[image: image1]Dietary methionine restriction alleviates oxidative stress and inflammatory responses in lipopolysaccharide-challenged broilers at early age

		ORIGINAL RESEARCH
published: 15 February 2023
doi: 10.3389/fphar.2023.1120718


[image: image2]
Dietary methionine restriction alleviates oxidative stress and inflammatory responses in lipopolysaccharide-challenged broilers at early age
Xiyuan Pang1†, Zhiqiang Miao1†, Yuanyang Dong1, Huiyu Cheng1, Xiangqi Xin1, Yuan Wu1, Miaomiao Han1, Yuan Su1, Jianmin Yuan2, Yuxin Shao3, Lei Yan4 and Jianhui Li1*
1College of Animal Sciences, Shanxi Agricultural University, Taigu, China
2College of Animal Sciences and Technology, China Agricultural University, Beijing, China
3Institute of Animal Husbandry and Veterinary Medicine, Beijing Academy of Agriculture and Forestry Sciences, Beijing, China
4New Hope Liuhe Co.,Ltd., Beijing, China
Edited by:
Leming Sun, Northwestern Polytechnical University, China
Reviewed by:
Basma Hamed Marghani, Mansoura University Egypt, Egypt
Walied Abdo, Kafrelsheikh University, Egypt
Muyang Li, Heilongjiang Bayi Agricultural University, China
* Correspondence: Jianhui Li, jianhui19840717@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 10 December 2022
Accepted: 20 January 2023
Published: 15 February 2023
Citation: Pang X, Miao Z, Dong Y, Cheng H, Xin X, Wu Y, Han M, Su Y, Yuan J, Shao Y, Yan L and Li J (2023) Dietary methionine restriction alleviates oxidative stress and inflammatory responses in lipopolysaccharide-challenged broilers at early age. Front. Pharmacol. 14:1120718. doi: 10.3389/fphar.2023.1120718

In this study, we investigated the effect of dietary methionine restriction (MR) on the antioxidant function and inflammatory responses in lipopolysaccharide (LPS)-challenged broilers reared at high stocking density. A total of 504 one-day-old male Arbor Acre broiler chickens were randomly divided into four treatments: 1) CON group, broilers fed a basal diet; 2) LPS group, LPS-challenged broilers fed a basal diet; 3) MR1 group, LPS-challenged broilers fed a methionine-restricted diet (0.3% methionine); and 4) MR2 group, LPS-challenged broilers fed a methionine-restricted diet (0.4% methionine). LPS-challenged broilers were intraperitoneally injected with 1 mg/kg body weight (BW) of LPS at 17, 19, and 21 days of age, whereas the CON group was injected with sterile saline. The results showed that: LPS significantly increased the liver histopathological score (p < 0.05); LPS significantly decreased the serum total antioxidant capacity (T-AOC), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) activity at 3 h after injection (p < 0.05); the LPS group had a higher content of Interleukin (IL)-1β, IL-6, and tumor necrosis factor-α (TNF)-α, but a lower content of IL-10 than the CON group in serum (p < 0.05). Compared with the LPS group, the MR1 diet increased catalase (CAT), SOD, and T-AOC, and the MR2 diet increased SOD and T-AOC at 3 h after injection in serum (p < 0.05). Only MR2 group displayed a significantly decreased liver histopathological score (p < 0.05) at 3 h, while MR1 and MR2 groups did so at 8 h. Both MR diets significantly decreased serum LPS, CORT, IL-1β, IL-6, and TNF-α contents, but increased IL-10 content (p < 0.05). Moreover, the MR1 group displayed significantly increased expression of nuclear factor erythroid 2-related factor 2 (Nrf2), CAT, and GSH-Px at 3 h; the MR2 group had a higher expression of Kelch-like ECH-associated protein 1 (Keap1), SOD, and GSH-Px at 8 h (p < 0.05). In summary, MR can improve antioxidant capacity, immunological stress, and liver health in LPS-challenged broilers. The MR1 and MR2 groups experienced similar effects on relieving stress; however, MR1 alleviated oxidative stress more rapidly. It is suggested that precise regulation of methionine levels in poultry with stress may improve the immunity of broilers, reduce feed production costs, and increase production efficiency in the poultry industry.
