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Adiponectin receptor agonist reduces broiler hepatic lipid deposition
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To investigate the effects of AdipoRon on fatty liver syndrome (FLS) in chicken, we used a corticosterone (CORT)-induced fatty liver model in Cobb broilers in vivo and fat emulsion-induced model in Leghorn male hepatoma cells (LMH) in vitro. In the in vivo study, eighteen 33-day-old male Cobb broilers were randomly assigned to three groups: control group (CONT, vehicle), corticosterone-treated group (CORT, 4 mg/kg), and corticosterone with AdipoRon-treated group (CORT-AR, 4 mg/kg and 0.2 mg/kg, 1 time/1 day) for 5 days. The results showed AdipoRon reduced CORT-induced increase in liver crude fat content (p < 0.05), increased protein expressions of peroxisome proliferator-activated receptor α (PPARα) (p < 0.05) and adiponectin (ADPN) (p < 0.05), and suppressed the protein expressions of Acetyl-CoA carboxylase 1 (ACC) (p < 0.05) and phosphorylated c-Jun N-terminal kinase 1 (p-JNK1) (p < 0.05) in the liver. In the in vitro study, LMH cells were divided into control (CN), fat emulsion (FE, 10%), and FE + AdipoRon (4 μM) group (FE-AR). AdipoRon reduced FE-induced lipid accumulation (p < 0.05), decreased the protein expression of ACC and tumor necrosis factor-alpha (TNF-α), and enhanced PPARα, the phosphorylation of adenosine 5′-monophosphate-activated protein kinase (AMPK), and carnitine palmitoyl transferase 1 (CPT-1) (p < 0.05). In conclusion, AdipoRon effectively reduces hepatic lipid deposition in CORT-induced FLS broilers, likely through PPARα activation and inhibition of lipid synthesis via ACC downregulation.
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1 Introduction

Fatty liver syndrome (FLS) is a common metabolic disorder in poultry characterized by disrupted lipid metabolism and excessive hepatic lipid accumulation, leading to impaired liver function, reduced productivity, meat quality, and increased susceptibility to disease (1–3). In a study of 76 deceased layer hens diagnosed with fatty liver hemorrhagic syndrome (FLHS) at a northern California facility, 69.7% of the birds were in the active laying period, indicating that FLHS significantly reduced egg production rates of the hens and negatively affected breeding efficiency (4). In chicken, FLS is often induced by nutritional imbalances, stress, or hormonal dysregulation (5). Addressing lipid accumulation and inflammatory reactions in the early stages of chicken liver is crucial for the prevention and treatment of FLS (6, 7).

Adiponectin (ADPN), an adipokine predominantly secreted by adipose tissue, plays a key role in maintaining lipid and glucose homeostasis (8). As a key metabolic organ, adipose tissue integrates signals from immune cells, neural inputs, and gene regulatory networks to maintain systemic energy balance (9–11). ADPN is an important mediator within this network, and its dysregulation, often associated with excessive lipid accumulation, can contribute to inflammation, insulin resistance, and metabolic disease (11, 12). ADPN exerts its effect by activating adenosine 5′-monophosphate-activated protein kinase (AMPK) and peroxisome proliferator-activated receptor α (PPARα) signaling pathways (13). In the ADPN-AMPK pathway, ADPN activates AMPK which triggers phosphorylation of Acetyl-CoA carboxylase 1 (ACC), increasing the production of carnitine palmitoyl transferase 1 (CPT-1), an enzyme essential for mitochondrial fatty acid uptake (14), ultimately promoting fatty acid oxidation and decreasing lipid synthesis in the liver (15). On the other hand, ADPN-PPARα signaling pathway also regulates hepatic fatty acid uptake and oxidation through acetyl CoA oxidase (ACO) and several other PPARα targeted genes (16). Additionally, ADPN has been shown to reduce the plasma level of tumor necrosis factor-alpha (TNF-α) and counteract its damaging effects within the liver tissue (15, 16). Research suggested that ADPN may alleviate metabolic inflammation through suppression of c-Jun N-terminal kinase (JNK) signaling, a pro-inflammatory pathway involved in hepatic insulin resistance (17, 18).

Adiponectin receptor agonist (AdipoRon) is a synthetic small molecule compound that has been shown to mimic the effects of endogenous ADPN by activating the ADPN receptors R1 and R2 (AdipoR1/2) (19, 20). It has been reported that AdipoRon can downregulate the expression of fatty acid synthesis genes ACC and fatty acid synthetase (FAS), promote the phosphorylation of AMPK and ACC, and increase the protein level of PPARα, inhibiting lipid synthesis in the mouse hepatocyte line FL83B (21). Despite its promising potential in regulating hepatic lipid metabolism, research on the effects of AdipoRon in poultry remains limited. One study demonstrated positive effect of AdipoRon on reducing lipid content in the livers of geese fed with a high-fat diet (22). Another preliminary laboratory research showed that AdipoRon can reduce triglyceride (TG) content in primary chicken embryo liver cells induced by fat emulsion (23). However, its potential role in modulating FLS in broilers has not been well investigated.

