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Nonalcoholic fatty liver disease (NAFLD) has become one of the public health problems globally. The occurrence of NAFLD is usually accompanied by a series of chronic metabolic diseases, with a prevalence rate is 25.24% among adults worldwide. Therefore, NAFLD seriously affects the quality of life in patients and causes a large economic burden. It has been reported that puerarin has the function of lowering the serum lipids, but due to the complexity of NAFLD, the specific mechanism of action has not been clarified. The aim of this study was to evaluate the preventive or ameliorating effects of two doses of puerarin (0.11% and 0.22% in diet) on high-fat and high-fructose diet (HFFD)-induced NAFLD in rats. The rats were fed with HFFD-mixed puerarin for 20 weeks. The results showed that puerarin ameliorated the levels of lipids in the serum and liver. Further exploration of the mechanism found that puerarin ameliorated hepatic lipid accumulation in NAFLD rats by reducing the expression of Srebf1, Chrebp, Acaca, Scd1, Fasn, Acacb, Cd36, Fatp5, Degs1, Plin2, and Apob100 and upregulating the expression of Mttp, Cpt1a, and Pnpla2. At the same time, after administration of puerarin, the levels of antioxidant markers (superoxide dismutase, glutathione peroxidase, and catalase) were significantly increased in the serum and liver, and the contents of serum and hepatic inflammatory factors (interleukin-18, interleukins-1β, and tumor necrosis factor α) were clearly decreased. In addition, puerarin could ameliorate the liver function. Overall, puerarin ameliorated HFFD-induced NAFLD by modulating liver lipid accumulation, liver function, oxidative stress, and inflammation.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) has become the leading cause of chronic liver disease globally, with an estimated global adult prevalence of 25.24% (1, 2). About 20%–30% patients of the NAFLD will develop nonalcoholic hepatitis, and 20% cases of nonalcoholic hepatitis will develop liver cirrhosis, which greatly increases the risk of hepatocellular carcinoma (3). NAFLD was not only accompanied by steatosis, based on the clinical characteristics of majority patients, but is also commonly associated with obesity, dyslipidemia, and type 2 diabetes, and considered a hepatic manifestation of metabolic syndrome (4, 5). Excessive triglycerides (TGs) accumulation in the liver is an important cause for NAFLD (6, 7). The accumulation of TG in hepatocytes is related to four mechanisms: fatty acid uptake, de novo lipogenesis, fatty acid oxidation, and very low-density lipoprotein (VLDL) assembly and secretion (8).

After high-fat and high-fructose diet (HFFD), 30% of the fatty acids are transported to the liver tissue (9). The liver can also generate acetyl-CoA through glycolysis by itself and then gradually generate fatty acids by a series of fatty acid synthases. The results of the study showed that 26% of TG in the liver of NAFLD patients were synthesized from de novo fatty acids (10). The hepatic fatty acid oxidation mechanism can efficiently consume free fatty acids (FFA) that are synthesized by de novo in the liver or obtained in the blood (11). Therefore, FFA β-oxidation is an important way to regulate the homeostasis of hepatic TG. The secretion of VLDL is the only effective way to export TG from the liver (9). The imbalance of the above four mechanisms is the main reason for the excessive accumulation of TG in the liver. Steatosis caused by fat accumulation activates the c-Jun N-terminal kinase signaling pathway, promoting the production of excess reactive oxygen species (ROS) in the mitochondria, which ultimately cause oxidative stress (12). On the other hand, excessive fatty acid oxidation is also a potential pathway for ROS generation (13). During the development of NAFLD, oxidative stress activates some inflammatory cells, which contribute to the development of nonalcoholic steatohepatitis (14). They induce the occurrence of non-alcoholic hepatitis through hepatocyte apoptosis, insulin resistance, and other pathways (15). Therefore, NAFLD is closely related to oxidative stress and inflammatory response. At present, drug treatment of chronic liver disease has become the most common method. Fenofibrate can reduce lipid accumulation in the liver, and statins can reduce the contents of the serum lipids (16, 17). Although they have a significant effect, their long-term administration can trigger hepatotoxicity and nephrotoxicity (18, 19). Since there is no specific drug for NAFLD, only a combination of drugs can be used to regulate the liver injury caused by NAFLD. At the same time, the side effects of drugs are obvious. Therefore, finding a low-toxic or non-toxic natural active ingredient to improve NAFLD has become a hot topic.