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INTRODUCTION
Bacterial diseases are an increasingly severe problem that restricts the development of the poultry industry. With increased stocking density in intensive production, the immune competence of birds decreases, making the body much more susceptible to bacterial diseases (Averós and Estevez, 2018; Goo et al., 2019). Lipopolysaccharide (LPS) is one of the main pathogenic factors of bacterial diseases in poultry. It is a component of the cell wall of Gram-negative bacteria, which can reduce the antioxidant capacity of poultry, cause inflammation, and produce inflammatory cytokines. (Leshchinsky and Klasing, 2001; Takahashi et al., 2011). After infection, LPS molecules in pathogens are recognized and regulated by lipopolysaccharide binding protein (LBP)/CD14 in the cell membrane to form the LPS-LBP complex, which binds to CD14/TLRs receptors on the cell surface to induce tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and other cytokines, resulting in inflammation (Bryant et al., 2010). In addition, LPS activates phospholipase C (PLC) and releases diglycerol and inositol 1, 4, 5-Trisphosphate (IP3) in Kupffer’s cells. Inositol 1, 4, 5-Trisphosphate induces an increase in intracellular Ca2+ concentration. The increase in intracellular Ca2+ increases the activity of reactive oxygen species (ROS)-producing enzymes and accelerates the synthesis of free radicals through the mitochondrial respiratory chain, causing an oxidative stress response (Jin et al., 2006). It has been reported that LPS challenge reduces the antioxidant level and antioxidant enzyme activity and improves the level of inflammatory factors such as IL-1β and IL-6 in the serum of broilers (Zheng et al., 2016; Zheng et al., 2020). In addition, in vitro studies reported that excessive accumulation of inflammatory cytokines induced by LPS can damage pig intestinal epithelial cells and lead to intestinal dysfunction (Li et al., 2022). Therefore, alleviating the inflammatory response and oxidative stress caused by avian bacterial diseases is an urgent problem in the feeding industry.
Methionine (MET), the first restricted amino acid in broilers, plays a crucial role in regulating the poultry’s growth and development, antioxidant capacity, and immune function (Xie et al., 2007). However, recent studies have discovered that reducing the dietary methionine level, known as methionine restriction (MR), can also improve the anti-inflammatory and antioxidant capacities of animals (Fang et al., 2022). It has been reported that proper MR (the methionine level in the diet is 60%–80% of the NRC level) can significantly improve intestinal antioxidant capacity, gene expression of the intestinal innate immune system, and intestinal flora structure of broilers (Yu, 2013). MR has been shown to reduce the plasma concentrations of LPS and LBP and the mRNA expression of ileal TNF-α and IL-6 genes in mice fed a high-fat diet, indicating that MR could reduce the inflammatory response by limiting the expression of inflammatory factors (Wu et al., 2020a). Further, MR activates nuclear factor erythroid 2-related factor 2 (Nrf2), and the increased activity of Nrf2 and the enhanced expression of the accompanying genes related to the antioxidant response will improve the antioxidant and detoxification abilities of the body (Brown-Borg and Buffenstein, 2017). In addition, MR alleviates the infiltration of inflammatory factors and tissue damage in LPS-challenged mice by promoting hydrogen sulfide production (Duan et al., 2022). However, whether MR can protect broiler chicks against LPS-induced stress has not been reported.
Based on these findings, a double-stress model was used to study the effect of MR on the growth performance, liver antioxidant function, and inflammatory response in LPS-induced stress in young broilers reared at high stocking density. Our findings will help further optimize the methionine nutrition scheme of broilers infected with bacterial diseases under high-density feeding conditions and provide useful insights for alleviating production stress in broilers.
MATERIALS AND METHODS
Reagents, animals, and experimental design
LPS (Escherichia coli 055: B5) was obtained from Sigma Aldrich (St. Louis, MO, United States) and reconstituted in saline at a dose of 1.0 mg/mL.
A total of 504 one-day-old male Arbor Acre broiler chickens were randomly assigned to four treatments (six replicates of 21 birds per cage) in a completely randomized design. The experimental diets consisted of 1) Control group with a basal diet (CON), 2) LPS challenged group with basal diet (LPS), 3) LPS challenged group with a 0.3% methionine restriction diet (MR1), and 4) LPS challenged group with a 0.4% methionine restriction diet (MR2). All broilers were reared under high stocking density (30 birds/m2) in 0.7 m2 pens. At 17, 19, and 21 days, the LPS-challenged groups were intraperitoneally injected with 1 mg/kg body weight (BW) LPS solution, whereas the CON group received an equivalent volume of sterile saline injection (0.9%).
The birds were provided access to mash feed and water ad libitum during the 21 days of the experiment. For the first 3 days, the chicken house was kept under 24 h of continuous light, followed by 20 h of continuous light and 4 h of darkness from day 4 to day 21. The temperature was maintained at 33°C from days 1–3, and was gradually decreased by 2°C–3°C every week until it reached at 26°C and then was kept constant. In addition, all birds were vaccinated according to a routine immunization program. The present study was approved by the Animal Health and Care Committee of the Shanxi Agricultural University (Shanxi, China) and conducted according to the Guidelines for the Experimental Animal Welfare of Ministry of Science Technology of China (approval code. SXAU-EAW-2022Po.SD.01129001).
