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Positive effects of rutin on egg quality, lipid peroxidation and metabolism in post-peak laying hens
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Excessive fat deposition due to impaired fat metabolism in chickens is a major problem in the poultry industry. Nutritional interventions are effective solutions, but current options are limited. A safe phytochemical, rutin, has shown positive effects in animals, but its effect on lipid metabolism in poultry remains unknown. Hence, this study is to investigate the effects of rutin on egg quality, serum biochemistry, fat deposition, lipid peroxidation and hepatic lipid metabolism in post-peak laying hens. A total of 360 Taihang laying hens (49-week-old) were randomly divided into five groups and fed a basal diet (control group, 0%) and a basal diet supplemented with 300 (0.03%), 600 (0.06%), 900 (0.09%), and 1,200 (0.12%) mg rutin/kg feed, respectively. The results showed that eggshell strength was significantly (p < 0.05) higher in the dietary rutin groups, whereas yolk percentage (p < 0.05), total cholesterol (TC) (p < 0.01) and yolk fat ratio (p < 0.01) decreased linearly (p < 0.05) in the dietary rutin groups. Importantly, dietary rutin reduced serum triglyceride (TG) and TC levels, decreased abdominal lipid deposition and liver index (p < 0.05), and which concomitantly decreased hepatic lipid (TG, TC, and free fatty acid) accumulation (p < 0.05). An increase (p < 0.05) in total antioxidant capacity and superoxide dismutase activity and a decrease (p < 0.05) in malondialdehyde levels were also found. At the same time, the activities of hepatic lipase, acetyl-CoA carboxylase and malic enzyme in the liver were decreased (p < 0.05). Dietary rutin also increased (p < 0.05) the expression of fatty acid oxidation-related genes (carnitine palmitoyl transferase 1, peroxisome proliferator-activated receptor α, farnesoid X receptor). Additionally, it decreased fatty acid synthesis genes (sterol regulatory element binding protein-1c, acetyl-CoA carboxylase α, stearoyl-CoA desaturase 1) (p < 0.05). In conclusion, the addition of rutin (0.06–0.12%) to the diet improved the fat metabolism and increased liver antioxidant capacity in post-peak laying hens, and these positive changes improved egg quality to some extent.
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1 Introduction

One of the most significant challenges currently facing the laying hen industry is the decline in egg quality observed during the latter stages of the peak laying period (1). This phenomenon can be attributed to various factors, such as aging-related changes in the reproductive system (2), decreases in metabolic capacity (3), and changes in the dominant intestinal microbiota (4), etc. Among them, lipid metabolism is an indispensable part of egg formation, and is also closely related to its molecular role and physiological characteristics in liver, the primary lipid metabolic organ of laying hens (5). Liver stress during aging can worsen lipid metabolism disorders, and raise the likelihood of related metabolic diseases (6). Furthermore, in large-scale caged environments where laying hens have a limited mobility and reduced exercise, the excess unutilized energy is converted to fat and deposited in the abdomen and major metabolic organs (7). Consequently, how to mitigate some of the adverse effects of fat metabolism disorders on laying hens has become a pressing issue in large-scale egg production.

In accordance with the tenets of healthy consumption and the policies of numerous countries, antibiotics and chemical synthetic drugs are prohibited (or subject to restrictions) for use in the treatment of metabolic diseases in poultry (8). Instead, natural herbs and their extracts with biological and medical activities have attracted great attention and are being studied extensively for the potential applications in poultry industry. This is due to their natural, safe and broad-spectrum characteristics (9).

Rutin, also known as vitamin P or 3,3′,4′,5,7-pentahydroxy-flavon3-(o-rhamnosylglucoside), is a flavonoid glycoside produced by plants as part of their defense system (10). A versatile exogenous supplement, rutin is found in high concentrations in rue leaves, orange peels, tomatoes, and buckwheat flowers (11). The antioxidant (12), antimicrobial (13), anticancer (14), antidiabetic (15), cardiovascular protection (16) as well as analgesic (17) effects of the compound have been well established in vitro tests and animal experiments. In addition of the antioxidant, prebiotics and medical activity mentioned above, rutin also counteracts mitochondrial damage, and acts as a modulator of lipid metabolic disorders (18).

However, the biological role of rutin in lipid metabolism has not been studied extensively in farm animals such as poultry. Results from a study with broilers showed that supplementation of rutin (1 g /kg) in feed enhanced the antioxidant capacity, and reduced lipogenesis, thereby decreasing fat deposition and lipid levels in blood (19). In light of previous studies, our hypothesis was that administration of rutin to aged laying hens could improve on egg quality through alterations in antioxidant status and lipid metabolism. To test our hypothesis, we investigated the effects of dietary supplementation with different doses of rutin on lipid deposition, peroxidation and metabolism in post-peak laying hens. The potential mechanisms of rutin action egg quality via modifying lipid metabolism were discussed.



2 Materials and methods


2.1 Birds, experimental design, and management

Taihang chicken, a local breed in China, was selected as an experimental bird. Compared with other commercial breeds, it is more resistant to stress and has a lower egg production rate and body weight. Briefly, 360 healthy 49-week-old Taihang laying hens (1.40 ± 0.25 kg, no significant difference in egg production rate) were provided by Jinkai Animal Husbandry Co., LTD (Hebei, China). The hens were randomly divided into five treatment groups. Each group contained six replicates, and 12 hens per replicate. The first group was the control group (0%), which was fed only the basal diet, while the other four groups were supplemented with 0.3 (0.03%), 0.6 (0.06%), 0.9 (0.09%), and 1.2 (0.12%) g/kg rutin in the basal diet, respectively. The experiment lasted 56 d. All the layers were housed in environmentally controlled cages for 7 days to habituate to the experimental environment before the start of the experiment. These birds were hatched on the same hatchery, and at various stages prior to their use in this experiment, were housed in the same environment and received the same diet, vaccination, and decreasing light program.

The experimental diet (Table 1) was formulated based on the Chicken Feeding Standards of China (NY/T33-2004) and the NRC (20) recommendations. The nutritional levels of crude protein (GB/T 6432-2018), calcium (GB/T 6436-2018), and total phosphorus (GB/T 6437-2018) in the diets were analyzed using methods provided by the Chinese Standardization Administration. Rutin is light green powder, purchased from Yuanbeichun Bioengineering Co., Ltd. (Shanxi, China), extracted by hot-water immersion, with a purity greater than 95% (determined by HPLC). The dose of rutin in the diets was selected based on our unpublished pre-experimental data combined with the data reported in previous studies (19, 21).



TABLE 1 Composition and nutrient levels of the basal diet (% air-dry basis).
[image: Table1]

During the experimental period, all layers were housed in three-tier upright rearing cages with one bird per cage (0.16 m2/bird). The temperature (25 ± 2°C), relative humidity (60 ± 5%) and light–dark cycle (15.5 L: 8.5 D) in the hen house were kept within safe and controllable limits. Hens were allowed to eat and drink freely.



2.2 Egg quality

Three eggs were randomly selected from each replicate (same for yolk lipid accumulation) to determine egg quality on day 56 of the experiment. The egg’s long and short diameters were measured using a coefficient measuring instrument (NFN385, FHK Corp., Tokyo, Japan), and the egg shape index was the ratio of the long and short diameters. Eggshell strength was measured using an egg force reader (EFR-01, ORKA Technology Co., Ltd., Herzliya, Israel). Eggshell thickness tester (ESTG-01, ORKA Technology Co., Ltd., Herzliya, Israel) was used to determine the eggshell thickness. Egg multitester (model EA-01, ORKA Technology Co., Ltd., Herzliya, Israel) was used to determine the Haugh unit and yolk color.



