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Abstract

:

Hyperlipidemia, characterized by elevated cholesterol, lipids, and triglycerides in the bloodstream, is linked to hepatic oxidative damage. Doenjang, a traditional Korean condiment made from fermented soybeans, is known for its health benefits, yet its anti-hyperlipidemic effects remain understudied. Our study aimed to assess the hypolipidemic and hepatic protective effects of Doenjang on male ICR mice fed a high-fat cholesterol diet for 8 weeks. Mice were divided into three groups: the normal diet (ND), the high-fat cholesterol diet (HD), and the Doenjang-supplemented HD diet (DS) group. Doenjang supplementation significantly regulated total cholesterol, triglycerides, LDL cholesterol, and HDL cholesterol levels compared to the HD group. It also downregulated lipogenic genes, including PPARγ, FAS, and ACC, and positively influenced the cholesterol metabolism-related genes HMGCR and LXR. Moreover, Doenjang intake increased serum glutathione levels, activated oxidative stress defense genes (NRF2, SOD, GPx1, and CAT), positively modulated inflammation genes (NF-kB and IL6) in hepatic tissue, and reduced malondialdehyde levels. Our findings highlight the effectiveness of traditional Doenjang in preventing diet-induced hyperlipidemia and protecting against hepatic oxidative damage.
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1. Introduction


Hyperlipidemia is a common medical condition characterized by elevated levels of lipids, notably cholesterol, such as low-density lipoprotein cholesterol (LDL-C) and triglycerides, in the bloodstream and is a significant risk factor for cardiovascular diseases such as atherosclerosis, coronary artery disease, stroke, and oxidative damage [1]. Effective management of hyperlipidemia is crucial for mitigating these associated risks. While conventional medical treatments like statins [2,3], a class of medications that inhibit cholesterol production in the liver, have demonstrated efficacy, concerns regarding adverse side effects persist [4], prompting interest in exploring alternative, natural, and dietary interventions. One such possible intervention is the potential use of Doenjang, a traditional Korean fermented soybean paste known for its various health benefits and potential for managing hyperlipidemia [5,6].



Doenjang, a traditional Korean condiment, is made from fermented soybeans and salt. It is a staple in Korean cuisine and is renowned for its rich umami flavor. Previous studies have highlighted its health benefits, such as antioxidant, anti-obesity, antimutagenic, and anti-cancer activities [6,7,8]. The fermentation process used in making Doenjang involves beneficial microorganisms such as Aspergillus species and Bacillus subtilis, which break down components of soybeans, potentially enhancing the bioavailability of essential amino acids, minerals, and vitamins [9,10]. This fermentation process may contribute to the observed health benefits of soy-based fermented foods, as fermented soybean products have demonstrated higher phenolic and protein contents along with greater antioxidant activity compared to their non-fermented counterparts [11]. Some studies suggest that consuming soy-based foods like Doenjang may positively influence lipid profiles by reducing low-density lipoprotein cholesterol (LDL-C) levels, often referred to as “bad” cholesterol [12,13]. In a hyperlipidemic state, lipogenic genes such as Sterol Regulatory Element-Binding Proteins (SREBPs), Fatty Acid Synthase (FAS), and Acetyl-CoA Carboxylase (ACC) are often overactivated, leading to increased synthesis of fatty acids and cholesterol [14]. Concurrently, oxidative stress genes such as Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2), Superoxide Dismutase (SOD), Glutathione Peroxidase (GPx), and Catalase (CAT), when impaired, lead to decreased antioxidant defense and heightened oxidative damage [15,16]. These combined mechanisms promote lipid accumulation and oxidative stress, contributing to the pathogenesis of hyperlipidemia and its associated complications.



The relationship between Doenjang and hyperlipidemia is somewhat complex. The presence of bioactive compounds, including isoflavones and peptides, in Doenjang may help regulate cholesterol levels, as isoflavones have been known to reduce LDL-C levels and increase high-density lipoprotein cholesterol (HDL-C) [17], the “good” cholesterol. Furthermore, they enhance antioxidant properties, which help reduce oxidative stress in the body, which can contribute to the development of atherosclerosis [18]. However, while there have been studies on Doenjang with regards to obesity and oxidative stress [6,19,20], these studies focused on adipose tissues, were clinical trials, or possibly both. However, there is little to no research on the anti-hyperlipidemic properties of Doenjang or the effects on oxidative stress parameters in the liver in ICR mice. Therefore, our research aims to fully understand the mechanisms and efficacy of Doenjang in managing hyperlipidemia induced by a high-fat cholesterol diet, as well as potential health benefits regarding glucose metabolism and hepatic oxidative stress damage, which are accompanying risk factors associated with hyperlipidemia.




2. Materials and Methods


2.1. Animals and Diets


A Doenjang sample from the Sunchang region of the Republic of Korea was acquired from the Sunchang Microbial Institute for Fermented Foods, Republic of Korea. Doenjang is prepared using soybeans matured for 6 months by the traditional Korean fermentation process. The process involved steaming raw soybeans, which were then made into blocks called meju. Then meju is fermented with Bacillus subtilis and Aspergillus oryzae for a period of one month. After which, it was mixed with brine (saltwater) and further fermented for two additional months.



Male ICR mice (3-week-old) were purchased from Samtako Bio Korea (Gyeonggi-do, Republic of Korea). The use of ICR mice is an established model for the study of lipid metabolism. The animal diets were prepared following our laboratory protocol (Table S1). After a two-week adaptation period, the mice were randomly assigned to three groups consisting of 10 mice per group: a normal diet (ND) group receiving a 10% kcal fat diet; a high-fat-cholesterol diet (HD) group receiving a 45% kcal fat diet; and a group fed an HD + 30% Doenjang (DS) for 8 weeks. The mice were kept in a controlled environment with a regulated temperature, following a 12-h light–dark cycle. Feed intake was recorded three times per week, and body weight and naso-anal length were recorded weekly. The energy intake, food efficiency ratio, and Lee index were calculated accordingly. Fasting glucose levels and systolic blood pressure values were measured monthly. The experimental protocol received approval from the Animal Care and Use Committee of the Jeonbuk National University (approval number: NON2023-087).




2.2. Serum and Tissue Sample Collection


At the end of the experimental period, mice underwent a 12-h fasting period and were sacrificed, and blood was collected from the retro-orbital vein using capillary tubes for serum extraction. After allowing the blood samples to stand for 30 min at room temperature, serum was obtained via centrifugation at 1500× g for 15 min at 4 °C and stored at −72 °C until analysis. Liver, pancreas, epididymal, and subcutaneous fat tissues were harvested, frozen in liquid nitrogen, and stored at −72 °C for subsequent analysis.




