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Background and aims: Overweight or obesity is one of the most prevalent health burdens in companion pets and predisposes subjects to multiple comorbidities and reduced longevity. Dietary management and sufficient exercise are effective options for weight loss but challenged by modern lifestyle and calorie control-triggered malnutrition. Therefore, this study aimed to develop a formulated obesity control diet characterized by protein- and fiber-rich diet and supplemented with astaxanthin. We systemically evaluated global influences of the designed weight-loss diet on metabolic homeostasis in an obese beagle model.

Materials and methods: Beagles were induced for obesity by a 24-week HFD treatment and then included into weight-loss programs. Briefly, obese beagles were randomly assigned to two groups that were fed with a formulated weight-loss diet or control diet, respectively. Body weight and body condition scoring (BCS) were analyzed biweekly. Computed tomography (CT), nuclear magnetic resonance imaging (MRI) measurements, and blood and adipose tissue biopsies were collected at 0 and 8 weeks. Plasma lipids and adipocyte size were also measured after 8 weeks of weight-loss diet feeding. The global influence of the formulated diet on the whole spectrum of gene panels were examined by adipose RNA assays.

Results: Twenty-four weeks of continuous HFD feeding significantly induced obesity in beagles, as evidenced by increased body weight, BCS, abdominal fat mass, and serum lipid levels. The obese and metabolic condition of the modeled canine were effectively improved by an 8-week weight-loss diet administration. Importantly, we did not observe any side effects during the weight loss duration. Transcriptional analysis of adipose tissues further supported that a weight-loss diet significantly increased energy metabolism-related pathways and decreased lipid synthesis-related pathways.

Conclusion: The prescribed weight-loss diet exhibited profound benefits in canine weight management with well safety and palatability. These findings support effective strategies of nutritional management and supplementation approaches for weight control in companion animals.
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Introduction

Obesity has become one of the most common medical disorders worldwide, both for humans and pets (1–3). The incidence of obesity in dogs has increased by up to 56% in the United States and is still sharply increasing, particularly among aged dogs (4). Obese dogs tend to be less active or social, which in turn aggravates obesity (5, 6). As one of the most common nutritional disorders, obesity is characterized by excess fat accumulation under the skin and abdomen in dogs. Excess body fat is a consequence of a prolonged imbalance between energy intake and expenditure (7). The obese condition is intimately correlated with decreased longevity and various complications, such as orthopedic disorders, glucose dysregulation, hypertriglyceridemia, cardiorespiratory dysfunction, liver dysfunction, immunological disorders, and carcinoma (8).

The current weight management strategies mainly include increasing energy expenditure through increased pet activity and reducing energy intake, either using drug therapy or a purpose-formulated weight-loss diet (9). Despite energy restriction by dietary therapy successfully leads to weight loss in canines, long-lasting treatment by multiple weight-loss diet may cause excessive protein loss that requires hospitalization monitoring (10). Routine diets just simply supplemented with higher protein or fiber proportions could effectively reduce body mass by providing adequate satiety and reducing energy intake but might induce malnutrition, especially in dogs with comorbidities (11–14). Another effective strategy is to explore effective drugs for canine obesity. Thus far, dirlotapide represents the unique approved first-in-class anti-obesity drug for dogs but would induces extensive adverse effects, including vomiting, loose stools, diarrhea, lethargy, anorexia, and serum transaminase elevations (15). Application of natural products holds inherent advantages for obesity and metabolic homeostasis. Among them, astaxanthin, a common natural antioxidant product, has been shown to ameliorate obesity, insulin resistance and hepatic steatosis in mice and dogs (16–19). Astaxanthin has been reported as a potent antioxidant and lipid profile regulator that provides health benefits to both humans and animals and is therefore commonly used in food (20–23). The role of astaxanthin has not been tested in commercial food products. The most popular and easy method for weight-loss therapy is a weight-loss program based on energy restriction in combination with dietary supplements for steady-state maintenance (3, 24).

In this study, we designed a formulated and balanced nutritional weight-loss diet with high protein, high fiber, and low-fat contents. The effects of this diet on canine obesity were fully evaluated in obese beagles via physical examination and transcriptional analysis. Our results showed that the formulated diet effectively reduced body weight and adipose tissue abundance in canines without toxicity.



