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Abstract 7 

Metabolic disorders are primarily driven by the pathological buildup of adipose tissue resulting from a 8 

sustained caloric surplus. Although rabbit meat is considered a nutritionally valuable protein source, its 9 

potential role in metabolic regulation has not been fully characterized. The present research focused on 10 

investigating the anti-obesity properties of rabbit meat extract (RME) and determining its bioactive 11 

peptides. To this end, male mice received a high-fat diet (HF) for a 15-week period, with RME 12 

administered orally at 150 or 300 mg/kg dosages. We subsequently analyzed body weight fluctuations, fat 13 

tissue histology, and liver lipid deposition to monitor metabolic shifts. RME supplementation markedly 14 

reduced HF-induced body weight gain, adipocyte hypertrophy, and hepatic lipid deposition. These effects 15 

were associated with downregulation of adipogenic regulators (C/EBPα, PPARγ, and aP2) and 16 

upregulation of thermogenesis-related markers (UCP1, PGC1α, and PRDM16) in adipose tissue. To 17 

elucidate the molecular pathways involved, RME-derived peptides were identified via LC–MS/MS 18 

analysis, leading to the selection of five functional candidates. Of these, peptide-3(GEAGPQGARG) 19 

exhibited the most potent bioactivity, characterized by the upregulation of thermogenic genes and the 20 

concurrent downregulation of adipogenic markers within adipocytes. Notably, in adipocytes, the 21 

regulatory effects of GEAGPQGARG on AMPK–ACC signaling and thermogenesis-related markers were 22 

attenuated by Compound C, suggesting that AMPK-associated signaling may partly contribute to the 23 

metabolic activity of this peptide. 24 

Keywords : Rabbit meat extract, obesity, adipose browning, bioactive peptide, adipogenesis 25 
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Introduction 35 
Dysregulation of energy balance leading to excessive adipose tissue expansion is a central feature of 36 

obesity and contributes to metabolic dysfunction. Excessive expansion of adipose tissue serves as a 37 

primary driver of disrupted metabolic homeostasis, significantly elevating the susceptibility to obesity-38 

linked pathologies, including non-alcoholic fatty liver disease, cardiovascular ailments, and type 2 39 

diabetes [1,2]. Although the etiology of obesity is multifactorial, sustained caloric excess combined with 40 

reduced physical activity has been identified as a major driving force behind its increasing prevalence. 41 

Despite extensive research, effective strategies for preventing and managing obesity through dietary 42 

approaches remain an ongoing challenge, highlighting the need for the identification of novel functional 43 

food resources with metabolic regulatory potential [3,4].  44 

Increasing evidence suggests that the transformation of white adipose tissue into thermogenically active 45 

adipocytes represents a promising approach for improving metabolic balance. Unlike white adipose tissue, 46 

which primarily stores energy, brown and beige adipocytes are specialized for thermogenesis. This 47 

process is largely mediated by uncoupling protein 1 (UCP1), a protein that promotes energy dissipation 48 

within the mitochondria. Such thermogenic activity enhances overall energy expenditure, positioning it as 49 

a promising therapeutic strategy for tackling obesity [5–8]. The regulation of these thermogenic events 50 

involves intricate intracellular signaling networks. Central to this coordination is AMP-activated protein 51 

kinase (AMPK), which serves as a master regulator of metabolic adaptation during periods of energy 52 

disparity [9]. AMPK activation has been shown to inhibit adipocyte differentiation while facilitating 53 

adipose browning and mitochondrial biogenesis [10,11]. 54 

Peptides generated from dietary proteins have been increasingly recognized as modulators of metabolic 55 

processes, with reported effects on lipid metabolism, energy balance, and adipocyte function [12–17]. A 56 

number of these peptides have been demonstrated to influence adipogenesis, lipid metabolism, and energy 57 

expenditure [18-20]. However, existing research has predominantly focused on plant-derived bioactive 58 

compounds [21-23], whereas the metabolic regulatory roles of animal-derived peptides, particularly those 59 

with clearly defined mechanisms, require further characterization. 60 
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In contemporary nutrition, rabbit meat has attracted attention as a nutritionally valuable livestock product 61 

owing to its high-quality protein content and favorable lipid profile [24,25]. Compared with conventional 62 

red meats, rabbit meat generally contains lower levels of fat and cholesterol and provides essential 63 

micronutrients and vitamins [26,27].  In addition, its polyunsaturated fatty acid composition, including 64 

omega-3 and omega-6 fatty acids, may contribute to its nutritional value [28,29]. From a functional food 65 

perspective, this protein-rich matrix may serve as a source of bioactive peptides generated during thermal 66 

extraction and/or enzymatic hydrolysis. However, unlike peptides derived from milk, fish, collagen, and 67 

other commonly studied protein sources, rabbit meat-derived peptides have rarely been investigated for 68 

their roles in adipocyte metabolism. In particular, it remains unclear whether RME contains peptide 69 

sequences capable of modulating adipogenesis, adipose browning-related marker expression, and AMPK-70 

associated signaling. Therefore, defining the peptide components of RME and evaluating their metabolic 71 

activity may provide new insight into the use of rabbit meat as an animal-derived functional food resource.  72 

The objective of the present study was to assess the anti-obesity potential of RME using a high-fat diet-73 

induced model, while evaluating its effects on browning-related marker expression and the regulation of 74 

adipogenesis. Furthermore, we characterized specific bioactive peptides within RME to determine their 75 

functional contributions to adipocyte metabolism, specifically focusing on the involvement of AMPK-76 

dependent signaling cascades. 77 

 78 

Materials and Methods 79 
Preparation and characterization of rabbit meat extract (RME) 80 