2.3. Lipid Profiles in the Liver and Serum


The levels of total cholesterol (TC) (AM202-K), triglyceride (TG) (AM157S-K), HDL-C (AM203-K), aspartate aminotransferase (AST; M101-k), and alanine aminotransferase (ALT; AM102-K) were measured enzymatically using commercially available kits (Asan Pharmaceutical Co., Seoul, Republic of Korea). LDL-C values were calculated using Friedewald’s equation [21], while very-low-density lipoprotein cholesterol (VLDL-C) values were calculated using the following equation: TG/5. The atherosclerosis index (AI) was determined using the following equation: TC/HDL-C. Hepatic TG and TC levels were analyzed following a previously established protocol [22].




2.4. Biochemical Analyses of Oxidative Damage and Insulin Levels


Commercial ELISA kits purchased from Elabscience Biotechnology Inc. (Houston, TX, USA) and Alpco (Salem, NH, USA) were used to measure serum levels of insulin (80-INSMSU-E01), malondialdehyde (MDA) (E-EL-0060), and glutathione (GSH) (E-EL-0026). The experiments were conducted in accordance with the instructions provided in their respective manuals. The Agribio online ELISA calculator tool was used for graph plotting and value calculation. HOMA-IR values were calculated using the following formula:


HOMA-IR = fasting insulin (microU/L) × fasting glucose (nmol/L)/22.5.












2.5. Histology Analyses


The liver, pancreas, epididymal, and subcutaneous fat tissues were fixed in 10% formalin. Hematoxylin and eosin (H&E) staining was performed by KP&T (Cheongju-si, Republic of Korea). The stained areas were viewed using an Axiophot Zeiss Z1 microscope (Carl Zeiss, Gottingen, Germany) at scales of 20 nm and 40 nm at Jeonbuk National University’s Center for University-Wide Research Facilities.




2.6. Total mRNA Isolation and qRT-PCR


A quantitative real-time polymerase chain reaction (qRT-PCR) was conducted on hepatic and pancreatic tissues to determine the expression of genes associated with lipid metabolism, glucose metabolism, inflammation, and oxidative stress, which are well-known markers of hyperlipidemia development. Total RNA was isolated using Trizol reagent (TakaRaBio, Shiga, Japan), and the RNA concentration and purity were assessed using a BioDrop μLITE spectrophotometer (Biodrop, Cambridge, UK). Subsequently, one nanogram of the isolated RNA was reverse transcribed into cDNA using Takara PrimeScript RT Master Mix (Tokyo, Japan). The levels of RNA expression were quantified via qRT-PCR using the SYBR Green Realtime PCR Master Mix (Enzynomics, Daejeon, Republic of Korea) and a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). The list of primers and primer sequences used in this study is listed in Supplementary Table S2.




2.7. Western Blotting Analysis


Immunoblot analysis was undertaken to assess the protein expression of genes related to lipid metabolism, cholesterol metabolism, and oxidative damage defense in liver tissue. ACC, P-ACC, AMP-activated protein kinase (AMPK), P-AMPK, SREBP1, Peroxisome proliferator-activated receptor alpha (PPARα), Peroxisome proliferator-activated receptor gamma (PPARγ), FAS, Fatty Acid-Binding Protein 4 (FABP4), SOD1, SOD2, CAT, GPx1, GPx2, GPx1 homotetramer, and β-ACTIN were purchased from Cell Signaling Technology (Beverly, MA, USA). Hepatic tissue was homogenized in lysis buffer and centrifuged, and the resulting supernatant was used to measure the protein concentration. Subsequently, all samples were standardized to an equal protein concentration, combined with 5× protein buffer, heated to 95 °C, and then placed on ice. Each sample was then subjected to electrophoresis on SDS–polyacrylamide gels, transferred to PVDF membranes (Merck, Burlington, MA, USA), and subjected to blotting with respective antibodies. Image processing and analysis were carried out using the KwikQuant Image Analyzer ver. 5.9.




2.8. Statistical Analysis


The results are expressed as means ± standard error (SE). A statistical analysis was performed using one-way ANOVA in SPSS (version 17.0; SPSS Inc., Chicago, IL, USA). Differences between means were evaluated using Duncan’s multiple-range test and an independent t-test, with statistical significance set at p < 0.05.





3. Results


3.1. Doenjang Improves Food Efficiency Ratio, Inhibits Body Weight Gains, and Tissue Weight


In order to establish an isocaloric intake equivalent among all groups, the food intake significantly differed between the ND and the HD and CS groups; however, energy or caloric intake did not significantly differ between all groups (Figure 1A,B). The food efficiency ratio was significantly reduced in DS mice compared to HD mice, while the ND mice had a significantly lower FER (Figure 1C). Over the experimental period, the body weight gain of the HD mice significantly increased compared to the DS and ND mice, respectively. The final body weight of the mice in the HD group was significantly higher than that of the mice in the ND and DS groups. However, the final body weight of the mice in the ND group was significantly lower than that of the mice in the DS and HD groups (Figure 1D,E). To evaluate the degree of obesity, Lee’s index, which correlates with body fat composition, was calculated. The Lee’s index of the HD group was significantly higher than that of the other groups, while that of the DS group was markedly higher than that of the ND group (Figure 1F). The intake of Doenjang significantly reduced the liver, epididymal, and subcutaneous fat tissue weights compared to those of the HD group. However, ND had significantly lower tissue weights (Figure 1G). The relative tissue weights of the subcutaneous and epididymal fat tissues were similarly lower in the ND and DS groups compared to the HD group; however, the relative liver weight of the liver tissue was not significantly different between the DS and HD mice (Figure 1H). Histology captures of epididymal and subcutaneous tissues show that the adipocytes of the epididymal and subcutaneous adipose tissues were significantly larger and irregular in shape in the HD group than in the ND and DS groups, suggesting Doenjang supplementation significantly decreased mean adipocyte size relative to that of HD mice (Figure 1I,J). These findings suggest that Doenjang supplementation inhibits weight gain by reducing visceral abdominal fat and body and tissue weight and decreasing fat accumulation.