Materials and methods


Study dogs

Healthy beagles aged 1 year old weighting 7.3–10.6 kg were used in the present study. After 2 weeks of acclimation, the beagles subjected to physical examination. All beagles were maintained in separate cages (length × width × height of 100 cm × 100 cm × 208 cm) in the animal facility on a 12-h light/dark cycle and 50–70% relative humidity with free access to water. During the experiment, food intake and physical activity were recorded daily by the researcher. The experiment was approved by the Biomedical Research Ethics Committee of Gannan Medical University, and all animal operations were in compliance with the operating guidelines of the Biomedical Ethics Committee of Gannan Medical University.



Weight-loss regimen

The healthy beagles were randomly grouped into a normal chow group (NC group) and a high-fat diet group (HFD group) as previously reported (n = 15 dogs/group) (25). Briefly, the NC group dogs were fed a basal maintenance diet, and animals in the HFD group were treated by a customized diet. The compositions of the NC diets were as follows: total energy at 3615 kcal/kg (energy ratios: carbohydrate 59.2%; protein 27.1%, fat 13.7%; quality ratios: carbohydrate 53.5%, protein 24.5%; fat 5.5%, fiber 3.0%, ash 6.0%, mineral 1.8%). The total energy of HFD diet is 4832 kcal/kg (energy ratios: carbohydrate 26.9%, protein 19.8%, fat 53.3%; quality ratios: carbohydrate 32.5%; protein 24.0%, fat 28.6%, fiber 1.4%, ash 4.5%, mineral 1.7%). The two groups of beagles were continuously fed for 24 weeks, and physical examination, hematological examination, imaging examination and fat mass assay were performed to evaluate the degree of obesity. The obese dogs were screened and selected by conditional cutoff of the scoring scale for obesity (BCS ≥ 6). Then, the obese beagles were randomly divided into a weight-loss diet group and a control commercial diet group (n = 5 dogs/group). The compositions and nutrients of the weight-loss diet diets and control commercial diet were as follows: The total energy of control diet is 3249.4 kcal/kg (energy ratios: carbohydrate 43.27%, protein 23.33%, fat 33.4%; quality ratios: carbohydrate 51.73%, protein 18.95%; fat 12.06%, fiber 9.0%, ash 9.61%). The total energy of weight-loss diet is 3102.9 kcal/kg (energy ratios: carbohydrate 29.47%, protein 44.28%, fat 26.25%; quality ratios: carbohydrate 44.87%; protein 34.35%, fat 9.05%, fiber 15.11%, ash 7.25%). During diet feeding, dogs received routine physical examination, routine hematology measurement and biochemistry analysis. The control commercial diet was the full-price compound food for the experimental dogs, and the weight-loss diet for dogs was jointly developed by the Gannan Innovation and Translational Medicine Research Institute and Jiangxi Huichong Technology Co., Ltd.



Physical examination

Beagles were weighed using the same electronic scales and a 9-point body condition score (BCS) evaluation, where BCS 1∼3 is considered underweight, BCS 4∼5 is lean, BCS 6∼7 is overweight or heavy and BCS 8∼9 is obese or severely obese (26). All assessments were made by two independent veterinarians. All beagles were determined to be healthy based on physical examination, routine hematology measurement, biochemistry analysis and urinalysis. Physical examination was performed biweekly, and the body weight curves were calculated.



Blood sampling and serological analyses

Blood samples were collected by a needle from the hind limb veins of dogs. Routine hematology was performed by an easy-to-use veterinary hematology analyzer (VETSCAN HM5, 790-0000, Abaxis, Inc., Union City, CA, USA) using anticoagulated whole blood. For the plasma biochemistry analysis, plasma samples were obtained by separating the supernatant after centrifugation of whole blood for 10 min (2500 rpm, 4°C). Then, the plasma was analyzed by a HITACHI Automatic Analyzer (3100, HITACHI, Tokyo, Japan) using KHB serial biochemical diagnosis kits. Urinalysis tests in HFD beagles were performed by a urine chemistry analyzer (VETSCAN UA, 1500-0012, Abaxis, Inc., Union City, CA, USA) using urinalysis test strips (UA06794, Abaxis, Inc., Union City, CA, USA).



