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Abstract

:

Numerous investigations have shown that insoluble dietary fiber (IDF) has a potentially positive effect on obesity due to a high-fat diet (HFD). Our previous findings based on proteomic data revealed that high-purity IDF from soybean residue (okara) (HPSIDF) prevented obesity by regulating hepatic fatty acid synthesis and degradation pathways, while its intervention mechanism is uncharted. Consequently, the goal of this work is to find out the potential regulatory mechanisms of HPSIDF on hepatic fatty acid oxidation by determining changes in fatty acid oxidation-related enzymes in mitochondria and peroxisomes, the production of oxidation intermediates and final products, the composition and content of fatty acids, and the expression levels of fatty acid oxidation-related proteins in mice fed with HFD. We found that supplementation with HPSIDF significantly ameliorated body weight gain, fat accumulation, dyslipidemia, and hepatic steatosis caused by HFD. Importantly, HPSIDF intervention promotes medium- and long-chain fatty acid oxidation in hepatic mitochondria by improving the contents of acyl-coenzyme A oxidase 1 (ACOX1), malonyl coenzyme A (Malonyl CoA), acetyl coenzyme A synthase (ACS), acetyl coenzyme A carboxylase (ACC), and carnitine palmitoyl transferase-1 (CPT-1). Moreover, HPSIDF effectively regulated the expression levels of proteins involved with hepatic fatty acid β-oxidation. Our study indicated that HPSIDF treatment prevents obesity by promoting hepatic mitochondrial fatty acid oxidation.
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1. Introduction


Obesity is becoming a major public health issue around the world, with its prevalence rising year after year. Obesity can cause severe consequences, such as type 2 diabetes, metabolic syndrome, cardiovascular disease, and neurodegenerative diseases [1,2,3]. HFD is thought to increase the risk of obesity by increasing lipid synthesis, decreasing fatty acid oxidation, and impairing triglyceride (TG) export. At present, the primary methods for treating obesity are dieting, drug treatment, and surgical treatment, all of which have varying degrees of side effects. In consequence, there is a desperate demand for secure and effective ways to prevent and manage obesity.



The most active tissue for fatty acid oxidation is the liver. The oxidation of fatty acids is classified as β-oxidation and particular oxidation modes such as α-oxidation and ω-oxidation, with β-oxidation being the primary oxidation pathway [4,5,6]. β-oxidation occurs in the mitochondria and peroxisomes. AMP-activated protein kinase (AMPK) is a key signaling element that regulates hepatic fatty acid oxidation. When AMPK is activated, it inhibits fat accumulation and promotes fatty acid oxidation by regulating the enzymatic activities of sterol regulatory element-binding protein-1c (SREBP-1c) and peroxisome proliferator-activated receptor-α (PPARα) [7,8,9,10]. Silent mating type information regulation 2 homolog-1 (SIRT1) increases the transcriptional activity of PPARα mainly through proliferator-activated receptor gamma coactivator-1α (PGC-1α) deacetylation, which in turn promotes the β-oxidation of fatty acids in the liver. In addition, some proteins situated downstream of the AMPK pathway, such as CPT-1, are intimately related to β-oxidation. CPT-1 is localized on the outer mitochondrial surface and reduces the intracellular fatty acid concentration by catalyzing the beta-oxidation of fatty acids [11,12,13]. Therefore, obesity can be prevented and controlled by promoting fatty acid oxidation.



Soybean residue (okara) is the insoluble portion remaining after filtering the water-soluble portion during soymilk or soybean curd (tofu) production. Although large amounts of okara are yielded by the food industry, most of it is wasted because the high moisture content. As we all know, okara contains a variety of nutrients, especially dietary fiber (DF), which is regarded as the seventh nutrient. DF is essential for maintaining human health and is classified into soluble dietary fiber and IDF according to its water solubility. Numerous forward-looking studies have demonstrated the critical role of IDF in obesity prevention. Frank et al. discovered that insoluble cereal fiber supplementation significantly lowered weight gain and improved insulin sensitivity compared to long-term supplementation with soluble cereal fiber [14]. Another study showed that IDF from Pleurotus eryngii has a preventive effect on obesity through its modulation of the gut microbiota [15]. Our previous study demonstrated that high-purity IDF from okara (HPSIDF) plays a beneficial role in preventing obesity by regulating hepatic fatty acid synthesis and degradation pathways in HFD-fed mice. However, the mechanism of intervention is unclear [16].



Therefore, according to the results of previous research, this work was conducted to further explore the regulatory mechanisms of HPSIDF on fatty acid oxidation by analyzing the changes in the content of mitochondrial and peroxisomal oxidation-related enzymes, the production of oxidative intermediates and final products, fatty acid content and composition, and the expression levels of hepatic fatty acid oxidation-associated proteins in HFD induced mice.




2. Materials and Methods


2.1. Materials and Reagents


Crude soybean residue with 60% IDF content was purchased from Shandong Sinoglory Health Food Co., Ltd. (Liaocheng, China). The CDF was used to prepare the HPSIDF by the enzymatic method. The specific conditions are as follows: α-amylase at 95 °C for 35 min, neutral protease at 60 °C for 30 min, and amyloglucosidase at 60 °C for 30 min [17]. Kits for total cholesterol (TC), TG, low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were derived from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). ELISA kits for free fatty acids (FFA), 3-hydroxybutyric acid (3-OHB), acetoacetate (ACAC), CPT1, ACOX1, ACS, Malonyl CoA, ACC, hydrogen peroxide (H2O2), acetyl-coenzyme A (A-CoA), citrate synthase (CS), and succinyl-coenzyme A (SCoA) were derived from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). HPLC-grade methyl tert-butyl ether (MTBE), methanol (MeOH), and n-hexane were derived from Merck (Darmstadt, Germany). Sodium chloride and phosphate were acquired from Sigma-Aldrich (St. Louis, MO, USA). A methanol solution of 15% boron trifluoride was bought from RHAWN (Shanghai, China). The antibodies to PPARα, fatty acid synthase (FAS), and long-chain acyl-coenzyme A dehydrogenase (ACADL) were derived from Wuhan Sanying Biotechnology Co., Ltd. (Wuhan, China). SREBP-1c, AMPK, CPT1, SIRT1, phosphorylated adenylate-activated protein kinase (pAMPK), PGC-1α, ACOX1, long-chain acyl-coenzyme A synthetase (ACSL), and β-actin were provided by Abcam (Cambridge, UK).