Rabbit meat used in this study was purchased from the Korea Rabbit and Deer Agricultural Cooperative, 81 

a commercial rabbit meat supplier in South Korea. The meat was obtained as commercially processed 82 

edible rabbit meat. Before extraction, visible fat, fascia, and connective tissues were manually removed to 83 

minimize variation derived from non-muscle tissues. Because the raw material was purchased as 84 

commercially processed meat, detailed information on breed, sex, age, carcass weight, rearing 85 

environment, and post-mortem aging conditions was not available. To produce the RME, 2 kg of the 86 

processed meat was combined with 2 L of distilled water in a non-woven pouch. This mixture was 87 
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subjected to thermal extraction for 12 h at 120 °C under a stabilized pressure of 30 psi. Once the heating 88 

process was complete, the fluid was recovered by mechanical compression of the bag. The extract then 89 

underwent centrifugation (3000 × g, 10 min, room temperature) to separate phases. We subsequently 90 

filtered the resulting supernatant to remove residual particulates, followed by lyophilization. The final 91 

powder was kept at −80 °C for subsequent analyses. This extraction condition was selected to reflect a 92 

conventional high-temperature, pressurized hot-water extraction process used for preparing meat-based 93 

extract or decoction-type food products. The extraction yield of lyophilized RME was calculated as the 94 

percentage of dried extract weight relative to the initial weight of raw rabbit meat used for extraction. 95 

Total protein content was determined using a Bradford protein assay with bovine serum albumin as the 96 

standard and expressed as mg protein/g dry weight of RME.  97 

 98 

Animals and diets 99 

The animal study protocols received ethical clearance from the National Institute of Animal Science’s 100 

Institutional Animal Care and Use Committee (Approval No. NIAS-2023-0614). We housed six-week-old 101 

male C57BL/6J mice in a regulated environment, maintaining a temperature of 22 ± 3 °C and a humidity 102 

level of 55 ± 10% under a 12-hour light/dark photoperiod. All mice had ad libitum access to water and 103 

their respective diets. Following a one-week acclimation phase, the subjects were randomized into four 104 

cohorts (n = 8 each): a normal chow-fed control group, a high-fat diet (HF) group, and two HF groups 105 

receiving oral RME at either 150 mg/kg (HF + RME150) or 300 mg/kg (HF + RME300). This dietary 106 

regimen was sustained for 15 weeks, with the HF consisting of 60% fat-derived calories (D12492; 107 

Research Diets, Inc.). The doses of RME, 150 and 300 mg/kg body weight, were selected based on 108 

preliminary screening to evaluate low- and high-dose effects within a practical range for food-derived 109 

extracts in diet-induced obesity models. RME was delivered daily at 10:00 AM via oral gavage. 110 

Throughout the duration of the study, both caloric intake and body mass were recorded on a weekly basis. 111 

 112 

Blood parameter analysis 113 
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To collect blood samples, cardiac puncture was performed on mice following a 12-hour fast. Serum was 114 

isolated by centrifuging the collected blood at 13,000 × g for 15 min at 4 °C and subsequently kept at 115 

−70 °C. For the biochemical profiling, we measured serum triglycerides, total cholesterol, and HDL 116 

cholesterol using diagnostic reagents from Asan Pharmaceutical Co., Ltd. (Seoul, Korea), with all 117 

procedures conducted according to the manufacturer's instructions. LDL cholesterol levels were 118 

determined through the Friedewald equation. Furthermore, serum AST and ALT enzymatic activities 119 

were quantified using analytical kits sourced from Abcam (Waltham, MA, USA). 120 

 121 

Histological analysis 122 

For histological examination, liver and epididymal white adipose tissue (eWAT) samples were fixed for 123 

24 h in a 10% neutral buffered formalin solution. Following fixation, the specimens were embedded in 124 

paraffin blocks and sliced into 5-μm-thick sections. General morphological features were visualized 125 

through hematoxylin and eosin (H&E; Abcam) staining. Images of the tissue architecture were recorded 126 

using the Optiview imaging system (Korea Lab Tech, Seongnam, Korea). To assess adipocyte 127 

hypertrophy, we quantified the cross-sectional areas of at least 50 individual adipocytes per sample using 128 

ImageJ software (National Institutes of Health, USA). 129 

 130 

Western blot analysis 131 

To extract total protein, adipose tissue samples were disrupted using RIPA lysis buffer (Sigma-Aldrich, St. 132 

Louis, MO, USA) supplemented with protease and phosphatase inhibitor cocktails. After a 20-minute 133 

incubation on ice, the homogenates were clarified by centrifugation at 14,000 × g for 15 min at 4 °C. We 134 

quantified protein concentrations using the Bradford method. Equal amounts of protein were resolved via 135 

10–12% SDS-PAGE and then transferred onto nitrocellulose membranes. Non-specific sites were blocked 136 

using 5% skim milk for 1 h at room temperature. The membranes were then probed overnight at 4 °C 137 

with primary antibodies against AMPK and p-AMPK (Cell Signaling Technology, Danvers, MA, USA), 138 

as well as UCP1, PGC1α, PRDM16, PPARγ, C/EBPα, and aP2 (Abcam). Following TBST washes, 139 

secondary antibodies conjugated with horseradish peroxidase were applied. Immunoreactive bands were 140 

ACCEPTED



8 
 

detected through enhanced chemiluminescence (ECL) and their intensities were measured with iBright 141 

analysis software (ver. 5.3; Thermo Fisher Scientific). For normalization, β-actin was employed as a 142 

loading control. 143 

 144 

Peptide sequencing 145 

Peptide sequencing analysis was performed by a commercial service provider (ProteinWorks Co., LTD., 146 

Republic of Korea). Lyophilized RME powder was dissolved in distilled water to a concentration of 50 147 

mg/mL and centrifuged at 13,000 rpm for 10 min. The supernatant was filtered through a 0.2 μm RC 148 

syringe filter and diluted 10-fold with distilled water before LC–MS/MS analysis. Peptide profiling and 149 

sequencing were performed using a Vanquish UHPLC system coupled to a Q Exactive Plus mass 150 

spectrometer (Thermo Fisher Scientific). Chromatographic separation was carried out using an 151 

