of HMGCS1 and HMGCR significantly. There were no HMGCR and HMGCS1 in the tar-

get genes suggested by the transcriptome. The main reason why we included these two 

genes in this study is because Ate is modified by the structure of Ato. Therefore, through 

validation, we found that Ate could effectively reduce blood lipid and the mechanism 

may be different from that of Ato. 
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4. Materials and Methods 

4.1. Animals and Treatments 

Male SD rats weighing 250–280 g were obtained from the animal Center of Shenyang 

Pharmaceutical University (Shenyang, China; License: SCXK, Liaoning, 2020-0001). The 

animals were fed with commercial pellets and had access to both water and libitum, and 

were allowed to adapt to the environment for one week prior to the experiments. The 

room temperature was set at 22 ± 2 °C and the room humidity was set at 50% ± 20%. The 

animals used in this research study were approved in accordance with the Animal Ethics 

Committee of Shenyang Pharmaceutical University and the regulations were consistent 

with the ethical requirements of laboratory animals in China. 

Fifteen rats were fed with the normal maintenance diet for seven months as the NFD 

group and the other animals were fed with the high-fat diet for seven months. The nutri-

tional composition of the high-fat feed provided by Beijing BioPike Co., Ltd. (Beijing, 

China) and the results are shown in Table 1 The nutritional composition of the normal 

maintenance feed was provided by Beijing BioPike Co., Ltd., as shown in Table 2. When 

rats were fed the high-fat diet for 7 months, the TG and TC levels of the rats in the high-

fat diet group were significantly higher than that of the rats in the normal diet group. 

Therefore, we regarded rats fed the high-fat diet as the stable hyperlipidemia models. 

Then, the hyperlipidemia-model animals were randomly divided into 5 groups, which 

consisted of the Ato 4.0 mg/kg group, Ate 2.0 mg/kg group, Ate 4.0 mg/kg group, Ate 8.0 

mg/kg group, and high-fat diet group (HFD). Additionally, distilled water was used as 

the administration solvent. The HFD and NFD group were gavaged with the same 

amount of distilled water once a day for 4 weeks. The Ato 4.0 mg/kg group, Ate 2.0 mg/kg 

group, Ate 4.0 mg/kg group, and Ate 8.0 mg/kg group were given the therapeutic drug 

Ate and the control drug Ato by gavage once a day for 4 weeks. The rats in the NFD group 

were fed with the normal maintenance diet and the rats in the other groups were fed with 

the high-fat diet during the 4 weeks. They were weighed once before the beginning of the 

experiment and once a week after the beginning of the experiment. The dosage was ad-

justed at any time according to the change of body weight. 

Table 1. Composition of the high-fat feed formula. 

Nutrient Composition Per 1001.54 g (g) Nutrient Reference Value 

Casein, 80 mesh 195.00 19.47 

DL Methionine 3.00 0.30% 

Corn starch 50.00 4.99% 

Maltodextrin 100.00 9.98% 

Sucrose 341.00 34.05% 

Cellulose 50.00 4.99% 

Anhydrous milk fat 200.00 19.97% 

Mineral mixture s10001 35.0 3.49% 

Calcium carbonate 4.00 0.40% 

Vitamin mixture v10001 10.00 1.00% 

Choline tartrate 2.00 0.20% 

Cholesterol 1.50 0.15% 

Ethoxyquine 0.04 0.00% 
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Table 2. Composition of the normal maintenance feed formula. 

Nutrient Composition Per 1000 g (g) Nutrient Reference Value 

Water content ≤100 ≤10% 

Crude protein ≥180 ≥18% 

Crude fat ≥40 ≥4% 

Crude fiber ≤50 ≤5% 

Coarse ash ≤80 ≤8% 

Calcium  10–18 1–1.8% 

Phosphorus 6–12 0.6–1.2% 

4.2. The Synthesis of Atorvastatin Ester (Ate) 

Concentrated sulfuric acid (30 μL) in dropwise manner at 0 °C was added to a stirred 

solution of atorvastatin (558 mg, 0.1 mmol) in dichloromethane (10 mL) and 2-ethoxy-

ethanol (2 mL). The resulting reaction mixture was stirred at room temperature for 3 h. 