2.2. Animal Experimental Design


The research was carried out in accordance with the Laboratory Animals Guidelines of Jilin Agricultural University and authorized by the Jilin Agricultural University Laboratory Animal Welfare and Ethics Committee (no. 2019 04 10 005). Six-week-old male C57BL/6J mice (n = 40; 18–22 g) were obtained from the Experimental Animal Center of Jilin Agricultural University. Mice were kept in a temperature-controlled (20–25 °C) environment with a 12-h cycle of light/darkness.



Following the first week of acclimatized feeding, mice were separated into four groups for 18 weeks: the normal diet (ND) group, the HFD group, the HFD supplemented with HPSIDF group (HPSIDF, 1000 mg/kg [16]), and the HFD supplemented with L-carnitine group (PC, 40 mg/kg). Notably, L-carnitine has been shown to promote fatty acid metabolism in vivo, which is consistent with the pathway explored in this study, so we chose it as a positive control [18,19]. The body weight and food intake of mice in each group were recorded weekly and daily, respectively. At the end of the trial, mice were anesthetized, and blood was collected through the orbital venous plexus. Then all the animals were euthanized by carbon dioxide. The blood samples were followed by centrifugation at 3000 rpm for 15 min at 4 °C to obtain serum. The liver and fat tissues were obtained by dissection after the execution of mice, weighed, and immediately stored at −80 °C for further analysis.




2.3. Biochemical Analysis


The levels of TC, TG, LDL-C, and HDL-C in serum were determined using commercial assay kits. TC and TG levels in the liver were determined using the same kit as the serum assay. Moreover, the levels of FFA, 3-OHB, and ACAC in serum were determined using the ELISA kits.




2.4. Analysis of Enzyme Contents Related to Fatty Acid Oxidation


An amount of liver was mixed with saline at 1:9 and homogenized on ice. Then it was centrifugated at 3000 rpm for 15 min at 4 °C to obtain the supernatant. The levels of CPT-1, ACOX1, Malonyl Coenzyme A, ACC, ACS, A-CoA, CS, SCoA, and H2O2 were analyzed by ELISA kits.




2.5. Histological Investigation


Liver and epididymal fat were fixed in 4% paraformaldehyde, engrained in paraffin for making sections (5 μm thickness), and stained using hematoxylin and eosin (H&E).




2.6. Analysis of Hepatic Fatty Acid Composition and Content


The liver samples from each group of mice were thawed, and the samples (0.05 g) were mixed with 150 µL of MeOH, 200 μL of MTBE, and 50 μL of 36% phosphoric acid/water (precooled at −20 °C). The mixture was vortexed for 3 min at 2500 rpm and centrifuged at 12,000 rpm for 5 min at 4 °C. Then, 200 μL of supernatant was collected into a new centrifuge tube, blow dry, and 300 μL of a methanol solution of 15% boron trifluoride was added. The mixture was vortexed for 3 min at 2500 rpm and keep in the oven at 60 °C for 30 min. Then 500 μL of n-hexane and 200 μL of saturated sodium chloride solution were added accurately at room temperature. After the mixture was vortexed for 3 min and centrifuged at 12,000 rpm and 4 °C for 5 min, 100 μL of n-hexane layer solution was transferred for further GC-MS analysis.



A GC-EI-MS system was used to analyze the sample derivates. (GC, Agilent 8890ˈ https://Agilent.com.cn/ (accessed on 13 March 2019); MS, 5977B System, https://Agilent.com.cn/ (accessed on 13 March 2019). The following were the analytical conditions: GC column, DB-5MS capillary column (30 m × 0.25 mm × 0.25 μm, Agilent); Carrier gas, highly pure argon gas (purity > 99.999%); The heating procedure was started at 40 °C (2 min), then increased at 30 °C/min to 200 °C (1 min), 10 °C/min to 240 °C (1 min), and 5 °C/min to 285 °C (3 min); traffic: 1.0 mL/min; inlet temperature: 230 °C; injection volume: 1.0 μL. EI-MS: Agilent 8890-5977B GC-MS System, Temperature: 230 °C; ionization voltage: 70eV; power transmission temperature: 240 °C; four-stage rod temp.: 150 °C; solvent postpone: 4 min; scanning method: SIM.



Qualitative and quantitative analysis. Standard solutions of different concentrations of 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 50 μg/mL were prepared, and the peak intensity data corresponding to the different concentrations of the standards were obtained to plot the standard curves. The integrated peak areas of the detected liver samples were brought to the standard curve to calculate the concentrations, which were then further calculated to give absolute content data for the different substances in the actual samples.



The fatty acid content of the sample (μg/g) = c∗V3/1000∗V1/V2/m



Meaning of the letters in the formula:



c: Concentration values obtained by substituting the integrated peak area of the sample into the standard curve (μg/mL);



V1: Volume of sample extraction solution (μL);



V2: Volume of collected supernatant (μL);



V3: Volume of resolution (μL);



m: The sample weight (g).




2.7. Western Blot Analysis


The liver was homogenized in RIPA lysis solution, centrifuged at a speed of 12,000 rpm at 4 °C for 20 min, and the supernatant was collected. The BCA kit was used to determine the content of protein, followed by routine protein blotting analysis. Briefly, protein lysates were isolated by SDS-PAGE and moved to polyvinylidene fluoride (PVDF) films. The blotting film was closed with 5% defatted skim for 1.5 h and then hatched with the corresponding elementary antibodies FAS, SREBP-1c, ACOX1, PPARα, AMPK, pAMPK, SIRT1, PGC-1α, ACADL, ACSL, and CPT1 for the whole night at 4 °C, then incubated with the relevant secondary antibodies for 1.5 h. The bands were analyzed on an iBright CL1000 imaging system using an enhanced chemiluminescence reagent (Invitrogen, Singapore). β-actin was used as a reference to standardize protein expression.




2.8. Statistical Analysis


SPSS 19.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. A one-way analysis of variance (ANOVA) and Duncan’s multiple range tests were used to assess the statistical significance, with p < 0.05 regarded as statistically significant.