Corticosterone (CORT) is the primary avian glucocorticoid (GC), playing a significant role in lipid metabolism disturbances (24, 25). Studies have shown that excessive CORT exposure promotes hepatic lipid accumulation by stimulating lipogenesis and suppressing fatty acid oxidation, ultimately leading to metabolic dysfunction in broilers. Consequently, CORT has been used to induce FLS in chickens (26, 27). In this study, we investigated the effects of AdipoRon on CORT-induced FLS in broilers and its underlying mechanisms using in vivo and in vitro experiments. It aimed to provide new insights into the potential application of adiponectin receptor agonists in poultry production, with implications for improving liver metabolic efficiency in broilers.



2 Materials and methods


2.1 Experimental animal management and design

All procedures in this experiment were approved by the Animal Ethics Committee of the Southwest University, Chongqing, China (the permission number: IACUC-20231023-05). The broilers used in this study had been raised together from hatch to 30 days of age under uniform husbandry conditions, including standardized feed, water, and environmental management, with routine vaccinations and veterinary health monitoring to ensure consistent health status. Eighteen 30-day-old broilers with similar weights were randomly divided into three treatment groups (n = 6 per treatment) for a total of 3 days of acclimation followed by 5 days of treatment. During the study period, the broilers were fed with a commercial broiler diet (Charoen Pokphand Feed Co., Ltd., Chongqing, China), with the composition detailed in Table 1. Following acclimation, the broilers received the following treatments: control group (CONT, vehicle solution, 1 time/day), corticosterone group (CORT, 4 mg/kg, 1 time/day, Aladdin, Shanghai, China), and corticosterone + AdipoRon group (CORT-AR, 4 mg/kg CORT and 0.2 mg/kg AdipoRon, 1 time/day, MedChem Express, Shanghai, China) (22). CORT was dissolved in 0.9% saline and administered via subcutaneous injection in the neck area. AdipoRon was dissolved in a vehicle solution composed of dimethyl sulfoxide (DMSO), polyethylene glycol 300 (PEG300), Tween-80, and 0.9% saline, and was administered via intraperitoneal injection. To mitigate procedural stress, broilers underwent habituation via sham injections prior to the study. Injection sites were systematically rotated to prevent localized tissue injury, followed by aseptic compression with sterile gauze. Animals were monitored throughout the entire experiment period for acute and chronic adverse effects.


TABLE 1 Feeding recipes.


	Ingredient
	511 compound feed

 

 	Water (%) 	≤14


 	Crude protein (%) 	≥19


 	Calcium (%) 	0.6 ~ 1.2


 	Total phosphorus (%) 	≥0.4


 	NaCl (%) 	0.2 ~ 0.8


 	Crude fiber (%) 	≤6.0


 	Coarse ash (%) 	8.0


 	Methionine + cystine (%) 	≥0.74




 



2.2 Experimental animal sample collection

Body weight (BW) of the broilers was measured and recorded on days 33 and 38. On day 38, the broilers were anesthetized with tiletamine-zolazepam (Zoletil®50, 0.1 mL/kg, Virbac, Carros, France). An approximately 10 mL blood sample was collected from each broiler via cardiac puncture, placed into serum separation tubes, centrifuged at 3,000 × g for 15 min at 4°C, and then stored at −80°C for subsequent biochemical and ELISA analyses. Following blood collection, the broilers were humanely euthanized by neck dislocation. Abdominal fat and liver samples from each broiler were collected and weighed. The relative weight of abdominal fat and liver was calculated using the formula: relative organ weight = organ weight (g)/BW (kg). Each liver was divided into four portions for different analyses: one portion was fixed in 10% neutral formalin solution for paraffin embedding and histological examination; one portion was stored at −80°C for subsequent molecular analysis; one portion was stored at −80°C for subsequent frozen sectioning; and the final portion was stored at −20°C for subsequent lipid content analysis.



2.3 Serum biochemical analysis and ELISA

The concentrations of total protein (TP), albumin (ALB), aspartate aminotransferase (AST), glucose (GLU), triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C) in broiler serum were measured using relevant commercial kits (Wuyue medical equipment co., ltd, Chongqing, China) via an automatic biochemical analyzer (Mindray BS-240, Shenzhen, China). The level of very low-density lipoprotein (VLDL) in broiler serum was determined using a double-antibody sandwich ELISA kit (Sinobestbio, Shanghai, China), and the absorbance value was read by using a microplate reader (ThermoFisher, Waltham, MA).