Puerarin, a natural active ingredient extracted from Pueraria lobata, has antioxidant, anti-inflammation, and insulin resistance-reducing effects (20, 21). According to reports, puerarin has a certain therapeutic effect on hypertension, diabetes, arteriosclerosis, and other diseases in diabetic rats (22, 23). On this basis, more scholars have studied the mechanism of action of puerarin in improving liver steatosis. Studies have found that puerarin could regulate leptin signaling through the Janus kinase 2/signal transducer and activator of transcription 3 signaling pathway, thereby improving liver steatosis (24). Wenting Xu et al. (25) constructed a diabetic rat model by intraperitoneal injection of streptozotocin and found that the puerarin treatment group could significantly reduce the serum TG and TC contents, and the protein expression of inflammatory factors in the puerarin treatment group was significantly lower, such as tumor necrosis factor α (TNF-α). According to recent studies, puerarin could ameliorate glucose content and lipid metabolic disorders in the liver by regulating the adenosine 5′-monophosphate-activated protein kinase pathway and downregulating the gene expression levels of acetoacetyl coenzyme A (Acetyl-CoA) carboxylase (ACC1), fatty acid synthase (FASN), stearoyl-coenzyme A desaturase 1 (SCD1), and sterol regulatory element binding transcription factor-1c (SREBP-1c) (26).

Due to the complexity of the pathogenesis of NAFLD, the research on the mechanism of puerarin in improving NAFLD caused by HFFD is not comprehensive enough, and the regulatory mechanism is not yet clear. In this study, we established a NAFLD rats model induced by HFFD and comprehensively evaluated its improvement effect through serum and liver lipid indexes, antioxidant markers, and inflammatory factors. In addition, the mechanism of action of puerarin in improving NAFLD was explored by detecting the gene expression of related pathways of four mechanisms: de novo lipogenesis, fatty acid uptake, fatty acid β-oxidation, and VLDL assembly and secretion.



Materials and methods


Chemicals and reagents

Puerarin (purity 98%) was purchased from Nanjing Jingzhu Bio-technology Co., Ltd. (Nanjing, China). Fenofibrate was bought from Recipharm Fontaine (France). The commercial kits of total cholesterol (TC), TG, aspartate transferase (AST), alkaline phosphatase (ALP), and alanine transaminase (ALT) were obtained from Biosino Bio-Technology and Science Inc. (Beijing, China). Enzyme-linked immunosorbent assay (ELISA) kits of FFA, VLDL, acetyl-CoA, acetoacetate (AcAc), and succinate dehydrogenase (SDH) were purchased from Beijing Sino-UK Institute of Biological Technology (Beijing, China). The assay kits of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), malondialdehyde (MDA), and enzyme-linked immunosorbent assay (ELISA) kits of TNF-α, interleukin-18 (IL-18) and interleukin-1β (IL-1β) were bought from Beijing Sino-UK Institute of Biological Technology (Beijing, China). TRIpure reagent was obtained from Aidlab Biotechnologies Co., Ltd. (Beijing, China). FastQuant RT Kit and SuperReal PreMix Plus with SYBR Green were purchased from Tiangen Biotech Co. Ltd. (Beijing, China). The primers of quantitative real-time PCR (qRT-PCR) were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).



Animals and diet

A total of 40 male Sprague–Dawley rats (180–220 g, 8 weeks old) were furnished by Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) [Certificate SCXK (Beijing) 2016-0006]. All the rats were housed in the animal room maintained at 22 ± 2°C and 45 ± 5% for relative humidity with a standard 12-h light/dark cycle. In addition, the rats were placed in individual cages with food and water ad libitum. All animal procedures were performed in accordance with the Animal Ethics Committee of the Beijing Key Laboratory of Functional Food from Plant Resources and the guidelines for the care and use of laboratory animals of the National Institutes of Health.

