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Aerosolized endotoxins such as Lipopolysaccharide (LPS), found in livestock environments, induce an inflammatory mediator cascade. Poultry are commonly exposed to LPS over the growth cycle; however, little is known regarding the cumulative impact of intramuscular LPS injection and its effects on immune cellular metabolism, pathway preferences, and clearance response. Utilizing a LPS model in chickens can offer insight into host immune responses and provide a better understanding of immune tolerance to this endotoxin and major component of Gram-negative bacteria. Therefore, the study objectives were to compare metabolic phenotypes and immune profiles of isolated peripheral blood mononuclear cells (PBMC) from two ages of adult White Leghorn roosters before and post-LPS injection. A total of 20 adult White Leghorn roosters aged 1 yr. or 2.5+ yrs. were randomly assigned to sterile saline or 1 mg/kg body weight LPS (Escherichia coli O55:B5, LPS) injected intramuscularly across 4 sites in breast and thigh muscles. Body weight was recorded before injections at baseline and 24 h post-injection (hpi). Cloacal temperature and blood collections were performed at baseline, 6 hpi, and 24 hpi. PBMC were isolated for Agilent Seahorse XF metabolic analysis and multicolor flow cytometry. Plasma was collected for a C-reactive protein (CRP) enzyme-linked immunosorbent assay. Statistical analysis was performed using the MIXED procedure with fixed effects of age, injection status, and age X injection interaction followed by Tukey–Kramer adjustment (SAS 9.4), with significance denoted at p ≤ 0.05. Aged roosters were found to have fewer CD3+CD8α+ T cells at baseline compared to younger roosters (p < 0.05) while generally displaying delayed immunometabolic changes post-LPS injection compared to younger roosters. Young roosters administered LPS had significantly reduced CRP at 6 hpi compared to control, while aged roosters significantly increased CRP production by 24 hpi (p < 0.05). Both ages responded similarly to inhibitory assays, suggesting that the ability to respond was not different based on age. Overall, results suggest adult roosters may respond differently to LPS injection based on age and immune cell presence, likely due to accumulated exposure to LPS in poultry environments.
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1 Introduction

Common immune system challenges that poultry experience include environmental exposure to Salmonella and Escherichia coli, which are Gram-negative bacteria with lipopolysaccharide (LPS) in their outer membranes. LPS initiates an inflammatory response by promoting macrophage and dendritic cell activity, which leads to cytokine release and immune cell activation (1). Immune cell activation relies on metabolic state switching, which is crucial for proper function (2). During activation, immune cells shift to aerobic glycolysis, known as the “Warburg effect” to meet energy demands, producing ATP faster than oxidative phosphorylation, though less efficiently (3, 4). This shift supports rapid energy production and enables immune activation, but also triggers physiological responses in poultry such as inflammation, fever, weight loss, reduced feed intake, and decreased egg production (5, 6).

Previous research has shown that the immune response to LPS varies based on factors such as age, sex, breed, prior exposure, and the method of LPS administration (7–10). Age plays a crucial role in immune response development. For example, naturally occurring antibody concentrations against bacterial infections, including LPS, have been shown to increase with age, as observed in 5- and 18-wk-old laying hens (11, 12). In addition to antibody production, age-related differences have also been observed in physiological responses to LPS. Using a 1 mg/kg intravenous LPS injection model in poultry, researchers observed that 3 and 5-wk-old broilers exhibited increased body temperatures that persisted past 15 h post-injection (7, 13), with 3-wk-old broilers showing a higher maximum body temperature compared to 5-wk-old broilers (13). Genetic factors have also been shown to influence physiological outcomes. Using a 2 mg/kg intramuscular LPS injection model, LPS-induced weight loss and genotype-specific temperature profiles within the first 24 h post-LPS injection 12-wk-old cockerels and 18-wk-old pullets (14, 15). Additionally, repeated LPS exposure was shown to modulate immune tolerance, where a second 1 mg/kg intravenous LPS dose after two or seven days post-injection reduced fever responses and altered interleukin-6 (IL-6) concentrations in 3 and 5-wk-old Ross broilers (13). At a cellular level, metabolic adaptation in response to LPS provides further insight into immune response. Previous in vitro studies have demonstrated that LPS challenge can enhance energy metabolism through glycolysis, suggesting a shift to a more metabolically active state to support immune function (1, 16, 17). However, despite these findings, there is still limited research on how cellular metabolism changes under stress conditions, such as LPS injection, in avian models. Understanding these metabolic shifts is key to determining how immune cells allocate energy during an immune challenge and whether these energetic demands vary with age.

One way to address this gap is through real-time metabolic and flow cytometric analyses of chicken peripheral blood mononuclear cells (PBMC). These assays would reveal the immune cell populations before and after LPS challenge, provide insight into the metabolic demands of these cells and how their energetic requirements evolve during the immune response and LPS clearance. Another strategy is to use systemic stress biomarker assays to confirm LPS-induced inflammation and assess the immune response potential. LPS binding to myeloid differentiation factor 2 and Toll-like receptor 4 heterodimers on immune cells induces the production and release of various pro-inflammatory cytokines, including interleukin-1, IL-6, and interferon-gamma (18–20). This cytokine release drives hepatocytes to produce and secrete C-reactive proteins (CRP) into the bloodstream, facilitating phagocytosis in response to infection and inflammation (21–23). Therefore, the current study measured circulating CRP levels using enzyme-linked immunosorbent assays (ELISA) to assess the inflammatory response stimulated by intramuscular LPS injections.

Integrating these three analyses, immune cell profiling, immunometabolic shifts, and systemic inflammation confirmation, provides a comprehensive approach to further understanding the immune response to an LPS challenge in poultry. The present study aimed to investigate metabolic phenotypes and cell profiles of PBMC of two age groups (~1 yr. and ~ 2.5 yrs. of age) of adult White Leghorn roosters before and after intramuscular LPS injection with Escherichia coli. These birds had been raised in the same facility and conditions for the duration of their life, and therefore represented a cohort for study with the differing factor of age. Additionally, plasma CRP concentrations, a key biomarker for systemic stress and inflammation, were evaluated following the LPS challenge to further assess the immune response and its variation with age.