2.4 Soxhlet extraction method

The crude fat content of the liver was determined using the Soxhlet extraction method. After thorough drying and grinding, a 1 g liver sample (m0) was wrapped in paper and weighed (m1). The wrapped sample was then placed into a Soxhlet extractor and submerged in anhydrous ether (Chron Chemicals, Chengdu, China). The extraction process was conducted at 55°C for 6 h. After cooling, the paper package was dried and reweighed (m2). The crude fat content of the liver (%) was calculated as (m1-m2)/m0 × 100.



2.5 Paraffin and frozen sections

Hepatic lipid content was assessed by analyzing hematoxylin–eosin (HE) stained sections (Bioss, Beijing, China) and Oil Red O staining sections (Servicebio, Wuhan, China). Briefly, liver tissues were prepared into 3 μm-thick paraffin sections through a series of steps, including gradient ethanol dehydration (70, 90, 100, 100%), xylene clearing, paraffin infiltration and embedding, section spreading, HE staining, and neutral resin mounting. Concurrently, 8 μm-thick sections were prepared through gradient ethanol dehydration (70, 90, 100, 100%), optimal cutting temperature (OCT) embedding on dry ice at −20°C, sectioning with a cryostat (Leica, Hesse, Germany), Oil Red O staining, and mounting with glycerin gelatin sealing agent. Finally, all sections were examined under a microscope (Leica DM500, Leica Microsystems, Wetzlar, Germany). Finally, quantitative statistical analysis was performed on Oil Red O stained and HE stained liver sections using ImageJ software (version 5.0, BIO-RAD, Hercules, California). This involved measuring the gray values of positive areas stained for lipid droplets and areas of cellular vacuolar degeneration within liver sections, followed by calculating their proportional percentages relative to the total area’s gray value. The results were subsequently visualized through bar chart representation.



2.6 Western blotting

Total proteins were extracted from liver tissue and cells as previously described (23). Samples were lysed in radio-immunoprecipitation assay (RIPA) lysis buffer (ThermoFisher, Waltham, MA). Protein concentrations were determined by using a protein assay kit (Beyotime, Shanghai, China). Proteins were then separated on 10% SDS-polyacrylamide gels (Bioss, Beijing, China) and transferred onto polyvinylidene fluoride (PVDF) membranes (Solarbio, Beijing, China). The membranes were blocked with a 5% skim milk powder solution at room temperature for 2 h. Subsequently, membranes were incubated with primary antibodies at 4°C for 12 h. After incubation with corresponding secondary antibodies at RT for 1 h. The primary antibodies used in this study included: ADPN (bs-0471R; Bioss, Beijing, China), PPARα (bs-3614R; Bioss, Beijing, China), TNF-α (bsm-33207 M; Bioss, Beijing, China), p-AMPK (bs-5551R; Bioss, Beijing, China), AMPK (bs-41337R; Bioss, Beijing, China), p-JNK1 (bs-17591R; Bioss, Beijing, China), JNK1 (bs-20760R; Bioss, Beijing, China), and GAPDH (bsm-33033 M; Bioss, Beijing, China) as an internal control. Secondary antibodies were HRP-labeled Goat Anti-Rabbit IgG (H + L) (A0208; Beyotime, Shanghai, China) or HRP-labeled Goat Anti-Mouse IgG (H + L) (A0216; Beyotime, Shanghai, China). Finally, the gray value of the bands was analyzed and counted by using ImageJ software. The gray value of the target protein band was normalized against the corresponding loading control band (GAPDH), and the resulting normalized values were utilized for graphical representation.



2.7 LMH cell culture and design

The Leghorn male hepatoma cell (LMH) line was purchased from iCell Bioscience Inc. (Shanghai, China) and cultured in LMH cell culture medium (iCell Bioscience Inc., Shanghai, China) at 37°C with 95% air and 5% CO2 in 0.1% gelatin-coated (Coolaber, Beijing, China) cell culture flasks. Cells were transferred to similarly treated cell culture plates at a density of 2 ~ 3 × 105 cells/mL and divided into three groups: control group (CN, LMH cell culture medium); FE group (FE, 10% FE, v/v, Libangyingte, Xi’an, China) and FE + AdipoRon group (FE-AR, 10% FE and 4 μM AdipoRon, v/v) (23). Cells were incubated under these conditions for 24 h before collection for subsequent analysis. Three independent cell culture experiment (n = 3) was conducted, with two replicate cell wells for each cell experiment.



2.8 LMH cells viability, and steatosis

Different group LMH cells were cultured in 96-well plates for 24 h. Following the cell counting kit-8 (CCK-8) assay kit’s instructions (Biosharp, Hefei, China), the optical density (OD) values were measured using a microplate reader to determine the LMH cells viability. The lipid steatosis in LMH cell was then observed using an Oil Red O staining kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).