Then, 10% NaHCO3 aq. (10 mL) was added to quench the reaction. The resulting mixture 

was extracted with ethyl acetate. The organic phase was washed with saturated brine. The 

combined organic phase was dried over anhydrous Na2SO4 and the solvent was removed 

under vacuum. The residue was purified by flash chromatography to afford the product 

as white solid with a yield of 53%. 

4.3. Liver Index 

The rats were fasted within 12 h after the last administration but could drink water 

freely. The liver was rinsed in pre-cooled normal saline and sucked dry with filter paper. 

The liver index was calculated by the following equation: 

Liver index = liver weight/body weight × 100% (1)

4.4. Biochemical Analysis 

The rats were fasted within 12 h after the last administration but could drink water 

freely. Blood was taken from the orbit and placed in a 1.5 mL EP tube for 2 h at room 

temperature. Under the condition of 4 °C, the centrifuge was rotated at 3000 rpm/min and 

centrifuged for 15 min. The upper serum was absorbed and sub-packed, and was then 

placed in a refrigerator at −80 °C for storage. 

TG, TC, LDL, and HDL in serum were quantified using assay kits (Meimian, Yan-

cheng, Jiangsu, China) according to the manufacturer’s instructions. ALT and AST in the 

serum were also quantified using assay kits (Elabscience, Wuhan, Hubei, China). 

4.5. Histopathological Analysis 

HE-staining was performed to evaluate the general morphology of the liver and gas-

trocnemius muscle. The isolated rat livers and gastrocnemius muscles were fixed with 4% 

paraformaldehyde for more than 24 h and the fixed tissue was dehydrated with a gradient 

with alcohol. After paraffin embedding the dehydrated tissue, the tissue was cut into sec-

tions 3 μm thick. Then, paraffin-embedded slices were dewaxed with xylene and washed 

with hematoxylin eosin gradient ethanol for 5 min. After dehydration with conventional 

ethanol, the slices were sealed. Finally, the samples were observed with an optical micro-

scope with a magnification at 40.0. 

4.6. RNA-sequencing Analysis 

The liver tissues of rats in the NFD group, HFD group, and Ate 4.0 mg/kg group were 

placed in sterilized 50 mL EP bottles, and RNA hold (TransGen Biotech, Beijing, China) 

10 times the volume of the submitted tissue was quickly added to ensure that the samples 

were fully infiltrated. After that, the samples were sent to BGI Co., Ltd., Wuhan, China, 

for testing, with three samples for each group. 
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The tested samples were comprehensively evaluated according to the detection 

standard of BGI gene-sequencing samples and the results were determined according to 

the quality standard of RNA-sequencing samples. After the test results of the submitted 

samples were qualified, the next step of the transcriptome gene expression measurement 

could be carried out. According to the test results, the DEGs in each group were statisti-

cally analyzed to clarify the changes of the transcription-level genes after administration. 

This test was carried out on the DNBSEQ (Wuhan, China) platform. SOAPnuke (v 

1.5.2) filtered low-quality original readings containing connectors and more than 5% un-

known n bases to clear the readings. After mapping the clean readings to the reference 

using bowtie 2 (v 2.2.5), the differential gene expression level was calculated using RSEM 

(v 1.2.12) and expressed as transcripts per million mapped reads (TPM). It is considered 

that when the absolute value of |Log2FC| > 0.585 and p-adjust < 0.05, the mRNA-level 

expression of samples has a significant difference and is then both enriched and analyzed 

by GO and KEGG. 

4.7. Real-Time PCR Analysis 

The total RNA of livers was isolated through the Trizol extraction method. Then, 

RNA was reverse-transcribed into cDNA according to a reverse transcription kit (TaKaRa, 

Shiga, Japan). GAPDH was regarded as a house-keeping gene. Real-time PCR amplifica-

tion and detection were then performed with an CFX96 Real-Time PCR Detection System 

(Bio-Rad, Hercules, CA, USA). The primers used in this experiment were designed from 

NCBI and synthesized by Suzhou jinweizhi Biotechnology Co., Ltd. The primer sequences 

for real-time qPCR are listed in Table 3. 

Table 3. Primer sequences for quantitative real-time PCR. 