2 Materials and methods


2.1 Animals, housing, and treatments

All procedures were approved by the Iowa State University Institutional Animal Care and Use Committee #22–113. Twenty total White Leghorn roosters were enrolled from an existing flock maintained at Iowa State University’s Robert T. Hamilton Poultry Teaching & Research Facility (Ames, IA). All enrolled birds were adults at the time of the experiment; however, will be separated into two cohorts: ~1 yr. (~55 wk., young) and ~ 2.5+ yrs. (~133 wk., aged), for ease of discussion. Only roosters were included in this study due to the unavailability of an age-matched cohort of adult females. All birds were raised and housed under the same conditions to ensure that age was the primary difference factor. Roosters were housed in individual hanging cages with ad libitum access to feed and nipple waterers. Twelve young roosters and 8 aged roosters were randomly assigned to one of two injection treatments, resulting in a 2 × 2 factorial of age (young or aged) by injection (CON or LPS). Each bird received an intramuscular injection of either 1 mg/kg body weight dosage of lipopolysaccharide (LPS) derived from Escherichia coli O55:B5 (Sigma-Aldrich, MO, USA) or an equivalent amount of 0.9% sterile saline as a control (CON). Intramuscular injection was chosen as the method of administration as birds were exposed to LPS while avoiding direct intravenous administration and preventing aerosolization associated with intranasal delivery, which could have impacted other research birds housed in the same facility. Each treatment dose was evenly divided across four sites, with ¼ of the injection administered to both the right and left sides of the breast and thigh muscles. Individual body weight and cloacal temperature data were collected to monitor physiological responses to injection. Body weight was measured immediately before injection (baseline) and 24 h post-injection (hpi), while cloacal temperature was recorded at all three timepoints (baseline, 6 hpi, and 24 hpi).



2.2 Peripheral blood mononuclear cell isolation

At all timepoints, approximately 750 μL-1 mL of blood was collected from the brachial vein of all roosters using heparinized syringes and collection tubes. PBMC were isolated using a high specific density gradient and processed following similar published methods (24–26). To limit granulocyte contamination, 3 mL of Histopaque 1077 was carefully layered onto 3 mL of Histopaque 1119 (Sigma Aldrich, MO, USA). Whole blood was diluted 1:1 with sterile, filtered phosphate-buffered saline (PBS, pH = 7.4), carefully layered onto Histopaque 1077, and centrifugation (650 x g for 35 min with minimal acceleration and brakes). Plasma and PBMC were collected from the Histopaque 1077 interface. Plasma was frozen at-80°C for CRP ELISA. Each PBMC sample was washed in PBS twice and resuspended in 1 mL of Seahorse assay media (pH 7.4, 37°C; Agilent, CA, USA). Each PBMC sample was enumerated using a hemocytometer after dilution to the same concentration with sterile, filtered PBS and trypan blue for viability assessment and enumerated by hemocytometer for use within the Seahorse XFe96 Analyzer (Agilent, CA, USA). Following use in Seahorse XF metabolic assays, 500 μL of a cryoprotective solution containing 85% chicken serum (Thermo Fisher Scientific, MA, USA) and 15% dimethyl sulfoxide (DMSO; Sigma-Aldrich, MO, USA) was added to each PBMC. All samples were frozen at-80°C prior to flow cytometric analysis in order to run all samples at the same time.



2.3 Flow cytometric analysis

PBMC from all three timepoints were thawed and washed in RPMI-1640 medium (Cytiva-Hyclone, Logan, UT) and resuspended in 500 μL sterile PBS (Corning, Corning, NY). Each PBMC sample was enumerated by hemocytometer and trypan blue staining before being aliquoted evenly across 6 polystyrene tubes (Corning, Corning, NY). The panel used in this study consisted of innate immune cell and lymphocyte markers: anti-chicken monocyte/macrophage PE (clone KUL01; mouse IgG1κ), anti-chicken cluster of differentiation (CD3) Pacific Blue™ (clone CT-3; mouse IgG1κ), anti-chicken CD1.1 FITC (clone CB3; mouse IgG1κ), anti-chicken CD4 PE/Cy7 (clone CT-4; mouse IgG1κ), anti-chicken CD8α Alexa Fluor® 700 (clone CT-8; mouse IgG1κ; Southern Biotech, Birmingham, AL). To address nonspecific binding, fluorescence-minus-one controls (FMO) and corresponding isotype controls were included in the staining procedure. The first tube of each sample contained a single mixture of all extracellular markers. Using the FMO method, subsequent tubes contained a similar mixture with one marker substituted by its corresponding isotype control. Isotype controls were diluted 1:10 in PBS for all staining. For each primary stain mixture, 0.4 μL antibody and 0.2 μL diluted isotype were added to 50 μL PBS for each sample. 50 μL of each primary stain mix was added to corresponding aliquoted sample tubes. All tubes were incubated on ice in the dark at 4°C for 30 min. Following staining, cells were washed, resuspended in 250 μL PBS, and analyzed on a BD FACSCanto™ cytometer (BD Biosciences, San Jose, CA). FlowJo version 10.5.0 software was used to identify individual cell populations (BD Biosciences, San Jose, CA). Singlet-live cell populations were used to identify monocyte/macrophage+ and CD3+ cells, while CD3+ populations were further gated to identify CD1.1+, CD4+, and CD8α+ cells.