3. Results


3.1. Effects of HPSIDF on Body Weight, Food Intake and Fat Accumulation in HFD-Fed Mice


As shown in Table 1, there was no remarkable difference in the initial body weight of the mice in each group. After 18 weeks of feeding, the body weight gain of mice was remarkably increased in the HFD group as opposed to the ND group (p < 0.05). In comparison to the HFD group, there was a decrease in body weight gain in the HPSIDF and PC groups, especially the HPSIDF group (p < 0.05). There was a significant 15% increase in body weight in the HFD group compared to the ND group at the end of the experiment. Compared to the HFD group, weight loss was 15% and 8% in the HPSIDF group and PC group, respectively. In terms of food intake, only the HFD group had a significantly higher food intake in contrast to the other groups (p < 0.05), with no significant variation between the other three groups. In addition, we found that chronic HFD caused abnormal accumulation of perirenal, subcutaneous, and epididymal fat compared to ND (p < 0.0001) (Figure 1A–C). However, HPSIDF treatment significantly reduced the weight of perirenal, subcutaneous, and epididymal fat induced by HFD (p < 0.0001), which was better than the PC group. As shown in Figure 1D, we also found significant adipocyte hypertrophy in HFD-fed mice. Interestingly, HPSIDF treatment considerably alleviated HFD-induced adipocyte hypertrophy compared to the PC group.




3.2. Effects of HPSIDF on Serum Biochemical Indicators in HFD-Fed Mice


As shown in Figure 2A–E, serum TC (p < 0.0001), TG (p < 0.01), LDL-C (p < 0.0001), and FFA (p < 0.05) contents were memorably elevated in the HFD group in contrast to the ND group. HPSIDF intervention effectively reduced the serum TC (p < 0.01), TG (p < 0.0001), LDL-C (p < 0.0001), and FFA (p < 0.001) contents of HFD-fed mice, and there was no considerable difference when compared to the PC group. Furthermore, the HPSIDF and PC groups significantly increased serum HDL-C levels in mice fed with HFD (all p < 0.0001). As shown in Figure 2F,G, the levels of 3-OHB (p < 0.0001) and ACAC (p < 0.05) in the HFD group were observably higher than those of the ND group, and these alterations were effectively reversed by the HPSIDF intervention (p < 0.05, p < 0.01). Moreover, ACAC levels were dramatically reduced in the PC group as opposed to the HFD group (p < 0.0001).




3.3. Effects of HPSIDF on Hepatic Steatosis in HFD-Fed Mice


The chronic HFD resulted in significantly higher liver TC (p < 0.001), TG (p < 0.0001), and FFA (p < 0.0001) levels than ND (Figure 3A). As expected, the concentrations of TC, TG, and FFA were remarkably reduced in the HPSIDF (p < 0.01, p < 0.001, p < 0.001) and PC groups as opposed to the HFD group (p < 0.05, p < 0.01, p < 0.01). In Figure 3B, increased lipid droplet accumulation with marked steatosis was observed in HFD-induced mice. The degree of steatosis in the hepatocytes was ameliorated in both the HPSIDF and PC groups, with red staining of the hepatocyte cytoplasm and reduced lipid droplets.




3.4. Effects of HPSIDF on the Activity of Enzymes Related to Hepatic Fatty Acid Oxidation and the Production of Intermediate and Final Products in HFD-Fed Mice


We found that ACOX1 (p < 0.0001), malonyl CoA (p < 0.01), ACS (p < 0.01), and ACC (p < 0.01) levels were observably enhanced in HFD-fed mice compared to ND-fed mice (Figure 4). However, the levels of ACOX1, malonyl CoA, and ACC were markedly reduced in the HPSIDF (p < 0.01, p < 0.0001, p < 0.01) and PC (p < 0.05, p < 0.01, p < 0.001) groups. Interestingly, CPT-1 and ACS were dramatically increased in the HPSIDF (p < 0.01, p < 0.001) and PC (p < 0.05, p < 0.001) groups as opposed to the HFD group. Furthermore, HPSIDF treatment notably promoted the production of SCoA (p < 0.05), CS (p < 0.01), and A-CoA (p < 0.001) and inhibited the synthesis of H2O2 (p < 0.0001) in the liver of HFD-fed mice.




3.5. Effects of HPSIDF on Hepatic Fatty Acid Content and Composition in HFD-Fed Mice


As shown in Figure 5, long term HFD leads to the accumulation of hexanoic acid (C6:0), octanoic acid (C8:0), decanoic acid (C10:0), palmitic acid (C16:0), stearic acid (C18:0), behenic acid (C22:0), tricosanoic acid (C23:0), lignoceric acid (C24:0), cis-10-pentadecenoic acid (C15-1), cis-10-pentadecenoic acid (C18-1n9c), trans-9-octadecenoic acid (C18-1n9t), cis-8,11,14-eicosatrienoic acid (C20-3n6), cis-7,10,13,16,19-docosapentaenoic acid (DPA) (C22-5), cis-4,7,10,13,16,19-docosahexaenoic acid (C22-6n3) and nervonic acid (C24-1) in the liver. After HPSIDF intervention, the contents of hexanoic acid (C6:0), octanoic acid (C8:0), decanoic acid (C10:0), lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0), heptadecanoic acid (C17:0), stearic acid (C18:0), tricosanoic acid (C23:0), lignoceric acid (C24:0), myristoleic acid (C14-1), cis-10-pentadecenoic acid (C15-1), cis-10-heptadecanoic acid (C17-1), linoleic acid (C18-2n6c), γ-linolenic acid (C18-3n6), cis-11-eicosenoic acid (C20-1), trans-11-eicosenoic acid (C20-1T), cis-11,14-eicosadienoic acid (C20-2), cis-11,14,17-eicosatrienoic acid (C20-3n3), cis-8,11,14-eicosatrienoic acid (C20-3n6), cis-5,8,11,14,17-eicosapentaenoic acid(EPA) (C20-5n3), arachidonic acid (C20-4n6), trans-13-docosenoic acid (C22-1T), cis-13,16-docosadienoic acid (C22-2), cis-7,10,13,16,19-docosapentaenoic acid (DPA) (C22-5), nervonic acid (C24-1) were memorably reduced in HFD-fed mice. Thus, the HPSIDF intervention significantly promoted the oxidation of medium- and long-chain fatty acids in HFD-fed mice.




