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Materials and methods
Materials
Pepsin (1:10,000, porcine) and trypsin (1:250, porcine) were obtained from Shanghai Maclean Biochemical Technology Co., Ltd. (Shanghai, China). SPI was purchased from Linyi Pine Biological Products Co., Ltd. (Shandong, China). RPI was prepared in our laboratory according to the literature [1]. Amino acids were procured from Photo-Pure Pharmaceutical Industry Co., Ltd. (Shanghai, China). The total cholesterol (TC) and triglyceride (TG) detection kits were purchased from Solebel (Beijing, China). High-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) content detection kits were purchased from Shanghai Jing Anti-Biological Engineering Co., Ltd. (Shanghai, China). Leptin (LEP) kit was obtained from Abcam Trading Co., Ltd. (Shanghai, China). Neuropeptide Y (NPY) ELISA kit was purchased from Sai Hongrui Biotechnology Co., Ltd. (Nanjing, China). Trichloroacetic acid (TCA), hydrochloric acid, sodium hydroxide, and sodium citrate were obtained from Sinopharm Chemical Reagent (Shanghai, China). Male SD rats (body weight 200-250 g, 6-8 weeks of age) were purchased from Kavins Experimental Animal Co., Ltd. (Changzhou, China). AIN-93G and 45% high-fat diet were purchased from Xietong Medicine Bioengineering Co., Ltd. (Jiangsu, China). GT1-7 cells were purchased from Qingqi Biotechnology Development Co. Ltd. (Shanghai, China). 10% fetal bovine serumunder, 90% Dulbecco's modified Eagle's medium, 1% penicillin-streptomycin solution, and SuperSignal™ West Atto were purchased from Thermo Fisher Scientific Co., Ltd. (Shanghai, China). Six-well cell culture plates were procured from Wuxi NEST Biotechnology Co., Ltd. (Wuxi, China). Radioimmunoprecipitation Assay (RIPA) lysis buffer, Resolving Gel Master Mix, 1 × Tris-Buffered Saline and Tween 20 (1 × TBST), and blocking buffer were purchased from Solarbio Life Sciences Co., Ltd. (Beijing, China). 0.45 μm polyvinylidene fluoride (PVDF) membrane was obtained from Merck Millipore Co., Ltd. (MA, USA). Primary antibodies against p70 S6 Kinase, Phospho-p70 S6 Kinase, AMPKα, Phospho-AMPKα, Acetyl-CoA Carboxylase and Phospho-Acetyl-CoA Carboxylase were purchased from Cell Signaling Technology Co., Ltd. (Shanghai, China). Secondary antibodies, horseradish peroxidase (HRP), and Goat Anti-Rabbit Immunoglobulin G (IgG) were procured from Abbkine Scientific Co., Ltd. (Wuhan, China). Rat α-melanocyte-stimulating hormone (α-MSH) and Melanocortin-4 receptor (MC4R) ELISA kits were purchased from Jiangsu Meimian Industrial Co., Ltd. (Yancheng, China). All reagents were analytically pure.
Detection of amino acids in CS, RPI and SPI
The amino acid content of CS, RPI, and SPI was analyzed in accordance with the method established by Kowalska et al. [2]. The samples were accurately weighed and placed in a hydrolysis tube with 6 M HCl solution. The tube was then sealed and placed in a hydrolysis furnace at 110 ± 1 °C for 22 h. Following hydrolysis, the hydrolysate was filtered through a volumetric bottle and mixed by oscillation. A 1.0 mL aliquot of the filtrate was transferred to a 15 mL test tube and dried. Subsequently, sodium citrate buffer solution (pH 2.2) was added to the dried test tube, dissolved, and passed through a 0.22 μm filter membrane. An automatic amino acid analyzer (LA8080, Hitachi High-tech Co., Ltd.) was used to analyze the filtered solution at a detection wavelength of 570 nm for other amino acids and 440 nm for proline.