AdvanceBio Peptide Mapping column (120 Å, 2.1 × 100 mm, 2.7 μm; Agilent Technologies) at 30°C. 152 

Mobile phase A consisted of water containing 0.1% formic acid, and mobile phase B consisted of 153 

acetonitrile containing 0.1% formic acid. The flow rate was 100 μL/min, and the injection volume was 10 154 

μL. The gradient was as follows: 0–2 min, 2% B; 2–25 min, 2–20% B; 25–30 min, 20–50% B; 30–31 min, 155 

50–98% B; 31–36 min, 98% B; 36–37 min, 98–2% B; and 37–45 min, 2% B. MS and MS/MS analyses 156 

were performed in positive ion mode. Full MS scans were acquired over an m/z range of 200–1,500 at a 157 

resolution of 70,000, with an AGC target of 3 × 10⁶ and a maximum injection time of 100 ms. Data-158 

dependent MS/MS scans were acquired at a resolution of 17,500, with an AGC target of 1 × 10⁵, a 159 

maximum injection time of 100 ms, an isolation window of 1.6 m/z, and normalized collision energy of 160 

25. Peptide sequences were assigned by de novo sequencing. Peptides with 2–15 amino acids were 161 

investigated, and 30 peptide sequences were identified from RME. Because de novo sequencing was used, 162 

database-dependent false discovery rate values were not calculated. The annotated MS/MS fragmentation 163 

spectrum of the selected peptide GEAGPQGARG is provided in Supplementary Fig. S1. 164 

 165 

Cell culture, adipocyte differentiation, and peptide treatment 166 
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3T3-L1 preadipocytes were obtained from the American Type Culture Collection (ATCC; Manassas, VA, 167 

USA) and used as an in vitro adipocyte model. Cells were maintained in Dulbecco’s modified Eagle’s 168 

medium (DMEM; high glucose) supplemented with 10% bovine calf serum and 1% penicillin–169 

streptomycin at 37°C in a humidified atmosphere containing 5% CO₂. For adipogenic differentiation, 170 

cells were cultured until reaching confluence. Two days after confluence (designated day 0), 171 

differentiation was induced using MDI differentiation medium consisting of DMEM supplemented with 172 

10% fetal bovine serum (FBS), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX), 1 μM dexamethasone, and 173 

10 μg/mL insulin. After 48 h, the medium was replaced with DMEM containing 10% FBS and 10 μg/mL 174 

insulin for an additional 48 h. Thereafter, cells were maintained in DMEM containing 10% FBS, and the 175 

medium was changed every 2 days until full differentiation. For peptide screening, candidate RME-176 

derived peptides were added during the adipogenic induction period at concentrations of 10, 20, and 50 177 

μM. Specifically, peptides were added to the MDI differentiation medium during the first 48 h of 178 

differentiation and were continuously included in the insulin-containing medium for the subsequent 48 h. 179 

After the induction period, cells were maintained in DMEM containing 10% FBS without peptide 180 

treatment until full differentiation. Cell viability was evaluated in both preadipocytes and differentiated 181 

adipocytes. For mechanistic experiments, fully differentiated adipocytes were treated with RMEP-3 at the 182 

indicated concentrations for 24 h. To examine the involvement of AMPK signaling, mature adipocytes 183 

were pretreated with Compound C (10 μM; Sigma-Aldrich, St. Louis, MO, USA), an AMPK inhibitor, 184 

for 1 h prior to RMEP-3 treatment. Compound C was dissolved in dimethyl sulfoxide (DMSO) and 185 

diluted in culture medium immediately before use. The final concentration of DMSO was kept below 186 

0.1% in all treatment groups, including the vehicle control. Cells were then incubated with RMEP-3 in the 187 

presence or absence of Compound C. A Compound C-only group was included to evaluate the effect of 188 

the inhibitor alone. Cell viability under Compound C treatment was also confirmed before mechanistic 189 

analysis. Subsequently, the effects of RMEP-3 on thermogenesis-related proteins, including PGC1α and 190 

UCP1, and AMPK–ACC signaling were evaluated. 191 

 192 

Assessment of lipid accumulation via Oil Red O staining 193 
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Intracellular lipid accumulation in mature adipocytes was visualized using Oil Red O staining. Briefly, 194 

differentiated cells were washed with PBS and subsequently fixed for 30 min at room temperature in 4% 195 

paraformaldehyde. Following the fixation step, the cells were incubated with an Oil Red O working 196 

solution for 30 min. After removing the residual stain with several distilled water washes, lipid droplets 197 

were imaged via light microscopy. To quantify the lipid content, the stained droplets were dissolved in 198 

100% isopropanol, and the optical density was measured at 520 nm with a microplate reader. 199 

 200 

Real-time quantitative PCR 201 

To analyze gene expression, total RNA was isolated from adipose tissues or cultured cells using the 202 

TRIzol reagent (Invitrogen, Carlsbad, CA, USA). After assessing the RNA's purity and concentration via 203 

spectrophotometry, 2 μg of the RNA was converted into complementary DNA (cDNA) with a High-204 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Real-time PCR 205 

(qPCR) was subsequently executed on an Applied Biosystems platform utilizing SYBR Green Master 206 

Mix. The 20-μL reaction volume contained the cDNA, master mix, and target-specific primers. 207 

Amplification involved an initial 10-min denaturation at 95 °C, followed by 40 cycles of 95 °C for 15 s 208 

and 60 °C for 1 min. Expression levels were normalized to β-actin and calculated through the 2 -△△Ct 209 

methodology. 210 

 211 

Statistical analysis 212 

Significant differences among the experimental groups were assessed via one-way analysis of variance 213 