3.6. Effects of HPSIDF on the Expression Levels of Hepatic Fatty Acid β-Oxidation-Associated Proteins in HFD-Fed Mice


As shown in Figure 6A, several key enzymes for fatty acid β-oxidation were determined in the liver. Long-term HFD markedly upregulated the expression levels of ACSL (p < 0.01), ACOX1 (p < 0.0001), and SREBP-1c (p < 0.001), while downregulating the levels of PPARα (p < 0.05) and ACADL (p < 0.05) in contrast to the ND group. However, these changes were reversed by HPSIDF intervention, except for the ACSL levels, which were downregulated (p < 0.0001). Moreover, HPSIDF treatment observably upregulated the expression levels of CPT-1 (p < 0.0001), PGC-1α (p < 0.0001), SIRT1 (p < 0.05), and pAMPK (p < 0.001), and downregulated the expression levels of FAS (p < 0.05) in contrast to the HFD group.





4. Discussion


The majority of nutrition studies over the last few years have emphasized the value of a high fiber intake. The World Health Organization, Food and Agriculture Organization (WHO/FAO), and the European Food Safety Authority (EFSA) recommend dietary fiber intake of not less than 25 g/day [20,21]. Although most of the suggested beneficial effects of fiber intake are attributed to the viscosity of SDF, results from forward-looking cohort studies concordantly suggest that the intake of IDF, but not SDF, is strongly linked to a decreased risk of obesity and overweight [22,23,24]. Therefore, based on the recommended intake we investigated the effect of different doses of HPSIDF on lipid metabolism in HFD-fed mice in the previous study. It was found that the high-dose group had better effects compared to the low and medium-dose groups. Thus, we chose the high-dose group to explore the effect of HPSIDF on high-fat diet-induced fatty acid oxidation. It is well known that the main feature of obesity is an excessive amount of fat, which leads to a variety of complications, such as dyslipidemia, liver steatosis, insulin resistance, and inflammation [25,26,27]. In this study, HPSIDF intervention remarkably improved fat accumulation, dyslipidemia, and hepatic steatosis in HFD-fed mice. This is in line with the views of Frank et al., who found that supplementation with suitably fermentable insoluble grain fiber prevented HFD-induced obesity and related metabolic disorders [14]. Furthermore, abnormal fat oxidation can raise ketone body levels above the established cutoff, which would then result in ketosis. Interestingly, supplementing with HPSIDF reversed the HFD-induced spike in ketone body levels and brought them back to normal. On the basis of these results, we further explored the potential mechanism of HPSIDF for obesity prevention by studying fatty acid oxidation-related enzymes and proteins.



The liver is an important site of fatty acid metabolism. Huang et al. reported that fatty acids are generated in a series of enzymatic processes and can be oxidized and metabolized to carbon dioxide and water under an adequate oxygen supply. This process is accompanied by the release of tremendous energy. β-oxidation is the primary type of fatty acid oxidation [28]. Kim et al. reported the existence of two different β-oxidation systems, mitochondria and peroxisomes, in mammals as well as higher animals, including humans [29]. Mitochondria mainly oxidize short- and medium-length chain fatty acids, while peroxisomes oxidize substrates such as very-long-chain fatty acids and long-chain fatty acids [30,31]. Research has shown that the peroxisome plays only a minor role in the oxidation of long-chain fatty acids, most of which are oxidized in the mitochondria [32,33]. In addition, the oxidation of fatty acids in the peroxisome is partial and just a carbon chain-shortening reaction. Very long-chain fatty acids enter the peroxisome to form shorter acyl coenzymes, then undergo β-oxidation in the mitochondria to produce acetyl CoA, and finally enter the tricarboxylic acid cycle to produce carbon dioxide and water [34,35]. Therefore, we closely monitored the effects of HPSIDF intervention on the content of enzymes related to fatty acid oxidation and metabolites during oxidation in the liver of HFD-fed mice. Notably, intake of HPSIDF markedly reduced the levels of ACOX1, Malonyl CoA and ACC and increased the levels of CPT-1 and ACS in the liver of HFD-fed mice. Meanwhile, HPSIDF treatment observably promoted the production of SCoA, CS and A-CoA, inhibited the synthesis of H2O2 and diminished the oxidation of peroxisomal fatty acids. It is reported that excessive peroxisomal fatty acid oxidation inhibits mitochondrial fatty acid oxidation, leading to impaired fatty acid oxidation and metabolic disturbances [21]. We speculate that HPSIDF intervention promotes the rate of mitochondrial oxidation. Chen et al. discovered that chronic consumption of high-erucic acid rapeseed oil caused hepatic steatosis in both animals and humans. This may be due to the increased production of hepatic malonyl coenzyme A in rats by peroxides of erucic acid, which inhibit fatty acid oxidation in mitochondria [36]. Therefore, the levels of malonyl CoA and ACC in the liver were measured in this study. Long-term HFD feeding resulted in a significant increase in malonyl CoA and ACC in the liver. The intervention of HPSIDF clearly reversed this situation. These results demonstrated that HPSIDF promotes overall fatty acid oxidation by promoting mitochondrial fatty acid oxidation and offers to a theoretical foundation for further investigation of its mechanism of action at the protein level.



