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ABSTRACT 

The dietary provision of omega-3 polyunsaturated fatty acids (PUFA), including alpha-

linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), has 

gained considerable attention, particularly in poultry nutrition. While omega-3 PUFA 

supplementation in laying hens has primarily focused on producing omega-3 enriched eggs 

for human consumption, there are no established nutritional guidelines for their inclusion 

in laying hen diets. Additionally, the potential benefits of omega-3 PUFA in pullet feeding 

programs remain underexplored, despite pullets’ susceptibility to immune stressors. This 

project aimed to determine how different types and levels of dietary omega-3 PUFA 

influence the health and productivity of pullets and laying hens, particularly under immune 

challenge. Using an established lipopolysaccharide (LPS) model, we evaluated 

immunomodulatory effects by analyzing oxylipin and their precursor fatty acids, along 

with the expression of immune receptors and cytokines in relevant tissues. 

In the initial study, we characterized the acute inflammatory response to LPS in laying hens 

by measuring protein and mRNA levels of key pro- and anti-inflammatory mediators at 0, 

1, 2, 3, 4, and 6 hours post-injection. Peak immune activation occurred at 2 hours post-

challenge, establishing the optimal sampling time for subsequent studies. 

In the second and third studies, birds were fed diets enriched with EPA and DHA from fish 

oil (FO), or with increasing levels of ALA from flaxseed oil (FSO) or DHA from algal 

biomass. Samples were collected at the 2-hour post-LPS time point to assess the 

immunomodulatory potential of these PUFA. FO supplementation led to increased plasma 

and liver levels of EPA- and DHA-derived oxylipins, while reducing omega-6 PUFA and 

their oxylipins. LPS challenge decreased total oxylipin levels by approximately 31% in 
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FO-fed birds. FO also decreased oxylipins associated with higher soluble epoxide 

hydrolase (sEH) activity under saline conditions but increased them under LPS challenge. 

While LPS induced all measured splenic cytokines, FO supplementation did not attenuate 

their expression. 

In contrast, diets enriched with ALA via FSO resulted in higher plasma ALA, and ALA-

derived oxylipins under both saline and LPS treatment, whereas algal biomass diet high in 

DHA had no effect on ALA levels. Increasing both ALA and DHA levels in diets 

significantly elevated plasma EPA and DHA levels, but only the DHA diet significantly 

enhanced EPA- and DHA-derived oxylipins and reduced plasma ARA. Similar fatty acid 

profiles were observed in the liver. Importantly, DHA supplementation at ≥0.4% 

suppressed splenic IL-8 and IL-10 expression. 

Overall, different types and levels of dietary omega-3 PUFA distinctly influence 

inflammatory responses in poultry. Supplementation with omega-3 PUFA FSO, FO or 

algal biomass can beneficially modulate oxylipin synthesis following immune challenge in 

pullets and laying hens. Notably, DHA-enriched diets using algal biomass demonstrated 

selective immunomodulatory effects by downregulating the expression of pro-

inflammatory cytokines. These findings suggest that incorporating omega-3 PUFA into 

poultry diets holds potential for enhancing immune resilience and supporting overall health.  

Keywords: omega-3 PUFA, LPS, pullets, laying hens, immune response  



iii 

 

ACKNOWLEDGEMENTS 

I would like to express my deepest gratitude to my late advisor, Dr. James D House (Dec 

7, 1965 - Sept 10, 2024), whose kindness and mentorship guided me through much of my 

PhD journey. His encouragement and expertise were invaluable, and his impact on my 

work and growth as a researcher will always be remembered. 

I am profoundly grateful to my current advisor, Dr. Chengbo Yang, who took on this role 

in my fourth year. His support, guidance, and commitment have been instrumental in 

helping me complete this work, and I truly appreciate his help to my success. I would also 

like to thank my committee members, Dr. Heather Blewett and Dr. Anna Rogiewicz, for 

their insights, encouragement, and expertise, which have been essential to the development 

of this research. 

Special thanks to Dr. Harold Aukema for his invaluable assistance with manuscript 

preparation. His guidance and support in navigating the complexities of scientific writing 

have been a great asset to my work. 

I would like to acknowledge funding provided by Natural Sciences and Engineering 

Research Council of Canada (NSERC), Egg Farmer of Canada, Manitoba Egg Farmers, 

and University of Manitoba Graduate Fellowship (UMGF). 