Computed tomography and magnetic resonance imaging

Computed tomography and magnetic resonance imaging are common methods for evaluating abdominal adiposity as previous described (25). Total adipose tissue (TAT) volume, including visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT) volume, was calculated at CT (SOMATOM Definition, Siemens Medical Solution, Erlangen, Germany) and MRI (MAGNETOM Prisma 3.0T, Siemens Medical Systems, Erlangen, Germany). Images were captured when the canine was anesthetized. For MRI imaging, the abdominal fat distribution was shown clearly in Dixon fat-only MR images and fat fraction map was calculated by a workstation (Syngo MR Workplace, Siemens Healthcare, Erlangen, Germany). The region of interest (ROI) in the MRI study is the level of the T9-T13 thoracic vertebra. The CT images were used to assess the fat distribution of the total body. Thresholds were manually set from −150 to −50 Hounsfield units for TAT volume analysis. The assessment of TAT volume and total volume was calculated with 3D Slicer software (V.4.10.2, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, USA). The percentage of TAT volume was obtained by dividing the TAT volume by the abdominal volume.



Canine palatability studies

For the canine palatability study, 10 beagles participated and were randomly assigned into a weight-loss diet group and a control diet group (n = 5 beagles/group). Dogs were offered each diet for 1 h each day for 3 days. At the end of the hour, the remaining food was weighed to determine the food intake ratio. The intake ratio determination test was further performed in pet dogs in clinic.



Histopathological analysis

After feeding with a HFD or NC diet for 24 weeks, dogs were anesthetized, an incision was made along the dorsal side of the body, and subcutaneous adipose tissue was collected. The adipose tissue was immediately fixed with formaldehyde for 24–72 h and then dehydrated and embedded in paraffin. The paraffin blocks were cut into slices using a rotary microtome. The paraffin-embedded sections were stained using hematoxylin and eosin (H&E). Histological images of tissue sections were obtained by a light microscope (Olympus, Tokyo, Japan). Similar operations were performed after the weight-loss diet feeding for 8 weeks.



RNA extraction and real-time PCR

Total RNA from subcutaneous and visceral adipose tissue was obtained by TRIzol reagent (T9424; Sigma–Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol, and then mRNA was transcribed to cDNA. Gene expression was quantified on a real-time PCR System (LightCycler 480 Instrument II, Roche Diagnostics Inc., Basel, BS, Switzerland). The relative gene expression levels of the target genes were normalized to those of the housekeeping gene Actin. The primer sequences were as follows: Pparg, F: 5′-GCGACTCCTTTGCTGATACAC-3′, R: 5′-CGGAACTGACACCCCTGAAA-3′. Cd36, F: 5′-CCAGACC TCTGGAAACCACC-3′, R: 5′-CGGTCACAGCCCATTCTC TT-3′. Elovl5, F: 5′-CAAGGCATTACTAGGCCCCC-3′, R: 5′-ATTCCCCGGCAAGAGAATGG-3′. Acaa2, F: 5′-TC GACAGCATCATCGTAGGC-3′, R: 5′-CAACGAAAGCTGGG ACCTCT-3′ Hacd2, F: 5′-CCTCATCAAATGGGCCAGGT-3′, R: 5′-CTGATGGAGTACAGGCCAGC-3′. Il6, F: 5′-CTCCTG ACCCAACCACAGAC-3′, R: 5′-GGAAATCCTCCAGACTC CGC-3′.



RNA-seq and gene set enrichment analysis

We analyzed the transcriptomes of both the subcutaneous adipose tissue and visceral adipose tissue obtained from beagles. Briefly, total RNA was extracted, and then the RNA quality was examined by agarose electrophoresis and an RNA 6000 Nano Kit (#5067-1511; Agilent, Palo Alto, CA, USA). For RNA-seq, cDNA libraries were constructed using an MGIEasy RNA Library Prep Kit (1000006384; MGI, Shenzhen, China) according to the manufacturer’s instructions. Then, gene expression profiling was performed in a BGISEQ-2000 instrument (MGI, Shenzhen, China) by sequencing as previously reported (27). Briefly, following mRNA enrichment, samples were incubated with fragmentation buffer and then reverse-transcribed into cDNA. After repair and A tailing, the double strand cDNA products were ligated with adapter, and subjected to PCR amplification. After cleanup of PCR products using DNA clean beads, quality control of purified PCR product was carried out by Agilent DNA 1000 kit. PCR products were subjected to multiple sample pooling, cyclization and digestion to obtain the resulting libraries before sequencing. GSEA was implemented on the Java GSEA version 3.0 platform with the “Signal2Noise” metric to generate a ranked list and a “gene set” permutation type. Gene sets with FDR values less than 0.25 and nominal P-values less than 0.05 were considered statistically significant.