Digestibility analysis of CS, RPI and SPI
The in vitro digestibility of the protein samples was assessed using a method adapted from Dai et al. with minor modifications [3]. Protein samples (1 g) were precisely measured and dispersed in 20 mL of deionized distilled (DDI) water and gently shaken in a water bath at 37 °C for 10 min. The pH of the mixture was then adjusted to 2.0 with 1 M HCl under magnetic stirring. Pepsin (2 %, w/w) was added and the mixture was incubated for 2 h. After adjusting the pH of the mixture to 7.5 with 1 M NaOH, 4% (w/w) trypsin was added and incubated for another 2 h in a thermostatic oscillator. A 10 g aliquot was mixed with 10 mL of 20% (w/v) TCA and kept at room temperature for 10 min before being centrifuged at 4000 × g for 30 min to obtain the precipitate. The precipitate was washed with 10 mL 10% (w/v) TCA and centrifuged again using the same parameters. Nitrogen (N) content was determined using the Kjeldahl method.
Animal experiments 
Animal experiments were conducted according to the Guidelines for the Care and Use of Laboratory Animals of the Jiangsu Administration of Experimental Animals, and all procedures were approved by the Animal Ethics Committee of Jiangsu Jichu Biotechnology Co., Ltd. (Nanjing, China). The experimental model of obese SD rats was based on previous studies with minor modifications [4]. Eighteen male SD rats were acclimated to controlled environmental conditions (22-24 ℃ and 12 h light/dark cycles) for at least one week prior to the start of the experiments. Rats were randomly divided into three groups: CS, RPI, and SPI. 
SD rats were fed a 45% high-fat diet for two weeks before the experiment to establish an obese rat model [5]. The modeling process was deemed successful if the body weight of the rats increased by > 20% of their original weight. The 45% high-fat diet included various ingredients such as 80 mesh casein, L-cystine, corn starch, maltodextrin 10, sucrose, cellulose BW200, soybean oil, lard, mineral mix S10026, dicalcium phosphate, calcium carbonate, potassium citrate1 H2O, Vitamin Mix V10001, choline bitartrate, and red dye #40. This diet provided 4608 kcal of energy per 1000 g of feed and contained 22.51% protein, 38.34% carbohydrates, and 24.15% fat. After establishing the obese rat model, each group of rats was fed a different diet for 24 d. The normal AIN-93G diet, which served as the control diet, contained 30 mesh casein, L-cystine, corn starch, maltodextrin 10, sucrose, cellulose, soybean oil, t-butylhydroquinone, Mineral Mix S10022M, Vitamin Mix V10037, and choline bitartrate. This diet provided 3850 kcal of energy per 1000 g of feed, and contained 20% protein, 64% carbohydrates, and 7% fat. The CS group, also known as the control group, was fed the normal AIN-93G diet. The other two groups, referred to as the RPI and SPI groups, respectively, received CS in the normal AIN-93G diet replaced with RPI and SPI. The concentrations of RPI and SPI in the diet were 20%. The RPI and SPI groups were fed their respective diets for 24 d, and feeding occurred at 8 a.m. each day. Water and feed were provided ad libitum. Daily feed intake was recorded, and body weight was monitored every three days to assess weight gain. Blood samples were collected from the jugular vein at specific time points on days 1, 7, 14, and 21 to analyze the free amino acids in the plasma. After the completion of the experiment, the rats were fasted for 12 h before blood samples were collected for biochemical analysis. Subsequently, the SD rats in each group were euthanized using carbon dioxide, and the WATs of the liver, kidney, epididymis, peritoneum, mesentery, subcutis, colon, and colonic mucosa was dissected and weighed.