After the 1-week acclimation period, the rats were randomly divided into five groups (n = 10 per group): normal group (NG), fed with regular rodent diet; model group (MG), fed with HFFD; fenofibrate group (FG), fenofibrate (0.15%) was administered in chow ad libitum in the HFFD; low dose of puerarin group (PL), fed with a HFFD supplemented with 0.1% puerarin; and high dose of puerarin group (PH), fed with an HFFD supplemented with 0.2% puerarin. The HFFD and the dose of puerarin were added by referring to previous research studies (27, 28). The dose of fenofibrate was added to the feed according to the study by Laura Castiglioni et al. (29). The compositions of the basal diet and HFFD are shown in Table 1. The changes in food intake and body weight were measured once every 2 days and 1 week, respectively. The animal experiment lasted for 20 weeks.


Table 1 | Composition of diets.





Measurement of serum and hepatic biochemical indicators

On the 8th, 12th, 16th, and 20th weeks of the treatment, the rats were fasted overnight with water ad libitum and anesthetized on the second day. The blood samples were obtained from orbital venous plexus and placed for 12 h at 4°C and then centrifuged at 4,000 g for 10 min at 4°C to obtain the serum. Afterward, the serum was stored at −80°C. Blood samples taken in the first three sessions were used to monitor changes in serum lipids. The blood samples at the 20th week were used for the comprehensive detection of serum markers. At the end of the animal experiment, the liver simples were divided into two parts, one part soaked in 10% formalin solution for histopathology and another part stored at −80 °C for biochemical determination. Liver lipids were extracted from liver homogenates referring to the protocols of Zhao et al. (30).

The contents of the serum lipids (TG, FFA, and VLDL) and the hepatic lipids (TC, TG, FFA, and VLDL) were determined using the corresponding detection kits. The levels of liver function indicators (AST, ALP, and ALT) were measured following the instructions of the corresponding assay kits. The variation of antioxidant markers (SOD, CAT, and GSH-Px) and content of MDA in the serum and liver were determined by the corresponding assay kits. The levels of inflammatory cytokines (IL-1β, IL-18, and TNF-α) in the serum and liver, and the levels of lipid metabolites (SDH, AcAc, and acetyl-CoA) in the liver were determined using the corresponding detection kits. All the indicators were detected by a Mindray BS-420 automatic biochemistry analyzer (Shenzhen Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China).



Organ and fat coefficient

At the end of the animal experiment, the rats were fasted for 12 h, and the last body weight was measured. Then, all rats were sacrificed under deep anaesthesia. After that, the liver, spleen, kidney, epididymal, perirenal, and abdominal fats were removed and weighted immediately to calculate the organ and fat indexes [organ (fat) index (%) = organ (fat) weight (g)/final body weight (g) × 100%].



Histological analysis

The liver tissues were soaked in 10% formalin solution for 24 h and cut into slices before embedded in the paraffin. Then, liver sections were stained with hematoxylin and eosin (H&E). After all, the histological changes were observed by a light microscope (BA-9000, Osaka, Japan).



Quantitative real-time PCR analysis for mRNA expression

The total RNA of the liver was extracted by using TRIpure reagent. The concentration and purity of RNA was assessed by an ultraviolet–visible spectrophotometer (DS-11, Denovix, USA). Then, cDNA was reverse transcribed from RNA by a FastQuant RT Kit. The mRNA expression levels were determined using the SYBR Green system (Bio-Rad Laboratories, Inc., USA), and the Gapdh was regarded as an internal reference to normalize mRNA expression. Primer sequences are shown in Table 2. The relative mRNA expression levels were calculated via the 2−(ΔΔCt) method (31).


Table 2 | Primer sequence of genes used for qRT-PCR.





Statistical analysis

All data were presented as mean ± standard deviation (SD). Data normality and homogeneity of variance were analyzed using Shapiro–Wilk test and Levene test, respectively. If the data where normally and homogeneously distributed, then data were analyzed using independent-samples t-test using SPSS 26.0 (SPSS Inc., Chicago, USA). Mann–Whitney U test was used for data analysis when data did not conform to normal or homogeneous distribution. p-values <0.05 and 0.01 were considered to be statistically and highly statistically significant, respectively.