3.2. Doenjang Improves Lipid Profiles and Systolic Blood Pressure


In serum, the ND and DS groups had significantly lower serum TC levels than the HD group (Figure 2A). In addition, serum TG levels in DS mice were significantly lower than in both ND and HD mice (Figure 2B). Furthermore, the HD group had significantly lower HDL-C levels than the DS group. Notably, the DS group had the highest levels of HDL-C, which were markedly higher than those of the other groups (Figure 2C). The LDL-C levels were calculated using Friedewal’s equation. The HD group had significantly higher LDL-C levels than the DS and ND groups, with ND having the lowest levels among all groups in terms of LDL-C levels (Figure 2D). Calculated VLDL-C levels showed that the Doenjang-treated group was also significantly lower than the HD group (Figure 2E). The atherosclerosis index (AI), which is used to determine blood lipid levels and is commonly used as an optimal indicator of dyslipidemia and cardiovascular diseases, was calculated as LDL/HDL. The results showed the HD group to have the highest levels, followed by DS and ND in that order (Figure 2F). This was reflected in the systolic levels throughout the experiment period, where the systolic levels of the HD mice were markedly higher than those of the other groups between the 4th and 8th weeks (Figure 2G). Furthermore, the hepatic TG and TC levels were significantly lower in the DS group than in the HD group. The ND group had the significantly lowest hepatic TG and TC levels (Figure 2H,I). In addition, a high-fat cholesterol diet significantly increased the levels of serum AST and ALT in the HD group compared to the ND and DS groups, indicating liver injury (Figure 2J,K).




3.3. Doenjang Improves Glucose Metabolism and Pancreatic Health


At the end of the experiment period, the HD group had significantly higher fasting glucose levels than the other groups, whereas the ND group had significantly lower glucose levels (Figure 3A,B). The ND and CS groups also had significantly lower insulin levels than the HD group (Figure 3C). Insulin resistance, a phenomenon linked to obesity, was evaluated using the homeostasis model assessment of insulin resistance (HOMA-IR) index. The HOMA-IR index of the HD group was significantly higher than those of the ND and CS groups (Figure 3D). Histology captures of the pancreas, a major tissue involved in glucose regulation, show interlobular fat deposition (circled) in the pancreas of HD mice as well as irregular and damaged islets of Langerhans (Figure 3E), indicative of aberrant glucose metabolism. Therefore, we carried out RT-PCR analysis to confirm these histology data. Glut 4 and PGC-1α were upregulated in the HD mice (Figure 3F,G). PGC-1α acts as a selective repressor of NF-κB toward IL-6 in the pancreas. PGC-1α deficiency markedly enhanced NF-κB-mediated upregulation of Il6 in the pancreas in pancreatitis, leading to a severe inflammatory response. In addition, upregulation of the G6PD gene in pancreatic β-cells can induce β-cell dysregulation through ROS accumulation. Our findings show that G6P expression levels in the HD group were markedly upregulated compared to the ND and DS groups (Figure 3H). These findings suggest that Doenjang intake improves insulin sensitivity and, to some extent, modulates glucose metabolism and has the potential to protect against inflammation (pancreatitis), oxidative damage, and ROS accumulation in the pancreas, corroborating previous findings on the anti-diabetic properties of Doenjang.




3.4. Doenjang Protects against Oxidative Stress Damage and Hepatic Inflammation


Serum GSH levels were significantly lower and, conversely, MDA (an end product of lipid peroxidation) levels were significantly higher in HD mice compared to ND and DS mice (Figure 4A,B). Using RT-PCR, we determined a marked increase in the hepatic mRNA expression levels of the antioxidant enzyme precursor NRF2 in DS mice (Figure 4C), which was in line with the upregulation of the expression levels of the antioxidant enzymes SOD, GPx1, and CAT in the liver of DS mice compared to HD mice (Figure 4D–F). In addition, the hepatic inflammation markers NF-kB and IL6 were checked, as inflammation is closely associated with oxidative damage. DS mice were significantly lower than both HD and ND mice (Figure 4G,H).




3.5. Doenjang Improves Lipid Profiles and Hepatic Oxidative Damage


Histology capture of the hepatic tissue of HD mice showed a significant increase in lipid accumulation and deposition in the hepatic tissue compared to the ND and DS mice (Figure 5A). Using RT-PCR, we checked the mRNA expression levels of lipid metabolism-associated genes involved in triglyceride synthesis (SREBP1c, ACC, FAS, and PPARγ) and found them significantly upregulated in the high-fat diet-fed mice compared to the ND and DS mice, with DS mice having significantly lower levels of ACC, FAS, and PPARγ (Figure 5B–E). Gene expression levels of PPARα, the gene involved in reducing triglyceride level by regulation of energy homeostasis, and CPT1, a rate-limiting gene for fatty acid oxidation, were significantly increased in the DS mice compared to the HD mice (Figure 5F,G). Furthermore, the cholesterol synthesis-promoting HMGCR gene was downregulated in the DS group, while LXR was significantly upregulated compared to the HD group (Figure 5H,I).



Results of the Western blot of genes related to triglyceride synthesis, cholesterol metabolism, and oxidative damage in hepatic tissue (Figure 6A) showed an increased P-AMPK/AMPK ratio and P-ACC/ACC ratio in the DS group compared to the HD group; however, there was no significant difference between both groups (Figure 6B,C). The Western blot of genes related to triglyceride synthesis and cholesterol metabolism in liver tissue showed that the protein expression of SREBP1 was significantly lower in DS compared to HD, while PPARα protein expression was significantly increased. In addition, FAS and FABP4 were significantly downregulated in the DS group compared to the HD group (Figure 6D). The Western blot of genes related to oxidative damage in hepatic tissue showed upregulated protein expressions of the antioxidant defense genes SOD1, SOD2, CAT, and GPx1 homotetramer; however, there were no significant differences between the HD and DS groups (Figure 6E).





4. Discussion and Conclusions


Hyperlipidemia is associated with multiple factors, including glucose metabolism dysregulation, oxidative stress damage, and inflammation. Recently, research on hyperlipidemia, particularly focusing on its association with eating behavior, has been conducted, especially on high-fat diet-induced hyperlipidemia [23,24,25]. In addition, high-fat diet (HFD) consumption can induce the production of free radicals and lower antioxidant levels, resulting in a redox imbalance and oxidative stress. It has been reported that oxidative stress is closely related to various diseases, and consumption of HFD could induce oxidative stress and increase reactive oxygen species generation, thereby decreasing the endogenous antioxidant level [26,27,28,29]. Therefore, the objective of this study was to evaluate whether Doenjang could serve as a dietary prevention of HFD-induced hyperlipidemia and hepatic oxidative stress.