Sample collection
On days 1, 17, and 21 of the experiment, the BW and total feed consumption of broilers were recorded to calculate average daily feed intake (ADFI), average daily gain (ADG), and feed conversion ratio (FCR) before (from 1 to 16 days of age) and after (from 17 to 21 days of age) the LPS challenge. The FCR = ADFI: ADG.
At 21 days of age, one bird from each replicate was selected for slaughter 3 and 8 h after LPS injection. Blood samples from the vein under the wing were collected into 5 mL anticoagulant-free vacutainer tubes. After centrifugation at 3,000 × g for 10 min at 4°C, the serum in the tube was collected and stored at −80°Cfor analysis. After blood sampling, broilers were euthanized by cervical dislocation and exsanguination for dissection of the liver, spleen, bursa, and thymus. The liver tissues were flash-frozen in liquid nitrogen and then preserved at −80°C for further analysis.
Formulation of basal diets
The basal diet met the National Research Council (1994) nutrient requirements for broilers. The ingredient composition and nutrient levels are listed in Table 1.
TABLE 1 | Composition and nutrient levels of basal diets (air-dry basis).
[image: Table 1]Organ index
The organ indices of the liver, spleen, bursa, and thymus were calculated using the following equation (Deng et al., 2022)
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Serum biochemistry
The serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), γ-glutamyl transpeptidase (γ-GT), total protein (TP), and the albumin to globulin ratio (A:G) were quantified using a chemistry analyzer BS-800 (Shenzhen Mindray Bio-medical Electronics Co., Ltd., Shenzhen, China).
Liver histology analysis
The liver of each bird was harvested, stored in 10% buffered formalin, and embedded in paraffin. For histological investigations, 3 μm sections were cut, deparaffinized, dehydrated, and stained with hematoxylin and eosin (H&E) (Ma et al., 2022). The tissue sections were observed for inflammatory changes under a light microscope, Leica DM 2500 M (Leica Microsystems, Wetzlar, Germany).
Liver tissues were observed for focal inflammation, mononuclear infiltration, loss of normal architecture, and necrosis. Acute liver injury was assessed using a composite inflammation and necrosis score as described by Siegmund et al. (2002). Lobular inflammation (0, no inflammation; 1, mild; 2, moderate; 3, severe), portal inflammation (0, no inflammation; 1, mild; 2, moderate; 3, severe), and necrosis (0, no necrosis; 1, ˂10% of liver parenchyma; 2, 10%–25% of liver parenchyma; 3, ˃25% of liver parenchyma) were scored and summed up to determine the overall histopathology score. Six 3 μm sections from each treatment group were scored by a trained, blinded researcher.
Antioxidant capacity
Serum samples were used to assay total antioxidant capacity (T-AOC, #A015-2-1) and malondialdehyde (MDA, #A003-1) concentrations. The activities of the antioxidant enzymes superoxide dismutase (SOD, #A001-3), glutathione peroxidase (GSH-Px, #A005-1-2), and catalase (CAT, #A007-1-1) were measured using commercial assay kits (Nanjing Jiancheng, Institute of Bioengineering, Nanjing, China) according to the manufacturer’s instructions.
One Gram of liver tissue preserved at −80°C was homogenized with 9 mL of 0.9% ice-cold sodium chloride buffer and then centrifuged at 4,000 × g for 10 min at 4°C, and the supernatant was collected and analyzed immediately. The total antioxidant capacity (T-AOC, #A015-1-2) and activities of superoxide dismutase (T-SOD, #A001-1-2), glutathione peroxidase (GSH-Px, #A005-1-2), and catalase (CAT, #A007-1-1), as well as malondialdehyde (MDA, #A003-1) content, were measured. All readings were obtained using a microplate reader (Synergy H1; BioTek, Winooski, VT, United States).
Serum stress indices and inflammatory factors
The concentrations of corticosterone, endotoxin, IL-1β, TNF-α, IL-6, and IL-10 in serum samples were measured using chicken-specific quantification ELISA kits purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China).