I am highly grateful for the research and technical assistant from Tanja Winter, Dennis 

Joseph, Shari Rey and Jason Neufeld at different stages of my program; and support with 

animal care from Gemmar Maramot for the whole period of laying hens feeding. I am also 

thankful for my peer lab members and other graduate students at the Department of Animal 

Science and Department of Food and Human Nutritional Sciences during my program.  



iv 

 

More importantly, my thanks go to my beloved parents, and my husband, for their 

continuous love, support, encouragement, and understanding. Their belief in me has been 

a source of strength during even the most demanding times. 

Finally, I would like to acknowledge my own hard work, resilience, and dedication over 

these years. The journey of completing this PhD has been filled with challenges, growth, 

and achievements, and I am proud of the commitment I have shown in seeing it through. 

To all who have supported and believed in me, thank you. 

 

  



v 

 

DEDICATION 

In memory of Dr. James House, 

whose unwavering guidance, kindness, and encouragement gave me the confidence to 

navigate this challenging journey. Without his belief in me, I would not have found the 

courage to persevere and grow. His wisdom and inspiration will continue to guide me as I 

move forward in my future endeavors. 

May Dr. House rest in peace. 



vi 

 

FOREWORD 

This thesis was prepared in accordance with the manuscript format and was composed of 

three manuscripts. The published manuscripts and manuscripts under preparation were 

listed as follows:  

 

Chapter 4: Jing, M., Li, S., Zhao, S., & House, J. D. (2024). Splenic gene expression of 

cytokines at multiple time points following lipopolysaccharide challenge in 

layers. American Journal of Veterinary Research, 85(5):1-7.  

Part of this thesis has been presented as a poster presentation at the Manitoba Sustainable 

Protein Research Symposium, Winnipeg, MB, Canada, Jun 2022. 

 

Chapter 5: Li S., Jing M., Plaksii M., Zhao S., Yang C. House, J. D. &. Aukema H. M. The 

dietary effect of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) enriched 

fish oil (FO) on performance, fatty acid deposition, plasma oxylipins and cytokines in 

response to lipopolysaccharide (LPS) challenge in laying hens (Submitted to Journal of 

Nutrition) 

Part of this thesis has been presented as a poster presentation at the Poultry Science 

Association Annual Meeting, Philadelphia, PA, United States, Jul 2023. 

 

Chapter 6: Li S., Jing M., Wan Z., Plaksii M., Zhao S., Aukema H. M., Yang C. & House, 

J. D. The effect of increasing levels of omega-3 fatty acids from either flaxseed oil or 

preformed docosahexaenoic acid (DHA) on performance, fatty acid composition, plasma 



vii 

 

oxylipins and immune mediators in response to lipopolysaccharide (LPS) challenge in 

pullets (Under preparation) 

Part of this thesis has been presented as oral presentation at the Poultry Science Association 

Annual Meeting, Philadelphia, PA, United States, Jul 2023.



viii 

 

CONTRIBUTIONS OF AUTHORS 

This thesis was primarily prepared by Shengnan Li, and reviewed, revised, and approved 

by both internal and external examiners, including Dr. Chengbo Yang (advisor), Dr. Anna 

Rogiewicz (committee member), Dr. Heather Blewett (committee member), and Dr. Xin 

Zhao (external examiner, McGill University). 

All authors listed in the manuscripts presented in Chapters Four through Six have reviewed 

and approved the final versions of their respective chapters. Individual contributions to 

each manuscript are outlined as follows: 

Chapter Four – Manuscript I: 

Dr. James D. House and Shengnan Li designed the study. Shengnan Li and Shusheng Zhao 

conducted animal trials and collected samples. Mingyan Jing and Shengnan Li performed 

laboratory analyses. Mingyan Jing conducted the statistical analysis and wrote the 

manuscript. 

Chapter Five – Manuscript II: 

Dr. James D. House, Dr. Harold M. Aukema, and Dr. Mingyan Jing designed the study. 

Shengnan Li, Maryna Plaksii, and Shusheng Zhao performed the animal trial and sample 

collection. Shengnan Li conducted sample and statistical analyses. The manuscript was 

written by Dr. Harold M. Aukema and Shengnan Li. Dr. Chengbo Yang edited and 

reviewed the manuscript. 

Chapter Six – Manuscript III: 

Dr. James D. House, Dr. Harold M. Aukema, and Dr. Mingyan Jing designed the study. 