Hyperlipidemia and obesity share intricate metabolic processes in vivo. Lee’s index, a marker reflecting the degree of obesity, was markedly reduced by supplementation with Doenjang in the DS mice but was higher in the HD mice, confirming the induction of obesity in the experimental mouse model. Subjects with obesity have enlarged adipocytes that release increased amounts of fatty acids into the bloodstream. This dysregulated lipid metabolism in obesity can contribute to the development of hyperlipidemia, characterized by elevated levels of lipids such as cholesterol and triglycerides in the bloodstream. The excess fatty acids released from adipose tissue can lead to increased synthesis and secretion of triglyceride-rich very-low-density lipoproteins (VLDLs) by the liver. The findings of this current study indicated that Doenjang had a notable impact on reducing obesity caused by a high-fat diet, as evidenced by the significant decrease in body weight, epididymal and subcutaneous fat tissue weights, as well as significantly enlarged adipocytes in HD mice compared to DS mice in the H&E histology captures (Figure 1D,E,G–J). In addition, there were no significant differences in the daily caloric intake among the three groups (ND, HD, and DS), indicating that the weight gain of the mice was not caused by the differences in food intake. As aforementioned, high-fat diet consumption induces obesity and concurrently hyperlipidemia, leading to increased serum TC, TG, LDL-C, and VLDL-C levels, as well as hepatic TC and TG levels and the substantial accumulation of fat in the liver [30,31]. Our findings showed that the HD mice had significantly increased levels of TC, TG, LDL-C, and VLDL-C in the serum and/or liver, indicative of hyperlipidemia. These lipid levels were markedly reduced in the DS mice, which was consistent with a previous clinical study [31]. Furthermore, Doenjang intake increased HDL-C levels in the DS mice compared to the HD mice. These results suggest that Doenjang has a hypolipidemic effect and can regulate serum and liver lipid profiles.



The liver performs a vital role in the body, including the synthesis, metabolism, and storage of lipids [32]. Lipid synthesis is primarily controlled by two key enzymes that limit the rate of synthesis: FAS and ACC. FAS is governed by PPARγ’s positive feedback loop, while ACC is regulated by PPARγ’s negative feedback regulation. Activation of PPARγ triggers a heightened expression of proteins related to fatty acid transport and an increase in cellular triglyceride synthesis [33]. In addition, activation of AMPK increases PPARα expression, which suppresses the expression of ACC and concurrently boosts the expression of CPT1. PPARα, a nuclear transcription factor, plays an important role in the regulation of lipid metabolism, and it induces fatty acid transport and oxidation. Carnitine palmitoyltransferase 1a (CPT1a) is a downstream target gene of PPARα that mediates the entry of acyl into the mitochondrial matrix and is a key rate-limiting enzyme in fatty acid β-oxidation. As a result, there is a rise in the breakdown of lipids through fatty acid beta-oxidation in hepatic cells [33,34]. Therefore, to investigate the potential of the lipid-lowering effects of Doenjang in high-fat diet-induced hyperlipidemic mice, mRNA and protein transcription levels of PPARα and CPT1a are important markers [35]. Our study findings suggest that Doenjang supplementation can lower the expression of genes related to fat formation or lipogenesis in the liver of mice on a high-fat diet, including PPARγ, SREBP1c, FAS, and ACC, while increasing PPARα and CPT1 levels (Figure 5A–G and Figure 6A–D).



The link between hyperlipidemia, lipogenesis, and hepatic oxidative stress involves a complex interplay of molecular pathways and metabolic processes. Elevated levels of lipids, such as cholesterol and triglycerides, in hyperlipidemia can lead to increased oxidative stress within cells and tissues. Excess lipids can promote the production of reactive oxygen species (ROS) through processes such as lipid peroxidation and mitochondrial dysfunction. ROS, in turn, can cause oxidative damage to cellular components such as lipids, proteins, and DNA. This oxidative stress not only exacerbates lipid metabolism dysregulation but also contributes to endothelial dysfunction, atherosclerosis, and other cardiovascular complications associated with hyperlipidemia. Oxidative stress due to an imbalance between the generation of ROS and endogenous antioxidant systems can promote hyperlipidemia, lipid peroxidation, and lipogenesis, while hyperlipidemia can further exacerbate hepatic lipid accumulation, dysregulate lipogenic pathways, and activate transcription factors such as sterol regulatory element-binding proteins (SREBPs), which are key regulators of lipogenesis. This, in turn, is involved in the etiology of several chronic diseases, such as cardiovascular diseases, diabetes, obesity, and cancer [36]. The levels of MDA are used as a biomarker of lipid peroxidation and oxidative stress [37]. As presented in Figure 4B, Doenjang consumption significantly decreased serum MDA levels by 52.5% in comparison with the HD group. Previous studies with Korean fermented foods such as kimchi [38] have reported that traditional Korean fermented foods could significantly reduce markers of oxidative stress. Antioxidants attenuate or inhibit the oxidation of lipids or other biomolecules and, thus, prevent or repair the damage to body cells due to oxidation by free radical species. Free radical species can be neutralized through dismutation or reduction by endogenous antioxidants like GSH, SOD, CAT, and GPx [39]. Our study showed that serum GSH levels, antioxidant enzymes (NRF2, SOD, CAT, and GPx), mRNA, and protein transcription/expression levels were significantly increased in the DS mice compared to the HD mice in the hepatic tissue. Therefore, our findings suggest that Doenjang possesses antioxidant properties and prevents hepatic oxidative damage, as evidenced by the lower levels of MDA (an oxidative stress end-product) and increased levels of antioxidant defense enzymes in the DS mice compared to the HD mice.



Oxidative stress is, in addition, a potent inducer of inflammation through the activation of various signaling pathways and transcription factors, including nuclear factor kappa B (NF-kB). ROS can directly activate NF-kB, a key regulator of inflammatory gene expression, leading to the production of pro-inflammatory cytokines such as interleukin-6 (IL-6) [40]. In the present study, we noticed that significantly higher levels of NF-kB and IL-6, the inflammation cytokines, were present in the hepatic tissue of the HD mice compared to the DS mice. The increase in these inflammatory cytokines might interfere with insulin action by suppressing insulin signal transduction [41]. This prompted our investigation of glucose metabolism in the serum and pancreatic tissue, and our results indicated that HD had significantly higher glucose and insulin levels as well as a higher HOMA IR index, indicating the onset of a hyperglycemic state (Figure 3A–D). A fatty pancreas is associated with abdominal obesity, insulin resistance, T2DM, dyslipidemia, arterial hypertension, and metabolic syndrome. This finding was supported by the improvement in histopathology of the pancreas in the DS mice, while the HD mice had fat deposits in their pancreatic tissue (Figure 3E). In addition, we recorded significantly elevated Glut4 mRNA expression in the pancreas, which may signify an adaptive response to increased glucose levels or insulin demand. This upregulation could facilitate enhanced glucose uptake into pancreatic β-cells, leading to improved insulin secretion in response to elevated blood glucose levels. Therefore, increased pancreatic Glut4 mRNA expression may indicate improved pancreatic function and glucose homeostasis, potentially serving as a marker for enhanced pancreatic β-cell function and insulin sensitivity. Furthermore, PGC-1α, a major regulator of mitochondrial function and energy metabolism, whose upregulation of PGC-1alpha expression promotes the transcription of genes involved in mitochondrial biogenesis, oxidative phosphorylation, and fatty acid oxidation, was significantly increased by Doenjang supplementation. Therefore, increased PGC-1alpha expression in the pancreas suggests an adaptive response to metabolic demands, potentially improving cellular energy production and oxidative stress defense mechanisms. Thus, Doenjang shows potential to correct oxidative damage and inflammation and may increase insulin signal transduction and improve pancreatic health, glucose metabolism, and insulin sensitivity in DS mice by inhibiting NF-kB activation and decreasing IL-6.



