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Dietary calcium supply is essential for bone development and egg production in laying hens. This study investigated the effects of low dietary calcium and lipopolysaccharide (LPS) induced immune challenge in aged laying hens. A total of thirty-two Hy-Line Brown laying hens at 80 weeks old with an average laying rate of 62% were randomly divided into two groups and fed a normal calcium diet (3.57% Ca, NCA) or low calcium diet (2.08% Ca, LCA). At 88 weeks, the experiment was designed using a 2 × 2 factorial arrangement, and hens were intraperitoneally injected with saline (SAL) or LPS (0.5 mg/kg, 0.5 mg/kg, or 1.5 mg/kg body weight) once every 48 h intervals over 5 days. Production performance, egg quality, and bone physiology were evaluated. Results showed that LPS challenge decreased the hen-day egg production, egg mass, and eggshell traits (p < 0.05), but increased (p < 0.05) the calcium content of the tibia compared to SAL-injected hens. LCA diet decreased (p < 0.05) the hen-day egg production, and eggshell traits such as weight, percentage, strength, and thickness compared to the NCA diet. LCA diet increased the serum alkaline phosphatase (ALP) activity (p < 0.01) and tibial expression of ALP (p < 0.05) compared to NCA diet. LPS injection suppressed both the serum ALP activity (p < 0.05) and tibial expression of ALP (p < 0.001) compared to SAL injection. Furthermore, LPS injection increased (p < 0.05) the expression of both pro and anti-inflammatory cytokines in the spleen and tibia. The expression of cathepsin K (Cts K) and matrix metalloproteinase 9 (MMP-9) were downregulated by LPS injection (p < 0.001). Broken and shell-less egg production and calcium content of eggshell, as well as tibial mRNA expression of osteocalcin (Ocn), tumor necrosis factor-alpha (TNF-α) and tartrate-resistant acid phosphatase (TRAP) were affected by the interaction (p < 0.05) of diet and injection. Therefore, this study demonstrated that to certain extents, low dietary calcium and LPS challenge dysregulated bone homeostasis and metabolism, with detrimental effects on the performance and eggshell quality of aged laying hens.
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1 INTRODUCTION
In laying hens, calcium (Ca) deposition and mobilization in bone occurs daily to meet the requirements for egg production. The delicate balance between calcium and phosphorus deposition and resorption (i.e., bone synthesis and bone resorption) may be disrupted by intestinal malabsorption (Bielke et al., 2017), high output at the peak laying period (Whitehead, 2004), and immune challenge (Walsh et al., 2018). Bone health and the immune system are closely related since they both share a rich set of molecules and similar regulatory mechanisms (Takayanagi, 2007). There is sufficient evidence demonstrating that bone cells are primarily affected by various immune agents under normal and pathogenic conditions (Dar et al., 2018). Studies have also shown that inflammatory cytokines, mainly produced by T cells and B cells, can directly or indirectly regulate the functions of osteoclasts and osteoblasts (Takayanagi, 2007; Walsh et al., 2018). The osteoblasts and osteoclasts mainly mediate the process of bone formation and bone resorption (Horowitz, 1998). Osteoblasts promote self-produced osteoid mineralization by secreting alkaline phosphatase (ALP) and matrix vesicles (Knothe Tate et al., 2004). On the other hand, osteoclasts are involved in the hydrolysis of mineral composition and osteoid by generating acids and proteolytic enzymes (Zhang et al., 2011).
The pro-inflammatory cytokine, tumor necrosis factor-alpha (TNF-α) is considered a potent inducer of bone resorption and plays a crucial role in bone metabolism and inflammatory bone diseases (Amarasekara et al., 2015). It was shown that interleukin-17 (IL-17) inhibited the osteogenesis of rat calvarial osteoblast precursors, and reduced the expression of ALP and osteocalcin (Ocn) (Kim et al., 2014). In addition, bone cells can also regulate the function of immune cells (Tsukasaki and Takayanagi, 2019). Osteoblasts secrete multiple cytokines, including interleukin-1 (IL-1), interleukin-6 (IL-6), and interleukin-7, which regulate hematopoietic stem cells and support the differentiation of immune cells (Mercier et al., 2011). Inflammatory response via lipopolysaccharide (LPS) has been reported to affect bone homeostasis in broilers (Mireles et al., 2005) and laying hens (Nie et al., 2018; Akbari MoghaddamKakhki and Kiarie, 2021; Liu et al., 2022).
Conventionally, laying hens are reared up to 70 weeks with an average of 290 eggs during the first laying cycle (Ledur et al., 2000). However, some producers have considered that extending the laying period to more than 80 weeks to achieve up to 500 eggs can accrue significant economic benefits, increase profitability, and minimize the environmental impacts for sustainable production (Molnar et al., 2017; Molnar et al., 2018). Extended lay is associated with several problems such as a decline in egg production, a decrease in egg quality, shell quality, and bone quality, and a rise in birds’ health and welfare concerns (Molnar et al., 2017). To address these problems, improved genetics, along with appropriate nutrition strategy and management practices have been widely studied in aged laying hens (Xin et al., 2022). More so, it is necessary to understand the calcium metabolism of aged laying hens during the late laying stage.