Quantification of messenger ribonucleic acid (mRNA) by real-time PCR
Total RNA from liver samples (about 50–100 mg) was extracted by adding 1 mL of TRIzol-regent (#R601-03; TaKaRa Biotechnology, Dalian, Liaoning, China) according to the manufacturer’s instructions. The concentration and purity of total RNA were assessed using a spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States). Subsequently, the RNA was reverse transcribed to cDNA using the PrimeScripte™ RT reagent Kit (Perfect Real Time, SYBR® PrimeScriP™ TaKaRa, China, #3894A) according to the manufacturer’s instructions. The cDNA samples were amplified by qRT-PCR using the SYBR Premix Ex Taq reagent (Takara Biotechnology). The real-time PCR cycling conditions were as follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, and 60°C for 30 s. The mRNA expression of target genes relative to beta-actin (β-actin) was calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001). All the primer sequences are listed in Table 2 and were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
TABLE 2 | Primer sequences used for quantitative real-time PCR.
[image: Table 2]Statistical analysis
All data were preliminarily processed using the Excel 2010 software. Statistical analyses were performed using the statistical software SPSS 26.0, with replicates (n = 6) as an experimental unit, and the results are presented as mean ± SEM. Data were normally distributed (Shapiro-Wilk test) and evaluated for homogeneity of variance (Levene’s test). Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by Tukey’s test. Differences were considered statistically significant at p < 0.05.
RESULTS
Growth performance
During the LPS challenge (17–21 days of age), the ADG of broilers were decreased significantly compared with that of the CON group (p < 0.05). Moreover, the FCR of the MR1 group was significantly lower than that of the LPS group (p < 0.05). No significant difference was observed in the growth performance of broilers within the trial period (0–21 days of age), (p > 0.05) (Table 3).
TABLE 3 | Effects of dietary methionine restriction on growth performance of LPS-stimulated broilers (n = 6).
[image: Table 3]Organ index
As shown in Table 4, at 3 h after injection, the spleen organ indices of broilers injected with LPS were increased (p < 0.05) and the thymus organ indices were decreased (p < 0.05) compared with the non-challenged broilers. The methionine-restricted diet significantly increased the thymus organ index (p < 0.05). The MR2 group showed a significantly increased in the spleen organ index (p < 0.05). At 8 h after injection, LPS challenge increased the spleen organ index (p < 0.05). The liver and bursa indices were not significantly different among the groups (p > 0.05).
TABLE 4 | Effects of dietary methionine restriction on relative organ weigh of LPS-stimulated broilers (g/kg) (n = 6).
[image: Table 4]Serum biochemical parameters
As shown in Table 5, serum biochemical indicators did not differ significantly among the four groups at 3 h (p > 0.05). However, 8 h after the LPS injection, the serum biochemical indicators of AST and ALT were significantly higher in the LPS group than in the CON group (p < 0.05). In contrast, the MR1 group displayed significantly decreased AST activity and TP content compared with that of the LPS group (p < 0.05).
TABLE 5 | Effects of dietary methionine restriction on serum biochemical parameters of LPS-stimulated broilers (n = 6).
[image: Table 5]Liver damage
Three hours after the LPS injection, the CON group presented with a normal liver architecture with little or no cell infiltration and minimal vacuolar degeneration, as well as neatly arranged hepatic cords. In LPS-challenged chickens, liver injury is characterized by infiltration of inflammatory cells such as heterophilic cells and lymphocytes, moderate and diffuse vacuolar degeneration, disorderly arrangement of hepatic cords, and more cells with nuclear fragmentation and necrosis. Compared with the LPS group, the hepatic cord structures of the MR1 and MR2 groups were more evident, no significant inflammatory cells were noted, and vacuolation degeneration was reduced (Figure 1). The assessment of liver sections from LPS-challenged chickens exhibited a significantly increased mean histopathology score of 4.67 ± 0.21, compared to a mean score of 2.50 ± 0.22 (p < 0.05) for the CON group. The MR2 diet showed significant suppression of acute liver injury with mean histopathology scores of 2.50 ± 0.22. The MR1 group also had a tendency to alleviate liver damage with scores of 3.50 ± 0.43 (Figure 2).
[image: Figure 1]FIGURE 1 | Effects of methionine restriction on histopathological analysis of liver in broilers stimulated by LPS (H and E staining, 400 ×). The yellow arrows point to inflammatory cells and the red scissors point to the vacuolar degeneration. CON, a basal diet plus intraperitoneal administration of sterile saline; LPS, a basal diet plus intraperitoneal administration of LPS; MR1, 0.3% mehtionine restriction diet plus intraperitoneal administration of LPS; MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS. 3 h, 3 h after LPS stimulation; 8 h, 8 h after LPS stimulation.