Result


Effect of puerarin on food intake, body weight, and organ coefficient

Table 3 shows the changes in body weight, food intake, and coefficients of organ and rats after the animal experiment. The rats in the MG showed a significant increase in final weight, index of liver, and perirenal, and fat of abdominal and epididymal [p < 0.05, vs NG]. The kidney index in the MG was greatly declined (p < 0.05, vs. NG). In particular, the body weight and abdominal fat in the MG were increased by 1.27- and 2.83-fold, respectively (p < 0.01, vs NG). In all the treatment groups, the contents of final weight, perirenal, and abdominal fat were obviously lowered (p < 0.01, vs. MG). After dietary intervention with puerarin, the liver coefficient of rats was significantly reduced (p < 0.01, vs. MG). Interestingly, there was no difference in epididymal fat coefficient with a high dose of puerarin, but a low dose of puerarin could reduce epididymal fat coefficient clearly (p < 0.01, vs. MG). The food intake of rats in the FG was decreased sharply (p < 0.01, vs. MG). Fenofibrate administration could also reduce the epididymal fat coefficient (p < 0.01, vs. MG). Surprisingly, the liver coefficient in the FG was 2.53 times that of the MG and 2.84 times that of the NG (p < 0.01, vs. MG and NG).


Table 3 | Effects of puerarin on body weight, food intake, and organ and fat coefficient.





Effect of puerarin on serum lipid

As can be seen in Figures 1A, B, the levels in the serum TG and FFA were elevated in all rats. The level of FFA in the serum were significantly elevated in all groups at 12 weeks. In Figure 1C, the content of serum VLDL in the NG, PH, and PL were gradually increased. The level of serum VLDL in the MG was gradually decreased, and the serum VLDL level of the FG has been in a fluctuating state. The contents of serum FFA and TG in the PH were significantly decreased at week 16 while increasing the serum VLDL content. The PL could decrease serum FFA content at the same time; it did significantly enhance the serum VLDL level at the 12th week. For serum TG, PL increased steadily from the beginning to the end of the experiment, but its content level was far less than that of the MG (p < 0.01).




Figure 1 | Effect of puerarin on serum lipid. (A) Changes in serum TG at 4–20 weeks; (B) changes in serum FFA at 4–20 weeks; (C) changes in serum VLDL at 4–20 weeks; (D) serum TG at 20 weeks; (E) serum FFA at 20 weeks; (F) serum VLDL at 20 weeks. Data were expressed as mean ± SD (n = 10). **p < 0.01, vs. NG;  ##p < 0.01, vs. MG.



After 20 weeks with HFFD, the levels of serum TG and FFA in the MG were increased by 2.05- and 1.54-fold, respectively (Figures 1D, E, p < 0.01, vs. NG), and the serum VLDL content was decreased by 1.53-fold (Figure 1F, p < 0.01, vs. NG). Compared with the MG, the contents of serum TG and FFA in the PH, PL, and FG were obviously reduced, but the level of serum VLDL was significantly elevated (p < 0.01). A low dose of puerarin had the best effect in downregulating serum TG content, which lowered by 30% compared to the MG. Fenofibrate had the best improvement effect on serum FFA and VLDL levels, which decreased by 53.33% and increased by 19.60%, respectively (vs. MG).



Effect of puerarin on hepatic lipid

Figure 2 shows the hepatic lipid profiles of rats in each group. Compared with the NG, the levels of TC, TG, FFA, and VLDL in the liver showed a clearly upward trend in the MG (Figures 2A–D, p < 0.01), and the levels of hepatic acetyl-CoA had an obvious decline (Figure 2E, p < 0.01). Puerarin and fenofibrate could obviously reduce the levels of hepatic TC, TG, and FFA in HFFD rats (p < 0.01, vs. MG), and the levels of VLDL and acetyl-CoA were significantly enhanced (p < 0.01, vs. MG). Interestingly, puerarin administration groups instead increased the hepatic VLDL levels (p < 0.01, vs. MG), which was opposite to the results of the NG and the FG. Overall, fenofibrate had the best effect on regulating hepatic lipids. In addition, the improvement effect of the low dose of puerarin was better than that of the high dose of puerarin. Especially, the content of hepatic TG in the PL was close to that in the NG.