2.4 Seahorse XF metabolic assays

Following PBMC isolation, fresh PBMC were plated into 96 well Seahorse XF cell culture microplates (Agilent, CA, USA) in quadruplicate and at a density of 200,000 cells/well for use in the Real-Time ATP Rate Assay and Glycolytic Rate Assay kits within the Seahorse XFe96 Analyzer (Agilent, CA, USA). Agilent User Guides were followed to perform all metabolic assays. Briefly, the Real-Time ATP Rate Assay evaluates total adenosine triphosphate (ATP) production alongside specific contributions from glycolysis and mitochondrial oxidative phosphorylation. This assay uses injections of metabolic inhibitors, namely oligomycin and a 1:1 mixture of rotenone and antimycin A (Rot/AA). Oligomycin inhibits ATP synthase in the mitochondrial electron transport chain (ETC), while Rot/AA targets complexes 1 (NADH oxidoreductase) and 3 (cytochrome bc1) of the ETC. The assay then quantifies glycolytic ATP (glycoATP), derived from the glycolytic pathway converting glucose to lactate, and mitochondrial ATP (mitoATP) from oxidative phosphorylation, with total ATP being the sum of glycoATP and mitoATP rates. In contrast, the Glycolytic Rate Assay measures real-time glycolytic rates, including compensatory and residual glycolysis, particularly after mitochondrial suppression by sequential injections of Rot/AA and 2-deoxy-D-glucose (2-DG), a glucose hexokinase inhibitor. Following baseline measurements (basal proton efflux rate and basal glycolysis), Rot/AA is injected, leading to mitochondrial respiration inhibition and forced glycolytic switch to meet energic demands. This allows for the estimation of compensatory glycolysis. Then, glycolysis is inhibited through the competitive binding of glucose hexokinase from 2-DG, which stops glycolytic acidification and allows for the inclusion of other sources of extracellular acidification, not attributed to glycolysis or the TCA cycle in the calculation of post-2-DG acidification. Wave software (version 2.6.1) monitors shifts in media pH, oxygen consumption, and hydrogen ion production throughout both assays.



2.5 C-reactive protein assay

Frozen 1:1 plasma to PBS samples were thawed and diluted 16,000-fold, a previously determined optimal C- reactive protein (CRP) concentration. All samples and standards were plated in duplicate at 100 μL/well on pre-coated plates, and the remaining protocols outlined by the Chicken CRP ELISA kit were followed (MyBioSource, San Diego, CA). O.D. absorbance was read at 450 nm using a microplate reader (Agilent, Santa Clara, CA).



2.6 Statistical analysis

All data were analyzed using the following model:

[image: image]

where yijk is the observed effect at each timepoint, 𝜇 is the overall mean value, Ai is the age main effect at the 𝑖𝑡ℎ level (𝑖 = 2; Young or Aged), Ij is the injection main effect at the 𝑗𝑡ℎ level (𝑗= 2, CON or LPS), (A x I)ij is the interaction of age and injection, and ϵijk is the random error term for each measurement. The UNIVARIATE procedure was used to identify outliers in each data set. No more than two outliers exceeding 2.5 standard deviations from the treatment mean were removed from the Seahorse metabolic data sets for the young rooster cohort at baseline, while all other data sets contained no outliers. Outlier removal was performed on individual measures, which included multiple repeated measures at the same timepoint, while all other data sets had no outliers. All data were analyzed using a mixed linear model with Tukey–Kramer adjustment to account for multiple comparisons (PROC MIXED, SAS 9.4, Cary, NC). The individual bird was the experimental unit. The random effect of the tube was used for flow cytometric data, and the random effect of rooster was used for all other data. Fixed effects of age, injection status, and the age X injection interaction were analyzed for all measures at each timepoint (baseline, 6 hpi, and 24 hpi). Least square means (LSMeans) and standard error (SEM) were reported, with significance observed at Tukey–Kramer adjusted p ≤ 0.05. The effect of time was initially included in the model, but due to resulting complex interaction effects, only data within timepoint is reported.




3 Results


3.1 Physiological outcomes

Before LPS injection, young (~1 yr) roosters weighed 0.53 kg more than aged (+2.5 yrs) roosters (p < 0.0001, Table 1). Aged roosters had a lower average baseline cloacal temperature by 0.55°C compared to young roosters (p = 0.01). At 6 hpi, aged roosters inoculated with LPS had significantly lower cloacal temperatures by 0.92–1.22°C compared to all other roosters (p = 0.01). No changes in temperature or starting BW were found at 24 hpi.



TABLE 1 Body weight and temperature by rooster age ± 1 mg/kg intramuscular LPS injection at all timepoints.
[image: Table1]



3.2 PBMC profile

At baseline, young roosters had 51.2% more CD3+ cells, and specifically, 30.5% more CD3+CD8α+ cells compared to aged roosters (p = 0.01 and p = 0.04, respectively; Figures 1B,E). No other differences in monocyte/macrophage+, CD3+CD1.1+, and CD3+CD4+ cells were found at baseline (p > 0.05; Figures 1A,C,D). At 6 hpi, aged LPS-administered roosters had significantly fewer monocyte/macrophage+ cells than all other groups, and this population recovered by 24 hpi (71.0–79.7%; p = 0.02, Figure 1A). No other queried populations were different at 6 hpi.
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FIGURE 1
 Percentages of (A) Monocyte/Macrophage+, (B) CD3+, (C) CD3+ CD1.1+, (D) CD3+ CD4+, and (E) CD3+ CD8α+ cells isolated from peripheral blood mononuclear cells of White Leghorn roosters (young and aged) ± 1 mg/kg intramuscular LPS injection at baseline, 6 hpi, and 24 hpi. Data represents the mean and SEM (n = 12 young and 8 aged roosters at baseline, n = 6 young and 4 aged roosters/treatment at 6 hpi, and n = 6 young and 4 aged roosters/treatment at 24 hpi). Different letter superscripts within a timepoint are significantly different (Adjusted p ≤ 0.05).


At 24 hpi, aged LPS-administered roosters had 29.8% fewer CD3+ cells than their counterpart control and 47.5% fewer than young LPS-administered roosters (p = 0.01, Figure 1B). A similar trend was observed in CD3+CD4+ cells, where aged LPS-administered roosters had 9.0% fewer CD3+CD4+ cells than aged control roosters (p = 0.02, Figure 1D), while young roosters remained unchanged. Aged LPS-administered roosters had 34.4% more CD3+CD1.1+ cells than their control counterparts, with young roosters showing no significant changes at 24 hpi (p = 0.001, Figure 1C). At 24 hpi, LPS reduced CD3+CD8α+ cells by 40.8% compared to young control roosters, with no differences observed in aged roosters due to LPS (p < 0.0001, Figure 1E).