2.3 Sample collection

On the morning of day 56, after weighing, one laying hen was randomly selected from each replicate and euthanized by cervical dislocation after blood samples (about 8 mL, collected in two batches) was collected from the wing vein. Blood samples were centrifuged at 3,000 × g for 15 min at 4°C, and serum was collected. The experimental birds were then dissected (total 30 hens), and the liver, spleen, and intestines were removed and weighed. The liver samples were collected into three 2 mL cryotubes and quickly frozen in liquid N2. The frozen samples were stored at −80°C freezer for further analysis.



2.4 Serum biochemical indices

After the serum samples were rewarmed at room temperature, the levels of total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), as well as the activities of aspartate transaminase (AST) and alanine transaminase (ALT) were determined using the kits purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



2.5 Organ index and the percentage of abdominal fat

The ratio of the weight of an organ or abdominal fat to the live body weight, expressed as a percentage, is used to determine the organ index and the percentage of abdominal fat (PAF).



2.6 Egg yolk and hepatic lipid accumulation

The fresh liver samples and homogenized egg yolk were freeze-dried in a vacuum freeze-dryer for 72 h and then ground into powder. The fat content of the egg yolk and liver was determined using the Soxhlet extractor method on 500 mg of lyophilized powder.

Fresh liver samples (about 200 mg) were homogenized with pre-cooled saline (1 g liver: 9 mL saline) on ice, while lyophilized egg yolk powder (about 100 mg) was homogenized with pre-cooled anhydrous ethanol (1 g egg yolk powder: 9 mL ethanol) due to the high-fat content. The homogenates were centrifuged at 4,000 × g for 15 min at 4°C, to obtain the supernatant for measurement. The TC, TG and free fatty acid (FFA) levels in liver and egg yolk were determined in supernatant, using kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The protein content in the liver samples was determined using the BCA protein assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) to normalize TG, TC, and FFA content in the liver.



2.7 Hepatic lipid peroxidation

Fresh liver sample was homogenized in cold saline with a ratio of 1:9 (w/v) and the homogenate were centrifuged at 3,500 × g for 15 min at 4°C. The supernatants were obtained after the centrifugation, and used for the biological assays associated with lipid peroxidation. Hepatic total antioxidant capacity (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and malondialdehyde (MDA) were determined using kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Similar to the previous section, the results of lipid peroxidation were normalized to the protein concentration in each sample.



2.8 Hepatic fat metabolizing enzyme activity

As described above, hepatic fat metabolizing enzyme activity assay also requires preparation of liver tissue supernatant. Liver lipoprteinlipase (LPL) and hepaticlipase (HL) activities were determined using kits from Nanjing Jiancheng Bioengineering Institute (Nanjing, China), and liver acetyl CoA carboxylase (ACC), fatty acid synthase (FAS) and malic enzyme (ME) activities were determined using ELISA kits from Jiangsu Meimian Industrial Co., Ltd. (Jiangsu, China). Of these, the outcomes of LPL and HL must be standardized in relation to the total protein concentration in the supernatant.



2.9 Gene expression

Total RNA was extracted from the liver samples according to the instructions of RNAiso Plus (Takara, Beijing, China) and then reverse-transcribed into cDNA using the Prime Script RT kit (Takara, Beijing, China). All primers (Table 2) are designed by Oligo 7, and synthesized by Genewiz Technology (Suzhoui, China) Co., Ltd. after verification of primer specificity. Real-Time PCR amplification of cDNA was performed using the SYBR Premix Ex Taq II kit (Takara, Beijing, China). The PCR reaction volume was 20 μL, including 10 μL of SYBR premix Ex Taq (2×), 2 μL of cDNA template, 0.4 μL of forward and reverse primers, 0.4 μL of ROX reference dye (50×), 6.8 μL of RNase-free water. PCR amplification was performed at 95°C for 30 s, followed by 95°C for 5 s and 60°C for 30 s, for a total of 40 cycles. The relative mRNA expression of each target gene was calculated by the 2−ΔΔCt method using β-actin as an internal reference.



TABLE 2 Primer sequences of genes.
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2.10 Statistical analyses

SPSS 26.0 statistical software (version 26.0 for Windows, SPSS Inc., Chicago) was used for data analysis. ANOVA in GLM procedure was used to analyze variance, and linear and quadratic p-values were also calculated using orthogonal contrasts. A probability of p < 0.05 was considered to be statistically significant and the tendency of significant difference was assessed when 0.05 < p < 0.10. Duncan’s test was used for post-hoc multiple comparisons. Results were shown as means. The overall standard error of mean (SEM) was given.




3 Results


3.1 Egg quality

As shown in Table 3, there were no (p > 0.05) effects of rutin supplementation on egg shape index, eggshell thickness, Haugh unit, yolk color and egg yolk TC. However, a quadratic response of the eggshell strength to rutin concentration was detected (p < 0.01). The highest strength was observed in the group supplemented with 0.06% of dietary rutin, and the strength was higher than the control group (p < 0.05). In addition, a linear response to dietary rutin supplemented levels was detected for egg shape index (p < 0.05), yolk percentage (p < 0.05), egg yolk TG (p < 0.01) and egg yolk fat ratio (p < 0.01). The egg shape index increased with the increase of rutin supplementation in the diet, but the yolk percentage, yolk TG and yolk fat ratio decreased with the increase of rutin in the diet. The addition of rutin to the diet resulted in a mean reduction of 10% in the egg yolk percentage compared to the control group (p < 0.01). While the TG levels and fat ratio of egg yolks decreased on average by 27% (p < 0.05) and 9% (p < 0.005) from the groups with dietary supplemented rutin higher than 0.09%, as compared with the control group.



TABLE 3 Effect of rutin on the egg quality in post-peak laying hens.
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3.2 Serum biochemical indices

Dietary supplementation of the rutin had impacts on serum TG, TC, and HDL-C (Table 4). Dietary rutin decreased serum TG as compared to control, but the decrease was greater from the diet with 0.12% rutin than diets with 0.03, 0.06, and 0.09% (p < 0.01). A linear response of serum TG content to the dose of rutin supplemented in the diet was detected (p < 0.05). The serum TC and HDL-C were changed in the hen fed diets supplemented with 0.03 and 0.06% of rutin, but the TC reduction was greater in hens with dietary 0.06% than 0.03% of rutin (p < 0.05). No differences were detected between hens fed diets with 0.09 and 0.12% of rutin and control hens (p > 0.05). A significant quadratic response of serum TC and HDL-C to dietary rutin levels was detected (p < 0.05). There was no significant effect of dietary rutin on either serum LDL-C levels, AST and ALT activities (p > 0.05), but a quadratic tendency in response of AST to dietary rutin levels was observed (p = 0.057).