Studies have shown that hepatic fatty acid metabolism is regulated by the AMPK signaling pathway [37,38]. AMPK contains three subunits: -α, -β, and -γ, among which the -α subunit contains a catalytic phosphorylation site at its NH2 terminal (Thr172) [27,39]. Activation of AMPK phosphorylation downregulates the expression of SREBP-1c to inhibit lipid synthesis while stimulating PPARα expression to promote fatty acid oxidation [40]. Meanwhile, the activation of PPARα leads to increased expression of ACSL1 to provide more conjugated acyl coenzymes for use as fuel via the fatty acid oxidation pathway [41]. Gao et al. also explored the conflicting reports on ACSL, concluding that the destiny of long-chain acyl-coenzyme A in cells is based on the positioning of ACSL1 [42]. In this study, we discovered that long-term HFD resulted in a remarkable increase in the expression levels of SREBP-1C, FAS, and ACOX1. Interestingly, the HPSIDF treatment reversed these changes while significantly upregulating the expression levels of pAMPK, PPARα, CPT-1, ACADL, and ACSL. Our findings indicated that HFD inhibits mitochondrial fatty acid oxidation. This is consistent with our previous hypothesis that HPSIDF intervention could effectively promote mitochondrial fatty acid oxidation. In addition to AMPK activation, research suggests that SIRT1 may also be involved in the regulation of PPARα. According to Cohen et al., fasting and dietary restriction activated SIRT1 and PPARα [43]. Furthermore, PGC-1α is a key coactivator of PPARα signaling and a direct substrate of SIRT1 [44,45]. Aparna et al. demonstrated that SIRT1 regulated PPARα signaling mainly through the activation of PGC-1α and that increased levels of SIRT1 stimulated PPARα activity [46,47,48,49,50,51]. We also determined the protein expression of PGC-1α and SIRT1 in the liver [52,53,54,55]. There was no significant difference in the HFD group in contrast to the ND group, and the HPSIDF intervention greatly upregulated the expression levels of both proteins. Furthermore, ACSL1 and CPT-1 are key rate-limiting enzymes that catalyze mitochondrial fatty acid oxidation. Briefly, ACSL1 catalyzes the production of lipid acyl-coenzyme A at the outer mitochondrial membrane, which is subsequently transported to the mitochondrial matrix by CPT1 to complete the fatty acid oxidation process. ACADL catalyzes the dehydrogenation of long-chain fatty acyl-coenzyme A in the first step of β-oxidation in mitochondria. The HPSIDF intervention significantly upregulated the expression levels of the above key enzymes, which also provided a reasonable explanation for the decrease in the content of medium- and long-chain fatty acids represented by lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0), heptadecanoic acid (C17:0), stearic acid (C18:0), and tridecanoic acid (C23:0) in the HPSIDF group. These results suggest that HPSIDF intervention promotes hepatic fatty acid β-oxidation in HFD-fed mice by activating AMPK phosphorylation to upregulate the expression levels of SIRT1, PGC-1α, and PPARα, while stimulating the expression of downstream proteins such as CPT-1, ACOX1, ACADL, and ACSL.




5. Conclusions


In summary, our results indicated that HPSIDF supplementation effectively alleviated body weight gain, fat accumulation, dyslipidemia, and hepatic steatosis induced by HFD. Furthermore, HPSIDF treatment promoted medium- and long-chain fatty acid oxidation in hepatic mitochondria by increasing the contents of CPT-1 and ACS and inhibiting the synthesis of ACOX1, malonyl CoA, and ACC. Meanwhile, HPSIDF treatment dramatically regulated the expression levels of hepatic fatty acid oxidation-related proteins. Overall, our findings gave new perspectives to elucidate the intervention mechanisms of HPSIDF on obesity and play an active role in promoting the comprehensive utilization rate and added value of okara.
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References


	



Mattson, M.P. Roles of the Lipid Peroxidation Product 4-Hydroxynonenal in Obesity, the Metabolic Syndrome, and Associated Vascular and Neurodegenerative Disorders. Exp. Gerontol. 2009, 44, 625–633. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.C.; McPherson, K.; Marsh, T.; Gortmaker, S.L.; Brown, M. Obesity 2 Health and Economic Burden of the Projected Obesity Trends in the USA and the UK. Lancet 2011, 378, 815–825. [Google Scholar] [CrossRef] [PubMed]

	



Gauvreau, D.; Villeneuve, N.; Deshaies, Y.; Cianflone, K. Novel adipokines: Links between obesity and atherosclerosis. Ann. Endocrinol. 2011, 72, 224–231. [Google Scholar] [CrossRef] [PubMed]

	



Korenblat, K.M.; Fabbrini, E.; Mohammed, B.S.; Klein, S. Liver, Muscle, and Adipose Tissue Insulin Action Is Directly Related to Intrahepatic Triglyceride Content in Obese Subjects. Gastroenterology 2008, 134, 1369–1375. [Google Scholar] [CrossRef] [PubMed]

	



Kotronen, A.; Yki-Jarvinen, H.; Sevastianova, K.; Bergholm, R.; Hakkarainen, A.; Pietilainen, K.H.; Juurinen, L.; Lundbom, N.; Sorensen, T.I.A. Comparison of the Relative Contributions of Intra-Abdominal and Liver Fat to Components of the Metabolic Syndrome. Obesity 2011, 19, 23–28. [Google Scholar] [CrossRef]

	



Harwood, J. Fatty-Acid Metabolism. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1988, 39, 101–138. [Google Scholar] [CrossRef]

	



Habinowski, S.A.; Witters, L.A. The Effects of AICAR on Adipocyte Differentiation of 3T3-L1 Cells. Biochem. Biophys. Res. Commun. 2001, 286, 852–856. [Google Scholar] [CrossRef]

	



Lage, R.; Dieguez, C.; Vidal-Puig, A.; Lopez, M. AMPK: A Metabolic Gauge Regulating Whole-Body Energy Homeostasis. Trends Mol. Med. 2008, 14, 539–549. [Google Scholar] [CrossRef]

	



Lim, C.T.; Kola, B.; Korbonits, M. AMPK as a Mediator of Hormonal Signalling. J. Mol. Endocrinol. 2010, 44, 87–97. [Google Scholar] [CrossRef]

	



Peng, I.-C.; Chen, Z.; Sun, W.; Li, Y.-S.; Marin, T.L.; Hsu, P.-H.; Su, M.-I.; Cui, X.; Pan, S.; Lytle, C.Y.; et al. Glucagon Regulates ACC Activity in Adipocytes through the CAMKK Beta/AMPK Pathway. Am. J. Physiol.-Endocrinol. Metab. 2012, 302, E1560–E1568. [Google Scholar] [CrossRef]

	



Ducharme, N.A.; Bickel, P.E. Minireview: Lipid Droplets in Lipogenesis and Lipolysis. Endocrinology 2008, 149, 942–949. [Google Scholar] [CrossRef] [PubMed]

	



Szkudelski, T.; Szkudelska, K. Effects of AMPK Activation on Lipolysis in Primary Rat Adipocytes: Studies at Different Glucose Concentrations. Arch. Physiol. Biochem. 2017, 123, 43–49. [Google Scholar] [CrossRef]