(ANOVA), with Tukey’s post hoc test applied for multiple comparisons. We considered results to be 214 

statistically significant when the p-value was below 0.05. The in vivo experiments utilized eight mice per 215 

group (n = 8). To confirm the reliability of the in vitro findings, each assay was performed in triplicate 216 

and repeated through at least three independent experimental runs. 217 

 218 
Results 219 

Rabbit meat extract attenuates body weight gain  220 
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Body weight was monitored for 15 weeks to evaluate the anti-obesity effects of RME. Mice maintained 221 

on a high-fat diet (HF) displayed a pronounced expansion in body size relative to the control group; 222 

however, this increase was visually mitigated in groups receiving RME (Fig. 1A). Temporal body weight 223 

changes are shown in Fig. 1B. RME administration suppressed the increase in body weight associated 224 

with high-fat feeding, with both RME150 and RME300 groups maintaining lower body weights than the 225 

HF group, particularly during the later stages of the experiment. Consistent with these observations, total 226 

body weight gain was greater in the HF group than in controls (Fig. 1C), while RME supplementation 227 

significantly reduced overall weight gain. Food intake did not differ among groups, indicating that the 228 

reduction in body weight was not attributable to changes in energy intake.  To further investigate tissue 229 

distribution, the weights of major organs and adipose tissues were evaluated (Fig. 1D). Mice maintained 230 

on a high-fat diet exhibited significant elevations in the relative mass of the liver, as well as the inguinal 231 

and epididymal white adipose tissues (iWAT and eWAT, respectively). In contrast, RME 232 

supplementation reduced adipose tissue weights relative to the HF group, indicating reduced adipose 233 

tissue accumulation. 234 

 235 

Rabbit meat extract mitigates adipocyte hypertrophy and improves serum lipid profiles in obese 236 

mice 237 

To investigate whether RME-induced reductions in body weight were accompanied by changes in adipose 238 

tissue morphology, histological analysis of eWAT was conducted. Adipocytes from the HF group 239 

displayed pronounced hypertrophy, whereas RME-treated groups exhibited visibly smaller adipocytes 240 

(Fig. 2A). Quantitative analysis showed that mean adipocyte area was increased in the HF group and 241 

reduced following RME supplementation (Fig. 2B). To monitor systemic metabolic shifts, we further 242 

analyzed serum lipid profiles. As illustrated in Fig. 2C–F, HF-fed mice displayed elevated concentrations 243 

of total cholesterol, triglycerides, HDL cholesterol, and LDL cholesterol relative to the control group. 244 

Administration of RME at both 150 and 300 mg/kg reduced serum total cholesterol, triglycerides, and 245 

LDL cholesterol levels compared with the HF group. Although HDL cholesterol was slightly reduced in 246 

the RME-treated groups, the reductions in total cholesterol, triglycerides, and LDL cholesterol indicate an 247 
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overall improvement in obesity-associated dyslipidemia. Nevertheless, the decrease in HDL cholesterol 248 

should be interpreted cautiously and warrants further investigation. 249 

 250 

Rabbit meat extract attenuates hepatic lipid deposition and reduces serum liver injury markers in 251 

high-fat diet-induced obese mice 252 

Hepatic lipid accumulation was assessed through histological examination of liver tissues. As shown in 253 

Fig. 3A, the HF group exhibited pronounced lipid accumulation. In contrast, RME-treated groups showed 254 

a marked reduction in hepatic lipid deposition, which was confirmed by quantitative analysis of lipid 255 

accumulation (Fig. 3B). Hepatic gene expression related to lipogenesis and cholesterol synthesis was 256 

further analyzed. Regarding hepatic gene expression, the HF diet upregulated the mRNA levels of key 257 

lipogenic and cholesterogenic markers, including Fasn, Scd1, Acc1, Hmgcr, and Hmgcs (Fig. 3C,D). 258 

However, these increases were effectively mitigated by RME supplementation. In parallel, liver injury 259 

markers were examined to evaluate hepatic health; while HF feeding led to elevated serum ALT and AST 260 

concentrations, RME administration significantly lowered both ALT and AST levels, suggesting 261 

attenuation of high-fat diet-associated elevations in serum liver injury markers (Fig. 3E,F). 262 

 263 

Rabbit meat extract suppresses adipogenic protein expression and upregulates browning-related 264 

markers in adipose tissue  265 

To elucidate the molecular mechanisms underlying RME’s anti-obesity effects, we examined protein 266 

expression profiles associated with thermogenesis and adipocyte differentiation in fat tissues. Initial 267 

analysis of the eWAT revealed that high-fat feeding triggered a marked upregulation of key adipogenic 268 

regulators, specifically PPARγ, C/EBPα, and aP2 (Fig. 4A). Notably, this adipogenic induction was 269 

blunted by RME treatment. Both the RME150 and RME300 cohorts exhibited a substantial reduction in 270 

these markers compared to the HF group, indicating that RME exerts a robust inhibitory influence on the 271 

adipogenic program. Furthermore, we examined thermogenesis-related protein expression in the iWAT. 272 

RME intervention significantly enhanced the phosphorylation of AMPK compared to the HF-only group 273 

(Fig. 4B). In parallel, the expression of PRDM16, PGC1α, and UCP1 was increased in RME-treated 274 
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groups. Notably, the RME300 group showed higher levels of these thermogenic markers than the 275 

RME150 group, suggesting a dose-dependent response. These results indicate that RME suppresses 276 

adipogenic protein expression and increases browning-related marker expression in adipose tissue, which 277 

may be associated with AMPK activation. 278 

 279 

Compositional characterization of RME 280 

To further characterize RME prepared under the high-temperature, pressurized hot-water extraction 281 

condition, extraction yield, total protein content, and free amino acid composition were analyzed. The 282 

extraction yield of lyophilized RME was 15% based on the initial raw meat weight. The total protein 283 

content of RME was 638 mg/g dry weight, indicating that RME contained abundant water-soluble 284 

proteinaceous components. Free amino acid analysis further confirmed the presence of various free amino 285 

acids in RME, with L-anserine, L-alanine, L-glutamic acid and glycine being the predominant 286 

components (Supplementary Table 1). These results suggest that the extraction process generated or 287 

enriched low-molecular-weight nitrogenous compounds, including peptides and free amino acids, in RME. 288 