Calcium supply is essential for bone development and eggshell formation in laying hens. Dietary supplementation of calcium is an important nutritional strategy for promoting the skeletal health of laying hens. Relative to hens fed normal calcium levels (3.69%), it was demonstrated that hens fed low calcium diets (1.56%) had greater bone pathological damage characterized by loss of bone mass and bone strength, lowered bone mineral content, increased micro-structural damage and a higher bone turnover (Jiang et al., 2019). The bone is an important source of calcium for eggshell formation, thus exploring bone homeostasis during the late egg-laying period will provide new ideas for prolonging the laying period. Bone metabolism is essential for laying hens because it is related to bone health and eggshell quality. However, the intestinal efficiency for calcium absorption decreases in aged hens, thus limiting the calcium supply to the blood, which results in poor eggshell quality (Molnar et al., 2018). The decrease in blood calcium does not only affect the calcium supply for eggshell formation but directly impacts the metabolism and adjustment for calcium in the bone (Gu et al., 2021). Therefore, low calcium levels can disrupt normal bone metabolism, and thus affect eggshell formation.
Since bone homeostasis is established by the metabolic balance between osteoblasts and osteoclasts, it is worth understanding the underlying changes that occur during immune challenge and low calcium conditions. Therefore, this study investigated the interaction of dietary calcium levels and LPS challenge on the production performance, egg quality, bone immune function, and metabolism-related genes in aged laying hens.
2 MATERIAL AND METHODS
This research was performed in accordance with the “Guidelines for Experimental Animals” of the Ministry of Science and Technology (Beijing, P. R. China), and the study protocols were approved by the Institutional Animal Care and Use Committee (No. 2020002) of the Shandong Agricultural University, China.
2.1 Experimental animals and management
Hy-Line Brown laying hens at 78 weeks old (n = 99) were randomly divided into two groups and fed a normal calcium diet, with a 2-week adaptation period before the start of the experiment. Hens were raised in battery cages that housed two birds per cage (60 cm length × 45 cm width × 75 cm height). The housing temperature and relative humidity were maintained at 23°C ± 2°C and 65% ± 3%, respectively, while the photoperiod was 16 h light and 8 h dark. Each cage was equipped with 1 nipple drinker and 1 feeding trough. All hens had free access to feed and water throughout the experimental period. Thirty eggs were collected from each group at 78 weeks of age for eggshell quality measurement.
At 80 weeks of age, 32 hens with similar body weight (1.98 ± 0.02 kg) and an average laying rate of 62% were selected and housed two hens per cage. The hens were divided into two groups and fed either the normal calcium diet (3.57% Ca, NCA) or a low calcium diet (2.08% Ca, LCA) until they reached 88 weeks of age. The formulation of NCA diet adhered to the guidelines of the Feeding Standard of Chickens (NY/T33-2004, China), and the dietary Ca level of LCA diet was based on a previous report (Table 1) (Jiang et al., 2019). Eggs were collected daily in the morning and evaluated weekly on an individual basis to determine the laying rate (%). Three or four eggs were collected from each cage (30 eggs in each group) on three consecutive days at 83 and 87 weeks, respectively.
TABLE 1 | Ingredients and nutrient composition of experimental diets.
[image: Table 1]At 88 weeks of age, hens were individually reared and grouped into a 2 × 2 factorial arrangement for a five-day trial and were subjected to either normal calcium diet + saline (NCA + SAL), normal calcium diet + LPS (NCA + LPS), low calcium diet + saline (LCA + SAL), or low calcium diet + LPS (LCA + LPS). Thus, the experiment was arranged as 4 treatments, each consisting of 8 replicates. A cage with one hen was considered as an experimental unit. Laying hens were intermittently injected intraperitoneally with either sterile saline, or LPS (derived from Escherichia coli, L2880; Sigma-Aldrich, St. Louis, MO, USA) at doses of 0.5, 0.5, or 1.5 mg/kg body weight at 11:00 a.m. on days 1, 3, and 5 of week 88 (every 48-h interval) (Nie et al., 2018). Performance, egg production, and egg quality data were collected during the trial. All data were collected on an individual basis. Feed intake was recorded weekly, and egg weights and number of eggs laid from each chicken were recorded daily to determine the daily feed intake (g), hen-day egg production (%), and average egg weight (g). Egg mass was determined by multiplying the average egg weight by egg numbers and then dividing it by the number of days. Feed conversion ratio was calculated as grams of feed: grams of egg mass produced. The diagram depicting the experimental schedule experimental design is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Diagram depicting the experimental schedule. NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca). SAL: Saline; LPS: Lipopolysaccharide.
2.2 Sample collection
Five eggs from each hen and in total 40 eggs from each treatment were collected on the second and fourth days for eggshell quality assessment. On the fifth day of trial, a blood sample was collected at 14:00 p.m., 3 h after LPS or saline injection, from a wing vein of all the 32 experimental hens. Serum samples were obtained after centrifugation at 1,500 × g for 15 min at 4°C and stored at −20°C for further analysis. After blood collection, birds were sacrificed by exsanguination after cervical dislocation (Close et al., 1997; Sun et al., 2020). The spleen and right tibia were collected and immediately snap-frozen in liquid nitrogen, then stored at −80°C for further analysis. The left tibia was isolated and stored at −20°C for bone quality measurement. The distal right femur was obtained and fixed in 10% neutral buffered formalin for histological analysis.