Statistical analysis

SPSS 26.0 software was used to analyze the datasets. Student’s t-test was used to compare the significance of the difference between 2 groups that met a normal distribution, and the Mann–Whitney U non-parametric test was applied to compare two independent samples from skewed distributions. A P-value less than 0.05 was considered statistically significant.




Results


High-fat diet feeding successfully induced obesity in beagles

To systematically investigate the effects of a weight-loss diet in obese dogs, we first constructed the obese model in beagles via 24-week continuous HFD feeding. The obese dogs were selected by the conditional cutoff of the scoring scale for obesity (BCS ≥ 6), and ten beagles were used to evaluate the weight loss effects of the formulated weight-loss diet (Figure 1A). As shown in Figure 1B, compared with the NC group, the 24-week HFD significantly increased body weight (P < 0.01), body weight gain (P < 0.001), and BCS in beagles (P < 0.01). Cross-sectional nuclear magnetic resonance imaging (MRI) analysis showed that HFD markedly increased the fat mass of beagles, especially the fat distribution of the visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT) (P < 0.05) (Figure 1C). H&E staining of adipose tissues showed that the volumes of adipocytes were markedly increased in the HFD group, suggesting significant adipocyte hypertrophy during canine obesity (P < 0.05) (Figure 1D). Hematological analysis showed that the HFD also obviously increased the plasma lipid content, such as total cholesterol (TC) (P < 0.001) and low-density lipoprotein (LDL) (P < 0.01), and slightly increased the plasma triglyceride (TG) content (Figure 1E). Taken together, these data indicate that a canine obesity model was successfully induced by HFD feeding.
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FIGURE 1
High-fat diet (HFD) successfully induced obesity in beagle dogs. (A) Schematic diagram of the experimental design process. Beagles were randomly divided into two groups, and then fed a HFD or a normal chow diet (NC) for 24 weeks. The obese dogs were evaluated by physical examination and laboratory and imaging examinations. Obese dogs were selected and randomly assigned to be fed with a weight-loss diet or control diet for an additional 8 weeks. (B) Analysis of body weight, body weight gain, and body condition scoring (BCS) in the HFD and NC groups at 0 and 24 weeks. n = 8 beagles/group. (C) Cross-sectional nuclear magnetic resonance imaging (MRI) analysis of the fat distribution in the HFD and NC groups at 0 and 24 weeks. Total adipose tissue (TAT) quantification was calculated based on the distributions of subcutaneous adipose tissue (SAT) (red arrow) and visceral adipose tissue (VAT) (white arrow). n = 5 beagles/group. Scale bar, 5 cm. (D) Representative images of H&E staining and comparison of morphological changes of adipose tissue between two groups of beagles after 24 weeks. n = 5 beagles/group. Scale bar, 100 μm. (E) The levels of TG, TC, and LDL in serum reflecting the blood lipids. n = 8 beagles/group. The data of body weight and body weight gains in panel (B) and the data in panels (C–E) are presented as the means ± SEMs and analyzed by Student’s two-tailed t-test. The data of BCS in panel (B) are presented as the means ± SEMs and analyzed by the Mann–Whitney U non-parametric test. *P < 0.05; **P < 0.01; ***P < 0.001. TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol.