[image: Figure 2]FIGURE 2 | Effects of methionine restriction on histopathological score of liver in broilers stimulated by LPS. Data was shown as the mean ± SEM from six independent experiments. a–cThese bars without the same letter indicate differences significant at p < 0.05. CON, a basal diet plus intraperitoneal administration of sterile saline; LPS, a basal diet plus intraperitoneal administration of LPS; MR1, 0.3% mehtionine restriction diet plus intraperitoneal administration of LPS, MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS. 3 h, 3 h after LPS stimulation; 8 h, 8 h after LPS stimulation.
At 8 h, necrosis and moderate vacuolar degeneration were observed in the LPS group, around which different levels of inflammatory cell infiltration were observed. In comparison, the livers of the MR-treated chickens showed significant inhibition of the parameters of inflammatory damage and maintained normal liver architecture (Figure 1) (p < 0.05). Compared with a mean score of 2.50 ± 0.22 for the CON group, the LPS group showed a significantly increased mean histopathology score of 4.17 ± 0.41 (p < 0.05). However, MR1 and MR2 diets significantly reduced the degree of liver damage, shown in mean histopathology scores of 2.50 ± 0.22 and 2.33 ± 0.21 respectively (Figure 2) (p < 0.05).
Liver and serum antioxidant capacity
At 3 h after LPS injection, the LPS challenge had no significant effect on liver antioxidant capacity (p > 0.05). However, the MR1 group significantly showed increased GSH-Px activity compared to that of the LPS group (p < 0.05). Lipopolysaccharide decreased T-AOC and CAT activity, and increased MDA content 8 h after LPS injection (p < 0.05). Compared to the LPS group, the MR1 group displayed significantly increased T-AOC levels and CAT, T-SOD, and GSH-Px activity, and decreased MDA content in the liver of broilers (p < 0.05). In addition, broilers in the MR2 group had higher CAT activity and lower MDA content than those in the LPS group (p < 0.05) (Table 6).
TABLE 6 | Effects of dietary methionine restriction on liver antioxidant capacity of LPS-stimulated broilers (n = 6).
[image: Table 6]In the case of serum, LPS treatment significantly decreased T-AOC, SOD, and GSH-Px activity at 3 h after LPS injection (p < 0.05). However, broilers in the MR1 group had higher CAT and SOD activities and T-AOC levels than those in the LPS group (p < 0.05). In addition, broilers in the MR2 group had higher SOD activity and T-AOC levels than those in the LPS group (p < 0.05). At 8 h after stimulation, LPS significantly increased (p < 0.05) MDA content and decreased (p < 0.05) T-AOC and GSH-Px activity compared with that of the CON group. The MR1 group showed significantly increased T-AOC and SOD activity but decreased MDA content compared to that of the LPS group (p < 0.05). Meanwhile, the MR2 group showed significantly increased T-AOC and decreased MDA content (p < 0.05) compared to that of the LPS group (Table 7).
TABLE 7 | Effects of dietary methionine restriction on serum antioxidant capacity of LPS-stimulated broilers (n = 6).
[image: Table 7]Serum stress indexes and pro-inflammation factors
As showen in Table 8, the LPS group had a higher serum LPS, CORT, IL-1β, IL-6, and TNF-αcontent, but lower levels of IL-10 than the CON group at 3 h and 8 h after LPS stimulation (p < 0.05). Meanwhile, MR groups (MR1 and MR2) significantly decreased LPS, CORT, IL-1β, IL-6, and TNF-α, but increased IL-10 contents compared with the LPS group at both time points (p < 0.05).
TABLE 8 | Effects of dietary methionine restriction on serum stress indexes and pro-inflammation factors of LPS-stimulated broilers (n = 6).
[image: Table 8]mRNA expression of antioxidant genes in the liver
At 3 h after injection, the level of CAT gene expression in the LPS group significantly decreased (p < 0.05). However, the MR1 group showed significantly increased expression of Nrf2, CAT, and GSH-Px genes (p < 0.05). In addition, the MR2 group showed a higher level of CAT gene expression (p < 0.05). At 8 h, the LPS group showed no significantly affected gene expression levels (p > 0.05), but the MR1 group showed significantly increased expression of Nrf2, Keap1, SOD, and GSH-Px (p < 0.05). Meanwhile, the MR2 group had higher expression of Keap1, SOD, and GSH-Px (p < 0.05) (Table 9).
TABLE 9 | Effects of dietary methionine restriction on liver mRNA expression of LPS-stimulated broilers (n = 6).