 289 

Identification and screening of peptides derived from rabbit meat extract 290 

Peptide profiling of RME was conducted by LC–MS/MS analysis. The base peak chromatogram (BPC) 291 

displayed multiple peptide-related peaks (Fig. 5A), while the extracted ion chromatogram (EIC) 292 

confirmed the presence of distinct peptide signals (Fig. 5B). In total, 30 peptide sequences were identified 293 

from RME. Hereafter, these peptides were referred to as rabbit meat extract-derived peptides (RMEPs).  294 

Several short peptides (2–10 amino acids in length) were selected for subsequent screening. Based on 295 

PeptideRanker analysis, five candidate peptides were selected and designated as RMEP-1~RMEP-5 (LR, 296 

PLN, GEAGPQGARG, GGRYY, and FAYR). The selected candidate peptides (RMEP-1~RMEP-5) 297 

correspond to specific peaks in the EIC as follows: LR (peak 3), PLN (peak 6), GEAGPQGARG (peak 7), 298 

GGRYY (peak 16), and FAYR (peak 17) (Fig. 5B). The cytotoxicity of the selected peptides was first 299 

evaluated in both preadipocytes and differentiated adipocytes. Treatment with the peptides at 300 
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concentrations of 10–50 μM did not affect cell viability, indicating that all peptides were non-toxic within 301 

the tested range (Fig. 6A,B). The effects of the peptides on adipocyte differentiation were subsequently 302 

evaluated by examining adipogenic marker expression. Of the screened candidates, RMEP-3 303 

(GEAGPQGARG) exhibited the most potent suppressive influence on the transcriptional program of 304 

adipogenesis. The anti-adipogenic capacity of RMEP-3 was further evidenced by the profound 305 

suppression of the primary adipogenic transcription factors, PPARγ and C/EBPα, relative to the untreated 306 

group (Fig. 6C, D). Concurrently, RMEP-3 administration led to a robust induction of thermogenic gene 307 

expression, notably UCP1 and PGC1α (Fig. 6E, F), suggesting increased expression of thermogenesis-308 

related markers. These findings led to the selection of RMEP-3 as the most active peptide for subsequent 309 

mechanistic analyses. 310 

 311 

Anti-adipogenic effects of RMEP-3 and activation of AMPK signaling 312 

The anti-adipogenic properties of the isolated peptide were further elucidated by evaluating the impact of 313 

RMEP-3 on mature adipocytes. Oil Red O staining revealed that RMEP-3 treatment effectively 314 

diminished intracellular lipid storage, with a dose-responsive reduction confirmed by quantitative data 315 

(Fig. 7A). Furthermore, RMEP-3 triggered the activation of AMPK signaling, evidenced by a significant 316 

rise in AMPK phosphorylation (Fig. 7B). Densitometric assessments confirmed a dose-dependent 317 

increase in the p-AMPK to total AMPK ratio. This activation was accompanied by the upregulated 318 

expression of thermogenic proteins, such as UCP1 and PGC1α (Fig. 7C). In contrast, the levels of the 319 

primary adipogenic transcription factors, including PPARγ and C/EBPα, were notably downregulated 320 

(Fig. 7D). These results demonstrate that RMEP-3 inhibits adipogenesis while promoting a thermogenic 321 

phenotype in adipocytes, potentially through activation of AMPK signaling.  322 

 323 

Involvement of the AMPK-ACC signaling axis in the metabolic effects of RMEP-3 324 

To confirm whether the metabolic improvements induced by RMEP-3 are mediated through the AMPK 325 

pathway, we utilized Compound C, a well-characterized chemical inhibitor of AMPK signaling. Our 326 

results showed that RMEP-3 treatment significantly enhanced AMPK phosphorylation relative to the 327 
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MDI-stimulated control (Fig. 8A). This activation was further validated by a corresponding increase in 328 

the phosphorylation of acetyl-CoA carboxylase (ACC), which serves as a primary downstream target of 329 

AMPK. In contrast, co-treatment with Compound C attenuated the RMEP-3-induced increases in both 330 

AMPK and ACC phosphorylation, indicating effective inhibition of AMPK signaling. RMEP-3 treatment 331 

significantly upregulated the levels of thermogenic proteins, including PGC1α and UCP1 (Fig. 8B). This 332 

induction was partially reversed by Compound C treatment, indicating that the effects of RMEP-3 on 333 

thermogenesis-related marker expression are, at least in part, mediated through AMPK activation. These 334 

results suggest that RMEP-3-induced regulation of thermogenesis-related proteins is associated, at least in 335 

part, with the AMPK–ACC signaling pathway. 336 

 337 
Discussion  338 

Our findings demonstrate that RME supplementation effectively mitigated the hallmark features of 339 

obesity induced by a high-fat diet, such as accelerated weight gain, hepatic lipid deposition, and enlarged 340 

adipocytes. These metabolic improvements were closely linked to a shift in the transcriptional profile of 341 

adipose tissues, specifically a reduction in adipogenic regulators and a concurrent induction of markers 342 

associated with tissue browning. Notably, LC-MS/MS analysis identified multiple peptides derived from 343 