Figure 2 | Effect of puerarin on hepatic lipid. (A) Hepatic TC; (B) hepatic TG; (C) hepatic FFA; (D) hepatic VLDL; (E) hepatic acetyl-CoA. Data were expressed as mean ± SD (n = 10). **p < 0.01, vs. NG; ##p < 0.01, vs. MG.





Effect of puerarin on hepatic function

The levels of hepatic AST, ALP, ALT, and AcAc in the MG were significantly higher than those in the NG (Figure 3, p < 0.01). The levels of AST, ALT, and AcAc in all treatment groups were significantly decreased (p < 0.01, vs. MG). The ALP levels in the puerarin groups were significantly reduced (p < 0.01, vs. MG), and the serum ALP level was close to that of the NG. However, the FG showed a significant increase in the level of ALP by 3.17-fold (p < 0.01, vs. MG). The content of SDH in the PH, PL, and FG was clearly enhance compared to the MG (Figure 3D, p < 0.01). In puerarin treatment groups, the low dose of puerarin had the best improvement effect on hepatic function.




Figure 3 | Effect of puerarin on hepatic function. (A) Serum AST; (B) serum ALP; (C) serum ALT; (D) hepatic SDH; (E) hepatic AcAc. Data were expressed as mean ± SD (n = 10). *p < 0.05, **p < 0.01, vs. NG;  ##p < 0.01, vs. MG.





Effect of puerarin on oxidative stress

The activities of SOD, GSH-Px, and CAT, and the content of MDA in the serum and liver were detected to reflect the influences of puerarin on antioxidant capacity and lipid peroxidation in rats with HFFD (Figures 4A–H). The contents of SOD, GSH-Px, and CAT in the serum and liver were markedly decreased in rats treated with pure HFFD, whereas the trend of MDA was reversed (p < 0.01, vs. NG). The contents of SOD, CAT, and GSH-Px in both the serum and liver in the puerarin groups were visibly higher than those in the MG in both the serum and liver (p < 0.01). Among them, a low dose of puerarin has the best effect in all aspects. It is worth noting that the contents of serum and liver antioxidant markers in the FG showed different performances. At the serum level, the SOD, GSH-Px, and CAT in the FG were significantly increased, and the serum MDA content was dropped markedly (p < 0.01, vs. MG). However, at the liver level, the levels of antioxidant indicators detected were in the opposite trend to those in the serum.




Figure 4 | Effect of puerarin on oxidative stress. (A) Serum SOD; (B) serum GSH-Px; (C) serum CAT; (D) serum MDA; (E) hepatic SOD; (F) hepatic GSH-Px; (G) hepatic CAT; (H) hepatic MDA. Data were expressed as mean ± SD (n = 10).  **p < 0.01, vs. NG; #p < 0.05, ##p < 0.01, vs. MG.





Effect of puerarin on inflammatory cytokines

As shown in Figure 5, the levels of IL-1β, IL-6, and TNF-α in both serum and liver were examined to reflect the body inflammation in rats. After the supplementation of HFFD for 20 weeks, the contents of IL-1β, IL-18, and TNF-α in the serum and liver were distinctly increased (Figures 5A–C, p < 0.01, vs. NG). The contents of IL-1β, IL-6, and TNF-α in the serum and liver were all obviously lowered in the PL (p < 0.01, vs. MG). In addition to the level of liver IL-1β, the high dose of puerarin could significantly reduce the contents of all other inflammatory factors (p < 0.05, vs. MG). Although fenofibrate administration could significantly decline the contents of serum IL-1β, IL-6, and TNF-α, it did markedly hoist the contents of liver-related indicators (p < 0.01, vs. MG). Among all treatment groups, the improvement effect of PL was the most obvious, in which serum IL-1β, IL-18, and TNF-α were decreased by 18.87%, 17.93%, and 38.97%, respectively (vs. MG).




Figure 5 | Effect of puerarin on inflammatory cytokines. (A) Serum IL-1β; (B) serum IL-18; (C) serum TNF-α; (D) hepatic IL-1β; (E) serum IL-18; (F) hepatic TNF-α. Data were expressed as mean ± SD (n = 10). *p < 0.05, **p < 0.01, vs. NG;  ##p < 0.01, vs. MG.