2.9 Statistical analysis

The data were analyzed by using one-way analysis of variance (ANOVA) with the SPSS 25 software (IBM Co., Armonk, New York) to analyze the differences. Followed by the Tukey’s test for post-hoc multiple comparisons to assess normality. All data were presented as mean ± standard error of the mean (Mean ± SEM) by using GraphPad Prism 6.01 software (GraphPad Software, San Diego, California). p < 0.05 was considered statistically significant.




3 Results


3.1 Effects of AdipoRon on gross organ changes, hepatic function and lipid biochemical indices in CORT broilers

Compared with the CONT group, broilers in the CORT group exhibited a significant increase in liver weight, liver index, and serum levels of TP, ALB, TG, TC, HDL-C and LDL-C (p < 0.05, Table 2), and a decrease in plasma VLDL (p < 0.05). Meanwhile, compared with CORT broilers, CORT-AR group had a significant increase in plasma GLU concentration (p < 0.05), but no significant changes were observed in other indices (p > 0.05). Additionally, no significant differences in abdominal fat weight or abdominal fat percentage were detected among the three groups (p > 0.05).


TABLE 2 Effect of AdipoRon on BW, liver weight, abdominal weight, liver and lipid function indexes in serum of CORT broiler.


	Item
	CONT
	CORT
 (4 mg/kg)
	CORT + AdipoRon
 (0.2 mg/kg)
	
p


 

 	Average daily gain (g) 	60.13 ± 16.65 	28.77 ± 7.72 	21.40 ± 4.72 	0.144


 	Liver weight (g) 	61.19 ± 4.81b 	91.95 ± 5.32a 	91.20 ± 10.34a 	0.025


 	Liver index (%) 	2.70 ± 0.11b 	5.21 ± 0.31a 	5.47 ± 0.50a 	<0.001


 	Abdominal fat weight (g) 	32.27 ± 7.12 	37.13 ± 2.84 	31.51 ± 1.64 	0.307


 	Abdominal fat index (%) 	1.31 ± 0.24 	2.08 ± 0.10 	1.93 ± 0.15 	0.054


 	TP (g/L) 	25.22 ± 1.21b 	37.54 ± 1.34a 	37.22 ± 1.21a 	<0.001


 	ALB (g/L) 	7.25 ± 0.31b 	12.47 ± 0.70a 	12.05 ± 0.52a 	<0.001


 	AST (U/L) 	232.98 ± 49.05b 	311.27 ± 27.20ab 	405.68 ± 45.70a 	0.034


 	GLU (mmol/L) 	13.78 ± 0.48b 	19.36 ± 2.56b 	35.56 ± 7.90a 	0.037


 	TG (mmol/L) 	1.16 ± 0.18b 	3.44 ± 0.31a 	4.27 ± 0.57a 	<0.001


 	TC (mmol/L) 	3.45 ± 0.09b 	7.04 ± 0.15a 	7.68 ± 0.43a 	<0.001


 	HDL-C (mmol/L) 	2.41 ± 0.07b 	4.50 ± 0.15a 	4.49 ± 0.25a 	<0.001


 	LDL-C (mmol/L) 	0.69 ± 0.05b 	1.59 ± 0.18a 	2.04 ± 0.25a 	0.001


 	VLDL (mmol/L) 	24.92 ± 0.99a 	19.21 ± 1.73b 	20.54 ± 1.00ab 	0.019





The data represent mean ± SEM. Differences were determined by one-way ANOVA followed by Tukey’s test. The data within a row lacking a common superscript (a, b, c) indicates differences (n = 6, biological replicates, p < 0.05). CORT, corticosterone; AdipoRon, adiponectin receptor agonists; TP, total protein; ALB, albumin; AST, glutamic oxaloacetic transaminase; GLU, gluconate; TG, triglyceride; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; VLDL, very low-density lipoprotein.
 



3.2 AdipoRon decreases liver lipid accumulation in CORT broilers

Compared with the CONT broilers, Oil Red O staining of liver sections revealed increased lipid accumulation, indicated by more intense red staining, in the CORT broilers. In contrast, the CORT-AR group exhibited a noticeable reduction in red staining, suggesting decreased lipid deposition (p < 0.05, Figures 1A,B). HE stains revealed that the CORT group showed greater cytoplasmic vacuolation of hepatocytes, whereas the CORT-AR group exhibited a significant histological improvement (p < 0.05, Figures 1A,C). Additionally, liver crude fat content was significantly increased in the CORT group compared with the CONT group, while a significant reduction was observed in the CORT-AR group compared with the CORT group (p < 0.05, Figure 1D).

[image: Histological analysis and related bar graphs from an experiment with three groups: CONT, CORT, and CORT+AdipoRon. Panels 1 to 3 show Oil Red O staining; panels 4 to 6 show H&E staining. Arrows in panels 5 and 6 indicate vacuolation. Graphs B to D display quantitative data: Oil Red O area, vacuolation area, and liver crude fat content, respectively, comparing the effects of treatments with letters indicating statistical significance.]