RME, among which a specific peptide (GEAGPQGARG) exhibited potent metabolic regulatory activity 344 

in adipocytes. RME and its derived peptide appear to exert complementary roles in the regulation of 345 

adipogenesis and energy metabolism. In the present study, hepatic changes were assessed using H&E-346 

based histological observation, serum ALT and AST levels, and hepatic expression of lipogenesis- and 347 

cholesterol synthesis-related genes. However, hepatic triglyceride content, Oil Red O staining, 348 

inflammatory markers, fibrosis markers, and hepatic insulin signaling were not evaluated. Therefore, the 349 

present data support the attenuation of high-fat diet-associated hepatic lipid deposition, serum liver injury 350 

marker elevations, and lipogenic gene expression, but they do not establish comprehensive 351 

hepatoprotection or full improvement of NAFLD-related pathophysiology. Further studies including 352 

hepatic lipid quantification, inflammatory and fibrotic markers, and insulin signaling analysis are required 353 

to clarify the broader hepatic effects of RME. 354 
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Rabbit meat is recognized as a nutritionally valuable protein source due to its relatively low fat content 355 

and balanced fatty acid composition [24,25,27]. Diets rich in lean protein sources are known to improve 356 

metabolic health by promoting satiety, enhancing energy expenditure, and regulating lipid metabolism 357 

[30–32]. However, despite these nutritional advantages, the metabolic regulatory effects of rabbit meat 358 

extracts have not been extensively investigated in vivo. Dietary intervention with RME effectively 359 

mitigated the systemic metabolic disturbances associated with chronic high-fat consumption, suggesting 360 

the potential of RME-derived bioactive constituents as natural modulators of metabolic homeostasis. 361 

Excessive adipocyte differentiation and lipid accumulation are characteristic features of obesity [33]. 362 

Transcription factors, including C/EBPα and PPARγ, play critical roles in regulating adipogenesis by 363 

controlling genes associated with lipid synthesis and adipocyte maturation [34,35]. Consistent with this 364 

regulatory framework, rabbit meat extract reduced the expression of these adipogenic markers in adipose 365 

tissue, suggesting suppression of adipocyte differentiation. Conversely, thermogenesis-related markers, 366 

including UCP1, PRDM16, and PGC1α, were upregulated, suggesting a shift toward a thermogenic 367 

phenotype. These proteins are known to regulate mitochondrial activity and thermogenic programming in 368 

adipocytes [36,37]. The increased expression of these browning-related markers suggests that rabbit meat 369 

extract may suppress adipogenesis while upregulating browning-related marker expression, thereby 370 

contributing to changes in adipocyte metabolic regulation. However, these findings should be interpreted 371 

as evidence of increased browning-related marker expression rather than definitive proof of functional 372 

adipose browning. In the present study, adipose browning was evaluated mainly based on the expression 373 

of UCP1, PRDM16, and PGC1α, whereas additional histological and functional analyses, such as UCP1 374 

immunohistochemistry, evaluation of multilocular beige adipocyte morphology, mitochondrial DNA 375 

content, oxygen consumption rate, thermogenic capacity, and cold-challenge experiments, were not 376 

performed. Therefore, further studies are required to determine whether RME induces functional adipose 377 

browning in vivo. 378 

Serving as a pivotal mediator of cellular energy balance, AMP-activated protein kinase (AMPK) 379 

orchestrates various metabolic processes dedicated to energy consumption [9]. The stimulation of AMPK 380 

is widely recognized for its ability to bolster mitochondrial function and amplify energy expenditure. 381 
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Concurrently, it exerts inhibitory control over adipogenic differentiation and lipid buildup, while also 382 

acting as a primary trigger for the browning of adipose tissue [38,39]. In line with these roles, both RME 383 

and the identified peptide increased AMPK phosphorylation, suggesting involvement of AMPK signaling 384 

in their metabolic effects. These observations further implicate AMPK as a key pathway associated with 385 

the regulatory actions of RME on adipocyte metabolism and energy balance. 386 

The extraction condition used in this study was intended to reflect a conventional high-temperature, 387 

pressurized hot-water extraction process for meat-based extract or decoction-type food products. Under 388 

this condition, 120°C at 30 psi for 12 h, protein denaturation, peptide release, and the formation of low-389 

molecular-weight nitrogenous compounds may occur. Consistent with this, lyophilized RME showed an 390 

extraction yield of 15% and a total protein content of 638 mg/g dry weight, together with detectable levels 391 

of various free amino acids. Therefore, the peptide profile identified in this study should be interpreted as 392 

representing peptides generated or enriched under the specific thermal extraction condition, rather than 393 

peptides naturally present in raw rabbit meat. In addition, the serve thermal extraction condition used in 394 

this study may have promoted the formation of Maillard reaction-derived compounds, including advanced 395 

glycation end products (AGEs) and hydroxymethylfurfural (HMF). Because AGEs, HMF, and other 396 

Maillard-derived products were not quantified in the present study, their possible contribution to the 397 

biological activity or compositional characteristics of RME cannot be excluded. This represents a 398 

limitation of the present study, and future studies should quantify heat-induced Maillard reaction products 399 

to better characterize RME prepared under high-temperature extraction conditions. In addition, peptide 400 

content, lipid content, ash content, molecular weight distribution, and batch-to-batch variability were not 401 

fully quantified in the present study. Therefore, more comprehensive compositional profiling and batch 402 

standardization will be required in future studies to improve dose interpretation, reproducibility, and 403 

industrial applicability of RME. 404 

Bioactive peptides derived from food proteins exhibit diverse physiological functions and have been 405 

explored for their metabolic regulatory potential. Peptides originating from sources such as collagen, milk, 406 

ACCEPTED



18 
 

and fish proteins have been shown to improve lipid metabolism and inhibit adipocyte differentiation [40-407 

42]. Although several food-derived peptides have been investigated for their metabolic effects, 408 

information on rabbit meat-derived peptides and their roles in adipocyte metabolism remains limited. In 409 

this study, LC-MS/MS analysis combined with de novo sequencing identified several peptides from 410 

rabbit meat extract. Functional screening of these peptides revealed that GEAGPQGARG exhibited the 411 

strongest anti-adipogenic activity in adipocytes, as evidenced by reduced lipid accumulation, suppression 412 

of adipogenic gene expression, and increased expression of thermogenic markers. A UniProt-based 413 

sequence similarity search was performed to predict the putative parent protein of GEAGPQGARG. The 414 

peptide contains a Gly-rich sequence pattern, including a Gly–X–Y-like motif, which is characteristic of 415 

collagen-derived peptides. The search results suggested that GEAGPQGARG may originate from 416 

collagen α-chain proteins, particularly type I collagen α1/α2 chains. This interpretation is consistent with 417 

previous studies showing that collagen-derived peptides, including fish collagen peptides, can regulate 418 

lipid metabolism, suppress adipocyte differentiation, and improve obesity-related metabolic parameters 419 