Shengnan Li, Zhongyan Wan, Maryna Plaksii, and Shusheng Zhao conducted the animal 



ix 

 

trial and sample collection. Shengnan Li performed the sample analysis, statistical analysis, 

and wrote the manuscript. Dr. Chengbo Yang edited and reviewed the manuscript. 



x 

 

TABLE OF CONTENT 

ABSTRACT .................................................................................................................... I 

ACKNOWLEDGEMENTS ........................................................................................... III 

DEDICATION ............................................................................................................... V 

FOREWORD ................................................................................................................ VI 

CONTRIBUTIONS OF AUTHORS ........................................................................... VIII 

LIST OF TABLES ..................................................................................................... XVI 

LIST OF FIGURES .................................................................................................... XIX 

LIST OF ABBREVIATIONS ....................................................................................XXII 

CHAPTER 1 GENERAL INTRODUCTION .................................................................. 1 

CHAPTER 2 LITERATURE REVIEW ........................................................................... 5 

2.1 Introduction to fatty acids (FA) .............................................................................. 5 

2.1.1 Structure and category of FA ........................................................................... 5 

2.2 Omega-3 and omega-6 PUFA ................................................................................ 5 

2.2.1 Conversion of ALA and LA to long chain (LC)-PUFA .................................... 6 

2.2.2 Dietary sources of omega-3 and omega-6 PUFA .............................................. 8 

2.3 Manipulating omega-3 PUFA into poultry diet ..................................................... 11 

2.3.1 Dietary enrichment for laying hens ................................................................ 11 

2.3.2 Dietary enrichment for pullets........................................................................ 14 

2.4 Inflammatory process ........................................................................................... 15 



xi 

 

2.5 Oxylipins: lipid mediators of PUFA ..................................................................... 16 

2.5.1 Formation of oxylipins .................................................................................. 16 

2.5.2 Oxylipins derived from omega-6 PUFA ......................................................... 19 

2.5.3 Oxylipin derived from omega-3 PUFA .......................................................... 20 

2.5.4 Omega-3 PUFA and oxylipins in poultry ....................................................... 24 

2.6 Cytokines and transcription factors involved in inflammatory process .................. 25 

2.6.1 Overview of cytokines ................................................................................... 25 

2.6.2 Inflammatory signaling and transcription factor activation ............................. 25 

2.6.4 Omega-3 PUFA and cytokines ....................................................................... 27 

2.7 Lipopolysaccharide (LPS) .................................................................................... 28 

2.7.1 The use of LPS on avian species .................................................................... 29 

2.8 Summary ............................................................................................................. 30 

CHAPTER 3 HYPOTHESES AND OBJECTIVES ....................................................... 31 

3.1 Hypotheses .......................................................................................................... 31 

3.1.1 General hypothesis ........................................................................................ 31 

3.1.2 Specific Hypotheses ...................................................................................... 31 

3.2 Objectives ............................................................................................................ 31 

CHAPTER 4 MANUSCRIPT I ..................................................................................... 33 

THE TIME COURSE STUDY: SPLENIC GENE EXPRESSION OF CYTOKINES 

AFTER THE LPS CHALLENGE IN LAYING HENS1 ................................................ 33 



xii 

 

4.1 Abstract ............................................................................................................... 34 

4.2 Introduction ......................................................................................................... 36 

4.3 Materials and methods ......................................................................................... 37 

4.3.1 Experimental animals .................................................................................... 37 

4.3.2 Experimental design ...................................................................................... 38 

4.3.3 RNA isolation and cDNA synthesis ............................................................... 39 

4.3.4 qRT-PCR analysis ......................................................................................... 39 

4.3.5 Measurement of serum IL-6 concentrations ................................................... 42 

4.3.6 Statistical analysis ......................................................................................... 42 

4.4 Results ................................................................................................................. 42 

4.4.1 Measurement of body temperature ................................................................. 42 

4.4.2 Relative mRNA expression of inflammation regulatory genes in spleen ......... 44 

4.4.3 Concentration of IL-6 in serum ...................................................................... 49 

4.5 Discussion............................................................................................................ 51 

4.6 Conclusion ........................................................................................................... 56 

BRIDGE TO CHAPTER 5 ............................................................................................ 57 

CHAPTER 5 MANUSCRIPT II .................................................................................... 58 

THE DIETARY EFFECT OF EICOSAPENTAENOIC ACID (EPA) AND 

DOCOSAHEXAENOIC ACID (DHA) FROM FISH OIL (FO) ON PERFORMANCE, 

FATTY ACID DEPOSITION, PLASMA OXYLIPINS AND CYTOKINES IN 



xiii 

 