FIGURE 1
 Effects of AdipoRon on lipid accumulation in the liver of CORT broilers. (A1–3) Liver oil red O staining in the liver of CORT broilers. (A4–6) Liver HE staining in the liver of CORT broilers, with arrows indicating areas of prominent vacuolization. Bar = 20 μm. (B) Relative Oil Red O area of CORT broilers. (C) Vacuolation area of CORT broilers. (D) Liver crude fat content of CORT broilers. The data represent mean ± SEM. Differences were determined by one-way ANOVA followed by Tukey’s test. The bars with different small letter (a, b, c) differ significantly between groups (p < 0.05, n = 6 per group, biological replicate). HE, hematoxylin and eosin.




3.3 The effects of AdipoRon on proteins related to lipid catabolism and synthesis in liver of CORT broilers

Western blotting analysis showed that no significant differences in the protein expression levels of ACC, CPT-1, PPARα, ADPN, TNF-α, JNK1, or the AMPK signaling pathway (p > 0.05, Figures 2A–D) were noted between the CONT and CORT groups, whereas the expression of p-JNK1 protein and the ratio of p-JNK1/JNK1 in the liver were significantly increased in CORT group (p < 0.05, Figures 2C,D). Meanwhile, compared with the CORT group, the expressions of ADPN proteins were significantly increased in the CORT-AR group (p < 0.05, Figures 2A,B), while the protein expressions of ACC and the ratio of p-JNK1/JNK1 were significantly decreased (p < 0.05, Figures 2A–D). However, no significant differences were detected on CPT-1, PPARα, the AMPK signaling pathway, or the inflammatory marker TNFα expression between the CORT and CORT-AT groups (p > 0.05).

[image: Western blot and bar graph analysis of protein expression. Panels A and C show Western blot results for ACC, CPT-1, PPARα, ADPN, p-AMPK, AMPK, p-JNK1, JNK1, TNFα, and GAPDH, with varying treatments of CORT and AdipoRon. Panels B and D display corresponding bar graphs of the relative protein levels, showing differences in expression across control, CORT, and CORT with AdipoRon groups.]

FIGURE 2
 Effects of AdipoRon on lipid accumulation, AMPK/PPARα and JNK1 signaling pathway in the liver of CORT broilers. (A) Immunoblot of ACC, CPT-1, PPARα and ADPN protein level in the liver of CORT broiler. (B) The change of ACC, CPT-1, PPARα and ADPN protein expression in the liver of CORT broiler. (C) Immunoblot of p-AMPKα1, AMPKα1, p-JNK1, JNK1 and TNFα protein level in the liver of CORT broiler. (D) The change of p-AMPKα1, AMPKα1, p-JNK1, JNK1 and TNFα protein expression in the liver of CORT broiler. Grayscale values of each band were analyzed using ImageJ software. Normalization was performed by separately comparing the grayscale values of target protein bands with those of corresponding loading control bands (GAPDH), as well as the grayscale values of phosphorylated protein bands with those of total protein bands. The data represent mean ± SEM. Differences were determined by one-way ANOVA followed by Tukey’s test The bars with different small letter differ significantly between groups (p < 0.05, n = 6, biological replicates per group). ACC, Acetyl-CoA carboxylase 1; CPT-1, carnitine palmitoyl transferase-1; PPARα, peroxisome proliferators-activated receptor α; ADPN, adiponectin; AMPKα1, adenosine 5′-monophosphate (AMP)-activated protein kinase alpha 1; p-AMPKα1, phosphorylated adenosine 5′-monophosphate (AMP)-activated protein kinase alpha 1; JNK1, c-Jun N-terminal kinase 1; p-JNK1, phosphorylated c-Jun N-terminal kinase 1; TNF-α, Tumor Necrosis Factor-alpha.




3.4 The effects of AdipoRon on proteins related to lipid catabolism and synthesis in LMH cells

The CCK-8 assay showed that, compared to the CN cells, cell viability was significantly higher in the FE group (p < 0.05, Figure 3A) while the addition of AdipoRon did not result in a significant change in cell viability (p > 0.05). Oil Red O staining indicated that FE cells exhibited higher red staining intensity compared with CN cells, while in the FE-AR group, the red staining intensity was lower than that observed in the FE group (p < 0.05, Figures 3B,C). Western blotting analysis showed that compared with the CN cells, FE treatment was associated with higher TNF-α protein expression and p-AMPKα1/AMPKα1 ratio (p < 0.05, Figures 3D,E). In the FE-AR group, ACC expression was lower than that in the FE group (p < 0.05), and the expression level of TNF-α showed a downward trend but did not achieve statistical significance (p = 0.055). Additionally, CPT-1 and PPARα protein expression, and the ratio of p-AMPKα1/AMPKα1 were higher in the FE-AR group compared with the FE group (p < 0.05).