Composition and energy analysis of the weight-loss diet

Numerous reports have indicated that formulated diets containing high contents of protein and fiber have significant satiating and weight reduction effects (12, 14, 28). Natural plant products are often added to diets as flavoring agents or functional active substances. Astaxanthin has been reported having anti-obese and antidiabetic effects in mice (16, 29). Here, we added astaxanthin as a food additive to the weight-loss diet. The dietary chemical composition and energy supplies of the formulated weight-loss diet and control diet were systematically analyzed. The detailed information is presented in Figures 2A,B. The molecular structure of astaxanthin is shown in Figure 2C. To investigate the taste and palatability of the formulated weight-loss diet, we first performed a palatability test in 10 healthy beagles. The results showed that food intake ratios were 100% in both groups, and there was no significant difference in feed intake in 3-day duration in dogs feeding with the weight-loss diet and control diet (Figure 2D). To further investigate palatability, pet dogs were recruited and assayed for palatability for 5 days, and it was observed that weight-loss diet administration showed good palatability in pet dogs (Figure 2E).
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FIGURE 2
The nutritional composition of the weight-loss diet and food palatability evaluation. (A,B) The nutritional composition (A) and energy supply ratio (B) of the weight-loss diet and control diet. (C) The chemical structure of the astaxanthin addictive ingredient. (D) The palatability testing analysis in beagles fed a weight-loss diet and control diet in the indicated days. n = 5 beagles/group. (E) The palatability testing analysis in pet dogs fed a weight-loss diet in the indicated days. n = 9 pet dogs. The data in panels (D,E) are presented as the means ± SEMs and were analyzed by Student’s two-tailed t-test. n.s., not significant.




The formulated weight-loss diet significantly alleviates obesity in beagles

Obesity is defined as an accumulation of excessive amounts of adipose tissue in the body. Potential techniques for evaluating obesity include total body weight or body water measurement, plasma chemical analysis, densitometry, absorptiometry, ultrasonography, and advanced comprehensive imaging techniques (such as CT and MRI) (10). Compared to the control diet group, the weight-loss diet group showed obvious reductions in body weight and body weight loss at the 8-week time point after feeding (P < 0.05) (Figures 3A,B). We also observed a declining trend in BCS scores (Figure 3C). We next analyzed the fat mass by advanced imaging techniques. The distribution of adipose tissues in beagles was clearly visualized by MRI (Figure 3D) and CT (Figure 3E) after feeding a weight-loss diet and control diet for 8 weeks. Compared to that in the control diet group, total adipose tissue (TAT) was significantly decreased in the weight-loss diet group as assessed by MRI (P < 0.01) and CT analysis (P < 0.05) (Figure 3F). Further pathological analysis of adipose tissue showed that the subcutaneous adipocyte size was markedly reduced in the weight-loss group (P < 0.01) (Figure 3G). Plasma biochemistry examination data showed lower plasma lipids in the weight-loss group, especially the TC content (P < 0.05) (Figure 3H). Taken together, these data indicate that the formulated weight-loss diet protects against obesity in beagles, exhibiting profound beneficial effects on canine obesity.
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FIGURE 3
Body weight and fat mass evaluation in beagles. (A–C) Analysis of body weight (A), body weight loss (B), and body condition scoring (BCS) (C) in beagles fed a weight-loss diet and a control diet at the indicated time points. n = 5 beagles/group. (D) Representative cross-sectional MRI showed the fat distribution in beagles at 8 weeks in the indicated groups. n = 4 beagles/group. Scale bar, 2 cm. Quantifications of TAT% based on MRI are shown on the right. n = 4 beagles/group. (E) Representative images of computed tomography (CT) showed the fat mass distribution in coronal sections in beagles fed a weight-loss diet and control diet at 8 weeks. Grayscale and pseudocolor images represent the proportion of the total adipose tissue (TAT%). n = 5 beagles/group. Scale bar, 5 cm. HU, Hounsfield unit. (F) Quantification of TAT% based on MRI and CT. TAT quantification was calculated based on the distributions of subcutaneous adipose tissue (SAT) (red arrow) and visceral adipose tissue (VAT) (white arrow). n = 4∼5 beagles/group. (G) Representative images of H&E staining in adipose tissues of control diet and weight-loss diet beagles feeding for 8 weeks. n = 5 beagles/group. Scale bar, 100 μm. (H) Serum levels of total cholesterol (TC), triglyceride (TG), and low-density lipoprotein (LDL) in beagles fed a weight-loss diet and a control diet at 8 weeks. n = 5 beagles/group. All the data are presented as the means ± SEMs and were analyzed by Student’s two-tailed t-test. *P < 0.05; **P < 0.01. n.s., not significant.