3.3 Seahorse immunometabolic phenotype

Before LPS injection, mitochondrial ATP production increased in young roosters by 43.9% at baseline compared to aged (p = 0.01, Figure 2B), while glycolytic and total ATP production remained similar across ages (p > 0.05; Figures 2A,C). In addition, no differences in basal glycolysis, basal PER, compensatory glycolysis, or post-DG acidifications due to age were observed at baseline (p > 0.05, Figures 3A,D). At both 6 and 24 hpi, age, injection, and their interaction did not significantly affect ATP production rates nor glycolytic rate (p > 0.05; Figures 2A–C, 3A–C).
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FIGURE 2
 (A) Glycolytic, (B) mitochondrial, and (C) total ATP production of peripheral blood mononuclear cells isolated from 2 ages of White Leghorn roosters ±1 mg/kg intramuscular LPS injection at baseline, 6 hpi, and 24 hpi. Note that the y-axis is on a larger scale in panel (C). Data represent the mean and SEM (n = 10 young and 8 aged roosters at baseline, n = 6 young and 4 aged roosters/treatment at 6 hpi, and n = 6 young and 4 aged roosters/treatment at 24 hpi). Different letter superscripts within a timepoint are significantly different (Adjusted p ≤ 0.05).


[image: Figure 3]

FIGURE 3
 The basal proton efflux rate (PER) and glycolytic proton efflux rate (glycoPER) potential of peripheral blood mononuclear cells from (A–C) Young and (D–F) Aged roosters ±1 mg/kg intramuscular LPS inoculation at baseline, 6 hpi, and 24 hpi. Data represent the mean ± SEM (n = 12 young and 8 aged roosters at baseline, and n = 6 young and 4 aged roosters at 6 hpi and 24 hpi); no significant differences were found within any timepoint. This assay measures real-time glycolysis, including compensatory and residual glycolysis, by tracking extracellular acidification. After basal PER and glycolysis are measured, rotenone/antimycin A (Rot/AA) inhibits mitochondrial respiration, forcing a glycolytic shift to estimate compensatory glycolysis. This is followed by 2-deoxy-D-glucose (2-DG), which inhibits glycolysis, allowing differentiation of acidification sources beyond glycolysis and the TCA cycle.




3.4 Plasma C-reactive protein

At baseline, CRP concentrations were not different due to age (p = 0.97, Figure 4). At 6 hpi, LPS significantly reduced CRP in young roosters by 61.3% compared to young control, while aged roosters remained similar (p = 0.01). A delayed effect was observed in old roosters, where LPS induced 80.3% more CRP production in aged roosters than their control counterpart (p = 0.02). In contrast, young roosters administered with LPS showed CRP levels that had returned to values similar to control.
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FIGURE 4
 Plasma C-reactive protein concentration from genetic line roosters ±1 mg/kg intramuscular LPS injection at baseline, 6 hpi, and 24 hpi. Data represent the mean and SEM (n = 12 young and 8 aged roosters at baseline, n = 6 young and 4 aged roosters/treatment at 6 hpi, and n = 6 young and 4 aged roosters/treatment at 24 hpi). Different letter superscripts within a timepoint are significantly different (Adjusted p ≤ 0.05).





4 Discussion

In the present study, the effects of intramuscular LPS injection on physiological and metabolic phenotypes were investigated in PBMC isolated from two ages of adult White Leghorn roosters. CRP concentration, a biomarker for systemic inflammation and stress, was also measured to understand further the LPS model used in this study.

Age-related differences in baseline physiological measures were expected. Body weight tends to decline with age due to the loss of lean body mass and bone density (27). In line with this, aged roosters in this study weighed less than their younger counterparts. Additionally, baseline cloacal temperatures were lower in aged roosters. Reduced metabolic rate, altered thermoregulation efficiency, and decreased cardiovascular function may contribute to lower body temperatures and are often associated with aging in mammals (28–31), while these observations are more variable in avian species. However, both age groups fell within the normal body temperature range for poultry (32). In addition, young and aged roosters showed distinct immune cell profiles and metabolic activity at baseline. Young roosters had significantly higher percentages of CD3+ and CD3+CD8α+ cells than aged roosters, indicating a more circulating T-cell presence in the younger birds. Similarly, previous research involving H&N and Dekalb Delta White Leghorn chickens showed the portion of peripheral blood CD3+ and CD8+ lymphocytes significantly decreased from 9-wk-old juvenile birds to 79- or 80-wk-old adult birds (33). This may suggest an age-related decline in immune function. Metabolically, young roosters had a greater mitochondrial ATP production at baseline than older birds, suggesting more efficient energy production via oxidative phosphorylation in younger birds. However, glycolytic ATP production and total ATP output remained comparable between the two age groups, suggesting that glycolysis may be less affected by age. Despite age-related differences observed in ATP production, young and aged birds responded similarly to the Rot/AA and 2-DG inhibitors within the Glycolytic Rate Assay, showing an equal capability to switch between fuel sources. We have seen this previously in a laying hen injection model (25).

Regarding systemic inflammation, plasma CRP concentrations did not differ between young and aged roosters before injection, indicating that baseline inflammation levels measured by CRP were similar across ages. This indicates systemic inflammatory states were stable despite age-related differences in immune cell profiles and metabolism. Additionally, as both groups of roosters were raised and housed under identical conditions at the same poultry farm, external factors such as diet, housing, and general management were controlled. Hens were not included because there was not two ages of hens nor an age-matched cohort in the research flock. Therefore, the main difference between the two age groups was their accumulated exposure to environmental LPS over time in the same facility. Together, these findings suggest that younger roosters exhibit a stronger T-cell profile and greater mitochondrial ATP production, while other immune and metabolic parameters remain consistent across age groups prior to LPS challenge.

At 6 hpi, aged LPS-administered roosters showed significantly lower cloacal temperatures, suggesting a blunted fever response that may be attributed to age. A similar hypothermic response has also been observed in 3- and 5-wk-old Ross broilers following intravenous LPS injection of 1 mg/kg bw (Escherichia coli O127: B8) but had transitioned into a fever response by 5 hpi (13). In contrast, body temperature increased from 2 hpi through 16 hpi following intravenous LPS injection (Escherichia coli O127:B8) at the same dosage in 5-week-old broilers (7). Using an alternative LPS administration route, a fever response was observed as early as 2 h post-intraperitoneal injection of 1 and 2.5 mg/kg bw LPS (S. typhimurium) doses in 34-d-old Brown Nick layers (34). In the same study, a fever response occurred between 4–12 h post-LPS injection at doses of 0.1–5 mg/kg bw in layers, with peak fever observed at 4 hpi (34). Therefore, given the discrepancy between these findings, the lack of a fever response in the current study was unexpected but not entirely surprising, as physiological responses to LPS vary greatly across studies. Further, the current study may have been due to several experimental factors, including the timing of temperature monitoring, LPS administration route, LPS isolate strain, and differences in bird age or genetic line. Additionally, the potential of chronic exposure to low levels of environmental LPS in these roosters may have induced immune tolerance and be another plausible explanation for the lack of a significant fever response in a single LPS challenge.