[image: Graphs and images depict the effects of AdipoRon on cells. Graph A shows cell viability across different treatments. Graph B shows oil red O staining intensity. Section C presents microscopy images of stained cells under various conditions: CN, FE, and FE+AR. Panel D displays western blot bands for proteins like ACC, AMPK, and TNF-α, indicating molecular weights. Graph E summarizes relative protein levels from different treatments, using bar charts for proteins like ADPN, ACC, and AMPK.]

FIGURE 3
 Effects of AdipoRon on viability, lipid accumulation, AMPK/PPARα and JNK1 signaling pathway in FE-induced LMH cells. (A) The cell viability. (B) The change of oil red O quantification in LMH cells. (C1–3) Liver oil red O staining in LMH cells. Bar = 20 μm. (D) Immunoblot of ACC, CPT-1, PPARα, ADPN, p-AMPKα1, AMPKα1 PPARα, p-JNK1, JNK1 and TNF-α protein level in LMH cells. (E) The change of ACC, CPT-1, PPARα, ADPN, p-AMPKα1, AMPKα1, PPARα, p-JNK1, JNK1 and TNF-α protein expression in LMH cells. Grayscale values of each band were analyzed using ImageJ software. Normalization was performed by separately comparing the grayscale values of target protein bands with those of corresponding loading control bands (GAPDH), as well as the grayscale values of phosphorylated protein bands with those of total protein bands. The data represent mean ± SEM. Differences were determined by one-way ANOVA followed by Tukey’s test The bars with different small letter (a, b, c) differ significantly between groups (p < 0.05, n = 6 per group, biological replicates). FE, fat emulsion; AdipoRon, adiponectin receptor agonists; ACC, Acetyl-CoA carboxylase 1; CPT-1, carnitine palmitoyl transferase-1; PPARα, peroxisome proliferators-activated receptor α; ADPN, adiponectin; TNF-α, tumor necrosis factor-alpha; AMPKα1, adenosine 5′-monophosphate (AMP)-activated protein kinase alpha 1; p-AMPKα1, phosphorylated adenosine 5′-monophosphate (AMP)-activated protein kinase alpha 1; JNK1, c-Jun N-terminal kinase 1; p-JNK1, phosphorylated c-Jun N-terminal kinase 1.





4 Discussion

Fatty liver has become a growing concern in the poultry industry. The demand for rapid growth and muscle accretion in broilers often necessitates the use of high-energy diets to meet metabolic needs. Unlike most other domestic animals, chickens synthesize most of their fat in the liver rather than in adipose tissue, making them more vulnerable to hepatic fat accumulation and, consequently, FLS (28). One of the pathological hallmarks of FLS is excessive lipid deposition within hepatocytes (29). To study the underlying mechanisms of FLS, 4.0 mg/kg CORT has been utilized to induce experimental models of fatty liver in chickens (30). Our results demonstrated that administration of CORT increased BW and liver index in broilers and led to enhanced lipid deposition, as evidenced by intensified Oil Red O staining and greater vacuolation observed via HE staining. Furthermore, CORT significantly increased serum levels of TP, ALB, TG, TC, LDL-C, and HDL-C, consistent with a hyperlipidemic state. Collectively, these findings indicated that CORT successively induced FLS in broilers, consistent with previous studies (26, 31).

AdipoRon is a synthetic ADPN receptor agonist that mimics the effects of endogenous ADPN (20). ADPN functions as an autocrine and paracrine regulator, playing a critical role in adipocyte metabolism and adipose tissue mass regulation (32, 33). In the present study, AdipoRon effectively prevented the increase in crude liver fat and hepatocyte lipid deposition induced by CORT in broilers. This aligns with the findings by Cao et al., who reported that AdipoRon reduced hepatic lipid deposition in geese FLS induced by a high-fat diet (HFD) (22). However, in our study, AdipoRon treatment did not reverse the CORT-induced increase in liver weight or liver index, suggesting that its effects may be specific to modulating lipid metabolism rather than reducing overall liver mass. Notably, no significant changes were observed in serum lipid parameters compared to the CORT group, which contrasts with earlier study in Huoyan geese where a 3-day treatment of AdipoRon reduced lipid content in both blood and liver tissues of high-fat diet-fed Huoyan Geese (22). Several factors may explain this discrepancy. First, differences in the FLS induction method could play a role. CORT-induced FLS may be more resistant to systemic lipid regulation by AdipoRon compared with diet-induced FLS. Second, treatment duration and timing are likely critical. In mice, a 10-day treatment markedly improved systemic lipid metabolism disrupted by high-fat diet, whereas a 20-day treatment reversed these beneficial effects (Wang et al., 2022). In our study, AdipoRon was administered for only 5 days, which may have been sufficient to reduce hepatic lipid accumulation but not long enough to significantly influence circulating lipid profiles. In addition, pre-treatment with AdipoRon (administered prior to the induction of liver injury) significantly lowered the serum markers of liver damage such as AST and ALT in mice (34, 35). Together, these findings suggest that while AdipoRon reliably reduces hepatic lipid deposition, its effects on systemic lipid metabolism may depend on the underlying etiology of FLS and the duration and timing of treatment. Further studies with larger sample sizes, varied treatment periods, and alternative induction models will be valuable to validate these findings and define the optimal conditions for AdipoRon efficacy in poultry. Additionally, the lack of an AdipoRon-only treatment group in healthy broilers limits interpretation of its effects under physiological conditions. Future investigations should include an AdipoRon monotherapy group under both physiological and pathological conditions to more clearly evaluate its direct effects and underlying mechanisms of action.