2.3 Egg quality evaluation
The egg weight was measured using the egg multi-tester (EMT-5200, Robotmation, Japan), and eggshell strength was measured with an egg force reader (EFG-0503, Robotmation Co., Ltd., Tokyo, Japan). Eggshell thickness was measured with an eggshell thickness tester (ETG-1061, Robotmation Co., Ltd.) at three different locations (air cell, equator, and sharp end) on the egg, and the average was computed. Eggs were cracked, and the shells were cleaned, dried at 25°C for 12 h, and then weighed. The eggshell percentage was calculated using the formula: (eggshell weight/egg weight) × 100%.
2.4 Serum biochemical parameters
Serum ionized calcium and phosphorus levels were analyzed using an automatic biochemical analyzer (7170A, Hitachi, Japan) and corresponding kits provided by Maccura (Sichuan, China). Activities of alkaline phosphatase (ALP) (A059-2, Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and tartrate-resistant acid phosphatase (TRAP) (P0332, Beyotime Biotechnology, Shanghai, China) were assessed with specific commercial assay kits, following the manufacturer’s guidelines.
2.5 Tibia physical parameters
Bone mineral density (BMD) of the left tibia was measured using the Dual-energy X-ray absorptiometry device (InAlyzer; MEDIKORS Inc., Gyeonggi-Do, Korea). Bone breaking strength of the left tibia was measured using a 3-point bending test with a microcomputer-controlled electronic universal testing machine (Jinan Shijin Group Co., Ltd., China). The bone was positioned on two supports with a 3 cm span, and a load of 1,000 N was applied at the midpoint of each bone at a loading speed of 2 mm/min until fracture. The computerized monitor recorded the deformation curve, with the peak load indicating the breaking strength in Newton. Left tibia samples were treated with a mixture of alcohol and benzene (2:1) for 96 h to get rid of fat and were then dried at 105°C to a constant weight. The defatted bone index was calculated as defatted bone weight (g)/body weight (kg) × 100.
2.6 Calcium and phosphorus content in diet, tibia, and eggshell
Eggshell and defatted left tibia samples were ground into a powder with a pulverizer. About 0.5 g of diet, tibia, and eggshell samples were weighed into a crucible and carbonized using an induction cooker. Samples were ashed in a muffle furnace at 550°C for 6 h, then dissolved in a mixture of hydrochloric acid and concentrated nitric acid, and transferred to a 100 mL volumetric flask after boiling to prepare a sample decomposition solution. The Ca content was measured using potassium permanganate titration, and the P content was determined by the ammonium molybdate spectrophotometric method, as previously reported (Song et al., 2022).
2.7 Bone histological analysis
The fully fixed distal femurs were incubated in an EDTA decalcifying solution (E1171; Beijing Solarbio Science & Technology Co., Ltd., China) at room temperature for about 2 weeks. Decalcified femur samples were dehydrated in a graded series of ethanol and routinely embedded in paraffin. The samples were then cut into 3 μm sections for hematoxylin-eosin (HE) staining and Goldner Trichrome staining (G3550; Solarbio, China) according to the manufacturer’s instructions. The slides were stained and visualized under an optical microscope (CK-40, Olympus, Tokyo, Japan). Images were taken of each section, and ImageJ software was used to measure the tissue area (T.Ar), trabecular area (Tb.Ar). Trabecular bone volume/tissue volume (BV/TV) was calculated as BV/TV = Tb.Ar/T.Ar × 100 (%).
2.8 Total RNA extraction and real-time quantitative PCR
Spleen samples were homogenized using a grinder (Genenode, China), while tibia samples were ground to powder using liquid nitrogen with a mortar. Total RNA was obtained from the spleen and tibia using Trizol reagent (Invitrogen, USA). The concentration and purity of the RNA were verified from OD260/280 readings (Ratio ≈1.75–2.01) using spectrophotometry (Eppendorf, Germany). According to the manufacturer’s instructions, reverse transcription was performed using total RNA (1,000 ng) for first-strand cDNA synthesis with the Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany). The cDNA was amplified in a 20 μL reaction system containing 0.2 μM of each specific primer (Sangon, China) and the SYBR Green master mix (Roche, Germany). RT-qPCR was performed at the ABI QuantStudio 5 PCR machine (Applied Biosystems; Thermo, USA). Primers used for RT-qPCR were designed with Primer 5.0 software and synthesized by Sangon Biotech (Shanghai, China) according our previous work (Song et al., 2022), and primer sequences are shown in Table 2. The melting curves were checked to guarantee the specificity of amplification products. Data were analyzed using the method of 2−ΔΔCT, and GAPDH was used to normalize the data as an internal control. The mRNA expression level of the NCA + SAL group was used as a calibrator. The expressions of genes tumor necrosis factor α (TNF-α), interleukin 1β (IL-1β), interleukin 6 (IL-6), interleukin 17 (IL-17), interleukin 10 (IL-10), interferon γ (IFN-γ), alkaline phosphatase (ALP), osteocalcin (Ocn), and fibroblast growth factor 23 (FGF23) were determined.