The formulated obesity control diet improved the whole metabolic panels of subcutaneous adipose tissue in beagles

Adipose tissue, largely regulates body energy homeostasis and maintenance of body mass (30). To fully evaluate the influences of the developed food formula on whole homeostasis in an unbiased manner, we further performed RNA-seq assays on subcutaneous and visceral adipose tissues from beagles in the control and obesity control diet groups after 8 weeks of feeding. Unsupervised hierarchical clustering analysis of subcutaneous adipose tissues separated the samples into two independent clusters, indicating the robust influences of the designed diet on adipose tissues (Figure 4A). Gene set enrichment analysis (GSEA) clearly showed that the downregulated genes induced by obesity control diet were highly enriched in pro-obesity-related pathways, mainly including the chemokine signaling pathway, Rig-I-like receptor signaling pathway, cytosolic DNA sensing pathway, Jak-stat signaling pathway, glycosaminoglycan biosynthesis, glycosaminoglycan degradation, peroxisome, lysosome, sphingolipid metabolism and biosynthesis of unsaturated fatty acids, while oxidative phosphorylation and TCA cycle pathways were significantly upregulated by the developed diet feeding (Figure 4B). Specifically, pathways related to lipid metabolism, immune system, glycan metabolism, and transport catabolism were downregulated in the weight-loss group (Figures 4C–F). Furthermore, the leading genes of those indicated pathways were also changed accordingly (Figures 4C–F). Taken together, these data indicate that the weight-loss diet improves obesity by downregulating the pro-obesity-related metabolic signature in adipose tissues.
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FIGURE 4
The metabolic signature of subcutaneous adipose tissue in a weight-loss diet in beagles. (A) Total RNA was extracted from subcutaneous adipose tissues of control diet and weight-loss diet beagles after 8 weeks of feeding followed by RNA-seq analysis. PCA Cluster showed the distribution of samples from beagles fed a weight-loss diet control diet according to gene expression patterns in RNA-seq. n = 3 beagles/group. (B) Gene set enrichment analysis (GSEA) was carried out between the control diet and weight-loss diet beagles. GSEA showing the enriched pathways related to lipid metabolism based on the RNA-seq dataset in control diet and weight-loss diet beagles after 8 weeks of feeding. (C) Representative GSEA enrichment score curves of immune system-related pathways. Genes on the far left correlated the most with control diet samples, and genes on the far right correlated the most with weight-loss diet samples. A representative heatmap of the leading genes is shown below the curve. (D) Representative GSEA enrichment score curves and heatmap of the glycan metabolism-related pathways and corresponding leading genes. (E) Representative GSEA enrichment score curves and heatmap of the transport catabolism-related pathways and corresponding leading genes. (F) Representative GSEA enrichment score curves and heatmap of the lipid metabolism-related pathways and corresponding leading genes.




The weight-loss diet improved metabolic signature of visceral adipose tissue in beagles

We further investigated the effects of a weight-loss diet on visceral adipose tissue via RNA-seq analysis. Unsupervised hierarchical clustering analysis indicated the robust influences of the designed diet on adipose tissues (Figure 5A). The weight-loss diet feeding led to significantly inactivation of lipid metabolism, carbohydrate metabolism, excretory system, amino acid metabolism, cell motility community, and immune system, while replication and repair pathways were significantly upregulated by the developed diet (Figure 5B). Furthermore, the pathways related to DNA replication, non-homologous end joining, cell cycle, and nucleotide excision repair were upregulated in the weight-loss diet group (Figure 5C), and pathways related to fatty acid metabolism, PPAR signaling, biosynthesis of unsaturated Fatty acid, glycerolipid metabolism, pyruvate metabolism, glycolysis, gluconeogenesis, and butanoate metabolism were downregulated in the weight-loss group (Figures 5D,E). Altogether, the weight-loss diet exhibited profound effects on energy metabolic homeostasis that is essential for the maintenance of body mass.
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FIGURE 5
The metabolic signature of visceral adipose tissue in a weight-loss diet in beagles. (A) Total RNA was extracted from visceral adipose tissues of control diet and weight-loss diet beagles after 8 weeks of feeding and then subjected to RNA-seq. Cluster images show the distribution of samples from control diet and weight-loss diet beagles according to gene expression patterns in RNA-seq. n = 3 beagles/group. (B) Gene set enrichment analysis (GSEA) was carried out between the control diet and weight-loss diet beagles. GSEA showing the enriched pathways related to lipid metabolism based on the RNA-seq dataset in control diet and weight-loss diet beagles after 8 weeks of feeding. (C) Representative GSEA enrichment score curves of the replication and repair-related pathways. Genes on the far left correlated the most with control diet samples, and genes on the far right correlated the most with weight-loss diet samples. A representative heatmap of the leading genes is shown below the curve. (D) Representative GSEA enrichment score curves and heatmap of the lipid metabolism-related pathways and corresponding leading genes. (E) Representative GSEA enrichment score curves and heatmap of the carbohydrate metabolism-related pathways and corresponding leading genes.