RESPONSE TO LIPOPOLYSACCHARIDE (LPS) CHALLENGE IN LAYING HENS

 ...................................................................................................................................... 58 

5.1 Abstract ............................................................................................................... 59 

5.2 Introduction ......................................................................................................... 61 

5.3 Materials and methods ......................................................................................... 64 

5.3.1 Animals and experimental design .................................................................. 64 

5.3.2 Sample collection and measurements ............................................................. 68 

5.3.3 Fatty acids extraction and analysis ................................................................. 68 

5.3.4 Oxylipin extraction in plasma ........................................................................ 69 

5.3.5 Total RNA extraction and reverse transcription ............................................. 69 

5.3.6 qRT-PCR analysis ......................................................................................... 69 

5.3.7 Statistical analysis ......................................................................................... 72 

5.4 Results ................................................................................................................. 73 

5.4.1 Hen performance ........................................................................................... 73 

5.4.2 Fatty acid composition of yolks, liver, and plasma ......................................... 75 

5.4.3 Principal Component Analysis of plasma oxylipins ....................................... 84 

5.4.4 Plasma omega-3 oxylipins ............................................................................. 97 

5.4.6 Plasma PUFA epoxides and corresponding diols.......................................... 107 

5.4.7 Relative mRNA expression .......................................................................... 109 

5.5. Discussion......................................................................................................... 112 



xiv 

 

5.6 Conclusion ......................................................................................................... 118 

BRIDGE TO CHAPTER 6 .......................................................................................... 119 

CHAPTER 6 MANUSCRIPT III ................................................................................. 120 

THE EFFECT OF INCREASING LEVELS OF OMEGA-3 PUFA FROM EITHER 

FLAXSEED OIL OR PREFORMED DOCOSAHEXAENOIC ACID (DHA) ON 

PERFORMANCE, FATTY ACID COMPOSITION, PLASMA OXYLIPINS AND 

IMMUNE MEDIATORS IN RESPONSE TO LIPOPOLYSACCHARIDE (LPS) 

CHALLENGE IN PULLET ........................................................................................ 120 

6.1 Abstract ............................................................................................................. 121 

6.2 Introduction ....................................................................................................... 123 

6.3 Material and methods ......................................................................................... 125 

6.3.1 Chickens and experimental design ............................................................... 126 

6.3.2 Sample collection and measurement ............................................................ 131 

6.3.3 Fatty acid extraction and analysis ................................................................ 131 

6.3.4 Oxylipin extraction and analysis .................................................................. 131 

6.3.5 Total RNA extraction and reverse transcription ........................................... 132 

6.3.6 qRT-PCR analysis ....................................................................................... 132 

6.3.7 Statistical analysis ....................................................................................... 135 

6.4 Results ............................................................................................................... 136 

6.4.1 Growth performance .................................................................................... 136 

6.4.2 Omega-3 PUFA composition in liver and plasma......................................... 139 



xv 

 

6.4.4 Supplementation of ALA and DHA effects on omega-3 oxylipins ............... 146 

6.4.5 Supplementation of ALA and DHA effects on omega-6 oxylipins ............... 150 

6.4.6 Relative splenic mRNA expressions of cytokines ........................................ 156 

6.5 Discussion.......................................................................................................... 160 

6.6 Conclusion ......................................................................................................... 164 

CHAPTER 7 GENERAL DISCUSSION AND CONCLUSION .................................. 166 

7.1 General discussion ............................................................................................. 166 

7.2 General conclusion ............................................................................................. 172 

CHAPTER 8 FUTURE DIRECTIONS........................................................................ 173 

CHAPTER 9 LITERATURE CITED .......................................................................... 174 

 



xvi 

 

LIST OF TABLES 

Table 2.1. Contents of omega-3 PUFA in selected plant and oils with Values are g/100g.