TABLE 2 | Primers used for RT-qPCR.
[image: Table 2]2.9 Statistical analysis
Statistical analysis was conducted using the PROC GLM procedure of SAS software (version 9.3, SAS Institute Inc., Cary, NC) with each hen as a replicate. Prior to LPS challenge, data was subjected to One-way ANOVA to analyze the main effect of diet (NCA vs. LCA). Following LPS challenge, two-way ANOVA was used to analyze the significant main effects of diet (NCA vs. LCA), injection (Saline vs. LPS) and their interaction effect (diet × injection). Duncan’s Multiple Range Test was used for mean comparisons where the treatment effect was significant. Treatment differences were considered significant at p < 0.05 and the tendency towards significance was noted at 0.05 < p ≤ 0.10.
3 RESULTS
3.1 Production performance and egg quality traits
All hens were fed a normal diet during the adaptation period, and eggshell quality did not differ (p < 0.05, Table 3) significantly between the two groups.
TABLE 3 | Effects of dietary calcium levels on the laying rate and eggshell quality of aged laying hens prior to LPS challenge.a.
[image: Table 3]Prior to LPS challenge, laying hens were fed dietary treatments from 80 to 88 weeks of age. Table 3 shows that the laying rate was significantly reduced (p < 0.05) by the LCA dietary treatments during weeks 83–86. The eggshell strength and eggshell thickness were lower in the LCA compared to the NCA diet at 83 weeks. This effect was further pronounced at week 87, as LCA-fed hens had lesser eggshell weight and percentage (p < 0.001), decreased eggshell strength (p < 0.01), and reduced eggshell thickness (p < 0.001) than those fed NCA diets.
During LPS challenge period, LPS injection reduced hen-day egg production and egg mass (p < 0.001, Table 4). In contrast, LPS treatment had no effect (p > 0.05) on body weight, egg weight, and feed conversion ratio. The average daily feed intake, however, tended to be decreased by LPS injection (p = 0.054), compared to SAL-treated hens. There was a significant interaction of diet × LPS (p < 0.05) on the percentage of broken and shell-less egg and the LCA + LPS group produced more broken and shell-less eggs, compared to other groups. Compared to the NCA diet, LCA treatment decreased (p < 0.05) hen-day egg production and egg mass (Table 4), whereas had no influence (p > 0.05) on body weight, average daily feed intake, egg weight, and feed conversion ratio.
TABLE 4 | Effects of dietary calcium levels and LPS challenge on the performance and eggshell quality of aged laying hens1.
[image: Table 4]Compared to NCA-hens, LCA treatment decreased (p < 0.05) eggshell weight, eggshell percentage, eggshell strength, eggshell thickness, and P content of eggshell (Table 4). LPS challenge significantly reduced (p < 0.05) the eggshell thickness and P content of eggshell (Table 4). In contrast, LPS treatment had no significant (p > 0.05) influence on eggshell weight, percentage, and strength. There was a significant interaction of diet × LPS on the Ca content of eggshell (p < 0.01, Table 4). The NCA + SAL group had the highest Ca content, whereas the NCA + LPS group had the lowest Ca content of eggshells (p < 0.01). In contrast, LPS treatment had no influence (p > 0.05) on Ca content in LCA groups.
3.2 Serum parameters
Serum concentrations of total Ca and TP, and TRAP activity were not altered by diet, LPS, or their interaction between diet and injection (p > 0.05, Table 5). However, serum ALP activity was significantly increased (p < 0.01) by the LCA diet compared to the NCA diet. In addition, the LPS challenge significantly decreased (p < 0.001) serum ALP activity compared to the SAL-injected hens.
TABLE 5 | Effects of dietary calcium levels and LPS challenge on the serum biochemical parameters of aged laying hens.
[image: Table 5]3.3 Bone parameters
Neither diet nor the diet × LPS interaction significantly affected (p > 0.05) the defatted bone index, Ca and P content of the tibia, BMD, or bone breaking strength (Table 6). In addition, it was observed that the LPS injection significantly increased (p < 0.05, Table 6) the Ca content of the tibia compared to SAL-hens.
TABLE 6 | Effects of dietary calcium levels and LPS challenge on the tibia bone parameters of aged laying hens.
[image: Table 6]Furthermore, Goldner’s trichrome staining of the distal femur showed that the mineralized bones were stained green while the osteoid or collagen was stained red (Figure 2A). HE staining showed the trabecular bone and connective tissue cells (Figure 2B). Compared with SAL treatment, LPS treatment showed more adipocytes with large volume (Figure 2B). However, there was no significant difference in trabecular bone volume/tissue volume among treatments (Figure 2C).