In conclusion, our study suggests that Doenjang possesses hypolipidemic properties and can improve hyperglycemia, alleviate oxidative stress and inflammation, and ameliorate dyslipidemia, thus providing preclinical evidence for Doenjang as a potential functional food for the management of hyperlipidemia.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/foods13101471/s1, Table S1. Diet composition. Table S2. Primer sequence.





Author Contributions


Conceptualization, O.C.E. and Y.-S.C.; data curation, O.C.E.; formal analysis, O.C.E., D.-Y.J. and H.-J.Y.; funding acquisition, O.C.E. and Y.-S.C.; investigation, O.C.E., D.-Y.J. and H.-J.Y.; methodology, O.C.E. and Y.-S.C.; project administration, A.H. and Y.-S.C.; resources, O.C.E., Y.-S.C. and H.-J.Y.; supervision, A.H. and Y.-S.C.; validation, O.C.E., A.H. and Y.-S.C.; visualization, O.C.E. and Y.-S.C.; writing—original draft, O.C.E.; writing—review and editing, O.C.E., A.H. and Y.-S.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by “2023 functional research of fermented soybean food (safety monitoring)” under the Ministry of Agriculture, Food, and Rural Affairs and partly by the Korea Agro-Fisheries and Food Trade Corporation.




Institutional Review Board Statement


The experimental protocol was approved by the Animal Care and Use Committee of the Jeonbuk National University (approval number: NON2023-087).




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Nie, Y.; Luo, F.; Wang, L.; Yang, T.; Shi, L.; Li, X.; Shen, J.; Xu, W.; Guo, T.; Lin, Q. Anti-hyperlipidemic effect of rice bran polysaccharide and its potential mechanism in high-fat diet mice. Food Funct. 2017, 8, 4028–4041. [Google Scholar] [CrossRef] [PubMed]

	



Nissen, S.E.; Nicholls, S.J.; Sipahi, I.; Libby, P.; Raichlen, J.S.; Ballantyne, C.M.; Davignon, J.; Erbel, R.; Fruchart, J.C.; Tardif, J.C.; et al. Effect of very high-intensity statin therapy on regression of coronary atherosclerosis: The ASTEROID trial. JAMA 2006, 295, 1556–1565. [Google Scholar] [CrossRef] [PubMed]

	



Tsujita, K.; Sugiyama, S.; Sumida, H.; Shimomura, H.; Yamashita, T.; Yamanaga, K.; Komura, N.; Sakamoto, K.; Oka, H.; Nakao, K.; et al. Impact of Dual Lipid-Lowering Strategy with Ezetimibe and Atorvastatin on Coronary Plaque Regression in Patients with Percutaneous Coronary Intervention: The Multicenter Randomized Controlled PRECISE-IVUS Trial. J. Am. Coll. Cardiol. 2015, 66, 495–507. [Google Scholar] [CrossRef] [PubMed]

	



Ramkumar, S.; Raghunath, A.; Raghunath, S. Statin Therapy: Review of Safety and Potential Side Effects. Acta Cardiol. Sin. 2016, 32, 631–639. [Google Scholar] [PubMed]

	



Pak, K.n.-y.n.; Kwon, D.Y.; Lee, K.W.; Park, S. Korean Functional Foods: Composition, Processing, and Health Benefits; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2018; 564p. [Google Scholar]

	



Cha, Y.S.; Park, Y.; Lee, M.; Chae, S.W.; Park, K.; Kim, Y.; Lee, H.S. Doenjang, a Korean fermented soy food, exerts antiobesity and antioxidative activities in overweight subjects with the PPAR-gamma2 C1431T polymorphism: 12-week, double-blind randomized clinical trial. J. Med. Food 2014, 17, 119–127. [Google Scholar] [CrossRef] [PubMed]

	



Jung, K.O.; Park, S.Y.; Park, K.Y. Longer aging time increases the anticancer and antimetastatic properties of doenjang. Nutrition 2006, 22, 539–545. [Google Scholar] [CrossRef] [PubMed]

	



Park, K.Y.; Jung, K.O.; Rhee, S.H.; Choi, Y.H. Antimutagenic effects of doenjang (Korean fermented soypaste) and its active compounds. Mutat. Res. 2003, 523–524, 43–53. [Google Scholar] [CrossRef] [PubMed]

	



Jang, C.H.; Oh, J.; Lim, J.S.; Kim, H.J.; Kim, J.S. Fermented Soy Products: Beneficial Potential in Neurodegenerative Diseases. Foods 2021, 10, 636. [Google Scholar] [CrossRef]

	



Lee, G.; Lee, H.M.; Lee, C.H. Food safety issues in industrialization of traditional Korean foods. Food Control 2012, 24, 1–5. [Google Scholar] [CrossRef]

	



Chai, C.; Ju, H.K.; Kim, S.C.; Park, J.H.; Lim, J.; Kwon, S.W.; Lee, J. Determination of bioactive compounds in fermented soybean products using GC/MS and further investigation of correlation of their bioactivities. J. Chromatogr. B Analyt Technol. Biomed. Life Sci. 2012, 880, 42–49. [Google Scholar] [CrossRef]

	



Kim, I.S. Current Perspectives on the Beneficial Effects of Soybean Isoflavones and Their Metabolites for Humans. Antioxidants 2021, 10, 1064. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.I.; Erh, M.H.; Su, N.W.; Liu, W.H.; Chou, C.C.; Cheng, K.C. Soyfoods and soybean products: From traditional use to modern applications. Appl. Microbiol. Biotechnol. 2012, 96, 9–22. [Google Scholar] [CrossRef] [PubMed]

	



Wilentz, R.E.; Witters, L.A.; Pizer, E.S. Lipogenic enzymes fatty acid synthase and acetyl-coenzyme A carboxylase are coexpressed with sterol regulatory element binding protein and Ki-67 in fetal tissues. Pediatr. Dev. Pathol. 2000, 3, 525–531. [Google Scholar] [CrossRef] [PubMed]

	



Francisqueti-Ferron, F.V.; Ferron, A.J.T.; Garcia, J.L.; Silva, C.; Costa, M.R.; Gregolin, C.S.; Moreto, F.; Ferreira, A.L.A.; Minatel, I.O.; Correa, C.R. Basic Concepts on the Role of Nuclear Factor Erythroid-Derived 2-Like 2 (Nrf2) in Age-Related Diseases. Int. J. Mol. Sci. 2019, 20, 3208. [Google Scholar] [CrossRef] [PubMed]