 ...................................................................................................................................... 10 

Table 4.1. Primers used for qRT-PCR. .......................................................................... 41 

Table 4.2 mRNA expression profile of inflammation regulatory genes at different time 

points following LPS challenge in layers1. ..................................................................... 45 

Table 4.3 Splenic mRNA abundance of inflammation regulatory genes at different time 

points after LPS administration...................................................................................... 47 

Table 4.4 Splenic mRNA abundance of inflammation regulatory genes at different time 

points after saline administration. .................................................................................. 48 

Table 5.1 Ingredients and nutrient composition of experimental laying hen diets1. ........ 65 

Table 5.2. Analyzed fatty acid composition of fish oil and experimental diets in laying 

hens1. ............................................................................................................................ 67 

Table 5.3. Primer sequences for quantitative real-time PCR. ......................................... 71 

Table 5.4. Performance of hens (from 42 to 48 weeks of age) provided either the control 

or fish oil diet1. .............................................................................................................. 74 

Table 5.5. Fatty acid composition of egg yolk (mg/yolk) of laying hens provided either the 

control or fish oil diet1. .................................................................................................. 76 

Table 5.6. Fatty acid composition in liver (mg/g) of laying hens provided either the control 

or fish oil diet followed by saline or LPS challenge1. ..................................................... 78 

Table 5.7. Fatty acid composition in plasma (mg/mL) of laying hens provided either the 

control or fish oil diet followed by saline or LPS challenge1. ......................................... 80 



xvii 

 

Table 5.8 A full list of correlations between selected variables and the principal component 

score from PCA for oxylipin profile in plasma of laying hens provided either the control 

or fish oil diet (A); control diet only (B); and fish oil diet only (C) followed by saline or 

LPS challenge. .............................................................................................................. 91 

Table 5.9. Oxylipin compositions (ng/mL) in plasma of laying hens provided either the 

control or fish oil diet followed by saline or LPS challenge1. ....................................... 103 

Table 5.10. Precursor PUFA epoxides to their corresponding diols (ng/mL) in plasma of 

laying hens provided either the control or fish oil diet followed by saline or LPS challenge1.

 .................................................................................................................................... 108 

Table 5.11. Relative mRNA expression of cytokines and receptor in the spleen of laying 

hens provided either the control or fish oil diet followed by saline or LPS challenge1. . 111 

Table 6.1. Ingredients and nutrient composition of experimental diets for pullets including 

Starter (0-4 weeks), Grower (9-12 weeks) and Finisher (13-16 weeks) containing 

increasing levels of total omega-3 PUFA1.................................................................... 127 

Table 6.2. Analyzed FA composition of experimental diets for pullets including Starter (0-

4 weeks), Grower (9-12 weeks) and Finisher (13-16 weeks) containing increasing levels of 

total omega-3 PUFA1. ................................................................................................. 130 

Table 6.3. Primer sequences for quantitative real-time PCR. ....................................... 134 

Table 6.4. Performance of pullets (from 20 to 28 weeks of age) consuming diets containing 

increasing levels of total omega-3 derived from either ALA diets (from FSO) or algal DHA 

diets1. .......................................................................................................................... 137 



xviii 

 

Table 6.5. Liver fatty acid composition (mg/g) of pullets (16-week-old) fed the control diet 

and diets with increasing levels of total omega-3 PUFA derived from either ALA or DHA 

following the LPS challenge1....................................................................................... 144 

Table 6.6. Plasma fatty acid composition (mg/mL) of pullets (16-week-old) fed control 

diet and diets with increasing levels of total omega-3 PUFA derived from either ALA or 

DHA following the LPS challenge1. ............................................................................ 145 

Table 6.7. The composition of plasma oxylipins derived from omega-3 and omega-6 

PUFA (ng/mL) of pullets (16-week-old) fed the control diet and diets with increasing levels 

of total omega-3 PUFA derived from ALA or DHA following the LPS challenge1. .... 152 

Table 6.8. Interaction effects oxylipins derived from omega-3 and omega-6 PUFA (ng/mL) 

of pullets (16-week-old) fed the control diet and diets with increasing levels of total omega-

3 PUFA derived from ALA or DHA following the LPS challenge. .............................. 154 

Table 6.9. Relative mRNA expression of pro- and anti-inflammatory cytokines in the 

spleen of laying hens fed the control diet and diets with increasing levels of total omega-3 

derived from ALA or DHA following LPS challenge1. ................................................ 159 



xix 

 

LIST OF FIGURES 

Figure 2.1. The general pathway for conversion of LA and ALA to LC-PUFA. .............. 7 

Figure 2.2. LA- and ARA–derived oxylipins and their metabolisms.............................. 18 

Figure 2.3. ALA- (A), EPA- (B) and DHA- (C) derived oxylipins and their metabolisms.