TABLE 4 Effect of rutin on serum biochemical indices in post-peak laying hens.
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3.3 Organ index and the percentage of abdominal fat

As shown in Table 5, supplementation of rutin to the diet had no effect on the final body weight (FBW), spleen and intestine index (percentage of body weight) in the laying hens and no differences were detected between the treatment groups (p > 0.05). However, supplementing rutin in the diet reduced PAF and liver index (p < 0.05). The PAF from the fed with 0.06 and 0.12% of rutin and liver index from hens fed with 0.03 and 0.09% of rutin were on average 28 and 9% lower than that from the control hens (p < 0.05). In general, the PAF (p < 0.005) and liver index (p < 0.05) reduced linearly with the increase of dietary rutin addition. A significant quadratic response of liver index to dietary rutin level was detected also (p < 0.05).



TABLE 5 Effect of rutin on organ index and the percentage of abdominal fat in post-peak laying hens.
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3.4 Hepatic lipids accumulation

Dietary supplementation of rutin had a great impact on the hepatic lipid contents in hens (Table 6). The liver fat ratio (fat percentage in liver) in hens was on average 26% lower from 0.09 and 0.12% of rutin groups than the control group (p < 0.001). The total TG from 0.06 and 0.12% of rutin groups, TC from 0.06% of rutin group and FFA from 0.09 and 0.12% of rutin group were reduced on average by 17% (p < 0.05), 16% (p < 0.05) and 11% (p < 0.01) respectively compared to the control group. Significant linear responses of hepatic lipid ratio (p < 0.01), TG (p < 0.05), and FFA (p < 0.001) to dietary rutin levels were detected. A quadratic response of hepatic TC to dietary rutin levels was observed (p < 0.005).



TABLE 6 Effect of rutin on liver fat accumulation in post-peak laying hens.
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3.5 Hepatic lipid peroxidation

Dietary supplementation of rutin significantly impacted on hepatic T-AOC (p < 0.005) and SOD (p < 0.01) activities, and MDA (p < 0.005) level in liver of hens (Table 7). The activities of T-AOC and SOD linearly increased with the increase in dietary rutin levels (p < 0.001), while the MDA decreased linearly with the increase of dietary rutin levels (p < 0.001). The hepatic T-AOC and SOD activities were on average 21 and 10% higher from hens fed diets with 0.06, 0.09 and 0.12% of rutin than from the control group of hens. While the hepatic MDA level was on average 44% (p < 0.01) lower from hens fed diets with rutin than the hens in control group. In addition, a significant quadratic response of T-AOC activity and MDA level to the dietary rutin levels was detected (p < 0.05). Supplementation of rutin had no effect on hepatic GSH-Px activity (p > 0.1).



TABLE 7 Effect of rutin on liver lipid peroxidation in post-peak laying hens.
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3.6 Hepatic fat metabolizing enzyme activity

As shown in Table 8, supplementation of dietary rutin decreased the enzyme activity of HL, ACC, and ME (p < 0.05) and tended to decrease the activity of FAS (p = 0.06) in liver. The decrease in activity of HL (p < 0.005) and ME (p < 0.05) was linearly with the increase of rutin levels in the diet, while the decrease in activity of ACC was quadratically with the increase in dietary rutin levels (p < 0.05). Supplementation of dietary rutin had no effect on the LPL activity (p > 0.05), but a linear response was observed (p = 0.018). The HL and ME activity were lower on average 11 and 10% from hens fed diet with 0.06, 0.09, and 0.12% of rutin than the hens in control group, respectively. The lowest activity of ACC was observed in hens fed with 0.06% of dietary rutin (p < 0.05).



TABLE 8 Effect of rutin on liver fat metabolizing enzyme activities in post-peak laying hens.
[image: Table8]



3.7 Expression of lipid metabolism-related genes

As shown in Table 9, the mRNA abundance of carnitine palmitoyl transferase I (CPT-1) and peroxisome proliferator-activated receptor α (PPARα) and famesoid X receptor (FXR) increased in the liver of hens fed diets with supplementation of rutin. The increase in expressions of CPT-1 (p < 0.001) and PPARα (p < 0.05) was linearly with the increase in dietary supplementation of rutin. A significant quadratic response of the gene expression of CPT-1 (p < 0.001) and PPARα (p < 0.005) to the dietary rutin was detected also. The abundance of CPT-1 and PPARα was greater from hens with 0.06% dietary rutin than with 0.03, 0.09, and 0.12% dietary rutin. In addition, supplementation of dietary rutin increased FXR abundance, but the increase was greater from hens fed diet with 0.12% rutin than hens fed the control diet (p < 0.05). A significant quadratic relationship between the gene expression and dietary rutin levels was detected (p < 0.001).



TABLE 9 Effect of rutin on the expression of lipid metabolism-related genes in post-peak laying hens.
[image: Table9]

Contrary to increasing expression of genes associated with fatty acid oxidation, addition of rutin in the diet reduced the expression of genes associated with fatty acid synthesis. The abundance of sterol regulatory element binding protein-1c (SREBP-1c) was on average 25% lower from hens with dietary 0.09 and 0.12% rutin than with the control diet (p < 0.05). The abundance of acetyl-CoA carboxylase α (ACCα) was on average 41% lower from hens with dietary 0.06, 0.09 and 0.12% rutin than with the control diet (p < 0.001) and the abundance of stearoyl-CoA desaturase 1 (SCD1) was on average 39% lower from hens with 0.06 and 0.09% dietary rutin than the control diet (p < 0.001). A linear reduction of gene expression with the increase in dietary rutin supplementation was detected for SREBP-1c (p < 0.005), ACCα (p < 0.005), and SCD1 (p < 0.005). A significant quadratic response of ACCα expression to the dietary rutin was observed also (p < 0.005). The lowest ACCα abundance was obtained when the dietary rutin was 0.09% (p < 0.05). There was no significant effect of dietary supplementation of rutin on hepatic FAS abundance (p > 0.05).




4 Discussion

While scientific studies have shown that rutin is an effective lipid metabolism modulator for mammals, this excellent metabolic modulatory property has not been fully validated in poultry trials (22, 23). In poultry production, the problem of impaired lipid metabolism in post-peak hens is an essential point in reducing productivity. This is the first study focusing on the effects of rutin on lipid metabolism in post-peak laying hens, and these results provide a theoretical basis and new perspectives for the development of metabolic modulators in laying hens.

From the perspective of egg quality, dietary rutin significantly improves eggshell strength and reduces yolk proportion. It has become accepted that egg quality declines as the hen ages (24). Therefore, the increase in eggshell strength and decrease in yolk specific gravity may be an outward sign of restored production vigor in laying hens (25). As a class of estrogen-liked active substances, rutin may improve eggshell quality by enhancing calcium deposition (26). And the antioxidant function of flavonoids is also one of the reasons why rutin improves egg quality (27), which can be supported by our data. In this study, rutin also reduced the yolk fat and TG content, which was a direct cause of the decrease in yolk specific gravity. Similarly, Liu et al. (28) demonstrated that dietary supplementation of 0.4 g quercetin/kg feed increased eggshell strength and reduced yolk cholesterol content. The level of yolk lipid content is not a judgment of egg quality, but eggs with lower lipid content provide a consumer trend for those who require a low-fat diet (8, 29).