[image: Figure 2]FIGURE 2 | Effects of dietary calcium levels and LPS challenge on the bone microstructure of aged hens. NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca). SAL: Saline; LPS: Lipopolysaccharide. (A) Goldner’ Trichrome staining of the distal femur (scale bar: 500 μm); (B) HE staining of the distal femur (scale bar: 5 μm); (C) Trabecular bone volume/tissue volume (BV/TV)[image: FX 1]trabecular bone; [image: FX 2]connective tissue cells; [image: FX 3]osteoclast; [image: FX 4]osteocyte; [image: FX 5]adipocyte[image: FX 6]osteoblast.
3.4 mRNA expression of inflammation-related genes in the spleen and tibia
In the spleen, mRNA expression levels of TNF-α, IL-1β, and IL-6 were not affected by the main effect of diet (p > 0.05) or by diet × LPS interaction (p > 0.05, Figure 3). However, the expression of TNF-α (p < 0.01), IL-1β (p < 0.01), and IL-6 (p < 0.001) was upregulated in the LPS-challenged groups compared to the SAL-injected hens (Figures 3A–C).
[image: Figure 3]FIGURE 3 | Effects of dietary calcium levels and LPS challenge on the relative mRNA expression of splenic inflammation-related genes in aged laying hens. NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca). SAL: Saline; LPS: Lipopolysaccharide. (A) TNF-α; (B) IL-1β; (C) IL-6. Data are represented as mean ± standard error of mean (n = 8).
The tibial mRNA expression level of TNF-α (Figure 4A) was significantly affected by the diet × LPS interaction (p < 0.05) and the LPS-induced increment of TNF-α expression was further increased by LCA treatment. The mRNA abundances of IL-1β (p < 0.001), IL-6 (p < 0.01), IL-17 (p < 0.05), IL-10 (p < 0.001), and IFN-γ (p < 0.05) were upregulated in the tibia of LPS-challenged hens compared to SAL-hens (Figure 4). Alongside this, there was a tendency for IL-17 (Figure 4D; p = 0.083) expression to be upregulated in the LCA dietary treatment compared to the NCA diet. The expression of IL-17 (p = 0.053) and IFN-γ (Figure 4F; p = 0.089) showed a tendency to be affected by the interaction effect of diet and LPS.
[image: Figure 4]FIGURE 4 | Effects of dietary calcium levels and LPS challenge on the relative mRNA expression of tibial inflammation-related genes in aged laying hens. NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca). SAL: Saline; LPS: Lipopolysaccharide. (A) TNF-α; (B) IL-1β; (C) IL-6; (D) IL-17; (E) IL-10; (F) IFN-γ. Data are represented as mean ± standard error of mean (n = 8).
3.5 mRNA expression of tibial osteoblast metabolism-related genes
Figure 5 shows the mRNA expression of osteoblast metabolism-related genes in the tibia of laying hens. Feeding hens with the LCA diet upregulated (Figure 5A; p < 0.05) ALP expression compared to the NCA diet. However, hens injected with LPS showed a significant downregulation (Figure 5A; p < 0.05) in ALP expression levels compared to those injected with SAL.
[image: Figure 5]FIGURE 5 | Effects of dietary calcium levels and LPS challenge on the relative mRNA expression of tibial osteoblast metabolism-related genes in aged laying hens. NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca). SAL: Saline; LPS: Lipopolysaccharide. (A) ALP; (B) Ocn; (C) FGF 23. Data are represented as mean ± standard error of mean (n = 8). a,b Means with different alphabetical superscripts differ significantly, p < 0.05.
The mRNA expression of Ocn was significantly influenced by the effect of diet × injection interaction (Figure 5B; p < 0.05). It was observed that the LCA + LPS group had a higher Ocn expression compared to the other treatment groups. However, the mRNA expression of FGF23 was not influenced by the diet, injection or diet × injection interaction (Figure 5C; p > 0.05).
3.6 mRNA expression of tibial osteoclast metabolism-related genes
Figure 6 shows the mRNA expression of osteoclast metabolism-related genes in the tibia of laying hens. TRAP expression was changed by the interaction of diet × LPS (Figure 6A; p < 0.05) and the LCA + SAL group had an upregulated TRAP expression compared to the NCA + LPS and LCA + LPS groups.
[image: Figure 6]FIGURE 6 | Effects of dietary calcium levels and LPS challenge on the relative mRNA expression of tibial osteoclast metabolism-related genes in aged laying hens. NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca). SAL: Saline; LPS: Lipopolysaccharide. (A) TRAP; (B) Cts K; (C) MMP-9. Data are represented as mean ± standard error of mean (n = 8). a,b Means with different alphabetical superscripts differ significantly, p < 0.05.
The mRNA expression of Cathepsin K (Cts K) and matrix metallopeptidase 9 (MMP-9) were significantly affected by the main effect of injection. LPS injection downregulated the tibial expression of Cts K (Figure 6B; p < 0.01) and MMP-9 (Figure 6C; p < 0.001) compared to the SAL-injected hens.
4 DISCUSSION
The present study evaluated the effects of dietary Ca levels and immune challenge on the performance, egg quality, immune response, and bone quality of aged laying hens. Findings from this study revealed that the LPS challenge reduced hen-day egg production, deteriorated the eggshell quality, and induced an inflammatory response that altered bone immunity and homeostasis by suppressing osteoblasts and osteoclast activities in aged laying hens. Also, there was a significant interaction between low calcium diet and LPS challenge that induced the pro-inflammatory response of IL-17 expression, as well as Ocn expression in the tibia of aged laying hens.