Determination of Lee index
The Lee Index was determined using the method previously reported by Chmielewska et al.. The distance from the tip of the nose to the anus (body length, cm) of the SD rats was measured using an ordinary soft ruler (test score: 0.1 cm) at the beginning and end of the experiment [6]. The Lee index was calculated by combining the corresponding body weights recorded in section 2.4:
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Analysis of free amino acids in plasma 
The concentration of free amino acids in the plasma was determined using a LA8080 automatic amino acid analyzer (Hitachi High-Tech Co., Japan) equipped with a UV detector operated at 570 and 440 nm, based on a previous method [7]. Briefly, 400 μL of the plasma sample was mixed well with 1.2 mL of 10% sulfosalicylic acid solution by oscillation. After incubation at 4 °C for 5 min, samples were centrifuged at 12000 g at 4 °C for 15 min. The supernatant was then passed through a 0.22 μM filter for the analysis of free amino acids. 
Biochemical analysis
Three blood samples were collected from each group and whole blood specimens were left at room temperature for 2 h or overnight at 4 °C. The samples were then centrifuged at 1 000 g for 20 min, and the resulting supernatant was collected. Serum biochemical evaluations were conducted based on the instructions of the detection kit, including total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), Neuropeptide Y (NPY), leptin (LEP), and low-density lipoprotein cholesterol (HDL-C).
Analysis of intestinal microbiota by 16S rRNA sequencing
The microbial genome was extracted from stool samples and the Illumina MiSeq platform (Paisano Biotechnology Co., Ltd., Shanghai, China) was used for high-throughput sequencing. The composition distribution of each group of rat samples was then examined at the gate classification level based on a previous method [8].
Cell culture and protein extraction
GT1-7 cells were cultured in a growth medium containing 10% fetal bovine serum (FBS), 90% Dulbecco's modified Eagle's medium, and 1% penicillin-streptomycin solution. The cells were incubated at 37 °C and 5% CO2 until they reached 85%-90% confluence in the logarithmic phase. The cells were then seeded into six-well plates at a concentration of 5 × 105 cells/mL, with each well containing 2 mL of complete medium. After incubation, cell growth covered 85–90% of the wells. At this point, the original culture medium was discarded and the wells in the experimental group were treated with fresh culture medium containing different samples. Control wells were replenished with fresh culture medium. The cells were incubated for 16 h, after which the old culture medium was discarded and the cells were washed twice with pre-warmed PBS. Next, 150-200 μL RIPA lysis buffer containing 1 mmol/L phenylmethylsulfonyl fluoride (PMSF) was added to each well to extract cellular proteins. The cells were lysed at 4 °C for 30 min, and the lysate was scraped off and collected in 1.5 mL EP tubes. The samples were centrifuged at 1000 × g for 10 min at 4 °C, and the resulting supernatant represented total cellular protein. The supernatant was stored at -20 °C until further use.
Western blotting analysis
Proteins were mixed with 5×SDS loading buffer at a ratio of 4:1 and denatured in a boiling water bath for 10 min. Proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) with Resolving Gel Master Mix. The sample size of each lane was 30 μg, and the sample of the protein marker was 5 μL. Electrophoresis was terminated when the olfactory phenol blue reached the bottom of the gel, and the gel was transferred to a 0.45 μm PVDF membrane. Membranes were immersed in blocking buffer, which were placed on a shaker and shake slowly at room temperature for 2 hours. The PVDF membranes were incubated with primary antibodies at 4 °C overnight. The membranes were washed with 1 × TBST and incubated with a secondary antibody for 1h at room temperature. Visualization of the membranes was performed using SuperSignal™ West Atto according to the manufacturer's instructions. β-actin was used as an internal standard for this analysis.
ELISA Detection
Cells were inoculated into six-well plates, and protein samples were added to the medium to promote cell growth. The supernatant was obtained by centrifugation at 2500 × g for 20 min at 4 °C and stored at -20 °C. α-MSH and MC4R levels were measured using ELISA kits specific for these proteins.
Statistical analyses
Statistical analysis was performed using the SPSS software (v26, IBM, Armonk, NY, USA). Each test was repeated three times, and the data are reported as mean ± standard deviation. One-way analysis of variance was used for statistical analysis, and a p-value of less than 0.05 indicated a statistically significant difference.
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