Research has shown that AdipoRon is able to activate receptors of ADPN, AdipoR1 and AdipoR2 (36). This activation subsequently triggers downstream signaling pathways, including AMPK and PPARα, ultimately modulating the expression of key lipid metabolism regulators such as ACC, a marker of fatty acid synthesis, and CPT1, a key enzyme involved in fatty acid oxidation (22). PPARα plays a crucial role in regulating fatty acid oxidation, lipid metabolism, and glucose homeostasis (37). The activation of PPARα reduces fat accumulation by enhancing hepatic fatty acid β-oxidation via expression of CPT1a and ACO (38, 39). AMPK is a central energy sensor activated under conditions of low cellular energy. This activation typically occurs through phosphorylation at a specific threonine residue on one of its subunits (40). Once activated, it promotes ATP-generating processes, such as fatty acid oxidation and autophagy, while inhibiting energy-consuming biosynthetic pathways, including gluconeogenesis, lipogenesis, and protein synthesis (41). In our study, AdipoRon upregulated hepatic PPARα and ADPN protein expression in the liver of CORT-treated broilers. In vitro, AdipoRon treatment significantly lowered intracellular lipid accumulation in FE-challenged LMH cells while upregulating CPT-1 and PPARα expression, suggesting enhanced lipid catabolism and reduced lipid deposition. In addition, AdipoRon increased the p-AMPKα1/AMPKα1 ratio and downregulated ACC expression in fat emulsified hepatocytes, indicating activation of AMPK and suppression of lipogenesis. Importantly, AdipoRon did not compromise hepatocyte viability in this model, suggesting that its lipid-lowering effects were not due to cytotoxicity. These findings align with previous studies showing that AdipoRon enhanced the phosphorylation of AMPK and ACC, and inhibited lipid accumulation in C3H10T1/2 cells and in mice model of acute liver injury by downregulating the expression of adipogenic transcription factors (42, 43). Moreover, AdipoRon has been reported to upregulate PPARα protein expression and downregulate ACC expression in FL83B mouse hepatocytes and in HFD-fed mice (21, 44). However, in our FLS broiler model, AdipoRon treatment did not significantly alter AMPKα1 or p-AMPKα1 protein expression levels. The observed discrepancies between in vivo and in vitro results may reflect the physiological complexity of avian model, where hormonal, metabolic, and immune interactions could modulate signaling cascades. For example, simultaneous activation of parallel pathways such as MAPK/ERK by AdipoRon has been reported in various cancer models, suggesting a potential for pathway cross-talk that may influence or obscure AMPK signaling outcomes in vivo (22, 45). Subsequent investigations should employ proteomics to identify avian-specific targets of AdipoRon and mitigate confounding effects from off-target interactions. Notably, CORT has been reported to antagonize AMPK activation (46). In CORT-induced stress model using PC12 cells, p-AMPK protein expression was also suppressed in a dose-dependent manner (47). Therefore, persistent high-dose CORT could have blunted AdipoRon’s ability to activate AMPK in vivo.