 ...................................................................................................................................... 21 

Figure 2.4. Biosynthesis of E-series resolvins via EPA. ................................................ 21 

Figure 2.5. Biosynthesis of D-series resolvins, maresins, and protectins via DHA. ........ 23 

Figure 4.1. Changes over time in the rectal temperature of LPS and saline-injected laying 

hens (Means ± SEM, n = 3). .......................................................................................... 43 

Figure. 4.2. Changes over time in the concentration of serum IL-6 in LPS and saline-

injected laying hens (Means ± SEM, n = 3). .................................................................. 50 

Figure 5.1. The concentration of total LA (A), ARA (B), total omega-6 PUFA (C) and 

omega-6:omega-3 PUFA (D) in plasma of laying hens provided either the control or fish 

oil diet followed by saline or LPS challenge. ................................................................. 81 

Figure 5.2. The concentration of total ALA (A), EPA (B), DPA (C) and DHA (D) and total 

omega-3 PUFA (E) in plasma of laying hens provided either the control or fish oil diet 

followed by saline or LPS challenge. ............................................................................. 83 

Figure 5.3. Multivariate analysis of oxylipins. (A) PCA of oxylipins in plasma of laying 

hens provided either the control or FO diet followed by saline or LPS challenge. (B) 

Loading coefficients of correlations for top 10 oxylipins to PC1 and PC2 shown in (A). (C)  

PCA of oxylipins in plasma of laying hens provided a control diet followed by saline or 

LPS challenge. (D) Loading coefficients of correlations for top 10 oxylipins to PC1 and 

PC2 shown in (C). (E) PCA of oxylipins in plasma of laying hens provided FO diet 



xx 

 

followed by saline or LPS challenge. (F) Loading coefficients of correlations for top 10 

oxylipins to PC1 and PC2 shown in (E). ........................................................................ 90 

Figure 5.4. Differences of omega-3 oxylipins in plasma of laying hens provided either the 

control or fish oil diet followed by saline or LPS challenge. ........................................ 100 

Figure 5.5. Differences of omega-6 oxylipins in plasma of laying hens provided either the 

control or fish oil diet followed by saline or LPS challenge. ........................................ 102 

Figure 5.6. Relative mRNA expression of IL-2 (A), IL-10 (B), IFN-γ (C), TNF-α (D), IL-

1β (E), and IL-6 (F) in the spleen of laying hens provided either the control or fish oil diet 

followed by saline or LPS challenge. ........................................................................... 110 

Figure 6.1. Individual and total omega-3 PUFA in liver (mg/g) and plasma (mg/mL) of 

pullets (16-week-old) fed the control diet and diets with increasing levels of total omega-3 

PUFA derived from either ALA or DHA following the LPS challenge. ....................... 141 

Figure 6.2. ARA in liver (mg/g) and plasma (mg/mL) of pullets (16-week-old) fed the 

control diet and diets with increasing levels of total omega-3 PUFA derived from either 

ALA or DHA following the LPS challenge.................................................................. 143 

Figure 6.3. Changes of individual and total ALA oxylipins in plasma of pullets (16-week-

old) fed the control diet and diets with increasing levels of total omega-3 PUFA derived 

from ALA or DHA following either LPS or Saline injection. ....................................... 147 

Figure 6.4. Changes of individual and total EPA oxylipins in plasma of pullets (16-week-

old) fed the control diet and diets with increasing levels of total omega-3 PUFA derived 

from ALA or DHA following either LPS or Saline injection. ....................................... 148 



xxi 

 

Figure 6.5. Changes of individual and total DHA oxylipins in plasma of pullets (16-week-

old) fed the control diet and diets with increasing levels of total omega-3 PUFA derived 

from ALA or DHA following either LPS or Saline injection. ....................................... 149 

Figure 6.6. Changes of individual and total omega-6 oxylipins in plasma of pullets (16-

week-old) fed the control diet and diets with increasing levels of total omega-3 PUFA 

derived from ALA or DHA following either LPS or Saline injection. .......................... 151 

Figure 6.7. Relative mRNA expression of IL-8 (A) and IL-10 (B) in the spleen of laying 

hens fed diets containing increasing levels of total omega-3 derived from either ALA or 

DHA diets following LPS challenge. ........................................................................... 158 



xxii 

 