	



David, J.A.; Rifkin, W.J.; Rabbani, P.S.; Ceradini, D.J. The Nrf2/Keap1/ARE Pathway and Oxidative Stress as a Therapeutic Target in Type II Diabetes Mellitus. J. Diabetes Res. 2017, 2017, 4826724. [Google Scholar] [CrossRef] [PubMed]

	



Chi, X.X.; Zhang, T.; Zhang, D.J.; Yu, W.; Wang, Q.Y.; Zhen, J.L. Effects of isoflavones on lipid and apolipoprotein levels in patients with type 2 diabetes in Heilongjiang Province in China. J. Clin. Biochem. Nutr. 2016, 59, 134–138. [Google Scholar] [CrossRef] [PubMed]

	



Vekic, J.; Stromsnes, K.; Mazzalai, S.; Zeljkovic, A.; Rizzo, M.; Gambini, J. Oxidative Stress, Atherogenic Dyslipidemia, and Cardiovascular Risk. Biomedicines 2023, 11, 2897. [Google Scholar] [CrossRef]

	



Nam, Y.R.; Won, S.B.; Chung, Y.S.; Kwak, C.S.; Kwon, Y.H. Inhibitory effects of Doenjang, Korean traditional fermented soybean paste, on oxidative stress and inflammation in adipose tissue of mice fed a high-fat diet. Nutr. Res. Pract. 2015, 9, 235–241. [Google Scholar] [CrossRef]

	



Cha, Y.S.; Yang, J.A.; Back, H.I.; Kim, S.R.; Kim, M.G.; Jung, S.J.; Song, W.O.; Chae, S.W. Visceral fat and body weight are reduced in overweight adults by the supplementation of Doenjang, a fermented soybean paste. Nutr. Res. Pract. 2012, 6, 520–526. [Google Scholar] [CrossRef] [PubMed]

	



Friedewald, W.T.; Levy, R.I.; Fredrickson, D.S. Estimation of the concentration of low-density lipoprotein cholesterol in plasma, without use of the preparative ultracentrifuge. Clin. Chem. 1972, 18, 499–502. [Google Scholar] [CrossRef]

	



Edward, O.C.; Lee, E.J.; Han, A.; Mun, E.G.; Yang, H.J.; Kim, J.W.; Cha, Y.S. Gochujang Consumption Prevents Metabolic Syndrome in a High-Fat Diet Induced Obese Mouse Model. J. Med. Food 2023, 26, 244–254. [Google Scholar] [CrossRef] [PubMed]

	



Duan, R.; Guan, X.; Huang, K.; Zhang, Y.; Li, S.; Xia, J.; Shen, M. Flavonoids from Whole-Grain Oat Alleviated High-Fat Diet-Induced Hyperlipidemia via Regulating Bile Acid Metabolism and Gut Microbiota in Mice. J. Agric. Food Chem. 2021, 69, 7629–7640. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; You, Y.; Tian, Y.; Sun, H.; Li, X.; Wang, X.; Wang, Y.; Liu, J. Pediococcus pentosaceus PP04 Ameliorates High-Fat Diet-Induced Hyperlipidemia by Regulating Lipid Metabolism in C57BL/6N Mice. J. Agric. Food Chem. 2020, 68, 15154–15163. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.Y.; Zhong, D.Y.; Wang, G.L.; Zhang, R.G.; Zhang, Y.L. Effect of Walnut Meal Peptides on Hyperlipidemia and Hepatic Lipid Metabolism in Rats Fed a High-Fat Diet. Nutrients 2021, 13, 1410. [Google Scholar] [CrossRef] [PubMed]

	



Yang, R.L.; Li, W.; Shi, Y.H.; Le, G.W. Lipoic acid prevents high-fat diet-induced dyslipidemia and oxidative stress: A microarray analysis. Nutrition 2008, 24, 582–588. [Google Scholar] [CrossRef]

	



Tan, B.L.; Norhaizan, M.E. Effect of High-Fat Diets on Oxidative Stress, Cellular Inflammatory Response and Cognitive Function. Nutrients 2019, 11, 2579. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Y.; Ge, X.; Li, X.; He, J.; Wei, X.; Du, J.; Sun, J.; Li, X.; Xun, Z.; Liu, W.; et al. High-fat diet promotes renal injury by inducing oxidative stress and mitochondrial dysfunction. Cell Death Dis. 2020, 11, 914. [Google Scholar] [CrossRef]

	



Jimoh, A.; Tanko, Y.; Ahmed, A.; Mohammed, A.; Ayo, J.O. Resveratrol prevents high-fat diet-induced obesity and oxidative stress in rabbits. Pathophysiology 2018, 25, 359–364. [Google Scholar] [CrossRef]

	



Zhao, X.; Higashikawa, F.; Noda, M.; Kawamura, Y.; Matoba, Y.; Kumagai, T.; Sugiyama, M. The obesity and fatty liver are reduced by plant-derived Pediococcus pentosaceus LP28 in high fat diet-induced obese mice. PLoS ONE 2012, 7, e30696. [Google Scholar] [CrossRef]

	



Suzuki, T.; Kumazoe, M.; Kim, Y.; Yamashita, S.; Nakahara, K.; Tsukamoto, S.; Sasaki, M.; Hagihara, T.; Tsurudome, Y.; Huang, Y.; et al. Green tea extract containing a highly absorbent catechin prevents diet-induced lipid metabolism disorder. Sci. Rep. 2013, 3, 2749. [Google Scholar] [CrossRef]

	



Bechmann, L.P.; Hannivoort, R.A.; Gerken, G.; Hotamisligil, G.S.; Trauner, M.; Canbay, A. The interaction of hepatic lipid and glucose metabolism in liver diseases. J. Hepatol. 2012, 56, 952–964. [Google Scholar] [CrossRef] [PubMed]

	



Siersbaek, R.; Nielsen, R.; Mandrup, S. PPARgamma in adipocyte differentiation and metabolism--novel insights from genome-wide studies. FEBS Lett. 2010, 584, 3242–3249. [Google Scholar] [CrossRef]

	



Fang, J.; Wang, F.; Song, H.; Wang, Z.; Zuo, Z.; Cui, H.; Jia, Y.; Deng, J.; Yu, S.; Hu, Y.; et al. AMPKalpha pathway involved in hepatic triglyceride metabolism disorder in diet-induced obesity mice following Escherichia coli Infection. Aging 2018, 10, 3161–3172. [Google Scholar] [CrossRef] [PubMed]