Several studies have shown that Ca supply is important for egg production and eggshell quality at various stages of lay. A considerable amount of Ca is required for shell formation since the eggshell constitutes −40% Ca. However, Ca availability is largely dependent on dietary supply, intestinal absorption, and bone metabolism (Zhao et al., 2020; Hofmann et al., 2021). In a previous study, feeding low calcium diets (1.5% Ca) lowered the body weight, feed consumption, and egg production of laying hens (Zhao et al., 2020). In line with the present study, the dietary trial before LPS challenge revealed that the LCA diet depreciated the eggshell quality indices (including the eggshell weight, percentage, strength, and thickness), especially at 88 weeks of age. To corroborate this, feeding with LCA diet beyond 88 weeks of age decreased several performance and egg quality indices such as the hen-day egg production, egg mass, eggshell weight, eggshell percentage, eggshell strength, and eggshell thickness of aged hens. Thus, laying performance and eggshell quality of laying hens severely deteriorated with decreased dietary Ca supply during the extended laying phase. This may occur due to the crucial role of Ca in regulating reproductive processes and egg formation. This finding is supported by a previous report which stated that eggshell quality severely declined in hens fed a low calcium diet (Jiang et al., 2013). However, the dietary treatment in the present study did not affect the serum concentrations of ionized Ca and P, suggesting that the circulating metabolites were not strictly dependent on dietary Ca levels. Similarly, Zhao et al. (Zhao et al., 2020) reported that a low calcium diet decreased eggshell quality but without any detectable influence on serum Ca and P levels. Thus, the result suggests that circulating ionized Ca and P levels are tightly regulated by various factors in laying hens beyond dietary change. Interestingly, there was an interactive effect whereby NCA- and LCA-fed hens challenged with LPS, and LCA-fed hens injected with SAL, exhibited decreased Ca content in eggshells. This indicates that to some extent, Ca deprivation alongside exposure to immune challenge could pose detrimental effects on egg production in aged laying hens.
In the present study, the immune challenge with LPS administration also caused severe alterations to the production performance and eggshell quality of aged hens. LPS injection decreased the average daily feed intake, laying rate, and average daily egg mass. This inversely caused a disproportionate increase in the feed-to-egg ratio due to the fewer and smaller eggs. This finding corroborates the previous report that laying hens subjected to LPS-induced immune stress had poor egg quality traits and production performance including low feed intake, decreased egg production rate, and high feed-to-egg ratio (Nie et al., 2018).
In another study, maternal stimulation with LPS administration diminished the laying rate of hens and their offspring during the early and late laying stages (Liu et al., 2022). The depreciation in production performance during LPS challenge is credited to dysregulations in nutrient metabolism in order to eliminate potential threats from the body (Akbari MoghaddamKakhki and Kiarie, 2021). In the present study, LPS challenge also decreased the eggshell weight, eggshell percentage, eggshell thickness, and Ca and P content of the eggshell. Thus, exposure to immune stressors may alter the mineral metabolism and nutrient supply for eggshell formation. This can further aggravate eggshell deterioration in aged hens. Correspondingly, LPS administration was shown to decrease the eggshell percentage and eggshell weight of laying hens (Akbari MoghaddamKakhki and Kiarie, 2021). Importantly, egg production and eggshell quality are inextricably linked to Ca availability and bone metabolism in laying hens (Li et al., 2020; Zhao et al., 2020). Thus, bone homeostasis as influenced by Ca supply and immune challenge was further examined.
Bone homeostasis is achieved by a balance between bone resorption by osteoclasts and bone formation by osteoblasts (Tanaka et al., 2005). The bone mechanic parameter evaluated in the present study were unaffected while the Ca content of the tibia was even increased by LPS challenge, suggesting that the decreased bone Ca output. This observation was speculated to be related to the reduced egg production and in turn Ca deposit in eggshell. The H & E staining result indicated that LPS-challenged hens had more and larger adipocytes, suggesting that the connective tissue was dominated by adipocytes in LPS-hens. This suggested that bone health deteriorated by LPS challenge in aged laying hens. The conclusion should be explained with caution as the quantification analysis was not conducted in the histological observation. In previous studies, low-calcium diet or age reduces bone quality (Jiang et al., 2019; Huang et al., 2020). In this study, however, the detrimental effect of low-calcium diet on bone parameters was not observed. The relative short experimental period and poor laying performance should be responsible for the different observations.