[image: Table 9]DISCUSSION
Lipopolysaccharide-induced immune stress that leads to a decrease in the growth performance of broilers, mainly because the body’s protein anabolism is weakened, catabolism is enhanced, and the nutrients originally used for growth are transferred to resist the inflammatory reaction (Jiang et al., 2010; Yang et al., 2011). In the present study, LPS decreased the weight gain of broilers during the challenge, possibly due to a stress-related reduction in feed intake. The MR1 diet alleviated the negative effect of the LPS challenge on the FCR of broilers. This suggests that MR exerts a protective effect on the growth and development of broilers under stress. In addition, there was no significant difference between the growth performance of the MR groups and the control group, indicating that the growth performance of broilers would not be reduced by properly restricting of the dietary methionine levels correctly. Previous studies also have reported that appropriate MR does not lead to weight loss (Thivat et al., 2009).
The thymus is the site of differentiation, development, and maturation of T-cells, and thymus enlargement is conducive to the enhancement of the cellular immune response in the body (Cooper et al., 2006). Our results revealed that the thymus index of the LPS group was decreased at 3 h, indicating that LPS could reduce cellular immune function in broilers. However, there was no difference in the thymus index between the LPS and control groups at 8 h, probably because the stimulation of LPS on the thymus was acute and subjects could recover quickly. The increase in thymus weight of LPS-challenged broilers on MR1 and MR2 diets indicated that the function of T lymphocytes and cellular immunity was enhanced. This might be attributed to the anti-inflammatory effects of MR.
Several studies have reported that LPS injection causes liver damage and dysfunction in broilers (Morris et al., 2014; Jangra et al., 2020; Mei et al., 2020). Our pathological observation and scoring of the liver at two different time intervals showed that LPS could cause liver damage, while it could be alleviated by both types of MR diets. In addition, AST and ALT activities in serum are used clinical indicators of liver injury (Senior, 2012). Our results showed that at 8 h, the serum AST and ALT activities of broilers in the LPS group were higher than those in the CON group, which may be because of the time taken for transaminase in liver cells to enter the blood. However, the MR1 diet significantly decreased the AST elevation. Consistent with our results, Zhang et al. (2020) reported that endotoxins caused a significant increase in AST and ALT activities. The decrease in serum AST activity suggests that the MR1 diet could reduce LPS-induced liver injury. These results indicate that MR can protect the integrity of the broiler liver, and this protective effect may be attributed to the liver being the main organ for methionine metabolism. MR increases cystathionine β-synthase (CBS) and cystathionine γ cleaving enzyme (CSE) content in the liver, which promotes the synthesis of glutathione (GSH) and hydrogen sulphide (H2S) (Aggrey et al., 2018). Glutathione and H2S play antioxidant roles, thus protecting the liver from oxidative damage (Mou et al., 2020; Elwan et al., 2021).
Oxidative stress originates from metabolic disorders involving reactive oxygen species (ROS)/reactive nitrogen species production and antioxidant production (Surai et al., 2019). Endotoxin stimulation has been reported to increase ROS production, but it decreases the activity of antioxidant enzymes (Zheng et al., 2016; Ji et al., 2021). In birds, antioxidant enzymes, including SOD, CAT, and GSH-Px, play an important role in controlling the negative effects of oxidative stress and preventing further immunopathological damage to host tissues (Zheng et al., 2020). Consistent with previous reports, our data showed that CAT and T-AOC activities were inhibited in the LPS challenge group, but the MDA content in the liver was increased. Malondialdehyde is the final product of the peroxidation reaction of free radicals on lipids and the most common marker of oxidative stress (Kamboh et al., 2016). Interestingly, dietary MR tended to improve CAT activity and total antioxidant capacity and decrease MDA content. In addition, SOD and GSH-Px activities were higher in the MR groups than those in the control group. This indicates that a methionine-restricted diet can improve LPS-induced oxidative stress in the liver, which mainly occurring at 8 h after LPS stimulation. Previous studies have also showed that MR significantly decreases the levels of ROS and MDA, and increases the levels of GSH-Px and T-AOC in the liver of high-fat-fed mice, possibly because MR can reduce the production of mitochondrial ROS and increase the endogenous H2S sulfide to alleviate oxidative stress (Maddineni et al., 2013; Ying et al., 2015).