In comparing immune cell profiles, aged LPS-administered roosters had significantly fewer monocyte/macrophage+ cells than all other groups at 6 hpi, suggesting cell migration from circulation to affected tissues due to LPS (35). However, no significant differences were observed in the other immune cell populations across age or treatment groups at this time point. Metabolically, ATP production rates and glycolytic activity were not significantly impacted by age, injection, or their interaction at 6 hpi. This suggests that PBMC cellular energy output from mitochondrial and glycolytic pathways remained stable regardless of LPS challenge or age of the roosters. Interestingly, both PER and glycoPER also remained consistent from baseline to 6 hpi in both age groups, suggesting LPS injection did not hinder PBMC ability to successfully switch from mitochondrial respiration to glycolysis to meet energy demands and maintenance requirements during this period. The steady metabolic activity and lack of change following Rot/AA and 2-DG injections further support this finding. These results were unexpected, given LPS is well known for activating innate immune responses and driving metabolic reprogramming, where immune cells shift from oxidative phosphorylation to glycolysis to meet increased energetic demands following activation (1, 3, 4, 36). Therefore, we anticipated a significant increase in glycolytic ATP production, PER, and glycoPER in LPS-administered birds, regardless of age.

Birds already rely heavily on glucose as an energy source, as their typical resting homeostatic glucose is above 200 mg/dL, and they are glucagon, not insulin-responsive (37). Metabolic shifts may not be as drastic upon immune activation due to prior experience with LPS, which is highly likely in adult chickens as LPS is commonplace in poultry environments. Poultry also already have a glucose-rich environment perhaps quickly accessible for peripheral immune cell activation. Therefore, 6 hpi may not be an optimal timepoint to capture the expected PBMC immune cell profile and metabolic shifts post-LPS injection. It is possible that metabolic changes occurred at earlier or later time points, emphasizing the need for future studies with expanded sampling windows to better characterize immune cell metabolism following LPS challenge. Previously, we have compared PBMC metabolism within 22- and 96-wk-old commercial White Leghorn laying hens during a Staphylococcus aureus challenge model (25). The results align with the current rooster study, as no significant age-related differences in baseline metabolic potential were observed in adult hens. However, the age differences are not directly aligned with those in the current work. Further, the previous study also suggested hens may have remained metabolically stressed from transport and re-housing past a 72-h acclimation period through 3 d post-Staphylococcus aureus inoculation, where the PBMC did not alter glycolytic capacity in response to inhibitor drugs (25). In contrast, roosters in the present study were already housed long-term on-site, eliminating transport stress as a confounding factor. However, the lack of metabolic response to Rot/AA seen in the baseline through 24 hpi profiles may have several explanations. Firstly, it could indicate acute handling stress, although the birds were handled regularly for semen collection. Alternatively, PBMC may have already been operating at preferred or maximal capacity for anaerobic glucose production, as the general profiles in Figure 3 shows a typical reduction in baseline PER response to 2-DG, which was reduced by LPS at 6 hpi (as a trend) and recovered by 24 hpi.

Previous work comparing different poultry lines and ages further highlights the metabolic variability at baseline and during immune challenge (25, 38, 39). A direct comparison of 6-wk-old Ross 308 broiler chicks to >56-wk-old broiler breeders revealed that older birds relied more on oxidative metabolism (40). Similarly, the aged layers over 100 wk. had increased metabolic capacity as well as comparatively increased reliance on oxidative metabolism compared to the young layer chicks. However, the older laying hens over 100 wk. preferred glycolysis, which is consistent with the current findings. Both young and aged hens retained the capacity to respond to metabolic inhibitors, with aged birds showing a heightened capacity (40).

Serum CRP assays were utilized in the current study to further assess immune activation and systemic inflammation at baseline and post-LPS challenge. CRP plays a key role in innate immune response, as it repairs damaged tissue, recognizes pathogens, and facilitates their removal through the complement system and phagocytes (41, 42). Increasing levels of circulating CRP have been detected in broilers following bacterial infections [Salmonella typhimurium lipopolysaccharide (43)]. In the current study, plasma CRP levels varied between groups at 6 hpi. Interestingly, young control roosters had higher CRP concentrations than their LPS-administered counterparts, suggesting a more pronounced inflammatory response in unstimulated birds at this timepoint. In contrast, aged roosters showed no significant difference in CRP levels until 24 h, indicating that a faster systemic inflammatory response was more pronounced in the younger controls compared to LPS-administered birds. These results strengthen the need for future studies with extended sampling timepoints to understand systemic inflammation in adult birds following intramuscular LPS challenge. Additionally, measuring pro-inflammatory cytokine expression, such as interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α), would be an alternative assay to investigate LPS-induced inflammation further. Using a similar LPS strain as the present study (Escherichia coli 055: B5), an intraperitoneally LPS dose of 1 mg/kg significantly increased IL-1, IL-6, and TNF-α in 20 and 27-d-old broilers (44).