Normally, variations in metabolic and physiological processes tend to affect relevant aspects of animal health (30). When liver cells are damaged by inflammation, toxicity, necrosis, etc., transaminases are released into the bloodstream and serum transaminases are elevated (31). The tendency to increase AST levels due to rutin concentration in the diet, cannot be tied to liver problems. In fact, AST, as a mitochondrial enzyme, is considered a less specific indicator of liver function than ALT since it can also be found in many peripheral tissues such as in the muscles and hence has a very wide variability (32). We also observed significant changes in serum TC, TG and HDL-C levels in hens fed diet with supplementation of rutin. These observations were similar to the findings reported in broilers (33), suggesting that rutin plays an important role in regulating lipid metabolism. A published study has shown that rutin reduces cholesterol synthesis by stimulating PPARα and downstream target enzymes, thereby reducing the amount of free fatty acids available for TC synthesis (22), and this viewpoint is in agreement with our experimental data. In addition, beneficial effects of dietary flavonoid supplementation on plasma TG and TC levels were reported in previous studies (28, 34). Therefore, the lipid-lowering function observed in hens fed diet with rutin reflected the nature of its chemical structure as a flavonoid glycoside.

As we hypothesized, supplementation of rutin reduced liver index and PAF in post-peak laying hens. The findings of a previous study indicated that the administration of rutin reversed obesity, dyslipidemia, and hepatic steatosis in rats that had been induced to develop these conditions by a high-fat diet (23). Flavonoids or flavonoid-rich plant extracts reduce hepatic TG levels and fat content by activating the AMPK pathway (35, 36). This is consistent with our experimental finding that rutin reduced hepatic lipid (TG, TC and FFA) content in laying hens. In the “2-hit hypothesis” of fatty hepatic disease, liver TG accumulation, increases the liver’s susceptibility to damage mediated by cytotoxic events (mitochondrial dysfunction, oxidative stress, etc.) (37). The biological function of rutin in reducing hepatic lipid accumulation implies that it could attenuate the risk of hepatic steatosis in aged layers, the results that are novel and have not been reported in hens. In addition, as liver is the main organ for lipid metabolism in poultry, the enrichment and activity of lipid metabolizing enzymes directly affect the rate of lipid processing in the liver (38, 39). Indeed, the oxidative capacity and the activity of enzyme systems associated to lipid metabolism measured in this experiment increased in hens fed diets with rutin, demonstrating that the reduced lipid accumulation is associated with the oxidative capacity and the activity of lipid metabolizing enzymes.

Due to prolonged laying activity and aging, reactive oxygen species accumulate in laying hens during the post-peak laying period, and the accumulation can attack polyunsaturated fatty acids in biofilms, causing lipid peroxidation (8). To evaluate the hepatic lipid peroxidation status, we measured hepatic antioxidant enzyme system (T-AOC, SOD, and GSH-Px) activities and lipid peroxide (MDA) levels in this research. Indicator measurements indicated that dietary supplementation of rutin effectively increased the activities of T-AOC and SOD, particularly at the level of 0.09%. In consistent with the increase in activities of T-AOC and SOD, the end product of lipid peroxidation decreased in the liver of the hen fed diets with the supplementation of rutin, suggesting the protective effect of rutin against hepatic lipid peroxidation in aged laying hens. Comparable results were reported also in previous studies with poultry (21, 33). The anti-free radical activity of rutin is mainly attributed to the free hydroxyl groups on C3′, C4′, and C7 (40). And beyond the structural chemistry, rutin also promotes the production of GSH-Px and SOD by activating the Nrf2 signaling pathway in order to enhance free radical scavenging and maintain the redox balance of the organism (41). It is noteworthy that the antioxidant indices did not show marked variability between the additive groups, which may be related to the degree of utilization of rutin in monogastric animals, which is a regrettable aspect of this experiment. A reasonable increase in the concentration of the additive and the duration of the test under safe conditions may be an effective way to address this shortcoming.

It is generally accepted that the dysfunction of lipid metabolism is the initial link of hepatocellular steatosis and changes in lipid flux output. Disorders of lipid metabolism, in turn, are usually accompanied by changes in the activity of hepatic lipid metabolizing enzymes. FAS and ACC are essential for the biosynthesis of TG and TC, and are the rate-limiting enzymes for fatty acid production (42, 43). In addition, all the hydrogen required for fatty acid synthesis in the liver is provided by NADPH. In contrast, the NADPH required for fatty acid synthesis in the liver of birds is supplied mainly through the pyruvate-malate pathway, comprising NADP-ME (44). As the major metabolite of rutin, quercetin can increase the potential of anti-steatosis in the liver of rat by reducing the activity of hepatic lipogenic enzymes and activating the cytoplasmic lipase adipose triglyceride lipase (ATGL) activity (45). Administration of rutin in adipocytes inhibits the activity of alpha-glucosidase and pancreatic lipase and increases adiponectin levels in vitro (46). To the best of our knowledge, this is the first study on the effect of rutin on hepatic lipid metabolizing enzymes in laying hens, and the results showed that dietary rutin could reduce the activities of ACC and ME in the liver of aged laying hens. The reduction in liposynthase activity could be related to the previously mentioned increase in adiponectin levels. Adiponectin reduces hepatic lipid accumulation by decreasing the expression of genes involved in hepatic lipogenesis and cholesterol synthesis via inhibition of SREBP-1c expression (47). Interestingly, we also found that dietary rutin simultaneously reduced hepatic HL activity. LPL and HL are key enzymes in lipolysis and are important lipases for TG catabolism (48). The reduction in the activity of LPL and HL is thought to be a side effect of the restoration of lipid metabolic homeostasis, which in turn further normalizes lipolysis (49).

To further explore the regulatory effects of dietary rutin on lipid metabolism in laying hens, we screened seven key genes related to fatty acid oxidation (CPT-1, PPARα, and FXR) and anabolic metabolism (SREBP-1c, ACCα, SCD1, and FAS) and evaluated their expression in the liver. Both CPT-1 and PPARα play important roles in fatty acid degradation, with CPT-1 being the rate-limiting enzyme for fatty acid β-oxidation, and PPARα a transcription factor that promotes fatty acid β-oxidation and lipid oxidation (19, 50). Apart from involving in bile acid metabolism, FXR also plays an important role in the metabolism of lipids, carbohydrates and hydrocarbons (51). Increased abundance of hepatic CPT-1, PPARα, and FXR genes in the present study implied enhanced fatty acid oxidation and hydrolysis in the rutin-added groups, which correlated with restoration of hepatic antioxidant capacity. In recent years, flavonoids have been shown to enhance fatty acid oxidation and fat depletion by upregulating β-oxidation pathway-related genes (CPT-1, PPARα, and ATGL) in mice (36, 52). Similarly, the present study also discovered that the relative expression of SREBP-1c, ACCα, and SCD1 were significantly downregulated, which result was consistent with the results of hepatic metabolic enzyme activities. What is certain is that SREBP-1c is able to regulate lipogenesis by changing the expression level of its own mRNA, i.e., the transcriptional regulation of hepatic lipid synthase genes is controlled by the amount of SREBP-lc mRNA (44). Parallel to this, SCD1 is the rate-limiting enzyme in the synthesis of monounsaturated fatty acids, which directly affects the synthesis of TG and TC (53). Hassan et al. (19) also posted a report that rutin reduces lipogenesis and accumulation by downregulating the expression of ACC and FAS. In short, rutin reduces lipogenesis and promotes lipolysis in old laying hens by decreasing the rate of fatty acid synthesis and accelerating fatty acid β-oxidation, which responds to positive changes in egg quality.