However, different results were observed for the serum. T-AOC, and SOD and GSH-Px activities were only reduced 3 h after LPS injection. After 8 h, besides the similar changes in T-AOC and GSH-Px, the MDA content in the serum was increased. This may be why MDA, as an end product of lipid peroxidation, takes time to be produced after LPS stimulation (Balabanlı and Balaban, 2015). In addition, compared with the liver, the antioxidant enzyme activity in the serum was altered 3 h after LPS stimulation. This may be because LPS is absorbed into the blood by the abdominal vein after intraperitoneal injection, which first affects the antioxidant enzyme activity in the blood, and then causes oxidative damage to the liver when the LPS in the blood is absorbed by the tissues (Suriguga et al., 2020). However, dietary methionine restriction alleviated the LPS-induced decline in T-AOC at both time intervals, suggesting that MR alleviates LPS-induced oxidative stress in serum. At 3 h after stimulation, the MR1 diet alleviated the decrease in SOD and CAT activities caused by LPS, while the MR2 diet mainly alleviated SOD activity. After 8 h, both MR diets alleviated the increase in MDA content induced by LPS, and the MR1 diet improved the activity of SOD. Wu et al. (2020b) also showed that MR could increase serum T-AOC levels and SOD activity and reduce serum MDA levels in mice fed a high-fat diet. These results indicate that a methionine-restricted diet may increase the antioxidant capacity of broilers by increasing the activity of antioxidant enzymes, possibly owing the activation of antioxidant pathway gene expression.
Lipopolysaccharide causes oxidative stress and promotes inflammatory reactions (Rosadini and Kagan, 2017). It has been shown to increase the secretion of proinflammatory cytokines and inhibit animal growth (Takahashi, 2012; Tan et al., 2014; Li et al., 2015). Our results revealed that LPS stimulation significantly increased serum inflammatory cytokines TNF-α, IL-1β, and IL-6, and reduced the concentration of anti-inflammatory cytokine IL-10 at both time intervals. This indicates that the inflammation model was successfully established. However, MR diets significantly reduced the concentration of pro-inflammatory cytokines and increased the concentration of IL-10. A moderate reduction in dietary methionine level may alleviate LPS-induced inflammation. Zhang et al. (2019) discovered that MR significantly reduced plasma LPS and LBP concentrations in mice fed a high-fat diet and reduced the mRNA expression of the ileum genes TNF-αand IL-6, indicating that MR can reduce the inflammatory response by limiting the expression of inflammatory factors. In addition, Wu et al. (2020b) showed that MR could improve the intestinal flora, reduce the serum LPS concentration, and enhance the intestinal barrier of mice by upregulating single-chain fatty acid-producing bacteria and downregulating inflammatory LPS-producing bacteria. Our research also showed that MR could reduce the LPS concentration in the serum during the study period, and strengthen the intestinal immune barrier which might inhibit inflammation. Both oxidative stress and inflammation are considered to be the key factors of acute bacterial disease, and they promote and amplify each other. For example, the pro-inflammatory master gene NF-κB is a redox sensitive transcription factor. Conversely, NF-κB activates the genes of NADPH oxidase and COX2 (Arioz et al., 2019; Yu et al., 2022). The inhibitory effect of MR on inflammation and its direct antioxidant effect can break this vicious cycle.
Nrf2 is a major regulator of cell defense against oxidative stress and is activated to promote the expression of antioxidant genes; Keap1, as an adaptor subunit of Cullin 3-based E3 ubiquitin ligase, regulates Nrf2 activity (Sajadimajd and Khazaei, 2018). The results showed that MR1 increased the gene expression of Nrf2 at 3 h and 8 h, while MR1 and MR2 increased the gene expression of Keap1 at 8 h alone. Previous studies have shown that during MR, the activity of the methionine metabolizing enzyme CBS and CSE was upregulated, which led to an increase in H2S and other downstream effectors (such as GSH and related compounds) (McIsaac et al., 2012; Petti et al., 2012). It has been observed that H2S modifies proteins post-translationally through S-sulfhydrination, transforming the—SH of cysteine into—SH, thus regulating protein activity. S-thinning of Kelch-like ECH-related protein 1 (Keap1) can activate Nrf2 (Yang et al., 2013). Methionine restriction may directly activate Nrf2 (Lewis et al., 2010). The increase in Nrf2 activity and the accompanying enhanced gene expression of antioxidant response elements will improve the antioxidant and detoxification capacities of the body. Our results suggest that the MR1 diet activated the Nrf2 pathway, and increased the gene expression of SOD, CAT, and GSH-PX at 3 h and 8 h after LPS injection. However, compared with MR1, the activation of the antioxidant pathway rate with the MR2 diet was slower until 8 h after injection.
CONCLUSION
In conclusion, appropriately reducing methionine levels in the diet ameliorated LPS-induced immune stress and liver damage by inhibiting inflammation and oxidative stress. In addition, reducing methionine in the diet by 0.1% and 0.2% had a similar effect on relieving stress when injecting LPS at different times; however, MR1 activated the Nrf2 pathway earlier than MR2. The results confirmed the immune regulation, anti-oxidation, and anti-inflammatory effects of two different levels of MR diets on LPS-challenged broilers under high stocking density, and provided a scientific basis for the actual production of broilers.