By 24 hpi, immune responses of the roosters continued to differ based on age and LPS interaction. Initially observed differences in monocyte/macrophage cell populations at 6 hpi were resolved by 24 hpi, suggesting stabilization of an early innate immune response. However, LPS and age-related differences appeared within T-cell populations at 24 hpi. Young LPS-administered birds had more total CD3+ cells than their control counterparts, while aged LPS-administered roosters had fewer CD3+ and CD3+CD4+ cells than their control counterparts and young roosters. Interestingly, the inverse was observed in lipid antigen-presenting CD1.1+ cells, as aged LPS-administered roosters had more CD1.1+ cells than their control counterparts, while young roosters remained similar at 24 hpi. Meanwhile, young roosters had greater percentages of CD8α+ cytotoxic T-cells than their LPS-administered counterparts, which was not observed in aged roosters. These findings highlight age-related differences in immune activation, with young roosters having a stronger T-cell response, while aged roosters may have experienced impaired T-cell proliferation, delayed T-cell activation, and compensatory immune responses due to age-related immune decline and possible immunosenescence (45). However, further investigation is necessary to confirm peak shifts in cell populations and LPS clearance. For example, the increase in total CD3+ cells at 24 hpi may be the result of lymphatic migration, indicating 24 hpi was an appropriate timepoint to observe changes in CD3+ cell populations following intramuscular LPS injection, while alternative sampling timepoints may be more appropriate for remaining cell populations. Further, LPS-induced responses have been observed as early as 2 hpi, with peak responses recorded at 4 hpi in layers following intraperitoneally injection (34). Given intravenous and intraperitoneal LPS injections are known eliciting a rapid systemic immune response, selecting a timepoint after 6 hpi, but before 24 hpi, may be optimal to capture systemic responses that are delayed by the initial recruitment and activation of immune cells within the muscle tissue following intramuscular LPS injection. Regarding systemic inflammation at 24 hpi, plasma CRP concentrations were significantly elevated in aged LPS-administered roosters, while differences observed in young roosters at 6 hpi were resolved by 24 hpi. This may indicate a heightened inflammatory response in older birds at 24 hpi, whereas, in younger birds, CRP response to intramuscular LPS injection was not fully captured at the selected timepoints.

While physiological fever changes due to LPS injection were not observed within age groups in the current study, a notable change was observed in PBMC response post-LPS injection within the metabolic assays and immune profiles. Thus, LPS injection was adequate from a molecular standpoint as PMBC responded to metabolic challenges within the assays. This study provides insight into how metabolic activity, immune cell populations and CRP concentrations shift in PBMC adapt to meet cellular energy demands and support immune function following intramuscular LPS injection and clearance. The selected LPS dose may more closely align with a physiological stressor, such as manure cleanout within the facility while animals remain housed. Further investigation of increased LPS dosage and earlier sampling timepoint is warranted to further understand the effects of LPS on a cellular level and provide insight into stressors that may be seen in production as opposed to developing models that may not translate to industry situations.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

All procedures were approved by the Iowa State University Institutional Animal Care and Use Committee #22-113. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

KE: Data curation, Formal analysis, Investigation, Methodology, Project administration, Software, Visualization, Writing – original draft, Writing – review & editing. EB: Conceptualization, Data curation, Funding acquisition, Methodology, Project administration, Resources, Supervision, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. Experiment funding came from principal investigator discretionary funds and was not connected to any specific grant.



Acknowledgments

The authors wish to acknowledge the Iowa State Poultry Farm manager and staff for ongoing animal care.



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.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1547807/full#supplementary-material



Abbreviations


CRP, c-reactive proteins; PBMC, Peripheral blood mononuclear cells; PER, Proton efflux rate; pi, Post-injection; Rot/AA, Rotenone/antimycin A; 2-DG, 2-deoxy-D-glucose.




References

 1. Kogut, MH, Genovese, KJ, Swaggerty, CL, He, H, and Broom, L. Inflammatory phenotypes in the intestine of poultry: not all inflammation is created equal. Poult Sci. (2018) 97:2339–46. doi: 10.3382/ps/pey087 

 2. Chavakis, T. Immunometabolism: where immunology and metabolism meet. J Innate Immun. (2022) 14:1–3. doi: 10.1159/000521305 

 3. Warburg, O, Gawehn, K, and Geissler, AW. Metabolism of leukocytes. Zeitschrift fur Naturforschung Teil B, Chemie, Biochemie, Biophysik, Biologie und verwandte Gebiete. (1958) 13:515–6.

 4. Palsson-McDermott, EM, and O'neill, LA. The Warburg effect then and now: from cancer to inflammatory diseases. BioEssays. (2013) 35:965–73. doi: 10.1002/bies.201300084 

 5. Klasing, KC, Laurin, DE, Peng, RK, and Fry, DM. Immunologically mediated growth depression in chicks: influence of feed intake, corticosterone and interleukin-1. J Nutr. (1987) 117:1629–37. doi: 10.1093/jn/117.9.1629 

 6. Liu, L, Wang, D, Li, X, Adetula, AA, Khan, A, Zhang, B , et al. Long-lasting effects of lipopolysaccharide on the reproduction and splenic transcriptome of hens and their offspring. Ecotoxicol Environ Saf. (2022) 237:113527. doi: 10.1016/j.ecoenv.2022.113527 

 7. Jones, CA, Edens, FW, and Denbow, DM. Rectal temperature and blood chemical responses of young chickens given E. coli endotoxin. Poult Sci. (1981) 60:2189–94. doi: 10.3382/ps.0602189 

 8. Castle, S. Impact of age-related immune dysfunction on risk of infections. Z Gerontol Geriatr. (2000) 33:341–9. doi: 10.1007/s003910070030 

 9. Cheng, H, Freire, R, and Pajor, EA. Endotoxin stress responses in chickens from different genetic lines. 1. Sickness, behavioral, and physical responses. Poult Sci. (2004) 83:707–15. doi: 10.1093/ps/83.5.707 

 10. HogenEsch, H, Thompson, S, Dunham, A, Ceddia, M, and Hayek, M. Effect of age on immune parameters and the immune response of dogs to vaccines: a cross-sectional study. Vet Immunol Immunopathol. (2004) 97:77–85. doi: 10.1016/j.vetimm.2003.08.010 

 11. Parmentier, HK, Lammers, A, Hoekman, JJ, Reilingh, GD, Zaanen, IT, and Savelkoul, HF. Different levels of natural antibodies in chickens divergently selected for specific antibody responses. Dev Comparat Immunol. (2004) 28:39–49. doi: 10.1016/S0145-305X(03)00087-9 

 12. Siwek, M, Buitenhuis, B, Cornelissen, S, Nieuwland, M, Knol, EF, Crooijmans, R , et al. Detection of QTL for innate: non-specific antibody levels binding LPS and LTA in two independent populations of laying hens. Dev Comparat Immunol. (2006) 30:659–66. doi: 10.1016/j.dci.2005.09.004 

 13. de, S, Beyaert, R, Vandemaele, F, Baert, K, Duchateau, L, Goddeeris, B , et al. The influence of age and repeated lipopolysaccharide administration on body temperature and the concentration of interleukin-6 and IgM antibodies against lipopolysaccharide in broiler chickens. Avian Pathol. (2008) 37:39–44. doi: 10.1080/03079450701784875 