Gene Forward Primer (5′–3′) Reverse Primer (5′–3′) 

CD36 AACATCGAGTGTCGAATATGTGG CCGAATAGTTCGCCGAAAGAA 

HMGCS1 TGAACTGGGTCGAATCCAGC CCTGTAGGTCTGGCATTTCCT 

PPARα AACATCGAGTGTCGAATATGTGG CCGAATAGTTCGCCGAAAGAA 

PPARγ TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT 

LPL GGGAGTTTGGCTCCAGAGTTT TGTGTCTTCAGGGGTCCTTAG 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 

4.8. Western Blot 

We added 100 per 10 mg of tissue μ L RIPA (PMSF: NaF: Na3VO4: RIPA = 1:1:100; 

Beyotime Biotechnology, Shanghai, China). After the tissue in RIPA was cut, it was then 

fully lysed with an ultrasonic crusher. The protein concentration was measured according 

to the instructions of the BCA kit (Beyotime Biotechnology, Shanghai, China) and a sul-

fate-polyacrylamide gel electrophoresis (SDS-PAGE) of appropriate concentration was 

configured according to the molecular weight of the target protein to separate the target 

protein. The target protein was then transferred to a PVDF membrane. After the mem-

brane was blocked with 5% (w/v) non-fat milk for 1 h at room temperature, it was incu-

bated with the primary antibody (anti-CD36 antibody, anti-PPARα antibody, anti-PPARβ 

antibody, and anti-HMGCR antibody) purchased from Abcam (Cambridge, Massachu-

sett, UK), the anti-HMGCS1 antibody purchased from Cell Signaling Technology, Inc. 

(Danvers, MA, USA), the anti-LPL antibody purchased from Novus Biologicals, Inc. (Lit-

tleton, Colorado, USA), and the anti-β-actin antibody purchased from Beyotime Biotech-

nology Co., Ltd. (Shanghai, China), at 1:1000 dilution, at 4 °C overnight. The secondary 

antibody consisted of antibodies conjugated with horseradish peroxidase (1:4000 dilution, 

incubation for 1 h). The protein bands were detected using an ECL kit (Beyotime Biotech-

nology, Shanghai, China) and visualized using a Bio-Rad image analysis system (Bio-Rad, 

Hercules, CA, USA). 
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4.9. Statistical Analysis 

All results are presented as mean ± SEM, both one-way ANOVA and Tukey’s test 

were used for comparisons between groups, and p < 0.05 was taken as the standard of 

significant difference. All statistical analyses were performed using SPSS 21.0 software 

and Graphpad Prism 8.02. 

5. Conclusions 

In summary, Ate expressed an obvious lipid-regulating impact on the hyper-

lipidemia-model rats, which can alleviate the liver lipid deposition and protect the liver. 

Its lipid-regulating effect may be realized by affecting the liver lipid metabolism through 

the PPAR-signaling pathway and HMGCR expression. The above results provide data to 

support further research of Ate, which, as a chemical drug with a clear structure, is a 

promising treatment for hyperlipidemia and various diseases caused by hyperlipidemia. 
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Abbreviations 

ALT Glutamate-pyruvate transaminase 

AST Glutamic-oxalacetic transaminase 

Ate Atorvastatin ester 

Ato Atorvastatin 

CD36 Fatty acid translocase 

DEGs Differently expressed genes 

GADPH Glyceraldehyde-3-phosphate dehydrogenase 

GO Gene ontology 

HDL High-density lipoprotein 

HE Hematoxylin-eosin-staining 

HFD High-fat diet 

HMGCR 3-hydroxy-3-methylglutaryl coenzyme A reductase 

HMGCS1 3-hydroxy-3-methylglutaryl- coenzyme A synthase 1 

KEGG Kyoto Encyclopedia of genes and genomes 

LDL Low-density lipoprotein 

LPL Lipoprotein lipase  

mRNA Messenger RNA 
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NHF Non-high-fat diet 

ORO Oil Red O 

PPARα Peroxisome proliferators-activated receptor α  

PPARγ Peroxisome proliferators-activated receptor γ 

RNA seq RNA sequence 

TC Total cholesterol 

TG Triglycerides 

References 

1. Li, M.; Shu, X.; Xu, H.; Zhang, C.; Yang, L.; Zhang, L.; Ji, G. Integrative analysis of metabolome and gut microbiota in diet-

induced hyperlipidemic rats treated with berberine compounds. J. Transl. Med. 2016, 14, 237. 