The weight-loss diet effectively ameliorated the whole metabolic and immune profiles in adipose tissues

To further decipher the similarity and specificity of the transcriptional profiles in subcutaneous and visceral adipose tissues regulated by the weight-loss diet, we performed a correlation analysis of RNA-seq data between the sebum and visceral fat samples. The Pearson correlation coefficient (PCC) was used to analyze the correlations of total gene expression (Figure 6A) and gene expression rank (Figure 6B) in the indicated samples. The transcriptome signature between subcutaneous and visceral adipose tissues was highly significant and connectively correlated. Thus, we next analyzed the common transcriptome signature between sebum and visceral fat and found that they shared 8 common molecular events, including immune system, lipid metabolism, carbohydrate metabolism, glycan biosynthesis and metabolism, and signal transduction. Among them, the immune system, lipid metabolism and carbohydrate metabolism ranked as the top three most significant ones (Figures 6C,D). Compared to the control diet, the weight-loss diet exhibited profound anti-obese effects by regulating the common core genes in sebum and visceral fat (Figure 6E). We also confirmed the RNA-seq data by further gene expression validation through qPCR analysis. Consistently, compared to the control diet group, genes related to lipid metabolism and inflammation were markedly downregulated in the weight-loss diet group (Figure 6F).
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FIGURE 6
The weight-loss diet effectively ameliorated the whole metabolic and immune profiles in adipose tissues. (A) Correlation analysis of total gene expression in RNA-seq between subcutaneous and visceral adipose tissues. (B) Correlation analysis of gene expression rank in RNA-seq between subcutaneous and visceral adipose tissues. (C) A venn diagram showing the numbers of unique and shared regulated molecular events between subcutaneous and visceral adipose tissues. (D) Detailed information on the shared regulated molecular events from the RNA-seq analysis. (E) Heatmaps of the core events regulated by the weight-loss diet in the subcutaneous and visceral adipose tissues. (F) Representative gene expression in subcutaneous adipose tissues by qPCR analysis. The data in panel (F) are presented as the means ± SEMs and were analyzed by Student’s two-tailed t-test. *P < 0.05, **P < 0.01; n.s., not significant.




The formulated weight-loss diet showed high safety during the weight-loss program in beagles

To fully investigate the safety of the formulated weight-loss diet, we systematically evaluated the hematological and biochemical parameters after 8 weeks of diet feeding. The whole blood program of red blood cells, white blood cells and platelets were measured and analyzed. No significant differences were observed for any hematological parameters between the two tested groups (Figure 7A). The plasma biochemical parameters also showed that the plasma levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), creatinine (CREA), blood urea nitrogen (BUN), creatine kinase (CK), and creatine kinase MB (CK-MB) were not obviously different between the weight-loss diet and control diet (Figure 7B). Further pathological staining of liver, kidney and skeletal muscle tissues also showed no adverse effects in either the weight-loss diet group or the control diet group (Figure 7C). These data indicate that the formulated diet has satisfactory anti-obesity effects with well palatability and safety.
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FIGURE 7
Evaluation of the adverse effects in beagles fed a weight-loss diet. (A) Whole blood parameter analysis of beagles fed a weight-loss diet and a control diet. n = 5 beagles/group. (B) Blood plasma biochemical evaluation of beagles in the indicated groups. n = 4∼5 beagles/group. (C) H&E staining evaluation of the morphological changes in liver tissues, kidney tissues and skeletal muscle tissues in beagles fed the indicated diet for 8 weeks. n = 5 beagles/group. Scale bar, 100 μm. The data of RDWs in panel (A) are presented as the means ± SEMs and analyzed by the Mann–Whitney U non-parametric test and the other data in panels (A,B) are presented as the means ± SEMs and analyzed by Student’s two-tailed t-test. n.s., not significant; WBC, white blood cell; LYM, lymphocytes; MON, monocytes; NEU, neutrophils; EOS, eosinophils; BAS, basophils; RBC, red blood cell; HGB, hemoglobin; PLT, platelets; MCH, mean corpuscular hemoglobin; RDW, red cell distribution width; MPV, mean platelet volume; MCHC, mean corpuscular hemoglobin concentration; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; LDH, lactate dehydrogenase; CREA, creatinine; BUN, blood urea nitrogen; CK, creatine kinase; CK-MB, creatine kinase MB.