	



Elgebaly, A.; Radwan, I.A.I.; AboElnas, M.M.; Ibrahim, H.H.; Eltoomy, M.F.M.; Atta, A.A.; Mesalam, H.A.; Sayed, A.A.; Othman, A.A. Resveratrol Supplementation in Patients with Non-Alcoholic Fatty Liver Disease: Systematic Review and Meta-Analysis. J. Gastrointestin. Liver Dis. 2017, 26, 59–67. [Google Scholar] [CrossRef] [PubMed]

	



Isken, F.; Klaus, S.; Osterhoff, M.; Pfeiffer, A.F.H.; Weickert, M.O. Effects of Long-Term Soluble vs. Insoluble Dietary Fiber Intake on High-Fat Diet-Induced Obesity in C57BL/6J Mice. J. Nutr. Biochem. 2010, 21, 278–284. [Google Scholar] [CrossRef]

	



Han, X.; Yang, D.; Zhang, S.; Liu, X.; Zhao, Y.; Song, C.; Sun, Q. Characterization of Insoluble Dietary Fiber from Pleurotus Eryngii and Evaluation of Its Effects on Obesity-Preventing or Relieving Effects via Modulation of Gut Microbiota. J. Future Foods 2023, 3, 55–66. [Google Scholar] [CrossRef]

	



Wang, S.; Sun, W.; Swallah, M.S.; Amin, K.; Lyu, B.; Fan, H.; Zhang, Z.; Yu, H. Preparation and Characterization of Soybean Insoluble Dietary Fiber and Its Prebiotic Effect on Dyslipidemia and Hepatic Steatosis in High Fat-Fed C57BL/6J Mice. Food Funct. 2021, 12, 8760–8773. [Google Scholar] [CrossRef] [PubMed]

	



Agostoni, C.; Bresson, J.-L.; Fairweather-Tait, S.; Flynn, A.; Golly, I.; Korhonen, H.; Lagiou, P.; Lovik, M.; Marchelli, R.; Martin, A.; et al. Scientific Opinion on Dietary Reference Values for Carbohydrates and Dietary Fibre. Efsa J. 2010, 8, 1462. [Google Scholar] [CrossRef]

	



Esmail, M.; Anwar, S.; Kandeil, M.; El-Zanaty, A.M.; Abdel-Gabbar, M. Effect of Nigella Sativa, Atorvastatin, or L-Carnitine on High Fat Diet-Induced Obesity in Adult Male Albino Rats. Biomed. Pharmacother. 2021, 141, 111818. [Google Scholar] [CrossRef]

	



Alhasaniah, A.H. L-Carnitine: Nutrition, Pathology, and Health Benefits. Saudi J. Biol. Sci. 2023, 30, 103555. [Google Scholar] [CrossRef]

	



Nishida, C.; Uauy, R.; Kumanyika, S.; Shetty, P. The Joint WHO/FAO Expert Consultation on Diet, Nutrition and the Prevention of Chronic Diseases: Process, Product and Policy Implications. Public Health Nutr. 2004, 7, 245–250. [Google Scholar] [CrossRef]

	



Ye, S.; Shah, B.R.; Li, J.; Liang, H.; Zhan, F.; Geng, F.; Li, B. A Critical Review on Interplay between Dietary Fibers and Gut Microbiota. Trends Food Sci. Technol. 2022, 124, 237–249. [Google Scholar] [CrossRef]

	



Zhao, G.; Zhang, R.; Dong, L.; Huang, F.; Tang, X.; Wei, Z.; Zhang, M. Particle Size of Insoluble Dietary Fiber from Rice Bran Affects Its Phenolic Profile, Bioaccessibility and Functional Properties. Lwt-Food Sci. Technol. 2018, 87, 450–456. [Google Scholar] [CrossRef]

	



Kapravelou, G.; Martinez, R.; Andrade, A.M.; Sanchez, C.; Lopez Chaves, C.; Lopez-Jurado, M.; Aranda, P.; Cantarero, S.; Arrebola, F.; Fernandez-Segura, E.; et al. Health Promoting Effects of Lupin (Lupinus albus Var. Multolupa) Protein Hydrolyzate and Insoluble Fiber in a Diet-Induced Animal Experimental Model of Hypercholesterolemia. Food Res. Int. 2013, 54, 1471–1481. [Google Scholar] [CrossRef]

	



Ren, L.; Sun, D.; Zhou, X.; Yang, Y.; Huang, X.; Li, Y.; Wang, C.; Li, Y. Chronic Treatment with the Modified Longdan Xiegan Tang Attenuates Olanzapine-Induced Fatty Liver in Rats by Regulating Hepatic de Novo Lipogenesis and Fatty Acid Beta-Oxidation-Associated Gene Expression Mediated by SREBP-1c, PPAR-Alpha and AMPK-Alpha. J. Ethnopharmacol. 2019, 232, 176–187. [Google Scholar] [CrossRef]

	



Song, Y.-B.; An, Y.R.; Kim, S.J.; Park, H.-W.; Jung, J.-W.; Kyung, J.-S.; Hwang, S.Y.; Kim, Y.-S. Lipid Metabolic Effect of Korean Red Ginseng Extract in Mice Fed on a High-Fat Diet. J. Sci. Food Agric. 2012, 92, 388–396. [Google Scholar] [CrossRef]

	



Smith, U.; Kahn, B.B. Adipose Tissue Regulates Insulin Sensitivity: Role of Adipogenesis, de Novo Lipogenesis and Novel Lipids. J. Intern. Med. 2016, 280, 465–475. [Google Scholar] [CrossRef]

	



Smith, B.K.; Marcinko, K.; Desjardins, E.M.; Lally, J.S.; Ford, R.J.; Steinberg, G.R. Treatment of Nonalcoholic Fatty Liver Disease: Role of AMPK. Am. J. Physiol.-Endocrinol. Metab. 2016, 311, E730–E740. [Google Scholar] [CrossRef]

	



Huang, X.; Zhou, Y.; Sun, Y.; Wang, Q. Intestinal Fatty Acid Binding Protein: A Rising Therapeutic Target in Lipid Metabolism. Prog. Lipid Res. 2022, 87, 101178. [Google Scholar] [CrossRef]