	



Duval, C.; Muller, M.; Kersten, S. PPARalpha and dyslipidemia. Biochim. Biophys. Acta 2007, 1771, 961–971. [Google Scholar] [CrossRef] [PubMed]

	



Sharifi-Rad, M.; Anil Kumar, N.V.; Zucca, P.; Varoni, E.M.; Dini, L.; Panzarini, E.; Rajkovic, J.; Tsouh Fokou, P.V.; Azzini, E.; Peluso, I.; et al. Lifestyle, Oxidative Stress, and Antioxidants: Back and Forth in the Pathophysiology of Chronic Diseases. Front. Physiol. 2020, 11, 694. [Google Scholar] [CrossRef] [PubMed]

	



Gawel, S.; Wardas, M.; Niedworok, E.; Wardas, P. [Malondialdehyde (MDA) as a lipid peroxidation marker]. Wiad. Lek. 2004, 57, 453–455. [Google Scholar] [PubMed]

	



Kim, B.K.; Choi, J.M.; Kang, S.A.; Park, K.Y.; Cho, E.J. Antioxidative effects of Kimchi under different fermentation stage on radical-induced oxidative stress. Nutr. Res. Pract. 2014, 8, 638–643. [Google Scholar] [CrossRef] [PubMed]

	



Pham-Huy, L.A.; He, H.; Pham-Huy, C. Free radicals, antioxidants in disease and health. Int. J. Biomed. Sci. 2008, 4, 89–96. [Google Scholar] [CrossRef]

	



Maritim, A.C.; Sanders, R.A.; Watkins, J.B., 3rd. Diabetes, oxidative stress, and antioxidants: A review. J. Biochem. Mol. Toxicol. 2003, 17, 24–38. [Google Scholar] [CrossRef]

	



Dandona, P.; Aljada, A.; Bandyopadhyay, A. Inflammation: The link between insulin resistance, obesity and diabetes. Trends Immunol. 2004, 25, 4–7. [Google Scholar] [CrossRef]








[image: Foods 13 01471 g001] 





Figure 1. Effect of Doenjang intake on feed intake, body and tissue weights, and adipocyte morphology. (A) Daily food intake; (B) daily caloric intake; (C) food efficiency ratio; (D) body weight changes over the experiment period; (E) final body weight; (F) Lee index; (G) tissue weights (g) (subcutaneous fat tissue, epididymal fat tissue, and liver tissue weights); (H) relative tissue weight (g) (subcutaneous fat tissue, epididymal fat tissue, and liver tissue relative weights); (I) histological captures of epididymal fat tissue at a scale of 40 μm and the mean adipocyte area; (J) histological captures of subcutaneous fat tissue at a scale of 40 μm and the mean adipocyte area. Each bar represents the mean ± SE. A one-way ANOVA was used to find the statistical significance at p < 0.05. Bars with different upper scripts differ significantly from each other. 
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Figure 2. Effect of Doenjang on serum and hepatic lipid profiles and systolic blood pressure. (A) Serum total cholesterol levels; (B) serum total triglyceride levels; (C) high-density lipoprotein-cholesterol levels; (D) low-density lipoprotein-cholesterol levels; (E) very-low-density lipoprotein-cholesterol levels; (F) atherosclerosis index; (G) systolic blood pressure over the experiment period; (H) hepatic total triglyceride levels; (I) hepatic total cholesterol levels; (J) serum AST levels; (K) serum ALT levels. Each bar represents the mean ± SE. A one-way ANOVA was used to find statistical significance at p < 0.05. Bars with different upper scripts differ significantly from each other. 
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Figure 3. Effect of Doenjang on glucose metabolism, pancreatic histology, and mRNA expression of genes in pancreatic tissue. (A) Fasting glucose levels over the experiment period; (B) final fasting glucose levels in nmol/L; (C) serum insulin levels; (D) HOMA IR levels; (E) histological captures of pancreatic tissue at a scale of 20 μm and 40 μm (circled area shows fat deposits, arrow shows abnormal islets of Langerhans); (F) mRNA expression level of pancreatic Glut4; (G) mRNA expression level of pancreatic PGC-1α; (H) mRNA expression level of pancreatic G6P. Each bar represents the mean ± SE. A one-way ANOVA was used to find statistical significance at p < 0.05. * indicates a significant difference according to an independent t-test at p < 0.05. Bars with different upper scripts differ significantly from each other. 
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Figure 4. Effect of Doenjang on oxidative stress parameters and mRNA expression levels relative to beta-actin of oxidative stress and inflammation-related genes and enzymes in hepatic tissue. (A) Serum glutathione (GSH) levels; (B) serum malondialdehyde (MDA) levels; (C) mRNA expression level of NRF2; (D) mRNA expression level of SOD; (E) mRNA expression level of GPx1; (F) mRNA expression level of CAT; (G) mRNA expression level of NF-kB; (H) mRNA expression level of IL6. Each bar represents the mean ± SE. A one-way ANOVA was used to find statistical significance at p < 0.05. * indicates a significant difference according to an independent t-test at p < 0.05. Bars with different upper scripts differ significantly from each other. 
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Figure 5. Effect of Doenjang on hepatic histology and mRNA expression levels relative to beta-actin of lipid, triglyceride synthesis, and cholesterol metabolism-related genes and enzymes in hepatic tissue. (A) Histological captures of liver tissue at a scale of 40 μm and hepatic lipid droplet area; (B) mRNA expression level of SREBP1c; (C) mRNA expression level of ACC; (D) mRNA expression level of FAS; (E) mRNA expression level of PPARγ; (F) mRNA expression level of PPARα; (G) mRNA expression level of CPT1; (H) mRNA expression level of HMGCR; (I) mRNA expression level of LXR. Each bar represents the mean ± SE. A one-way ANOVA was used to find statistical significance at p < 0.05. Bars with different upper scripts differ significantly from each other. 
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Figure 6. Effect of Doenjang on hepatic protein expressions of lipid metabolism, cholesterol metabolism, and oxidative damage defense-related genes. (A) Western blot images of investigated genes; (B) protein expression of p-AMPK/AMPK; (C) protein expression of p-acc/acc; (D) protein expressions of SREBP1, PPARα, PPARγ, FAS, and FABP4 relative to β-actin; (E) protein expressions of SOD1, SOD2, CAT, GPx1, GPX2, and GPx1 homotetramer form relative to β-actin. Each bar represents the mean ± SE. A one-way ANOVA was used to find statistical significance at p < 0.05. * indicates a significant difference according to an independent t-test at p < 0.05, ** indicates a significant difference according to an independent t-test at p < 0.01. 