2. Goode, G.K.; Miller, J.P.; Heagerty, A.M. Hyperlipidaemia, hypertension, and coronary heart disease. Lancet 1995, 345, 362–364. 

3. Valdivielso, P.; Rioja, J.; García-Arias, C.; Sánchez-Chaparro, M.A.; González-Santos, P. Omega 3 fatty acids induce a marked 

reduction of apolipoprotein B48 when added to fluvastatin in patients with type 2 diabetes and mixed hyperlipidemia: A 

preliminary report. Cardiovasc. Diabetol. 2009, 8, 1. 

4. Soh, J.; Iqbal, J.; Queiroz, J.; Fernandez-Hernando, C.; Hussain, M.M. MicroRNA-30c reduces hyperlipidemia and 

atherosclerosis in mice by decreasing lipid synthesis and lipoprotein secretion. Nat. Med. 2013, 19, 892–900. 

5. Forouzanfar, M.H.; Afshin, A.; Alexander, L.T.; Anderson, H.R.; Bhutta, Z.A.; Biryukov, S.; Brauer, M. Global, regional, and 

national comparative risk assessment of 79 behavioural, environmental and occupational, and metabolic risks or clusters of 

risks, 1990–2015: A systematic analysis for the Global Burden of Disease Study 2015. Lancet 2016, 388, 1659–1724. 

6. Broeders, E.N.; Knoop, C.; Abramowicz, D. Drug treatment of lipid disorders. N. Engl. J. Med. 1999, 341, 2020. 

7. Kobashigawa, J.; Kasiske, B.J.T. Hyperlipidemia in solid organ transplantation. Liver Transplant. Surg. 1997, 63, 331–338. 

8. Goli, A.K.; Goli, S.A.; Byrd, R.P., Jr.; Roy, T.M. Simvastatin-induced lactic acidosis: A rare adverse reaction? Clin. Pharmacol. 

Ther. 2002, 72, 461–464. 

9. Wang, L.; Fan, W.; Zhang, M.; Zhang, Q.; Li, L.; Wang, J.; Zhu, L.; Wei, D.; Peng, W.; Wu, C. Antiobesity, Regulation of Lipid 

Metabolism, and Attenuation of Liver Oxidative Stress Effects of Hydroxy-alpha-sanshool Isolated from Zanthoxylum 

bungeanum on High-Fat Diet-Induced Hyperlipidemic Rats. Oxid. Med. Cell Longev. 2019, 2019, 5852494. 

10. Liu, A.; Wu, Q.; Guo, J.; Ares, I.; Rodriguez, J.L.; Martinez-Larranaga, M.R.; Yuan, Z.; Anadon, A.; Wang, X.; Martinez, M.A. 

Statins: Adverse reactions, oxidative stress and metabolic interactions. Pharmacol. Ther. 2019, 195, 54–84. 

11. Okopien, B.; Buldak, L.; Boldys, A. Current and future trends in the lipid lowering therapy. Pharmacol. Rep. 2016, 68, 737–747. 

12. Istvan, E.; Deisenhofer, J.J.S. Structural mechanism for statin inhibition of HMG-CoA reductase. Science 2001, 292, 1160–1164. 

13. Dehnavi, S.; Sohrabi, N.; Sadeghi, M.; Lansberg, P.; Banach, M.; Al-Rasadi, K.; Johnston, T.P.; Sahebkar, A. Statins and 

autoimmunity: State-of-the-art. Pharmacol. Ther. 2020, 214, 107614. 

14. Cote, D.J.; Rosner, B.A.; Smith-Warner, S.A.; Egan, K.M.; Stampfer, M.J. Statin use, hyperlipidemia, and risk of glioma. Eur. J. 

Epidemiol. 2019, 34, 997–1011. 

15. Oesterle, A.; Laufs, U.; Liao, J.K. Pleiotropic Effects of Statins on the Cardiovascular System. Circ. Res. 2017, 120, 229–243. 

16. Holmes, M.V.; Ala-Korpela, M. What is ‘LDL cholesterol’? Nat. Rev. Cardiol. 2019, 16, 197–198. 

17. Lewington, S.; Whitlock, G.; Clarke, R.; Sherliker, P.; Emberson, J.; Halsey, J.; Qizilbash, N.; Peto, R.; Collins, R.J.L. Blood 

cholesterol and vascular mortality by age, sex, and blood pressure: A meta-analysis of individual data from 61 prospective 

studies with 55,000 vascular deaths. NIH Public Access 2007, 370, 1829–1839. 