Inflammation is another key pathological feature of NAFLD and fatty liver hemorrhagic syndrome (FLHS). During the inflammatory process, the pro-inflammatory cytokine TNF-α is often overexpressed in response to various stimuli and contributes to the activation of multiple signaling pathways, including JNK (48). Activated JNK promotes the expression of pro-inflammatory genes through transcription factors such as c-Jun and ATF2, thereby amplifying the inflammatory response (49). Zhang et al. (50) demonstrated that the JNK inhibitor SP600125 suppressed the phosphorylation of JNK, reduced the levels of TNF-α and TG, and alleviated inflammation and lipid deposition in primary chicken embryonic hepatocytes. Similarly, AdipoRon has been shown to inhibit activation of TNF-α and JNK pathways in lipopolysaccharide (LPS)-stimulated human podocytes AB 8/13, as well as reduce the expression of TNFα and other inflammatory factors, alleviating inflammation in the kidneys of HFD-fed mice (51). Our in vivo findings revealed suppressed p-JNK1 levels in AdipoRon-treated broilers, suggesting suppression of JNK1 signaling pathway. Mechanistically, hepatic JNK suppresses PPARα activity via the corepressors NCoR1 and NRIP1, leading to reduced fatty acid oxidation and increased lipid synthesis (52). Therefore, the observed upregulation of PPARα and reduction of hepatic lipid synthesis following AdipoRon treatment may be linked to inhibition of JNK1 signaling. Future studies should extend these findings by measuring additional lipid oxidation and synthesis-related markers, and by validating the mechanism with JNK-specific agonists and inhibitors to further define AdipoRon’s effects on JNK-mediated lipid metabolism. On the other hand, although AdipoRon exhibited a trend towards inhibition in the elevated expression of TNF-α induced by FE in LMH cells, this effect did not achieve statistical significance. This may suggest that AdipoRon has a certain inhibitory effect on TNF-α expression, further supporting its potential anti-inflammatory properties, although this effect may require further validation under conditions of larger sample sizes or using additional pro-inflammatory markers such as IL-1β and IL-6. In contrast, TNF-α protein expression in vivo did not significantly differ among the control, CORT, and CORT-AR groups. A potential explanation for this discrepancy is the dual role of GCs, which are known to induce hepatic steatosis while simultaneously exerting some anti-inflammatory effects (53). Although CORT at 4 mg/kg effectively induced hepatic lipid accumulation in our model as previously reported (26, 54, 55) – its anti-inflammatory properties may have masked the inflammatory response typically associated with FLS. Mei et al.’s (30) study showed that CORT-induced FLS broilers did not cause changes in the inflammatory response such as the hepatic expression of C-reactive protein (CRP), serum amyloid A (SAA), interleukin-1 (IL-1), interferon-γ (IFN-γ), interleukin-1β (IL-1β) and interleukin-6 (IL-6) and nuclear factor kappa-B (NF-κB) mRNA. Similarly, Chen et al.’s (56) experiment showed that CORT tended to reduce the content of TNF-α in the blood of broilers. Nevertheless, the results of in vitro experiments indicate that AdipoRon has the potential to alleviate the inflammatory response in hepatocytes. However, this result may need to be further verified using fatty liver models with a stronger inflammatory phenotype, such as FLS complicated by infection or other immune challenges. A limitation of this study is that we did not examine downstream AMPK targets such as SREBP-1c or FAS, which would have provided further mechanistic insight. Future work should include these markers and alternative FLS models to more comprehensively evaluate the anti-inflammatory role of AdipoRon in poultry.

In conclusion, AdipoRon may potentially possess the function of reducing hepatic lipid accumulation in CORT-induced FLS broilers by activating PPARα and inhibiting lipid synthesis through downregulating ACC.
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Glossary


	FLS

	
fatty liver syndrome



	GC

	
glucocorticoid



	ADPN

	
Adiponectin



	AdipoR1/2

	
ADPN receptors R1 and R2



	AdipoRon

	
Adiponectin receptor agonist



	FE

	
fat emulsion



	CORT

	
corticosterone



	LMH

	
Leghorn male hepatoma cells



	ACC

	
Acetyl-CoA carboxylase 1



	PPARα

	
peroxisome proliferator-activated receptor α



	FAS

	
fatty acid synthetase



	CPT-1

	
carnitine palmitoyl transferase 1



	AMPKα1

	
adenosine 5′-monophosphate-activated protein kinase alpha 1



	p-AMPKα1

	
Phosphorylated AMPK alpha 1



	TNF-α

	
tumor necrosis factor-alpha



	JNK1

	
c-Jun N-terminal kinase 1



	p-JNK 1

	
phosphorylated JNK1



	ACO

	
acetyl CoA oxidase



	DMSO

	
dimethyl sulfoxide



	PEG300

	
polyethylene glycol 300



	ALB

	
albumin



	AST

	
aspartate aminotransferase



	TP

	
total protein



	GLU

	
glucose



	TG

	
triglyceride



	TC

	
total cholesterol



	HDL-C

	
high-density lipoprotein cholesterol



	LDL-C

	
low-density lipoprotein cholesterol



	VLDL

	
very low-density lipoprotein



	OCT

	
optimal cutting temperature



	RIPA

	
radio-immunoprecipitation assay



	PVDF

	
polyvinylidene fluoride



	PBS

	
phosphate-buffered saline



	PBST

	
PBS with Tween-20



	CCK-8

	
cell counting kit-8



	ANOVA

	
one-way analysis of variance



	LPS

	
lipopolysaccharide



	CRP

	
cAMP receptor protein



	SAA

	
serum amyloid A



	IL-1

	
interleukin-1



	IFN-γ

	
interferon-γ



	IL-1β

	
interleukin-1β



	IL-6

	
interleukin-6



	NF-κB

	
nuclear factor kappa-B
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