LIST OF ABBREVIATIONS 

ALA 

ARA 

BW 

CD14 

COX 

CYP 

DHA 

DiHDPE 

DiHETE 

DiHETrE 

DiHOME 

DPA 

EET 

EFA 

ELOVL2 

ELOVL5 

EOME 

EP 

EPA 

EpDPE 

EpETE 

EpETrE 

Alpha-linolenic acid 

Arachidonic acid 

Body weight 

Cluster of differentiation 14 

Cyclooxygenase 

Cytochrome P450 

Docosahexaenoic acid 

Dihydroxydocosapentaenoic acid 

Dihydroxy-eicosatetraenoic acid 

Dihydroxy-eicosatrienoic acid 

Dihydroxy-octadecaenoic acid 

Docosapentaenoic acid 

Epoxy-eicosatrienoic acid 

Essential fatty acids  

ELOVL fatty acid elongase 2 

ELOVL fatty acid elongase 5 

Epoxy-octadecenoic acid 

Egg production 

Eicosapentaenoic acid 

Epoxy-docosapentaenoic acid 

Epoxy-eicosatetraenoic acid 

Epoxy-eicosatrienoic acid 



xxiii 

 

EpODE 

EW 

FA 

FADS1 

FADS2 

FI 

FO 

FSO 

GC-FID 

GLA 

GPR 120 

HDoHE 

HEPE 

HETE 

HHTrE 

HODE 

HOTrE 

HpETE 

IFN-γ 

IL-1β 

IL-2 

IL-6 

IL-8 

Epoxy-octadecadienoic acid 

Egg weight 

Fatty acids 

Fatty acid desaturase 1 

Fatty acid desaturase 1 

Feed intake 

Fish oil 

Flaxseed oil 

Gas chromatography-flame ionization detector 

γ-linolenic acid 

G-protein coupled surface receptors 120 

Hydroxy-docosahexaenoic acid 

Hydroxy-eicosapentaenoic acid 

Hydroxy-eicosatetraenoic acid 

Hydroxy-octadecatrienoic acid 

Hydroxy-octadecadienoic acid 

Hydroxy-octadecatrienoic acid 

Hydroperoxy-eicosatetraenoic acid 

Interferon-γ 

Interleukin 1β 

Interleukin 2 

Interleukin 6 

Interleukin 8 



xxiv 

 

IL-10 

IV 

LA 

LBP 

LC-MS 

LC-PUFA 

LPS 

LOX 

LT 

MUFA 

MyD88 

NFκB 

oxoODE 

oxoETE 

PG 

PLA2 

PLI 

PPARs 

PPAR-γ 

PT 

PUFA 

q-PCR 

RvD 

Interleukin 10 

Intravenous injection 

Linoleic acid 

Lipopolysaccharide binding protein 

Liquid chromatography mass spectrometer 

Long chain polyunsaturated fatty acids 

Lipopolysaccharide 

Lipoxygenase 

Leukotrienes 

Monounsaturated fatty acids 

Myeloid differentiation primary response 88 

Nuclear factor-kappa B  

Oxo-octadecadienoic acid 

Oxo-eicosatetraenoic acid  

Prostaglandins 

Phospholipase A2  

Post-lipopolysaccharide injection 

Peroxisome proliferator-activated receptors 

Peroxisome proliferator-activated receptor-γ 

Protectin 

Polyunsaturated fatty acids 

Quantitative PCR 

Resolvin D 



xxv 

 

RvE 

sEH 

SFA 

TLR4 

TMUFA 

TNF-α 

TSFA 

TX 

Resolvin E 

Soluble epoxide hydrolase 

Saturated fatty acids 

Toll like receptor 4 

Total monounsaturated fatty acids  

Tumor necrosis factor-α 

Total saturated fatty acids 

Thromboxanes 



1 

 

CHAPTER 1 GENERAL INTRODUCTION 

Nutrition plays a crucial role in optimizing overall health and enhancing animal 

performance (1). In poultry, diets with adequate nutrition have been shown to positively 

influence the development and effectiveness of the immune system (2). Bacterial infections 

remain a major challenge in the global poultry industry, impacting bird health, productivity, 

and food safety. Common pathogens such as Escherichia coli, Salmonella spp., 

Clostridium perfringens, and Pasteurella multocida are associated with significant 

economic losses due to increased mortality, decreased growth rates, reduced egg 

production, and condemnation at processing (3, 4). To mitigate these infections, the poultry 

industry has historically relied on antibiotics for both therapeutic and prophylactic purposes. 