Effect of puerarin on histological analysis

Histopathological examination of rat liver was performed to determine the role of puerarin in HFFD-induced pathological changes in the liver (Figure 6). The hepatocytes in the NG were arranged normally, and there was no steatosis and fat vacuoles. HFFD feeding for 20 weeks caused the number of fatty vacuoles to significantly increase, with steatosis, disordered arrangement of hepatocytes, and more inflammatory cell infiltration. Under the intervention of puerarin, the fatty vacuoles in hepatocytes were clearly reduced, the arrangement of liver cells returned to normal, and there was less inflammatory cell infiltration. Compared with the MG, although the number fatty vacuoles were significantly reduced after fenofibrate administration, the infiltration of inflammatory cells was still more.




Figure 6 | Hematoxylin and eosin (H&E) staining of liver (100× and 200× magnification). The black, red, and green arrows represent fat vacuoles, inflammatory cells, and steatosis.





Effect of puerarin on expression of lipid metabolism-related genes in the liver

In view of the results of serum and liver indicators, puerarin could significantly improve liver lipid accumulation, oxidative stress, and inflammation in NAFLD rats. Therefore, the expression of key protein-coding genes in lipid accumulation pathways was examined. Compared with the NG, dietary intake of HFFD resulted in increased expressions of Srebf1, Chrebp, Acaca, Fasn, Acacb, Degs1, Plin2, Scd1, Cd36, Fatp5, and Apob100 in rat liver (Figure 7, p < 0.01). HFFD feeding for 20 weeks also could decreased expressions of Cpt1a, Ppara, Mttp, and Pnpla2 (Figure 8, p < 0.01, vs. NG).




Figure 7 | Effect of puerarin on expression of lipid synthesis-related genes in hepatic. (A) Acaca; (B) Fasn; (C) Srebf1; (D) Chrebp; (E) Scd1; (F) Cd36; (G) Fatp5. Data were expressed as mean ± SD (n = 10).  **p < 0.01, vs. NG; #p < 0.05, ##p < 0.01, vs. MG.






Figure 8 | Effect of puerarin on expression of lipid metabolism-related genes in liver. (A) Acacb; (B) Cpt1a; (C) Ppara; (D) Degs1; (E) Mttp; (F) Apob100; (G) Pnpla2; (H) Plin2. Data were expressed as mean ± SD (n = 10). **p < 0.01, vs. NG;  ##p < 0.01, vs. MG.



In terms of de novo lipogenesis and fatty acid uptake, the expression levels of genes in the PH, PL, and FG were extremely reduced (Figure 7, p < 0.01, vs. MG). In terms of FFA β-oxidation and VLDL assembly and secretion, the expression of Acacb, Apob100, and Plin2 in the PH, PL, and FG were markedly reversed (Figures 8A, H, p < 0.01, vs. MG), and the levels of Cpt1a, Ppara, Mttp, and Pnpla2 genes were significantly increased (Figures 8B, C, E–G, p < 0.01, vs. MG). The puerarin treatment groups could evidently drop the expression level of Degs1; on the contrary, the expression of Degs1 in the FG was significantly increased (Figure 8D, p < 0.01, vs. MG).




Discussion

Hepatic lipid metabolic disorder is one of the main features of NAFLD, which is usually accompanied by serum lipid dyslipidemia, abnormal abdominal fat coefficients, and hepatic lipid accumulation (32). In order to better simulate the daily diet structure of modern people, HFFD is usually used to induce the establishment of a model of NAFLD. In this study, a rat model of NFALD was successfully constructed by feeding rats with HFFD for a long time, which is characterized by liver and serum lipids dyslipidemia, accompanied by abdominal obesity, hepatic oxidative stress, and inflammation. In pathological observations, a large number of fat vacuoles were produced, and inflammatory cells infiltration occurred. In addition, we found that after puerarin was added in HFFD, puerarin downregulates the fat coefficient of the abdominal cavity, suggesting that puerarin may have fat-reducing effects. Lei Yang et al. (33) found that puerarin can protect pancreatic beta cells through the GLP-1R signaling pathway, thereby reducing body weight and abdominal fat coefficient in obese model mice. After the combination of fenofibrate and HFFD, although the body weight and the abdominal fat index of the rats were improved, the long-term administration of fenofibrate may suppress the appetite of the rats, thereby reducing their appetite. On the contrary, the positive improvement effect of puerarin on final weight, index of liver and perirenal, and fat of abdominal and epididymal was not achieved by suppressing their appetite.