[40]. In the present study, GEAGPQGARG reduced adipogenic marker expression and increased 420 

thermogenic markers in adipocytes, suggesting that rabbit meat-derived collagen-like peptides may 421 

contribute to the metabolic regulatory activity of RME. However, the in vivo relevance of 422 

GEAGPQGARG remains to be confirmed. In the present study, the anti-obesity effects observed in 423 

animals were induced by oral administration of whole RME, whereas GEAGPQGARG was evaluated 424 

only in cultured adipocytes. Therefore, the in vivo effects of RME cannot be attributed solely to 425 

GEAGPQGARG. It remains unknown whether GEAGPQGARG is stable during gastrointestinal 426 

digestion, absorbed intact, detectable in circulation, delivered to adipose tissue, or capable of reproducing 427 

the anti-obesity effects of whole RME in vivo. Future studies should include oral administration of 428 

synthetic GEAGPQGARG in diet-induced obesity models, simulated gastrointestinal digestion, targeted 429 

LC–MS/MS-based detection of the peptide in plasma and adipose tissue, and pharmacokinetic and tissue 430 

distribution analyses to confirm its bioavailability and in vivo functional relevance. Thus, this study 431 

provides preliminary evidence that a rabbit meat-derived peptide can modulate adipocyte metabolism 432 
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through AMPK-associated signaling pathways, while further in vivo validation is required to establish its 433 

physiological relevance. 434 

From an animal science perspective, the characteristics of rabbit meat raw materials, including breed, sex, 435 

age, anatomical cut, rearing environment, and post-mortem handling conditions, may affect protein 436 

composition, peptide generation, and biological activity. In the present study, RME was prepared using 437 

commercially processed rabbit meat purchased from the Korea Rabbit and Deer Agricultural Cooperative; 438 

therefore, detailed production-related information was limited. This represents a limitation of the present 439 

study. Future studies using standardized rabbit meat materials with controlled breed, age, sex, anatomical 440 

cut, and post-mortem aging conditions are required to improve reproducibility and support industrial 441 

application. Another limitation of the present study is the lack of comparative data using extracts from 442 

other livestock species or a positive control compound. Although RME showed anti-obesity activity 443 

under the present experimental conditions, the current data do not demonstrate that rabbit meat is superior 444 

to other livestock-derived protein sources. In this study, extracts from chicken, pork, or other livestock 445 

species prepared under identical extraction conditions were not included, and a positive control was not 446 

used. Therefore, future studies should compare RME with extracts from other livestock species prepared 447 

under standardized conditions and include appropriate positive controls to clarify the relative functional 448 

advantage and industrial applicability of rabbit meat-derived bioactive peptides. To further assess the 449 

practical relevance of the administered doses, the human equivalent dose (HED) was estimated using the 450 

body surface area-based conversion method. The HED was calculated as follows: HED (mg/kg) = animal 451 

dose (mg/kg) × animal Km/human Km. Using Km values of 3 for mice and 37 for humans, the mouse 452 

doses of 150 and 300 mg/kg correspond to HED values of approximately 12.2 and 24.3 mg/kg, 453 

respectively, equivalent to approximately 0.73 and 1.46 g/day for a 60-kg adult. These estimated intake 454 

levels suggest that RME may be feasible as a food-derived functional ingredient. However, further studies, 455 

including human trials and safety evaluations, are required to confirm its effective intake range and 456 

practical applicability. 457 

 458 

Conclusion  459 
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RME attenuated obesity-related phenotypes in a high-fat diet model, reducing body weight gain, adiposity, 460 

and hepatic lipid accumulation, while improving serum lipid profiles. These metabolic improvements 461 

were associated with suppression of adipogenic markers and upregulation of browning-related proteins in 462 

adipose tissue, accompanied by increased AMPK phosphorylation. Furthermore, LC–MS/MS analysis 463 

identified several peptides derived from RME, among which one peptide (GEAGPQGARG) exhibited 464 

significant metabolic regulatory effects by suppressing adipogenic factors and enhancing thermogenic 465 

markers in adipocytes. Collectively, these findings suggest that RME may serve as a promising functional 466 

food resource for obesity management, while GEAGPQGARG represents an in vitro active candidate 467 

peptide that requires further in vivo validation. 468 
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Figure Legend 615 
 616 

 617 
Figure 1. Effects of RME on body weight and organ weights in high-fat diet-induced obese mice. 618 

(A) Representative images of mice from each experimental group after 15 weeks of dietary intervention. 619 

(B) Body weight changes during the experimental period. (C) Final body weight at the end of the 620 

experiment. (D) Organ weights measured at sacrifice. Data are expressed as mean ± SEM (n = 8 per 621 

group). ###p <0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. HF group. 622 

623 
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 624 

Figure 2. Effects of RME on adipocyte morphology and serum lipid profiles in high-fat diet-induced 625 

obese mice.  626 

(A) Representative H&E staining of eWAT. (B) Quantification of adipocyte area. (C–F) Serum lipid 627 

parameters, including total cholesterol (C), triglycerides (D), HDL (E), and LDL (F). Data are expressed 628 

as mean ± SEM (n = 8 per group). For serum lipid parameters, individual data points are overlaid on the 629 

graph. ###p <0.001 vs. control group; **p < 0.01, ***p < 0.001 vs. HF group. 630 

631 
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 632 

Figure 3. Effects of RME on hepatic lipid deposition, lipid metabolism–related gene expression, and 633 

serum liver injury markers in high-fat diet-induced obese mice. 634 

(A) Representative H&E staining of liver sections. (B) Quantification of hepatic lipid accumulation. (C, 635 