	



Kim, J.J.P.; Battaile, K.P. Burning Fat: The Structural Basis of Fatty Acid Beta-Oxidation. Curr. Opin. Struct. Biol. 2002, 12, 721–728. [Google Scholar] [CrossRef]

	



Reddy, J.K.; Rao, M.S. Lipid Metabolism and Liver Inflammation. II. Fatty Liver Disease and Fatty Acid Oxidation. Am. J. Physiol.-Gastrointest. Liver Physiol. 2006, 290, G852–G858. [Google Scholar] [CrossRef]

	



Wanders, R.J.A.; Ferdinandusse, S.; Brites, P.; Kemp, S. Peroxisomes, Lipid Metabolism and Lipotoxicity. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2010, 1801, 272–280. [Google Scholar] [CrossRef]

	



Adeva-Andany, M.M.; Carneiro-Freire, N.; Seco-Filgueira, M.; Fernandez-Fernandez, C.; Mourino-Bayolo, D. Mitochondrial Beta-Oxidation of Saturated Fatty Acids in Humans. Mitochondrion 2019, 46, 73–90. [Google Scholar] [CrossRef]

	



Osmundsen, H.; Bremer, J.; Pedersen, J. Metabolic Aspects of Peroxisomal Beta-Oxidation. Biochim. Biophys. Acta 1991, 1085, 141–158. [Google Scholar] [CrossRef] [PubMed]

	



Yao, H.; Wang, Y.; Zhang, X.; Li, P.; Shang, L.; Chen, X.; Zeng, J. Targeting Peroxisomal Fatty Acid Oxidation Improves Hepatic Steatosis and Insulin Resistance in Obese Mice. J. Biol. Chem. 2023, 299, 102845. [Google Scholar] [CrossRef]

	



Mannaerts, G.; Van veldhoven, P.; Van broekhoven, A.; Vandebroek, G.; Debeer, L. Evidence That Peroxisomal Acyl-Coa Synthetase Is Located at the Cytoplasmic Side of the Peroxisomal Membrane. Biochem. J. 1982, 204, 17–23. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Shang, L.; Deng, S.; Li, P.; Chen, K.; Gao, T.; Zhang, X.; Chen, Z.; Zeng, J. Peroxisomal Oxidation of Erucic Acid Suppresses Mitochondrial Fatty Acid Oxidation by Stimulating Malonyl-CoA Formation in the Rat Liver. J. Biol. Chem. 2020, 295, 10168–10179. [Google Scholar] [CrossRef] [PubMed]

	



Burri, L.; Thoresen, G.H.; Berge, R.K. The Role of PPAR Alpha Activation in Liver and Muscle. PPAR Res. 2010, 2010, 542359. [Google Scholar] [CrossRef] [PubMed]

	



Glosli, H.; Gudbrandsen, O.A.; Mullen, A.J.; Halvorsen, B.; Rost, T.H.; Wergedahl, H.; Prydz, H.; Aukrust, P.; Berge, R.K. Down-Regulated Expression of PPAR Alpha Target Genes, Reduced Fatty Acid Oxidation and Altered Fatty Acid Composition in the Liver of Mice Transgenic for HTNF Alpha. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids 2005, 1734, 235–246. [Google Scholar] [CrossRef]

	



Evans, R.M.; Barish, G.D.; Wang, Y.X. PPARs and the Complex Journey to Obesity. Nat. Med. 2004, 10, 355–361. [Google Scholar] [CrossRef]

	



Day, E.A.; Ford, R.J.; Steinberg, G.R. AMPK as a Therapeutic Target for Treating Metabolic Diseases. Trends Endocrinol. Metab. 2017, 28, 545–560. [Google Scholar] [CrossRef]

	



Singh, A.B.; Kan, C.F.K.; Dong, B.; Liu, J. SREBP2 Activation Induces Hepatic Long-Chain Acyl-CoA Synthetase 1 (ACSL1) Expression in Vivo and in Vitro through a Sterol Regulatory Element (SRE) Motif of the ACSL1 C-Promoter. J. Biol. Chem. 2016, 291, 5373–5384. [Google Scholar] [CrossRef]

	



Gao, J.; Gu, X.; Zhang, M.; Zu, X.; Shen, F.; Hou, X.; Hao, E.; Bai, G. Ferulic Acid Targets ACSL1 to Ameliorate Lipid Metabolic Disorders in Db/Db Mice. J. Funct. Foods 2022, 91, 105009. [Google Scholar] [CrossRef]

	



Cohen, H.Y.; Miller, C.; Bitterman, K.J.; Wall, N.R.; Hekking, B.; Kessler, B.; Howitz, K.T.; Gorospe, M.; de Cabo, R.; Sinclair, D.A. Calorie Restriction Promotes Mammalian Cell Survival by Inducing the SIRT1 Deacetylase. Science 2004, 305, 390–392. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.; Liu, C.; Li, N.; Hao, T.; Han, T.; Hill, D.E.; Vidal, M.; Lin, J.D. Genome-Wide Coactivation Analysis of PGC-1 Alpha Identifies BAF60a as a Regulator of Hepatic Lipid Metabolism. Cell Metab. 2008, 8, 105–117. [Google Scholar] [CrossRef] [PubMed]

	



Rodgers, J.T.; Lerin, C.; Haas, W.; Gygi, S.P.; Spiegelman, B.M.; Puigserver, P. Nutrient Control of Glucose Homeostasis through a Complex of PGC-1 Alpha and SIRT1. Nature 2005, 434, 113–118. [Google Scholar] [CrossRef] [PubMed]

	



Purushotham, A.; Schug, T.T.; Xu, Q.; Surapureddi, S.; Guo, X.; Li, X. Hepatocyte-Specific Deletion of SIRT1 Alters Fatty Acid Metabolism and Results in Hepatic Steatosis and Inflammation. Cell Metab. 2009, 9, 327–338. [Google Scholar] [CrossRef] [PubMed]

	



Abelson, P.; Kennedy, D. The Obesity Epidemic. Science 2004, 304, 1413. [Google Scholar] [CrossRef]

	



Stein, C.J.; Colditz, G.A. The Epidemic of Obesity. J. Clin. Endocrinol. Metab. 2004, 89, 2522–2525. [Google Scholar] [CrossRef] [PubMed]