Serum lipid is an important indicator to measure the lipid metabolism disorder of the body. Long-term HFFD ingestion can cause an increase in serum lipid content. This in vivo experiment examined the effects of dietary interventions in different periods on serum lipid markers. According to the results of routine serum monitoring every 4 weeks, puerarin plays a role in improving serum lipids in week 16. After the administration of fenofibrate, the time of action seems to be shorter, and the effect is more prominent. This suggests that puerarin and fenofibrate could improve dyslipidemia in NAFLD rats. In addition, puerarin diet could lead to the secretion of more hepatic VLDL into the blood. Although puerarin excretes a large amount of hepatic VLDL, it does not cause the increase in serum TG and FFA. The mechanism of this needs to be further explored. After the experiment of rat, both high and low doses of puerarin could significantly improve the abnormality of serum FFA, TG, and VLDL.

As an important regulator of lipid homeostasis, the liver plays a central role in lipid synthesis and metabolism (34). Liver lipid accumulation is mainly determined by four mechanisms: de novo lipogenesis, fatty acid uptake, β-oxidation of fatty acid, and VLDL assembly and secretion (35). The contents of TC, TG, FFA, VLDL, and acetyl-CoA in the liver could clearly reflect the situation of hepatic lipid accumulation. According to our results, the pure HFFD rats had obvious lipid accumulation, which was mainly manifested as increased hepatic TC, TG, and FFA content, decreased acetyl-CoA content, blocked VLDL assembly and secretion, and liver fatty vacuoles accumulation. Therefore, this experiment further explored the mechanism of puerarin-regulating hepatic lipid from the level of gene expression. De novo lipogenesis and fatty acid uptake determine the rate at which lipids are synthesized by the liver. Among them, FASN (coded by Fasn) and ACC1 (coded by Acaca) are rate-limiting enzymes for de novo lipogenesis, SCD1 (coded by Scd1) is the key protein for the generation of monounsaturated fatty acids, and SREBP-1c (coded by Srebf1) and carbohydrate response element binding protein (CHREBP, coded by Chrebp) are upstream proteins regulating FASN, ACC1, and SCD1. When there is excessive fructose and fat intake, SREBP-1c and CHREBP are activated, which in turn increases the expression of genes encoding these proteins (36). Fatty acid transport protein (FATP5, coded by Fatp5) and cluster of differentiation 36 (CD36, coded by CD36) together control the rate of fatty acid uptake by the liver, and a high-fat diet significantly increases the expression of genes encoding FATP5 and CD36. In our study, puerarin significantly reduced the expression of these genes and reduced inflammation caused by lipid accumulation. β-Oxidation of fatty acid and VLDL assembly and secretion simultaneously control hepatic lipid metabolism. Adipose triglyceride lipase (ATGL, coded by Pnplin2) is the first rate-limiting enzyme in the degradation of TG. Long-chain fatty acids generated after TG degradation and de novo synthesis and acquisition of long-chain fatty acids can enter mitochondria through carnitine palmitoyl transferase 1a (CPT1A, coded by Cpt1a) for fatty acid β-oxidation (37). Dihydroceramide desaturase 1 (DES1, coded by Degs1) is the rate-limiting enzyme for ceramide synthesis, which is regulated by SREBP-1c and affects liver mitochondrial function inhibited (38, 39). Microsomal triglyceride transfer protein (MTTP, coded by Mttp) adds TG from the liver to apolipoprotein B 100 (APOB100, coded by Apob100) to form VLDL precursors (40). Finally, APOB100 secretes mature VLDL into the blood and supplies it to other organs and tissues (41). Among them, perilipin 2 family (ADRP, coded by Plin2) can inhibit the maturation rate of VLDL, resulting in the TG not being assembled into VLDL, which in turn accumulates in the liver. In our study, HFFD led to the reduction in the hepatic fatty acid oxidation and VLDL assembly capacity. Furthermore, the above changes could be reversed by puerarin treatment. According to the study of Guodong Zheng et al. (42), 0.2% and 0.4% puerarin mixed with HFFD had different improve effects in serum and hepatic lipids. The contents of TG and FFA in the serum and liver in 0.2% puerarin group were better than that in 0.4% puerarin group. This phenomenon is similar to our findings. Overall, in our study, 0.1% puerarin can effectively reduce HFFD-induced hepatic lipid accumulation better by modulating de novo lipogenesis, fatty acid uptake, fatty acid β-oxidation, and VLDL secretion.