 14. Lieboldt, MA, Frahm, J, Halle, I, Schrader, L, Weigend, S, Preisinger, R , et al. Haematological and febrile response to Escherichia coli lipopolysaccharide in 12-week-old cockerels of genetically diverse layer lines fed diets with increasing L-arginine levels. J Anim Physiol Anim Nutr. (2017) 101:743–54. doi: 10.1111/jpn.12466 

 15. Lieboldt, MA, Frahm, J, Halle, I, Görs, S, Schrader, L, Weigend, S , et al. Metabolic and clinical response to Escherichia coli lipopolysaccharide in layer pullets of different genetic backgrounds supplied with graded dietary L-arginine. Poult Sci. (2016) 95:595–611. doi: 10.3382/ps/pev359 

 16. Zhang, R, Ji, J, Blaženović, I, Pi, F, Wang, T, Zhang, Y , et al. Investigation into cellular glycolysis for the mechanism study of energy metabolism disorder triggered by lipopolysaccharide. Toxins. (2018) 10:441. doi: 10.3390/toxins10110441 

 17. McGettrick, AF, and O'Neill, LA. How metabolism generates signals during innate immunity and inflammation. J Biol Chem. (2013) 288:22893–8. doi: 10.1074/jbc.R113.486464 

 18. Shimazu, R, Akashi, S, Ogata, H, Nagai, Y, Fukudome, K, Miyake, K , et al. MD-2, a molecule that confers lipopolysaccharide responsiveness on toll-like receptor 4. J Exp Med. (1999) 189:1777–82. doi: 10.1084/jem.189.11.1777 

 19. Lu, YC, Yeh, WC, and Ohashi, PS. LPS/TLR4 signal transduction pathway. Cytokine. (2008) 42:145–51. doi: 10.1016/j.cyto.2008.01.006

 20. Park, BS, Song, DH, Kim, HM, Choi, BS, Lee, H, and Lee, JO. The structural basis of lipopolysaccharide recognition by the TLR4-MD-2 complex. Nature. (2009) 458:1191–5. doi: 10.1038/nature07830 

 21. Ballou, SP, and Lozanski, G. Induction of inflammatory cytokine release from cultured human monocytes by C-reactive protein. Cytokine. (1992) 4:361–8. doi: 10.1016/1043-4666(92)90079-7 

 22. Black, S, Kushner, I, and Samols, D. C-reactive protein. J Biol Chem. (2004) 279:48487–90. doi: 10.1074/jbc.R400025200 

 23. Wu, Y, Potempa, LA, el Kebir, D, and Filep, JG. C-reactive protein and inflammation: conformational changes affect function. Biol Chem. (2015) 396:1181–97. doi: 10.1515/hsz-2015-0149 

 24. Cossarizza, A, Chang, HD, Radbruch, A, Acs, A, Adam, D, Adam-Klages, S , et al. Guidelines for the use of flow cytometry and cell sorting in immunological studies. Eur J Immunol. (2019) 49:1457–973. doi: 10.1002/eji.201970107 

 25. Fries-Craft, K, Meyer, MM, Sato, Y, El-Gazzar, M, and Bobeck, EA. Age and Staphylococcus aureus inoculation route differentially alter metabolic potential and immune cell populations in laying hens. Front Vet Sci. (2021) 8:653129. doi: 10.3389/fvets.2021.653129 

 26. Strasser, A, Kalmar, E, and Niedermüller, H. A simple method for the simultaneous separation of peripheral blood mononuclear and polymorphonuclear cells in the dog. Vet Immunol Immunopathol. (1998) 62:29–35. doi: 10.1016/S0165-2427(97)00150-5 

 27. Rath, NC, Huff, GR, Huff, WE, and Balog, JM. Factors regulating bone maturity and strength in poultry. Poult Sci. (2000) 79:1024–32. doi: 10.1093/ps/79.7.1024 

 28. Keys, A, Taylor, HL, and Grande, F. Basal metabolism and age of adult man. Metabolism. (1973) 22:579–87. doi: 10.1016/0026-0495(73)90071-1 

 29. Duffy, PH, Feuers, RJ, Pipkin, JL, Turturro, A, and Hart, RW. Age and temperature related changes in behavioral and physiological performance in the Peromyscus leucopus mouse. Mech Ageing Dev. (1997) 95:43–61. doi: 10.1016/S0047-6374(96)01834-9 

 30. Van Someren, EJ, Raymann, RJ, Scherder, EJ, Daanen, HA, and Swaab, DF. Circadian and age-related modulation of thermoreception and temperature regulation: mechanisms and functional implications. Ageing Res Rev. (2002) 1:721–78. doi: 10.1016/S1568-1637(02)00030-2 

 31. Fleg, JL. Alterations in cardiovascular structure and function with advancing age. Am J Cardiol. (1986) 57:C33–44. doi: 10.1016/0002-9149(86)91025-8

 32. Donkoh, A. Ambient temperature: a factor affecting performance and physiological response of broiler chickens. Int J Biometeorol. (1989) 33:259–65. doi: 10.1007/BF01051087 

 33. Bridle, BW, Julian, R, Shewen, PE, Vaillancourt, JP, and Kaushik, AK. T lymphocyte subpopulations diverge in commercially raised chickens. Can J Vet Res. (2006) 70:183–90.

 34. Leshchinsky, TV, and Klasing, KC. Divergence of the inflammatory response in two types of chickens. Dev Comparative Immunol. (2001) 25:629–38. doi: 10.1016/S0145-305X(01)00023-4 

 35. Imhof, BA, and Aurrand-Lions, M. Adhesion mechanisms regulating the migration of monocytes. Nat Rev Immunol. (2004) 4:432–44. doi: 10.1038/nri1375 

 36. Rambold, A, and Pearce, E. Mitochondrial dynamics at the interface of immune cell metabolism and function. Trends Immunol. (2018) 39:6–18. doi: 10.1016/j.it.2017.08.006 

 37. Sweazea, KL. Revisiting glucose regulation in birds - a negative model of diabetes complications. Comp Biochem Physiol B Biochem Mol Biol. (2022) 262:110778. doi: 10.1016/j.cbpb.2022.110778 

 38. Meyer, MM, Lamont, SJ, and Bobeck, EA. Mitochondrial and glycolytic capacity of peripheral blood mononuclear cells isolated from diverse poultry genetic lines: optimization and assessment. Front Vet Sci. (2022) 8:815878. doi: 10.3389/fvets.2021.815878 

 39. Fries-Craft, K, Lamont, SJ, and Bobeck, EA. Implementing real-time immunometabolic assays and immune cell profiling to evaluate systemic immune response variations to Eimeria challenge in three novel layer genetic lines. Front Vet Sci. (2023) 10:1179198. doi: 10.3389/fvets.2023.1179198 

 40. Bobeck, EA. Divergent cellular fuel preferences in primary immune cells isolated from commercial type laying hens and broilers. Proceedings of the poultry science association 107th annual meeting; 2018; San Antonio, TX. (2018).