Discussion

Obesity occurs when dogs are in energy imbalance for an extended period of time due to either excessive dietary intake or inadequate energy utilization. It can be defined as a condition of excessive energy storage in the form of adipose tissue to a degree leading to adverse effects on health and longevity (7). In this study, we designed a formulated weight-loss diet and investigated the ability of this food to induce modest weight reduction in overweight beagle dogs. The weight-loss diet markedly decreased the body weight of obese dogs and reduced the volume of subcutaneous and abdominal fat mass. Transcriptional analysis of adipose tissues indicated that energy metabolism-related pathways were activated by 8-week weight-loss diet feeding, while pathways or genes related to pro-obesity, such as lipid synthesis, immune system, glycan metabolism, and transport catabolism, were markedly downregulated.

In recent decades, the incidence of overweight or obesity worldwide has increased significantly in dogs. The detailed mechanism of obesity in dogs has rarely been investigated, and most reports propose that obesity is a nutritional disorder. Thus, the most common method is the restriction of calories. An abundance of evidence suggests that providing balanced and commercial diets with higher protein and fiber proportions effectively provides adequate satiety and prevents malnutrition during the weight-loss program (14). Obesity is also a chronic metabolic disease, and adipose tissue homeostasis plays pivotal roles in the pathogenesis of obesity. Previous reports analyzed the subcutaneous and gonadal adipose tissue via microarray and indicated that genes associated with adipogenesis, energy metabolism, oxidation reduction, immune response, and extracellular matrix were significantly regulated in obese dogs (31, 32). These global changes in metabolic profile of adipose tissues reported previously are consistent with our investigations into subcutaneous adipose tissues of obese beagles fed a weight-loss diet by RNA-seq assay.

Although only a short period was monitored and evaluated, most dogs lost weight successfully with well safety under hemostatic condition. Furthermore, weight reduction occurred with more modest energy restriction than previous weight reduction studies (33). Astaxanthin prevents obesity-associated metabolic disturbances and inflammation, increases mitochondrial oxidative phosphorylation, and enhances exercise-induced fatty acid metabolism (18, 21). The effects of astaxanthin on obesity have been widely reported in mice (18, 19, 21, 34) but rarely reported in dogs (17). Numerous studies have suggested that a high-protein/high-fiber diet exhibits weight-loss effects on obese dogs (11, 12, 14). In our research, we designed a formulated high-protein and fiber diet supplemented with astaxanthin and found that this diet alleviated high-fat diet-induced obesity in beagle dogs. Although commercially available astaxanthin-supplemented dog food is on the market (CN112515049A), it is often used to enhance the immune response, beautify hair, and delay aging in dogs. At present, there is no prescription food supplemented with astaxanthin used for the prevention and treatment of canine obesity and related metabolic syndrome on the market. In this study, we focus on the function and safety of the designed weight-loss diet. The formulation and composition of the weight-loss diet and functional research on the weight-loss diet in canine obesity are also completely innovative. Here we observed a significant reduction in weight loss in the weight-loss diet-fed dogs and also found that a weight-loss diet significantly increased energy metabolism-related pathways and decreased lipid synthesis-related pathways. We suppose that the weight-loss effect was the synergy of the high-protein high-fiber diet and the high concentration of the plant additive astaxanthin. A limitation of the study was the fact that we only tested the effects of a weight-loss diet in experimental HFD-induced obese beagles, and the effects of this diet were not further validated in pet dogs. Further clinical investigations will be performed in a large range of clinical animals and the effects of the formulated weight-loss diet will be widely validated.
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