5 Conclusion

Our results suggest that the addition of 0.06% ~ 0.12% rutin to the diets of post-peak laying hens under the conditions of this experiment effectively reduces serum lipid levels, inhibits lipid peroxidation, regulates lipid metabolism, and reduces the deposition of liver and abdominal fat, 0.09% of rutin played a more effective role. This finding to some extent supports the application of rutin as a lipid metabolism regulator and production promoter in laying hens, and provides a theoretical reference for the promotion of healthy and sustainable development of poultry.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding authors.



Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee of Hebei Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

LZ: Data curation, Writing – original draft, Writing – review & editing. JG: Validation, Writing – review & editing. LX: Writing – review & editing. BY: Writing – review & editing. YH: Writing – review & editing. HZ: Writing – original draft. ZF: Data curation, Writing – review & editing. QL: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Poultry Nutrition and Feed Program of Hebei Modern Agricultural Industrial Technology System (HBCT2023210202) and the Department of Agriculture and Rural Development of Hebei Province. This research was also supported by the earmarked fund for CARS-40-S03.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


TG, Triglyceride; TC, Total cholesterol; LDL-C, Low-density lipoprotein cholesterol; HDL-C, High-density lipoprotein cholesterol; AST, Aspartate transaminase; ALT, Alanine transaminase; T-AOC, Total antioxidant capacity; SOD, Superoxide dismutase; GSH-Px, Glutathione peroxidase; MDA, Malondialdehyde; LPL, Lipoprotein lipase; FAS, Fatty acid synthase; HL, Hepatic lipase; ACC, Acetyl-CoA carboxylase; ME, Malic enzyme; CPT-1, Carnitine palmityl transferase I; PPARα, Peroxisome proliferators-activated receptor-α; FXR, Farnesoid X receptor; SREBP-1c, Sterol regulatory element binding protein-1c; ACCα, Acetyl-CoA carboxylase α; SCD1, Stearoyl-CoA desaturase 1.



References

 1. Tůmová, E, Uhlířová, L, Tůma, R, Chodová, D, and Máchal, L. Age related changes in laying pattern and egg weight of different laying hen genotypes. Reprod Sci. (2017) 183:21–6. doi: 10.1016/j.anireprosci.2017.06.006 

 2. Gu, Y, Chen, Y, Jin, R, Wang, C, Wen, C, and Zhou, Y. A comparison of intestinal integrity, digestive function, and egg quality in laying hens with different ages. Poult Sci. (2021) 100:100949. doi: 10.1016/j.psj.2020.12.046 

 3. Gu, Y, Chen, Y, Jin, R, Wang, C, Wen, C, and Zhou, Y. Age-related changes in liver metabolism and antioxidant capacity of laying hens. Poult Sci. (2021) 100:101478. doi: 10.1016/j.psj.2021.101478 

 4. Wang, Y, Xu, L, Sun, X, Wan, X, Sun, G, Jiang, R , et al. Characteristics of the fecal microbiota of high-and low-yield hens and effects of fecal microbiota transplantation on egg production performance. Res Vet Sci. (2020) 129:164–73. doi: 10.1016/j.rvsc.2020.01.020 

 5. Gloux, A, Duclos, MJ, Brionne, A, Bourin, M, Nys, Y, and Réhault-Godbert, S. Integrative analysis of transcriptomic data related to the liver of laying hens: from physiological basics to newly identified functions. BMC Genomics. (2019) 20:1–16. doi: 10.1186/s12864-019-6185-0 

 6. Sun, L, Xin, Q, Jiao, H, Wang, X, Zhao, J, Li, H , et al. Effect of exogenous bile salts supplementation on the performance and hepatic lipid metabolism of aged laying hens. J Anim Sci. (2023) 101:skad334. doi: 10.1093/jas/skad334 

 7. Wang, H, Wang, L, Tian, C, Rajput, SA, and Qi, D. Effects of methyl sulfonyl methane and selenium yeast on fatty liver syndrome in laying hens and their biological mechanisms. Animals. (2023) 13:2466. doi: 10.3390/ani13152466 

 8. Zhang, B, Wang, Z, Huang, C, Wang, D, Chang, D, Shi, X , et al. Positive effects of mulberry leaf extract on egg quality, lipid metabolism, serum biochemistry, and antioxidant indices of laying hens. Front Vet Sci. (2022) 9:1005643. doi: 10.3389/fvets.2022.1005643 

 9. Zhu, Y, Zhang, X, Du, P, Wang, Z, Luo, P, Huang, Y , et al. Dietary herbaceous mixture supplementation reduced hepatic lipid deposition and improved hepatic health status in post-peak laying hens. Poult Sci. (2022) 101:101870. doi: 10.1016/j.psj.2022.101870 

 10. Aherne, SA, and O’Brien, NM. Dietary Flavonols: chemistry, food content, and metabolism. Nutrition. (2002) 18:75–81. doi: 10.1016/s0899-9007(01)00695-5

 11. Sharma, S, Ali, A, Ali, J, Sahni, JK, and Baboota, S. Rutin: therapeutic potential and recent advances in drug delivery. Expert Opin Investig Drugs. (2013) 22:1063–79. doi: 10.1517/13543784.2013.805744 

 12. Panhwar, QK, and Memon, S. Synthesis, characterisation, and antioxidant study of Cr (iii)-Rutin complex. Chem Pap. (2014) 68:614–23. doi: 10.2478/s11696-013-0494-6

 13. Mazzeo, MF, Lippolis, R, Sorrentino, A, Liberti, S, Fragnito, F, and Siciliano, RA. Lactobacillus Acidophilus-Rutin interplay investigated by proteomics. PLoS One. (2015) 10:e0142376. doi: 10.1371/journal.pone.0142376 

 14. Nouri, Z, Fakhri, S, Nouri, K, Wallace, CE, Farzaei, MH, and Bishayee, A. Targeting multiple signaling pathways in Cancer: the Rutin therapeutic approach. Cancers. (2020) 12:2276. doi: 10.3390/cancers12082276 

 15. Vinayagam, R, and Xu, B. Antidiabetic properties of dietary flavonoids: a cellular mechanism review. Nutr Metab (Lond). (2015) 12:60–20. doi: 10.1186/s12986-015-0057-7 

 16. Mendes-Junior, LG, Monteiro, MMO, Carvalho, AS, Queiroz, TM, and Braga, VA. Oral supplementation with the Rutin improves Cardiovagal Baroreflex sensitivity and vascular reactivity in hypertensive rats. Appl Physiol Nutr Metab. (2013) 38:1099–106. doi: 10.1139/apnm-2013-0091 

 17. Tewari, D, Gupta, P, Bawari, S, Sah, AN, Barreca, D, Khayatkashani, M , et al. Himalayan Ficus Palmata L. fruit extract showed in vivo central and peripheral analgesic activity involving Cox-2 and mu opioid receptors. Plan Theory. (2021) 10:1685. doi: 10.3390/plants10081685

 18. Punithavathi, VR, Shanmugapriya, K, and Prince, PSM. Protective effects of Rutin on mitochondrial damage in isoproterenol-induced Cardiotoxic rats: An in vivo and in vitro study. Cardiovasc Toxicol. (2010) 10:181–9. doi: 10.1007/s12012-010-9077-8 

 19. Hassan, FA, Roushdy, EM, Kishawy, AT, Zaglool, AW, Tukur, HA, and Saadeldin, IM. Growth performance, antioxidant capacity, lipid-related transcript expression and the economics of broiler chickens fed different levels of Rutin. Animals. (2018) 9:7. doi: 10.3390/ani9010007 

 20. NRC. National Research Council: Nutrient requirements of poultry. 9th ed. Washington, DC: National Academic Press (1994).