	



Maes, H.H.M.; Neale, M.C.; Eaves, L.J. Genetic and Environmental Factors in Relative Body Weight and Human Adiposity. Behav. Genet. 1997, 27, 325–351. [Google Scholar] [CrossRef]

	



Brownlee, I.A. The Physiological Roles of Dietary Fibre. Food Hydrocoll. 2011, 25, 238–250. [Google Scholar] [CrossRef]

	



Li, L.; Pan, M.; Pan, S.; Li, W.; Zhong, Y.; Hu, J.; Nie, S. Effects of Insoluble and Soluble Fibers Isolated from Barley on Blood Glucose, Serum Lipids, Liver Function and Caecal Short-Chain Fatty Acids in Type 2 Diabetic and Normal Rats. Food Chem. Toxicol. 2020, 135, 110937. [Google Scholar] [CrossRef] [PubMed]

	



Gadde, K.M.; Martin, C.K.; Berthoud, H.-R.; Heymsfield, S.B. Obesity Pathophysiology and Management. J. Am. Coll. Cardiol. 2018, 71, 69–84. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Muniesa, P.; Martinez-Gonzalez, M.-A.; Hu, F.B.; Despres, J.-P.; Matsuzawa, Y.; Loos, R.J.F.; Moreno, L.A.; Bray, G.; Alfredo Martinez, J. Obesity. Nat. Rev. Dis. Primer 2017, 3, 17034. [Google Scholar] [CrossRef] [PubMed]

	



Sorensen, T.I.A. From Fat Cells through an Obesity Theory. Eur. J. Clin. Nutr. 2018, 72, 1329–1335. [Google Scholar] [CrossRef] [PubMed]

	



Weickert, M.O.; Mohlig, M.; Koebnick, C.; Holst, J.J.; Namsolleck, P.; Ristow, M.; Osterhoff, M.; Rochlitz, H.; Rudovich, N.; Spranger, J.; et al. Impact of Cereal Fibre on Glucose-Regulating Factors. Diabetologia 2005, 48, 2343–2353. [Google Scholar] [CrossRef]








[image: Foods 12 02081 g001 550] 





Figure 1. Effects of HPSIDF on fat accumulation in HFD−fed mice. (A) Intraperitoneal morphology of mice in each group. (B,C) Apparent morphology and weight of white adipose tissues. (D) Representative H&E staining images of epididymal fat tissue. ND—normal diet-fed group; HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high-fat diet plus L-carnitine (40 mg/kg) fed group. In contrast to the HFD group, **** p < 0.0001. 
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Figure 2. Effects of HPSIDF on serum biochemical factors in HFD−fed mice. (A–E) Serum TC, TG, HDL-C, LDL-C, and FFA contents. (F,G) Levels of 3-OHB and ACAC. ND—normal diet−fed group; HFD—high−fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high−fat diet plus L−carnitine (40 mg/kg) fed group. Compared with the HFD group, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 
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Figure 3. Effects of HPSIDF on hepatic steatosis in mice fed with HFD. (A) Levels of hepatic TC, TG and FFA. (B) H&E staining of the liver. ND—normal diet−fed group; HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high−fat diet plus L−carnitine (40 mg/kg) fed group. Compared with the HFD group, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 






Figure 3. Effects of HPSIDF on hepatic steatosis in mice fed with HFD. (A) Levels of hepatic TC, TG and FFA. (B) H&E staining of the liver. ND—normal diet−fed group; HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high−fat diet plus L−carnitine (40 mg/kg) fed group. Compared with the HFD group, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 4. Effects of HPSIDF on the activity of enzymes related to hepatic fatty acid oxidation and the production of intermediate and final products in HFD−fed mice. Determination of ACOX1, CPT-1, Malonyl CoA, ACS, ACC, ScoA, CS, A-CoA, and H2O2 in the liver (A–I). ND—normal diet-fed group; HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high-fat diet plus L−carnitine (40 mg/kg) fed group. In contrast to the HFD group, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 
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Figure 5. Effects of HPSIDF on hepatic fatty acid composition and content in HFD−fed mice. ND—normal diet−fed group; HFD—high-fat diet−fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high-fat diet plus L-carnitine (40 mg/kg) fed group. 
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Figure 6. Effects of HPSIDF on the expression levels of hepatic fatty acid oxidation-associated proteins in HFD-fed mice. The levels of CPT-1, PPARα, PGC-1α, SIRT1, pAMPK, ACADL, ACSL, ACOX1, FAS, and SREBP-1c were determined using western blot analysis. The comparative intensities of these protein stripes were analyzed using ImageJ software. β-actin was used as a reference. (A) Protein-blotted bands measured. (B) CPT-1, PPARα, PGC-1α, SIRT1, pAMPK, ACADL, ACSL protein expression analysis. (C) Analysis of ACOX1, FAS, and SREBP-1c protein expression. Values are shown as averages ± SD (n = 10). ND—normal diet-fed group; HFD—high-fat diet-fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group. In contrast to the HFD group, * p < 0.05, ** p < 0. 01, *** p < 0.001, and **** p < 0.0001. 
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Table 1. The effect of HPSIDF on body weight and food intake in HFD−fed mice.
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	Items
	ND
	HFD
	HPSIDF
	PC





	Initial body weight (g)
	20.02 ± 0.93
	20.80 ± 1.19
	21.10 ± 1.04
	21.45 ± 0.63



	Final body weight (g)
	27.49 ± 2.09 b
	31.78 ± 2.77 a
	26.90 ± 2.79 b
	28.96 ± 2.24 b



	Body weight gain (g)
	7.47 ± 1.40 b
	10.98 ± 2.94 a
	5.99 ± 2.40 c
	7.50 ± 2.57 b



	Food intake (g)
	2.13 ± 0.10 b
	2.47 ± 0.04 a
	2.08 ± 0.07 b
	2.15 ± 0.13 b







ND—normal diet-fed group; HFD—high-fat diet-fed group; HPSIDF—high-fat diet plus HPSIDF (1000 mg/kg) fed group; PC—high-fat diet plus L-carnitine (40 mg/kg) fed group. The same column with different letters (a, b, c) are markedly different (p < 0.05). Results are shown as average ± SD (n = 10).
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