18. Haberland, M.; Mottino, G.; Le, M.; Frank, J.S. Sequestration of aggregated LDL by macrophages studied with freeze-etch 

electron microscopy. J. Lipid Res. 2001, 42, 605–619. 

19. Hofmann, A.; Brunssen, C.; Morawietz, H. Contribution of lectin-like oxidized low-density lipoprotein receptor-1 and LOX-1 

modulating compounds to vascular diseases. Vasc. Pharmacol. 2017, 107, 1–11. 

20. Younis, N.; Charlton-Menys, V.; Sharma, R.; Soran, H.; Durrington, P.J.A. Glycation of LDL in non-diabetic people: Small dense 

LDL is preferentially glycated both in vivo and in vitro. Atherosclerosis 2009, 202, 162–168. 

21. Borén, J.; Williams, K.J. The central role of arterial retention of cholesterol-rich apolipoprotein-B-containing lipoproteins in the 

pathogenesis of atherosclerosis: A triumph of simplicity. Curr. Opin. Lipidol. 2016, 27, 473–483. 

22. Voight, B.; Peloso, G.; Orho-Melander, M.; Frikke-Schmidt, R.; Barbalic, M.; Jensen, M.; Hindy, G. Plasma HDL cholesterol and 

risk of myocardial infarction: A mendelian randomisation study. Lancet 2012, 380, 572–580. 

23. Adams, S.P.; Tsang, M.; Wright, J.M. Lipid-lowering efficacy of atorvastatin. Cochrane Database Syst. Rev. 2015, 12,1-460. 

doi:10.1002/14651858.CD008226.pub2. 

24. Ward, N.C.; Watts, G.F.; Eckel, R.H. Statin Toxicity. Circ. Res. 2019, 124, 328–350. 

25. Ward, N.C.; Pang, J.; Ryan, J.D.M.; Watts, G.F. Nutraceuticals in the management of patients with statin-associated muscle 

symptoms, with a note on real-world experience. Clin. Cardiol. 2018, 41, 159–165. 

26. Du Souich, P.; Roederer, G.; Dufour, R. Myotoxicity of statins: Mechanism of action. Pharmacol. Ther. 2017, 175, 1–16. 

27. Chang, C.; Chang, Y.; Lee, Y.; Liu, Y.; Chuang, L.; Lin, J.W. Severe hepatic injury associated with different statins in patients 

with chronic liver disease: A nationwide population-based cohort study. J. Gastroenterol. Hepatol. 2015, 30, 155–162. 



Int. J. Mol. Sci. 2021, 22, 11107 18 of 19 
 

 

28. Stapleton, P.; Goodwill, A.; James, M.; Brock, R.; Frisbee, J.C. Hypercholesterolemia and microvascular dysfunction: 

Interventional strategies. J. Inflamm. 2010, 7, 54. 

29. Thompson, G.; Catapano, A.; Saheb, S.; Atassi-Dumont, M.; Barbir, M.; Eriksson, M.; Paulweber, B.; Sijbrands, E.; Stalenhoef, 

A.; Parhofer, K.G. Severe hypercholesterolaemia: Therapeutic goals and eligibility criteria for LDL apheresis in Europe. Curr. 

Opin. Lipidol. 2010, 21, 492–498. 

30. Reiner, Ž. Hypertriglyceridaemia and risk of coronary artery disease. Nat. Rev. Cardiol. 2017, 14, 401–411. 

31. Chen, Y.; Li, R.; Hu, N.; Yu, C.; Song, H.; Li, Y.; Dai, Y.; Guo, Z.; Li, M.; Zheng, Y.; et al. Baihe Wuyao decoction ameliorates 

CCl-induced chronic liver injury and liver fibrosis in mice through blocking TGF-β1/Smad2/3 signaling, anti-inflammation and 

anti-oxidation effects. J. Ethnopharmacol. 2020, 263, 113227. 