Figure 6. Effect of Doenjang on hepatic protein expressions of lipid metabolism, cholesterol metabolism, and oxidative damage defense-related genes. (A) Western blot images of investigated genes; (B) protein expression of p-AMPK/AMPK; (C) protein expression of p-acc/acc; (D) protein expressions of SREBP1, PPARα, PPARγ, FAS, and FABP4 relative to β-actin; (E) protein expressions of SOD1, SOD2, CAT, GPx1, GPX2, and GPx1 homotetramer form relative to β-actin. Each bar represents the mean ± SE. A one-way ANOVA was used to find statistical significance at p < 0.05. * indicates a significant difference according to an independent t-test at p < 0.05, ** indicates a significant difference according to an independent t-test at p < 0.01.



[image: Foods 13 01471 g006]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
Serum TC
(A) (mng/dL) (B)
400 160
a
300 L 120
200 ] 80
100 40
0 0
ND  HD DS
(0) LDL-C (mg/dL) ()
200
160 30
120 20
80 ¢
10
40
0 0
ND
(G)

systolic

OND eHD mDS
@) AST @U/mL) (K)
80 16
a
60 12
b
0| §
20 4
0 0

ND

Serum TG
(mg/dL)

HDL-C (mg/dL)
(©)

100
ab
. s0 |
ab 60
10
20
0
ND ND HD DS
VLDL-C ) Al
(mg/dL) 4
a
ab 3 b
1
0
ND HD DS ND HD DS
Liver TG Liver TC
(H) (ng/g tissue) (D (ng/g tissue)
10 20
a a
1 16
12
20 ¢
¢ 8
10 4
0 0
ND ND HD DS
ALT (IU/mL)

a

ND





nav.xhtml


  foods-13-01471


  
    		
      foods-13-01471
    


  




  





media/file2.png
(B)

©)

(4 Foodintake Caloric intake FER (%)
(g/day) (kcal/day) 12
6 . 20 a a a 10
i 15 s
6
3 10
. 1
- g ’ c
1 ) -
0 0 0
ND ND HD DS ND HD DS
Final Lee index
(D) Body‘veight (g) (E) bOdyWEIght (g) (F) 400
60 60 a ¢
) - 300 [—=
4 > <
= P - s 40 ¢ 200
20 30 |—=
. 20 100
wi) wkl w2 wi3 wki wiS wkt wk7 wks 10
0 0
w9=ND =o=HD -o—DS ND HD DS ND HD DS
(G) Tissue weights (g) (H) Relative tissue weights (g)
3

subcutaneous fat liver tissue

tissue

epidid ymal fat
tissue
OND @HD mDS
Q r i A -
(D \/\,\‘\ x/‘}: 30 ,

"( .Dl
v '@ v
=3 .

~ -

Y - N

@) LG

subcutaneous fat  epididymal fat liver tissue
tissue tissue
OND @HD mDS
I AN Mean adipocyte
e a%s area (pm?2)
LTSNS 3000 .
¢ A "'v' _ v & 2000
Yy et 1000 b "
ek ND HD DS
Y AN Mean adipocyte
YLy '_\I : » 9% . 2
PRI SRR area(umz2)
AT S I SILY 2000 )
47N 1000
- b
0

ND HD DS





media/file5.jpg
@ Glucose (mg/dL)

»
»
0
.
o i s
—ND D D5
®) Glucose (umolL) ©  Insulin (ng/mL) @ HomaIR
1 1 0
: . os 2
o
n %
: i v w
(1 L] 0 b
o 0| b
1 o o
. o .
™ m o os s » om oo
®
b
® Glutd. © PGC-1a ® Gep
. " , Wy ‘
3 12 4
B os s
» 3
1 " o !
o o .

»  m  bs )





media/file3.jpg
Serum TC Serum TG © (mg/dL)
@ (mgar) ®  mgar) N
- @ .
w0 o . | 5 &
m| " %
™ o 0
. . o
> m os » m b > m s
@ LDL-C(mgdl) @  VLDL-C ® Al
w (mg/dL) .
@ . . . )|, .
) 0 "
o0 e i
i » .
. . .
» m os ® ow s » m o5
Liver TG Liver TC
© apstotic ®  mggtisug O (uggtissue)
o »

& . N 1
\ . n

s v » .
B . s
“ 0 i
o . 0

s o om o bs o om o os
oxD D wDs
@ AsT UML) ®  ALT UML)
0 1
8l y b »
0 s 4
»
0 =
. .

»  m DS

W ps





media/file1.jpg
@ Foodintake ®  Caloricintake ~ ©  FER(%)

(@day) (kealiday) »
o 0 a4 0 2
s s I
R 1
4 . H
s 0
2 )
: <
o o o
» m os » m os W om o os
Final Leeindex
® Bodyweight (g) ® o 5
© P 5
T i w0
v 8 y
0 0f<
% 0 0
ErpprEp———r—]
o o
— D —HD —-DS ™ m os ™ m os
© Tissue weights (g) ® Relative tissue weights (g)
s : i o
: o
o o
b il s
ox 1D wDs
o Mean adipocyte
area (un2)
w0 .
00
™
o
™ m s
® Tean adipocyte

area (um2)






media/file7.jpg
@) GSH (ng/mL) (®) MDA(@gmL)  (©)

0 o e
60 ¥ ;- = -
o v
\
0 : o
v [
0 ® .
. . .
»  m o oos o omoos B
®) sop ® GPx1 ® cAT
3 a 16 M
| 1 &
I
08 1} - -
0
0 o R v
. " . mmm o
EEEEES % ] 0% S m s
© NF-kB =) IL6
3 — [E. .
1 L i
2 os
wl
1 o
05 \ v
. o

N m DS »  mps





media/file10.png
Lipid droplet area

(nm2)

FAS

SREBP1c

CPT1
G)

PPARa

PPARY

(E)

e

(o} w, t

LXR

ol
-
—

HMGCR

2

<
r—





media/file12.png
(4) ACC

P-ACC
AMPK
P-AMPK
SREBPI
PPARa
PPARY
FAS
FABP4
SODI
SOD2
CAT

GPxl

GPx2

GPxl
homotetramer

B-ACTIN

(D)

o

(E)

o

ND . HD . DS

-

- —- Ol g

PR N

IR

— > - > i e el

P— P e el — N . ——

-
.-'...“.'-'.-1- W Y g

A A W Sy

AER- BN R
SOD1 SOD2 CAT

--v--r----‘--q-...-
“
——

(B) p-ampk/ampk

ND HD DS

(C) p-acc/acc
1.6 s

Protein expressions relative to p-actin

| * I

SREBP1 PPARa PPARy
OND @HD mDS

* *
r ] r )
* %
|
FAS FABP4

Protein expressions relative to -actin

* =~ 1
4 — (—

GPxl
oND mHD mDS

.. 