Cytokines are important in regulating bone homeostasis and immune functions (Horowitz, 1998). The differentiation and activation of the bone cells including the osteoclasts and osteoblasts are driven by cytokines and immune cells (Li et al., 2021). Thus, the role of various cytokines on bone metabolism during LPS-induced immune challenge was investigated. Administration of LPS upregulated the mRNA expression of TNF-α, IL-1β, and IL-6 in the spleen thus validating the successful stimulation of the pro-inflammatory response and immune system activation in laying hens (Mireles et al., 2005; Bai et al., 2019). Similarly, the mRNA expression of TNF-α, IL-17, IL-1β, IL-6, IL-10, and IFN-γ was increased by LPS challenge in the tibia of aged hens. This indicates the establishment of both pro- and anti-inflammatory milieu within the bone matrix. This finding is in line with Roodman (Roodman, 1993), who explained that it was crucial to maintain an adequate pool of cytokines and immune cells for bone homeostasis. This is because the relative proportions of these factors in the bone microenvironment play a critical role in regulating the activity of osteoblasts and osteoclasts. In addition, it was found that the mRNA expression of TNF-α, IL-17, and IFN-γ tended to increase in the tibia of LCA-fed hens challenged with LPS injection. In a recent review, these immune cytokines (TNF-α, IL-17, and IFN-γ) were identified as particularly significant in stimulating bone resorption and suppressing bone formation, which ultimately leads to inflammatory bone loss (Li et al., 2021). Thus, it is evident that low Ca supply during immune challenge would exacerbate the incidence of bone loss and dysregulate bone homeostasis in aged laying hens.
In the present study, dietary Ca levels did not exert remarkable changes to the bone parameters and immune cytokine production, however, the serum ALP level was increased by LCA diet, whereas, decreased with LPS challenge. This was further validated with the mRNA expression analysis of osteoblast metabolism-related genes. The findings revealed that LCA diet upregulated the expression of ALP and Ocn expression in the tibia of aged laying hens. Within bone tissue, ALP is synthesized by osteoblasts and functions in osteoid formation and bone mineralization (Kumar et al., 2018). ALP is highly expressed in mineralized tissue and the serum ALP can be used as an index to examine bone formation, bone turnover, and metabolism (Zhan et al., 2019; Vimalraj, 2020). In addition, Ocn is a non-collagenous protein abundant in the bone matrix (Dirckx et al., 2019). Produced by osteoblasts, Ocn plays an important role in bone formation and mineralization (Wei et al., 2021). Therefore, coinciding with the findings of the bone microstructure, the increased ALP activity and expression of both ALP and Ocn by LCA diet indicated an increased osteoblast activity, extensive bone mineralization, and abnormal bone metabolism in aged laying hens. Additionally, Ocn expression was elevated in LCA-fed hens exposed to LPS challenge, revealing the role of immune stress in aggravating disorders of bone metabolism. Conversely, the administration of LPS caused an inhibitory reaction by decreasing ALP activity and gene expression. This suggests a reduction in osteoblast activity, which can potentially destabilize the bone matrix and phosphate supply for bone minerals during immune challenge (Blair et al., 2017). In primary mouse calvarial osteoblast cells, LPS stimulation suppressed osteoblast differentiation via inhibiting ALP activity and the expression of Ocn (Cai et al., 2019). It was also observed that the LPS challenge elicited opposing effects on the ALP and Ocn expression. These changes cannot be fully explained but may reflect metabolic adaptations during immune stress to achieve bone homeostasis. Although the osteocytes and osteoblasts are a significant source of circulatory FGF23 (Yoshiko et al., 2007), treatment with low Ca and LPS challenge did not exert profound changes to the bone FGF23 expression in aged hens. An examination of osteoclast metabolism-related genes revealed that immune stimulation with LPS inhibited the mRNA expression of TRAP, CtsK, and MMP-9. TRAP is an enzyme that can degrade skeletal phosphoproteins and it is widely used as a marker of osteoclast activity (Hayman, 2008). Cts K can degrade type I collagen in osteoclastic bone resorption (Wilson et al., 2009), and MMP-9 is known to mediate bone resorption by cleaving type I and IV collagen from the bone organic matrix (Guo et al., 2019). The tibial mRNA expression of TRAP, Cts K, and MMP-9 was downregulated with LPS challenge. These findings suggest that LPS challenge impaired bone osteoclast activity and bone resorption capacity in aged laying hens. Noteworthy, a limitation of the present study was that few hens were used per replicate to assess their physiological responses during LPS challenge. However, this was necessary to meet the experimental purpose and adapt to practical conditions with the intent of evaluating the immune responses of birds to LPS challenge. It is suggested that a large number of hens should be adopted for further studies to validate findings and meet commercial production standards. Moreover, in the present study, the experimental diet was designed to reduce Ca level with fixed P level, resulting in a changed Ca to P ratio. Hence, the result cannot be ascribed to low-calcium diet solely. The interaction of altered Ca/P ratio and LPS-challenge needs to be investigated further.
In conclusion, both dietary Ca levels and immune challenge are important factors to consider in aged laying hens, especially during the extended laying period. The findings from this study demonstrate that LPS challenge and/or LCA diet would negatively affects traits related to the production performance and eggshell quality of aged laying hens, and also significantly alter bone homeostasis. The LCA diet altered osteoblast activity, bone metabolism, and reduced eggshell quality. Importantly, LPS-induced immune responses dysregulated osteoblastic mineralization and inhibited osteoclast bone resorption capacity. LPS challenge may have altered bone metabolism via increasing bone Ca deposits, with a significant reduction in Ca output from the bone to meet the Ca needs for eggshell formation in aged hens. Therefore, further studies on the underlying mechanisms of dietary Ca on the osteo-immunity of aged laying hens are recommended to harness the production potentials of hens during extended lay.