32. Derosa, G.; Sahebkar, A.; Maffioli, P. The role of various peroxisome proliferator-activated receptors and their ligands in clinical 

practice. J. Cell. Physiol. 2018, 233, 153–161. 

33. Kim, S.; Brown, D.; Jester, J.V. Transcriptome analysis after PPARγ activation in human meibomian gland epithelial cells 

(hMGEC). Ocul. Surf. 2019, 17, 809–816. 

34. Wang, Y.X. PPARs: Diverse regulators in energy metabolism and metabolic diseases. Cell Res. 2010, 20, 124–137. 

35. Juge-Aubry, C.; Gorla-Bajszczak, A.; Pernin, A.; Lemberger, T.; Wahli, W.; Burger, A.; Meier, C.A. Peroxisome proliferator-

activated receptor mediates cross-talk with thyroid hormone receptor by competition for retinoid X receptor. Possible role of a 

leucine zipper-like heptad repeat. J. Biol. Chem. 1995, 270, 18117–18122. 

36. Braissant, O.; Foufelle, F.; Scotto, C.; Dauça, M.; Wahli, W.J.E. Differential expression of peroxisome proliferator-activated 

receptors (PPARs): Tissue distribution of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinplogy 1996, 137, 354–366. 

37. Robinson-Rechavi, M.; Carpentier, A.; Duffraisse, M.; Laudet, V. How many nuclear hormone receptors are there in the human 

genome? Trends Genet. 2001, 17, 554–556. 

38. Robinson-Rechavi, M.; Marchand, O.; Escriva, H.; Bardet, P.; Zelus, D.; Hughes, S.; Laudet, V. Euteleost fish genomes are 

characterized by expansion of gene families. Genome Res. 2001, 11, 781–788. 

39. Bionaz, M.; Baumrucker, C.; Shirk, E.; Vanden Heuvel, J.; Block, E.; Varga, G.A. Characterization of Madin-Darby bovine kidney 

cell line for peroxisome proliferator activated receptors: Temporal response and sensitivity to fatty acids. J. Dairy Sci. 2008, 91, 

2808–2813. 

40. Harano, Y.; Yasui, K.; Toyama, T.; Nakajima, T.; Mitsuyoshi, H.; Mimani, M.; Hirasawa, T.; Itoh, Y.; Okanoue, T. Fenofibrate, a 

peroxisome proliferator-activated receptor alpha agonist, reduces hepatic steatosis and lipid peroxidation in fatty liver Shionogi 

mice with hereditary fatty liver. Liver Int. 2006, 26, 613–620. 

41. Mancini, F.; Lanni, A.; Sabatino, L.; Moreno, M.; Giannino, A.; Contaldo, F.; Colantuoni, V.; Goglia, F. Fenofibrate prevents and 

reduces body weight gain and adiposity in diet-induced obese rats. Fed. Eur. Biochem. Soc. 2001, 491, 154–158. 

42. Staels, B.; Dallongeville, J.; Auwerx, J.; Schoonjans, K.; Leitersdorf, E.; Fruchart, J.J.C. Mechanism of action of fibrates on lipid 

and lipoprotein metabolism. Cardiovasc. Drugs 1998, 98, 2088–2093. 

43. Kersten, S. Integrated physiology and systems biology of PPARα. Mol. Metab. 2014, 3, 354–371. 

44. Forest, C.; Tordjman, J.; Glorian, M.; Duplus, E.; Chauvet, G.; Quette, J.; Beale, E.G.; Antoine, B. Fatty acid recycling in 

adipocytes: A role for glyceroneogenesis and phosphoenolpyruvate carboxykinase. Biochem. Soc. Trans. 2003, 31, 1125–1129. 

45. Medina-Gomez, G.; Gray, S.; Vidal-Puig, A. Adipogenesis and lipotoxicity: Role of peroxisome proliferator-activated receptor 

gamma (PPARgamma) and PPARgammacoactivator-1 (PGC1). Public Health Nutr. 2007, 10, 1132–1137. 

46. Lavoie, B.; Nausch, B.; Zane, E.; Leonard, M.; Balemba, O.; Bartoo, A.; Wilcox, R.; Nelson, M.; Carey, M.; Mawe, G.M. Disruption 

of gallbladder smooth muscle function is an early feature in the development of cholesterol gallstone disease. Neurogastroenterol. 

Motil. 2012, 24, e313-24. 