 21. Li, H, Gu, Y, Jin, R, He, Q, and Zhou, Y. Effects of dietary Rutin supplementation on the intestinal morphology, antioxidant capacity, immunity, and microbiota of aged laying hens. Antioxidants. (2022) 11:1843. doi: 10.3390/antiox11091843 

 22. Liu, Q, Pan, R, Ding, L, Zhang, F, Hu, L, Ding, B , et al. Rutin exhibits Hepatoprotective effects in a mouse model of non-alcoholic fatty liver disease by reducing hepatic lipid levels and mitigating lipid-induced oxidative injuries. Int Immunopharmacol. (2017) 49:132–41. doi: 10.1016/j.intimp.2017.05.026 

 23. Panchal, SK, Poudyal, H, Arumugam, TV, and Brown, L. Rutin attenuates metabolic changes, nonalcoholic steatohepatitis, and cardiovascular remodeling in high-carbohydrate, high-fat diet-fed rats. J Nutr. (2011) 141:1062–9. doi: 10.3945/jn.111.137877 

 24. Qiaoxian, Y, Hui, C, Yingjue, X, Chenxuan, H, Jianzhong, X, Rongyan, Z , et al. Effect of housing system and age on products and bone properties of Taihang chickens. Poult Sci. (2020) 99:1341–8. doi: 10.1016/j.psj.2019.10.052 

 25. Huang, Z, Dai, H, Jiang, J, Ye, N, Zhu, S, Wei, Q , et al. Dietary mulberry-leaf flavonoids improve the eggshell quality of aged breeder hens. Theriogenology. (2022) 179:177–86. doi: 10.1016/j.theriogenology.2021.11.019 

 26. Li, H, Jin, R, Gu, Y, Du, M, and Zhou, Y. Effects of Rutin on laying performance, egg quality, serum biochemistry, antioxidant capacity and immunity in laying hens fed a diet containing stored soybean meal. Ital J Anim Sci. (2023) 22:666–76. doi: 10.1080/1828051X.2023.2237544

 27. Zhu, AN, Zhang, KY, Wang, JP, Bai, SP, Zeng, QF, Peng, HW , et al. Effect of different concentrations of Neohesperidin Dihydrochalcone on performance, egg quality, serum biochemistry and intestinal morphology in laying hens. Poult Sci. (2021) 100:101097. doi: 10.1016/j.psj.2021.101097 

 28. Liu, Y, Li, Y, Liu, HN, Suo, YL, Hu, LL, Feng, XA , et al. Effect of quercetin on performance and egg quality during the late laying period of hens. Br Poult Sci. (2013) 54:510–4. doi: 10.1080/00071668.2013.799758 

 29. Lajous, M, Bijon, A, Fagherazzi, G, Balkau, B, Boutron-Ruault, MC, and Clavel-Chapelon, F. Egg and cholesterol intake and incident type 2 diabetes among French women. Br J Nutr. (2015) 114:1667–73. doi: 10.1017/s0007114515003190 

 30. Emam, AM, Elnesr, SS, El-Full, EA, Mahmoud, BY, and Elwan, H. Influence of improved microclimate conditions on growth and physiological performance of two Japanese quail lines. Animals. (2023) 13:1118. doi: 10.3390/ani13061118 

 31. Zhang, Q, Zhang, S, Cong, G, Zhang, Y, Madsen, MH, Tan, B , et al. Effects of soy protein concentrate in starter phase diet on growth performance, blood biochemical indices, carcass traits, immune organ indices and meat quality of broilers. Animals. (2021) 11:281. doi: 10.3390/ani11020281 

 32. Bovera, F, Moniello, G, De Riu, N, Di Meo, C, Pinna, W, and Nizza, A. Effect of diet on the metabolic profile of ostriches (Struthio Camelus Var. domesticus). Trop Anim Health Prod. (2007) 39:265–70. doi: 10.1007/s11250-007-9008-2 

 33. Li, Y, Mei, H, Liu, Y, Li, Z, Qamar, H, Yu, M , et al. Dietary supplementation with Rutin alters meat quality, fatty acid profile, antioxidant capacity, and expression levels of genes associated with lipid metabolism in breast muscle of Qingyuan partridge chickens. Food Secur. (2023) 12:2302. doi: 10.3390/foods12122302 

 34. Ahmadipour, B, Hassanpour, H, Rafiei, F, and Khajali, F. Antioxidative, Antihyperlipidemic, and growth-promoting effects of Kelussia Odoratissima in meat-type chickens. Poult Sci J. (2015) 3:37–46. doi: 10.22069/psj.2015.2326

 35. Tung, Y-C, Li, S, Huang, Q, Hung, W-L, Ho, C-T, Wei, G-J , et al. 5-Demethylnobiletin and 5-Acetoxy-6, 7, 8, 3′, 4′-Pentamethoxyflavone suppress lipid accumulation by activating the Lkb1-Ampk pathway in 3t3-L1 Preadipocytes and high fat diet-fed C57bl/6 mice. J Agric Food Chem. (2016) 64:3196–205. doi: 10.1021/acs.jafc.6b00706 

 36. Liu, C, Ma, J, Sun, J, Cheng, C, Feng, Z, Jiang, H , et al. Flavonoid-rich extract of Paulownia Fortunei Flowers attenuates diet-induced hyperlipidemia, hepatic steatosis and insulin resistance in obesity mice by Ampk pathway. Nutrients. (2017) 9:959. doi: 10.3390/nu9090959 

 37. Buzzetti, E, Pinzani, M, and Tsochatzis, EA. He multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metabolism. (2016) 65:1038–48. doi: 10.1016/j.metabol.2015.12.012

 38. Goldberg, IJ. Lipoprotein lipase and lipolysis: central roles in lipoprotein metabolism and Atherogenesis. J Lipid Res. (1996) 37:693–707. doi: 10.1016/s0022-2275(20)37569-6 

 39. Hodson, L. Hepatic fatty acid synthesis and partitioning: the effect of metabolic and nutritional state. Proc Nutr Soc. (2019) 78:126–34. doi: 10.1530/endoabs.59.pl2

 40. Silan, C, Uzun, Ö, Çomunoglu, NÜ, Gokçen, S, Bedirhan, S, and Cengiz, M. Gentamicin-induced nephrotoxicity in rats ameliorated and healing effects of resveratrol. Biol Pharm Bull. (2007) 30:79–83. doi: 10.1248/bpb.30.79 

 41. Lang, GP, and Han, YY. Rutin ameliorates H2O2-induced oxidative stress injury in Hacat cells via the Nrf2-regulated pathway. J Evol Biochem Physiol. (2022) 58:1389–400. doi: 10.1134/s0022093022050106

 42. Wakil, SJ. Fatty acid synthase, a proficient multifunctional enzyme. Biochemistry. (1989) 28:4523–30. doi: 10.1021/bi00437a001 