Liver lipid overload induces overproduction of oxidants, including superoxide anion radicals (O2−) and hydrogen peroxide (H2O2) (43). The activities of antioxidant enzymes CAT and SOD also decrease with the development of oxidative stress (44). GSH-Px as an electron donor in oxidation and can effectively decompose H2O2 (45). AcAc is not only a product of incomplete FFA β-oxidation in the liver but can also promote the occurrence of oxidative stress (46, 47). MDA is a highly reactive aldehyde derivative produced by the combination of unsaturated fatty acids with O2−and H2O2, which can amplify liver damage caused by oxidative stress (43, 48). Therefore, the above-mentioned antioxidants and intermediate products of lipid oxidation can be used as important indicators to evaluate the degree of oxidative stress. When mitochondria produce a large amount of ROS due to excessive oxidation, the nuclear factor kappa-B signaling pathway will be activated, a large amount of lipotoxic substances will be produced, and then inflammatory factors will be activated (49). Lipotoxicity activates numerous inflammatory factors, such as interleukins (IL-1β and IL-18) and TNF-α (50, 51). The occurrence of inflammatory response promotes oxidative stress, thus forming a vicious circle. Finally, the two together induced liver damage. Increased AST, ALT, and ALP activities in the serum indicated that hepatocytes and their functions were damaged, i.e., hepatocyte necrosis and mitochondrial dysfunction (52). In this experiment, peroxidase, antioxidative enzymes, and hepatic function indexes were detected in the serum and liver. Compared with normal diet, HFFD developed severe oxidative stress, inflammation, and liver injury. After fenofibrate was fed to rats, the levels of SOD, CAT, GSH-Px, and MDA in the serum was decreased. However, combined with the results of hepatic inflammatory factors and liver function, fenofibrate administration seriously increased the burden of mitochondrial oxidation, resulting in a large release of inflammatory factors, which in turn caused liver injury. It was also confirmed by pathological observation that a large number of inflammatory factors infiltrated hepatocytes after taking fenofibrate. Puerarin could ameliorate hepatic oxidative stress, inflammation, and liver injury induced by HFFD. Combined with pathological observation, it was confirmed that the number of hepatic fat vacuoles and the degree of infiltration of inflammatory factors were alleviated after administration of puerarin. Low dose of puerarin has better anti-inflammatory and antioxidant effects, probably because it regulates lipid-accumulation-related pathways more significantly, so liver lipid accumulation is greatly alleviated. From this, we speculate that it may be a 0.2% dose of puerarin that exceeds its bioavailability, resulting in a decrease in its functional effects. The specific reasons for this phenomenon need to be further studied.

In conclusion, intake of puerarin greatly ameliorated the levels of serum and liver lipid in NAFLD rats. In addition, puerarin regulated the expression of genes in de novo lipogenesis, fatty acid uptake, β-oxidation of fatty acid, and VLDL assembly and secretion, thereby reversing the lipid accumulation in the liver and finally improving the hepatic lipid metabolism disorder. Meanwhile, puerarin could also reduce HFFD-induced oxidative stress, inflammation, and liver injury by increasing the activity of antioxidant markers and reducing the release of inflammatory factors. Figure 9 shows an overview of the mechanism by which puerarin ameliorates NAFLD in rats. Overall, low-dose puerarin had better positive effects. This study provides a comprehensive theoretical basis and mechanism exploration for puerarin to ameliorate NAFLD and confirms that puerarin has a certain development potential.




Figure 9 | Schematic diagram of the mechanism by which puerarin ameliorates NAFLD.
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Puerarin ameliorates nonalcoholic
fatty liver in rats by regulating
hepatic lipid accumulation, oxidative
stress, and inflammation
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