 41. Mahajan, A, Herrmann, M, and Muñoz, LE. Clearance deficiency and cell death pathways: a model for the pathogenesis of SLE. Front Immunol. (2016) 7:35. doi: 10.3389/fimmu.2016.00035 

 42. Pepys, MB, and Hirschfield, GM. C-reactive protein: a critical update. J Clin Invest. (2003) 111:1805–12. doi: 10.1172/JCI200318921

 43. Rauber, RH, Perlin, VJ, Fin, CD, Mallmann, AL, Miranda, DP, Giacomini, LZ , et al. Interference of Salmonella typhimurium lipopolysaccharide on performance and biological parameters of broiler chickens. Brazilian J Poultry Sci. (2014) 16:77–81. doi: 10.1590/S1516-635X2014000100011

 44. Yang, X, Guo, Y, He, X, Yuan, J, Yang, Y, and Wang, Z. Growth performance and immune responses in chickens after challenge with lipopolysaccharide and modulation by dietary different oils. Animal. (2008) 2:216–23. doi: 10.1017/S1751731107001188 

 45. Miller, RA. Aging and immune function. Int Rev Cytol. (1991) 124:187–215. doi: 10.1016/S0074-7696(08)61527-2


Copyright
 © 2025 Elmore and Bobeck. 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/images/fvets-12-1547807-g004.jpg
CRP concentration (ng/ml)

Young, CON

a E Young, LPS
[ Aged, CON
B Aged, LPS

Baseline

6hpi
Timepoint

24hpi





OPS/images/fvets-12-1547807-t001.jpg
Measure Adj. p-value

Trt!
BW (kg)
Baseline 238005 - 185+ 0.06" - <0.0001 - -
24 hpi 242007 226007 184008 178+0.08 <0.0001 0.16 047
ABW for 24 hpi ~004£001 ~004£001 ~002+002 ~004+002 - - -

Temperature (°C)

Baseline 4133012 - 40784013 - 0.01 - -
6 hpi 4148 £0.18° 4162018 4132£021° 4040£021° 0.002 0.06 001
24 hpi 41060.16 413220.16 40934019 40914019 014 051 045
ATemperature for 6
N 021009 023£0.17 0.49%0.16 ~033£0.16 - - -
pi

ATemperature for 24

~0.20£0.09 ~0.06 £ 0.06 0.10£0.16 018016 - - -

i

Data represents the mean + SEM (n = 12 young and 8 aged roosters a baseline, 1 = 6 young and 4 aged roosters/treatment at 6 hpi, and 11 = 6 young and 4 aged roosters/treatment at 24 hpi).
ifferent letter superscripts within a timepoint are significantly different (Adjusted p < 0.05). "Trt, Injection main effect.






OPS/images/fvets-12-1547807-g002.jpg
A

k Ag w%wmgn u;. vpgmwgm)g

Basine

Glycolytic

6ol 24
‘Study Timepoint

ATP Production Rte (pmolimin)

Mitochondrial

3¥58883

o
Baseline _ 6hpi 24hpi
‘Study Timepoint

ATP Production Rate (pmolmin)

&

o
Basaline

Total

6o
‘Study Timepoint

2

i
t5g





OPS/images/fvets-12-1547807-g003.jpg
>
g & &

g

Young
H

Proton Effux Rate (pmolimin)

H

o

§ £

Aged
Proton Eux Rte (pmelimin)
3 8

H

Baseline B 6 hpi (63 24 hpi
ven so0 @ pen cou o0 o pescon

Somren Shemencon = Roumn 206 8 Ghren con
£ @ PER LS £ ® PER.LPS
fuo SR Ewo ) tENRs
H Rotan 200 £
g e
200 2 200
B H
£ £ 10

i [
IR R IERRRRERREX]
Messuremont Messurement
- PER E 500- 500-
B Shren

RouAA 206

Proton Efflux Rate (pmolimin)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Metabolic and immune profiles of 1-year and 2.5+ year-old white leghorn roosters following intramuscular lipopolysaccharide injection



		1 Introduction



		2 Materials and methods



		2.1 Animals, housing, and treatments



		2.2 Peripheral blood mononuclear cell isolation



		2.3 Flow cytometric analysis



		2.4 Seahorse XF metabolic assays



		2.5 C-reactive protein assay



		2.6 Statistical analysis









		3 Results



		3.1 Physiological outcomes



		3.2 PBMC profile



		3.3 Seahorse immunometabolic phenotype



		3.4 Plasma C-reactive protein









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		Abbreviations



		References



















OPS/images/fvets-12-1547807-e001.jpg
Vi = g+ A+ 1+ (Ax D)+





OPS/images/fvets-12-1547807-g001.jpg
% of Live Cells
s 2 =
& 8 8

N
8

% of CD3* Cells
IS
3

Monocyte/Macrophage®

Baseline

Baseline

Baseline

6 hpi
Study Timepoint

cD3*cb1.1*

6 hpi
Study Timepoint

CD3*CD8a*

6 hpi
Study Timepoint

24 hpi

24 hpi

24 hpi

% of Live Cells.

cp3*

3
2

a
8

N
8

Baseline 6 hpi 24 hpi
Study Timepoint

cD3*cD4*

Baseline 6 hpi 24 hpi
Study Timepoint






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

Metabolic and immune profiles of
1-year and 2.5+ year-old white
leghorn roosters following
intramuscular lipopolysaccharide
injection












OPS/images/crossmark.jpg
©

2

i

|






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