 43. Bianchi, A, Evans, JL, Iverson, AJ, Nordlund, AC, Watts, TD, and Witters, LA. Iden ase. J Biol Chem. (1990) 265:1502–9. doi: 10.1016/S0021-9258(19)40045-8 

 44. Cui, Y, Yu, S, Gao, W, Zhao, Z, Wu, J, Xiao, M , et al. Dietary curcumin supplementation regulates the lipid metabolism in laying hens. Ital J Anim Sci. (2022) 21:1106–16. doi: 10.1080/1828051x.2022.2071774

 45. Ashour, H, Rashed, LA, Hassanein, RT, Aboulhoda, BE, Ebrahim, HA, Elsayed, MH , et al. Thymoquinone and quercetin protect against hepatic steatosis in association with Sirt1/Ampk stimulation and regulation of autophagy, Perilipin-2, and cytosolic lipases. Arch Physiol Biochem. (2023) 129:268–81. doi: 10.1080/13813455.2022.2134423 

 46. Ganjayi, MS, Karunakaran, RS, Gandham, S, and Meriga, B. Quercetin-3-O-Rutinoside from Moringa Oleifera downregulates Adipogenesis and lipid accumulation and improves glucose uptake by activation of Ampk/Glut-4 in 3t3-L1 cells. Rev Bras. (2023) 33:334–43. doi: 10.1007/s43450-022-00352-9 

 47. Stern Jennifer, H, Rutkowski Joseph, M, and Scherer, PE. Adiponectin, leptin, and fatty acids in the maintenance of metabolic homeostasis through adipose tissue crosstalk. Cell Metab. (2016) 23:770–84. doi: 10.1016/j.cmet.2016.04.011 

 48. Tani, M, Horvath, KV, Lamarche, B, Couture, P, Burnett, JR, Schaefer, EJ , et al. High-density lipoprotein subpopulation profiles in lipoprotein lipase and hepatic lipase deficiency. Atherosclerosis. (2016) 253:7–14. doi: 10.1016/j.atherosclerosis.2016.08.014 

 49. Qu, H, Zong, L, Sang, J, Liang, J, Wa, Y, Chen, D , et al. Lactobacillus Rhamnosus Hsryfm 1301 fermented Milk regulates lipid metabolism and inflammatory response in high-fat diet rats. Fermentation. (2022) 8:584. doi: 10.3390/fermentation8110584

 50. Sato, K, Yonemura, T, Ishii, H, Toyomizu, M, Kamada, T, and Akiba, Y. Role of peroxisome proliferator-activated receptor Β/Δ in chicken Adipogenesis. Comp Biochem Physiol A Mol Integr Physiol. (2009) 154:370–5. doi: 10.1016/j.cbpa.2009.07.006 

 51. Xi, Y, and Li, H. Role of Farnesoid X receptor in hepatic steatosis in nonalcoholic fatty liver disease. Biomed Pharmacother. (2020) 121:109609. doi: 10.1016/j.biopha.2019.109609

 52. Inamdar, S, Joshi, A, Malik, S, Boppana, R, and Ghaskadbi, S. Vitexin alleviates non-alcoholic fatty liver disease by activating Ampk in high fat diet fed mice. Biochem Biophys Res Commun. (2019) 519:106–12. doi: 10.1016/j.bbrc.2019.08.139 

 53. Miyazaki, M, Flowers, MT, Sampath, H, Chu, K, Otzelberger, C, Liu, X , et al. Hepatic Stearoyl-Coa Desaturase-1 deficiency protects mice from carbohydrate-induced adiposity and hepatic steatosis. Cell Metab. (2007) 6:484–96. doi: 10.1016/j.cmet.2007.10.014 


Copyright
 © 2024 Zhang, Gong, Xi, Yang, Hao, Zhang, Feng and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Positive effects of rutin on egg quality, lipid peroxidation and metabolism in post-peak laying hens



		1 Introduction



		2 Materials and methods



		2.1 Birds, experimental design, and management



		2.2 Egg quality



		2.3 Sample collection



		2.4 Serum biochemical indices



		2.5 Organ index and the percentage of abdominal fat



		2.6 Egg yolk and hepatic lipid accumulation



		2.7 Hepatic lipid peroxidation



		2.8 Hepatic fat metabolizing enzyme activity



		2.9 Gene expression



		2.10 Statistical analyses









		3 Results



		3.1 Egg quality



		3.2 Serum biochemical indices



		3.3 Organ index and the percentage of abdominal fat



		3.4 Hepatic lipids accumulation



		3.5 Hepatic lipid peroxidation



		3.6 Hepatic fat metabolizing enzyme activity



		3.7 Expression of lipid metabolism-related genes









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Abbreviations



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Positive eeff cts of rutin on egg
quality, lipid peroxidation and
metabolism in post-peak laying
hens












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






OPS/images/fvets-11-1426377-t005.jpg
Rutin levels Statistics

0.03% 0.06% 0.09% Prmn (B et
FBW (kg) 152 153 155 143 159 0037 0.755 0.881 0.608
PAF (%) 464" 407* 3510 3.90° 3040 0.156 0.018 0.002 0614
Liver (%) 181 169" 170 161 L7 0020 0.027 0029 0033
Spleen (%) 012 o011 012 o1 011 0.005 0923 0453 0792
Intestine (%) 404 419 416 437 404 0134 0.940 0853 0539

B, final body weight; PAF, the percentage of abdominal fat.
““In the same row, different lowercase letters represent significant differences (p<0.0). Values are the mean and standard error of the mean, with the mean being the result of § replcations of
each treatment (1 =6).






OPS/images/fvets-11-1426377-t006.jpg
Rutin levels Statistics

0.03% 0.06% % % Pinoa Plinear Pouacratic
Fat ratio (%) 14.56' 12,63 1310 1095 1065 0.38 <0.001 <0.001 0,803
TG (mmol/g prot) 0.49° 048" 0.40° 045" 041 001 0033 0020 0.467
TC (mmol/g prot) 019 020" 0.16" 018" 018" 0.01 0.002 0.679 0.002
FFA (umol/g prot) 184.56" 17823% 176.35° 167.43% 161.64° 235 0.008 <0.001 0716

TG, triglyceride; TC, total cholesterol; FFA, fee faty acid.
“In the same row, diferent lowercase letters represent significant differences (p <0.05). Values are the mean and standard eror of the mean, with the mean being the result of 6 replications of

).

each treatment (i






OPS/images/fvets-11-1426377-t003.jpg
Rutin levels Statistics

0.06% Panova Pincar Pausdratic
Egg shape index 132 132 133 135 134 001 0.187 0030 0817
Eggshell strength (N) 39.66" 4451 4750 363 293 081 0041 0312 0.007
Eggshell thickness (mm) 032 031 033 032 031 0.00 0360 0801 0.148
Haugh unit 5337 5251 5368 5377 5368 089 0992 0771 0953
Yolk percentage (%) 042" 037" 039" 037" 038" 001 0.006 0016 0023
Egg yolk color 1056 1128 128 1167 1133 016 0239 0076 0.183
Egg yolk TG (mol/g) 11985 12198 10436" 90.39" 84.00° 435 0013 <0.001 0683
Egg yolk TC (umol/g) 3247 2951 2972 2778 2646 371 0365 0,066 0891
Egg yolk fat ratio (%) 4643 4563 4503 4235 4225 049 0005 <0.001 0838