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Items [} SEM
‘ Laying rate (%)
83 wk [ 69.64* 58.93 334 0.035
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86 wk 7679 65.18" 330 0.022
87 wk 6667 6042 340 0201
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87 wk 650" 569" 008 <.001
| Eggshell percentage (%)
78 wk" 930 9.01 0.16 0.194
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87 wk | 10.08* 883" 0.14 <. 001
Eggshell strength (kg. f)
78 Wk 321 310 016 0.650
83 wk 325 268" 010 <.001
87 wk 340° 270° 013 0.002
Eggshell thickness (mm)
78 wk® 032 033 001 0544
83wk 030" 029" 000 0.028
87 wk 0.32* 029" 0.01 <. 001

NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca); SEM: standard error of mean.

‘with each cage as replicate (n = §).
"n = 30.
*bMeans with different alphabetical superscripts within each row are significantly different (p < 0.05).
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INF-a MF000729.1 GTAACGGCGTGGTGCTGAGAAG TCCTCGGAGAAGCGGCTGAC 142
L1 NM_204524.1 CAGAAGAAGCCTCGCCTGGATTC GCCTCCGCAGCAGTTTGGTC i
L6 NM_204628.1 GAGGTTGGGCTGGAGGAGGAG TCTCGCACACGGTGAACTTCTTG 130
117 NM_204460.1 CGATGAGGACCACAACCGCTTC TGTTTGATGGGCACGGAGTTGAC 17
IL-10 NM_001004414.2 CCAGCACCAGTCATCAGCAGAGC GCAGGTGAAGAAGCGGTGACAG o
IFNy NM_205149.1 CTCGCAACCTTCACCTCACCATC CAGGAACCAGGCACGAGCTTG 122
ALP NM_205360.1 CACGGCGTCGATGAGCAGAAC AGCAGAGGAGGAGGAGGAGGAG 148
Ocn NM_205387.4 GCAGGCAGAAGCGGCACTAC CAGCTCACACACCTCTCGTTGG )
FGF23 XM_425663.4 AGCCAAGAGGACTGTGTGTTCAAC ACTGGGAGTACGGTGGTGGATTC 145
TRAP XM_015302697.2 TGCTGGCTTTGGGCGATAACTTC GCCGTGGTGGTCGTGGTTTC 149
as K NM_204971.2 GAAGGCAACGAGAAGGCTCTGAAG AGAACTGGAAGGAGGGCAGACTG 91
MMP-9 NM_204667.1 ACCTGGACCGTGCCGTGATAG CTGCCTCGCCGCTGTAAATCTG 102
GAPDH NM_204305.1 CCAGAACATCATCCCAGCGTCCAC CGGCAGGTCAGGTCAACAACAG 134

“INF-a, tumor necrosis factor alpha; IL-16, interleukin 1 beta; IL-6, interleukin 6; IL-17, interleukin 17; IL-10, interleukin 10; IFN-y, interferon gamma; ALP, alkaline phosphatase; Ocr,
osteocalcin; FGF23, fibroblast growth factor 23; TRAP, tartrate-resistant acid phosphatase; Cts K, Cathepsin K; MMP-9, matrix metallopeptidase 9; GAPDH, glyceraldehyde-phosphate
dehydrogenase.
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with cach cage a replicate (n = §).

*Means with different alphabetical supercripts within the same roe differsignificanty (7 < 0,08 "Means with difeentalphabetcl supersripts withincolumn NCA, and LCA, dife sigif
column SAL. and LPS, differ significantly (p < 0.05).

phosphorus, SEME standard esror of mean.

1 (p < 005) Means with diferent aphaletcl supersrips with
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LPS DietxLPS

Defatted bone index (g/kg) ‘ 370 374 359 4.00 0.17 ‘ 380 365 ‘ 0.673 0200 0284 ‘
Ca content (%) ‘ 1616 1861 17.31 1775 | 0.58 ‘ 17.39 17.53 1674° | 1818 ‘ 0.804 0018 0.092 ‘
P content (%) “ 877 932 9.02 9.07 026 ‘ 9.05 8 | 920 ‘ 0.996 0261 [ 0357 ‘
BMD (g/cm?) ‘ 029 031 028 029 0.02 ‘ 029 0.29 | 030 ‘ 0.582 0502 0.803
Bone breaking strength (N) ‘ 1581 | 1535 | 1642 1488 | 1860 ‘ 15582 | 15656 161.20 | 15119 ‘ 0.968 0596 0776

NCA: Normal calcium diet (3.57% Ca); LCA: Low calcium diet (2.08% Ca); SAL: saline; LPS: lipopolysaccharide; Ca: Calcium; P: phosphorus; BMD: bone mineral density; SEM: standard error
of mean, n = 8. * Means with different alphabetical superscripts within column SAL, and LPS, are significantly different (p < 0.05).