47. Assy, N.; Kaita, K.; Mymin, D.; Levy, C.; Rosser, B.; Minuk, G. Fatty infiltration of liver in hyperlipidemic patients. Dig. Dis. Sci. 

2000, 45, 1929–1934. 

48. Miller, J.P. Serum triglycerides, the liver and the pancreas. Hyperlipid. Cardiovasc. Dis. 2000, 11, 377–382. 

49. Balazs, Z.; Panzenboeck, U.; Hammer, A.; Sovic, A.; Quehenberger, O.; Malle, E.; Sattler, W. Uptake and transport of high-

density lipoprotein (HDL) and HDL-associated alpha-tocopherol by an in vitro blood-brain barrier model. J. Neurochem. 2004, 

89, 939–950. 

50. Beckstead, J.; Oda, M.; Martin, D.; Forte, T.; Bielicki, J.; Berger, T.; Luty, R.; Kay, C.; Ryan, R.J.B. Structure-function studies of 

human apolipoprotein A-V: A regulator of plasma lipid homeostasis. Biochemistry 2003, 42, 9416–9423. 

51. Yang, Y.; Thyagarajan, N.; Coady, B.; Brown, R.J. Cholesterol efflux from THP-1 macrophages is impaired by the fatty acid 

component from lipoprotein hydrolysis by lipoprotein lipase. Biochem. Biophys. Res. Commun. 2014, 451, 632–636. 

52. Brun, R.; Tontonoz, P.; Forman, B.; Ellis, R.; Chen, J.; Evans, R.; Spiegelman, B.M. Differential activation of adipogenesis by 

multiple PPAR isoforms. Genes Dev. 1996, 10, 974–984. 

53. Xu, S.; Jay, A.; Brunaldi, K.; Huang, N.; Hamilton, J.J.B. CD36 enhances fatty acid uptake by increasing the rate of intracellular 

esterification but not transport across the plasma membrane. Biochemistry 2013, 52, 7254–7261. 

54. Goldberg, I.J.; Eckel, R.H.; Abumrad, N.A. Regulation of fatty acid uptake into tissues: Lipoprotein lipase- and CD36-mediated 

pathways. J. Lipid Res. 2009, 50, S86–S90. 

55. Greenwalt, D.E.; Lipsky, R.H.; Ockenhouse, C.F.; Ikeda, H.; Tandon, N.N.; Jamieson, G.A. Membrane glycoprotein CD36: A 

review of its roles in adherence, signal transduction, and transfusion medicine. Blood 1992, 80, 1105–1115. 



Int. J. Mol. Sci. 2021, 22, 11107 19 of 19 
 

 

56. Han, J.; Hajjar, D.P.; Zhou, X.; Gotto, A.M.; Nicholson, A.C. Regulation of PPARγ-Mediated Gene Expression:A New 

Mechanism of Action for High Density Lipoprotein. J. Biol. Chem. 2002, 277, 23582–23586. 

57. Kimak, E.; Bylina, J.; Solski, J.; Hałabiś, M.; Baranowicz-Gąszczyk, I.; Książek, A. Association between lipids, lipoproteins 

composition of HDL particles and triglyceride-rich lipoproteins, and LCAT and CETP activity in post-renal transplant patients. 

Cell Biochem. Biophys. 2013, 67, 695–702. 

58. Niño, H.; García-Pintos, I.; Rodríguez-Borges, J.; Escobar-Cubiella, M.; García-Mera, X.; Prado-Prado, F. Review of synthesis, 

biological assay and QSAR studies of β-secretase inhibitors. Curr. Comput. Aided Drug Des. 2011, 7, 263–275. 

59. Vock, C.; Döring, F.; Nitz, I. Transcriptional Regulation of HMG-CoA Synthase and HMG-CoA Reductase Genes by Human 

ACBP. Cell. Physiol. Biochem. 2008, 22, 5–6. 

60. Xu, J.; Yang, Q.; Li, J.; Tian, Y.; Chen, F.; Lu, L. Molecular Cloning and Expression of Goose(Anser anser) 3-hydroxy-3-

methylglutaryl Coenzyme A Synthase Gene(HMGCS1) in Overfeeding Landes Goose Liver. J. Agric. Biotechnol. 2014, 22, 8. 