TG, triglyceride; TC, total cholesterol.
“*In the same row, different lowercase letters represent significant differences (p<0.05). Values are the mean and standard error of the mean, with the mean being the result of 6 replications of each treatment (s






OPS/images/fvets-11-1426377-t004.jpg
Rutin levels Statistics

0.06% % Piear Posagratc
TG (mmol/L) 23.21° 18.95" 19.21° 19.36" 14.40° 0.63 <0.001 <0.001 0.638
“TC (mmol/L) 4.86" 347" 2.83 3.96" 444" 0.20 0.005 0.786 <0.001
HDL-C (mmol/L) 251° 278" 2.88" 265" 2.74% 0.04 0.024 0.173 0.020
LDL-C (mmol/L) 135 1.38 127 124 124 0.05 0.869 0345 0972
AST (U/L) 2361 2134 2123 2276 23.02 0.41 0.267 0932 0.057
ALT (U/L) 6.09 5.65 5.59 5.79 5.63 0.19 0.939 0.608 0.636

“TG, trglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; AST, aspartate transaminases ALT, alanine transaminase
*<In the same row, different lowercase letters represent significant differences (p<0.05). Values are the mean and standard error of the mean, with the mean being the result of 6 replications of each treatment (n =6).





OPS/images/fvets-11-1426377-t009.jpg
Rutin levels Statistics

0.03% 0.06% 0.09% Pinoa Plinear Pauadratic

Fatty acid oxidation

CPT-1 1.00° L 1.53" 143 13 0.04 <0.001 <0.001 <0.001
PPARa 1.00° 1.45% 173 161" 134" 0.06 <0.001 0.013 0.004
EXR 100 131 129 1.26" L10% 0.04 0.018 0522 <0.001
Fatty acid synthesis

SREBP-I¢ 100" 089° 086% 073" 077 006 0022 0002 0354
ACCa 100 091* 0.66" 0.46° 0.66" 0.04 <0.001 0.002 0.004
Scp1 1.00% 113 0.66° 0.57° 0.83% 0.05 <0.001 0.003 0.059
FAS 1.00 095 0.89 095 107 0.04 0.760 0.687 0220

‘CPT-1, carnitine palmityl transferase I; PPAR, peroxisome proliferator-activated receptor o; FXR, farnesoid X receptor; SREBP-1c, sterol regulatory element binding protein-1c; ACCa,
acetyl-CoA carboxylase a; SCDI, stearoyl-CoA desaturase 1; FAS, faty acid synthase.

“In the same row, diferent lowercase leters represent significant differences (p <0.05). Values are the mean and standard error of the mean, with the mean being the result of 6 replications of
each treatment (1 =6).






OPS/images/fvets-11-1426377-t007.jpg
Rutin levels NENEI

0.03% 0.06% 0.12% Panoa
T-AOC (U/mg prot) 5.71° 6.29" 672" 729" 6.74% 0.15 0.004 0.001 0.040
SOD (Ufmg prot) 217.78° 2787 | 23542° 2501 2033 281 0010 <0001 0174
GSH-Px (U/mg prot) 75.48 7871 76.23 77.55 79.23 130 0.895 0521 0952
MDA (nmol/mg prot) 1.26* 104" 0.85" 0.89" 0.87" 0.04 0.002 0.001 0.025

AOC, total antioxidant capacity; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde.
“In the same row, different lowercase leters represent significant differences (p <0.05). Values are the mean and standard error of the mean, with the mean being the result of 6 replications o
each treatment (1 =6).






OPS/images/fvets-11-1426377-t008.jpg
Rutin levels Statistics

0.03% 0.06% 0.09% Pinear Pauadratic
LPL (U/mg prot) 0.29 027 027 0.26 024 0.01 0.196 0.018 0936
HL (Ufmg prot) 048 0.45% 043 041 041 001 0016 0002 0294
ACC (U/L) 146.19* 144.70" 139.21" 143.55* 144.06" 072 0.019 0.228 0.013
FAS (U/mL) 225498 2208.51 211262 2119.00 2113.65 20.12 0.060 0.008 0.239
ME (mIU/L) 274537 2654.33" 249631 2506.54" 2387.96° 37.34 0.011 <0.001 0.669

'LPL lipoprteinlipase; HL, hepatic lipase; ACC, acetyl-CoA carboxylases FAS, fatty acid synthase; ME, malic enzyme.
“In the same row, diferent lowercase letters represent significant differences (p <0.05). Values are the mean and standard error of the mean, with the mean being the result of 6 replications o
each treatment (1 =6).






OPS/images/fvets-11-1426377-t001.jpg
Items Content (%)

Ingredients

Corn 6481
Soybean meal 19.83
Wheat bran 495
Soybean oil 100
CaHPO4 116
NaCl 025
Limestone 7.00
Premix' 100
Total 100.00

Nutrient levels®

ME (Keal/kg) 275089
CP (%) 15.98
Ca (%) 320
Total P (%) 058
Available P (%) 038
Lysine (%) 0.80
Methionine (%) 034

“The premix provided the following per ke of the diet: Zn (as zinc sulfate), 80.00 mg; Fe (as
ferrous sulfate), 60.00 mg: Mn (as manganese sulfate), 60.00mgs Cu (a5 copper sulfate),
3.00mg; 1 (as potassium iodide), 035 mg; Se (as sodium selenite), 0.30 mg; vitamin A,
200000 1U; vitamin D, 1600.001U; vitamin Es, 5.001U; vitamin K, 0.501U; vitamin B,
0.801U; vitamin B, 2.50 mg; vitamin B, 3.00mg nicotinic acid, 20,00 mg; D-pantothenic
acid, 220mg folic,0.25 mg biotin, 0.10 mg; methionine, 0.80 lysine, 1.90g.

Nutrient level: CP, Ca, total P were analyzed values. Others were calculated values.
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Genes® Primer sequence (5-3') Product size/| GenBank accession number

practin F: GTCCACCGCAAATGCTTCTA 104 NM_205518.2
R: AGCCATGCCAATCTCCGTCTT

EXR F: GAGTCAGTGGAAAGGCTTCAGGAG 146 NM_001396910.1
R ATCTCTGCGTGGTGGTGGTTAAAC

PPARa F: CTTGTGAAGGTTGTAAGGGTT 146 NM_001001464.1
R: CATTCCAACTGAAAGGCAC

FAS E TCCTTGGTCTTCGTGACG 163 NM_205155.4
R CGCAGTTTCTTGATGGTGAG

ACCa F: AATGGCAGCTTTGGAGGTGT 137 XM_046929958.1
R TTCTGTTTGGGTGGGAGGTG

CPTI F: AACCCTTGACACAACTGGCT % XM_046918284.1
R: GTGACGATAAGGGCAACCCA

SREBP-Ie F: GTCGGCGATCCTGAGGAA 105 AY029224
R CTCTTCTGCACGGCCATCTT

scoi F: CACATGGCTTGGCTGCTGGTAC n7 NM_204890.2

R: CTTGTAGTATCTCCGCTGGAACATCAC

FXR, farnesoid X receptor; PPAR, peroxisome proliferator-activated receptor a; FAS, fatty acid synthase; ACCa, acetyl Co carboxylase o CPT-1, caritine palmityl transferase ; SREBP-1c,
sterol regulatory element binding protein-1¢; SCD1, stearoyl-CoA desaturase 1