D) Relative mRNA expression levels of lipid metabolism–related genes, including Fasn, Scd1, Acc1, 636 

Hmgcr, and Hmgcs. (E, F) ALT and AST levels. Data are expressed as mean ± SEM (n = 8 per group). 637 

###p <0.001 vs. control group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. HF group. 638 

639 
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 640 

Figure 4. Effects of RME on adipogenesis- and thermogenesis-related protein expression in adipose 641 

tissues of high-fat diet-induced obese mice. 642 

(A) Representative western blot images and quantification of adipogenic proteins, including C/EBPα,  643 

PPARγ, and aP2, in eWAT. (B) Representative western blot images and quantification of p-AMPK, 644 

PRDM16, PGC1α, and UCP1 in iWAT. Protein expression levels were normalized to β-actin. 645 

Quantitative data are expressed as mean ± SEM with individual data points overlaid (n = 8 per group). 646 

**p < 0.01, ***p < 0.001 vs. HF group. 647 

648 
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 649 

Figure 5. LC–MS/MS-based peptide profiling of rabbit meat extract (RME). 650 

(A) Base peak chromatogram (BPC) of RME obtained by LC–MS/MS analysis. (B) Extracted ion 651 

chromatogram (EIC) showing representative peptide-associated ion signals. LC–MS/MS analysis was 652 

performed to identify peptide components present in RME. The BPC demonstrates the overall distribution 653 

of peptide-related peaks, while the EIC confirms the presence of distinct peptide signals within the extract. 654 

655 
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 656 

Figure 6. Screening and identification of bioactive peptides derived from RME. 657 

(A, B) Cell viability of preadipocytes (A) and differentiated adipocytes (B) following treatment with 658 

candidate peptides at concentrations of 10, 20, and 50 μM. (C, D) Relative mRNA expression levels of 659 

adipogenic markers, including C/EBPα (C) and PPARγ (D). (E, F) Relative mRNA expression levels of 660 

thermogenesis-related genes, including PGC1α (E) and UCP1 (F). Cells were treated with candidate 661 

peptides (10–50 μM), and gene expression levels were normalized to an internal control. Data are 662 

expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 663 

control group. 664 

665 

ACCEPTED



32 
 

 666 

Figure 7.  Effects of the selected peptide RMEP-3 on lipid accumulation, AMPK activation, and 667 

adipogenesis- and thermogenesis-related protein expression in adipocytes. 668 

(A) Representative Oil Red O staining and quantitative analysis of lipid accumulation in adipocytes 669 

treated with RMEP-3 (0, 10, 20, and 50 μM). (B) Representative western blot images and quantification 670 

of p-AMPK and total AMPK. (C) Representative western blot images and quantification of 671 

thermogenesis-related proteins, including PGC1α and UCP1. (D) Representative western blot images and 672 

quantification of adipogenic proteins, including C/EBPα and PPARγ. Cells were treated with RMEP-3 at 673 

the indicated concentrations (0–50 μM). Protein expression levels were normalized to β-actin, and the p-674 

AMPK/AMPK ratio was calculated. Data are expressed as mean ± SD from three independent 675 

experiments. *p < 0.05, ***p < 0.001 vs. control group. 676 
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 678 

Figure 8. Involvement of AMPK signaling in the metabolic effects of RMEP-3 in adipocytes. 679 

(A) Representative western blot images and quantification of phosphorylated AMP-activated protein 680 

kinase (p-AMPK), total AMPK, phosphorylated acetyl-CoA carboxylase (p-ACC), and total ACC. (B) 681 

Representative western blot images and quantification of thermogenesis-related proteins, including 682 

peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC1α) and uncoupling protein 1 683 

(UCP1). Adipocytes were treated with differentiation medium (MDI), RMEP-3, or RMEP-3 in 684 

combination with Compound C (AMPK inhibitor). Protein expression levels were normalized to β-actin, 685 

and the p-AMPK/AMPK and p-ACC/ACC ratios were calculated. Data are expressed as mean ± SD from 686 

three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. MDI group. 687 
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Supplementary Fig. S1. Annotated MS/MS fragmentation spectrum of GEAGPQGARG identified from 720 
rabbit meat extract (RME). The peptide was detected at RT 6.6 min with a precursor ion of m/z 450.221 721 
(z = 2) and a calculated molecular mass of 899.435 Da. Matched b- and y-ion series supported the de 722 
novo assignment of the GEAGPQGARG sequence. 723 
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Supplementary Table 751 
 752 
Supplementary Table 1. Free amino acid composition of rabbit meat extract prepared 753 
under thermal extraction conditions (mg/100g) 754 
 755 
Free amino acid Content 
o-phosphoserine 40.6 
Taurine 263.4 
o-phosphoethanolamine 16.1 
L-Aspartic acid 95.8 
L-Threonine 151 
L-Serine 213.3 
L-Glutamic acid 342.3 
Sarcosine 20.1 
Glycine 299.9 
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L-Alanine 352.7 
L-Citrulline 2.7 
L-Valine 178.5 
L-Methionine 76.9 
L-Cystathionine 5.3 
L-Isoleucine 119.1 
L-Leucine 277.2 
L-Tyrosine 115.8 
L-phenylalanine 131.4 
β-Alanine 37.3 
4-Aminobutyric acid 13.8 
2-Aminoethanol 53.5 
L-Ornithine 58.1 
L-Lysine 205.7 
L-1-Methylhistidine 10.7 
L-Histidine 73.8 
L-Anserine 1956.3 
L-Carnosine 172.3 
L-Arginine 57.4 
L(-)-Proline 200.7 
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