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administration of LPS, MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS.
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T-AOC = total antioxidant capacity; MDA = malonaldehyde; CAT = catalase; T-SOD = total superoxide dismutase; GSH-Px = glutathione peroxidase.

'CON, a basal diet plus intraperitoneal administration of sterile saline; LPS, a basal diet plus intraperitoneal administration of LPS; MRI, 0.3% mehtionine restriction diet plus intraperitoneal
administration of LPS, MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS.

Values were expressed as means + SE.

*<Means within a row with different superscripts are different at p < 0.05.
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ALT = alanine transaminase; AST = spartate transaminase; A:G = albumin to Globulin (A:G) ratio; TP = serum total protein; y-GT = Gamma-glutamyl transpeptidase.

'CON, a basal diet plus intraperitoneal administration of sterile saline; LPS, a basal diet plus intraperitoneal administration of LPS; MRI, 0.3% mehtionine restriction diet plus intraperitoneal
administration of LPS, MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS.

Values were expressed as means + SE.

*<Means within a row with different superscripts are different at p < 0.05.
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T-AOC = total antioxidant capacity; MDA = malonaldehyde; CAT = catalase; T-SOD = total superoxide dismutase; GSH-Px = glutathione peroxidase.
'CON, a basal diet plus intraperitoneal administration of sterile saline; LPS, a basal diet plus intraperitoneal administration of LPS; MRI, 0.3% mehtionine restriction diet plus intraperitoneal
administration of LPS, MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS.
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MR1 118+024° | 083004 | 0.60£005" | 216£021° | 177% 018" | 332£050° | 335£050° | 0752003 | 0752003 | 1952031
MR2 0712009 | 0782008 | 060008 | 209018 | 099015 | 2042012 | 435069 | 087008 | 131005 ‘ 166 +0.12"
p-value 0.085 0173 <0.001 0.006 <0.001 <0.001 0.004 0138 <0001 | <0001

Nif2 = nuclear factor-erythroid 2-relted factor 2; Keapl = kelch-like ECH-associated protein I; CAT = catalase; SOD = superoxide dismutase; GSH-Px = glutathione peroxidase.
'CON, a basal diet plus intraperitoneal administration of sterile saline; LPS, a basal diet plus intraperitoneal administration of LPS; MRI, 0.3% mehtionine restriction diet plus intraperitoneal
administration of LPS, MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS.

*Values were expressed as means + SE.

»<Means within a row with different superscripts are different st p < 0.05.
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Items’ 3 h after LPS stimulation 8 h after LPS stimulation

LPS CORT IL-1B CORT L1
(ng/I (ng/L) (ng/L) ( (ng/L) (ng/L)
CON 25815+ | 41801 + 13044+ | 5055+ | 6845+ | 6l72% | 26902% | 42322% 13672+ | 5263+ | 7158+ | 5730+
271° 6.26" 246" 098" 155" L2 6.05" 5.08" 322" 077" 135 066"
ps 20229+ | 46636 + 4542+ | 5959+ | 7873% 4871+ | 30589+ | 48438+ 15528+ | 6360+ | 8198+ | 4550 %
482 1037 282 097 179" 136° 257 779" 116" 179 061 199¢
MR1 24460+ | 39564 % 12619+ | 4788+ |6772% | 6222% |25324% |41372% 13231+ | 4987+ | 6757+ | 6190 %
4.60° 847 204 095" 150 116" 491° 654" 276" 057 119% 102
MR2 22489+ | 37246 % 12117+ | 458+ | 6468+ | 6708+ | 25372+ | 38488+ 13165+ | 4895+ | 6481 | 6362%
378 9.43° 275" 091° 108" 152 3.58" 6.11° 263" 0.70° 1.33° 128"
pvalue <0001 <0.001 <0.001 <0001 <0001 <0.001 <0.001 <0001 0.001 <0001 <0.001 <0001

LPS = lipopolysaccharide; CORT = corticosterone; IL-1p = interleukin-1; IL-6, = interleukin-6; TNF-a = tumour necrosis factor-a; IL-10 = interleukin-10.
'CON, a basal diet plus intraperitoneal administration of sterile saline; LPS, a basal diet plus intraperitoneal administration of LPS; MRI, 0.3% mehtionine restriction diet plus intraperitoneal
sdministration of LPS, MR2, 0.4% mehtionine restriction diet in combination with intraperitoneal administration of LPS.
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