These treatments have proven effective in controlling outbreaks and improving feed 

efficiency. However, rising concerns about antimicrobial resistance (AMR) and regulatory 

restrictions—such as bans on antibiotic growth promoters in the EU and increasing scrutiny 

in North America—have spurred interest in alternative strategies (5, 6). 

Recently, there has been growing interest in incorporating feed components or additives 

with immune-regulatory properties into poultry feeding systems to strengthen immune 

defenses against these infectious challenges, including viruses, bacteria, and other 

pathogens (7, 8). Among these dietary components, essential fatty acids—particularly 

omega-3 and omega-6 polyunsaturated fatty acids (PUFA)—have been extensively studied 

for their health benefits in poultry and other animals (9, 10). Linoleic acid (LA), the 

precursor of omega-6 PUFA, has a dietary requirement of approximately 1.0% for pullets 

and layers in nutritional guidelines. In contrast, while recognized as essential, their dietary 

requirements for poultry have not yet been officially established. 
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Poultry products are widely consumed, and their fat composition can be successfully 

enriched with omega-3 PUFA, including α-linolenic acid (ALA), eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA), by feeding chickens on special diets (11). Current 

strategies for this practice include the provision of diets that are: 1) using diets high in ALA 

from plant-based sources, such as flaxseed or canola and their oils; 2) utilizing algae and 

marine products that are rich in DHA; or 3) supplementing feeds with marine or fish oil 

(FO), which are rich in both EPA and DHA, but not ALA (12). Nonetheless, the conversion 

of ALA to EPA and DHA is limited due to the β-oxidation of ALA, and only a small 

portion of this fatty acid (FA) is available for synthesis of the long chain (LC)-PUFA 

(Brenna et al., 2009). Therefore, direct supply of EPA and DHA in the diet may be an 

effective strategy for poultry to receive the LC-omega-3 PUFA. 

Numerous research has provided evidence that dietary supplementation of omega-3 PUFA 

may modify the FA deposition in yolks and different biological tissues (13). However, it 

has not been well established as to whether and how the provision of omega-3 PUFA leads 

to health protective responses in poultry, especially for laying hens and pullets. Significant 

efforts have been made to determine their protective effects against inflammatory 

responses (8, 14). Cytokines are regulators of host responses to many immunological 

processes, including inflammation, which exert pro- and anti-inflammatory effects, and 

their levels reflect the status of inflammation (15, 16). Evidence of omega-3 PUFA 

treatment decreasing the pro-inflammatory cytokines, including tumor necrosis factor 

(TNF)-α, interleukin (IL)-1β and IL-6, has been found in rats (17, 18), cell culture (19) and 

clinical studies (20, 21). However, studies on the biology of cytokines and their functions 



3 

 

in regulating immune responses in avian systems have lagged behind research conducted 

in other species. 

Recently, research has indicated that the mechanisms underlying the anti-inflammatory 

effects of omega-3 PUFA are attributed to the actions of the bioactive lipid mediators, 

known as oxylipins, which exert the resolution of inflammation (22). Through the main 

synthetic pathway, cyclooxygenase (COX), lipoxygenase (LOX) and cytochrome P450 

(CYP450), oxylipins are generated from either omega-3 or omega-6 PUFA with distinctly 

different and opposing effects (23). Omega-3 oxylipins, especially derived from EPA and 

DHA, including the new families of resolvins (E-series and D-series), protectins and 

maresins, known as the specialized pro-resolving mediators (SPM), promote anti-

inflammation and pro-resolving properties (24). Oxylipins produced from LA (the 

precursor of omega-6 PUFA) and arachidonic acid (ARA; a product converted from LA), 

are mostly pro-inflammatory, such as prostaglandins (PG), thromboxanes (TX) and 

leukotrienes (LT) (25, 26). Meanwhile, AA-derived lipoxins and epoxyeicosatrienoic acid 

(EpETrE) have been reported as pro-resolving families (27).  

Lipopolysaccharide (LPS), a potent pro-inflammatory substance found in the cell wall of 

gram-negative bacteria, has been used extensively in our laboratory to model bacterial 

infections experimentally in poultry, especially in laying hens (28-30). During LPS-

induced inflammation, immunomodulatory cytokines and oxylipins are produced and serve 

as biomarkers of inflammatory status (15, 16). However, the effects of omega-3 PUFA on 

the contribution of the relationships between the supplementation of omega-3 PUFA, 

oxylipin profiles and cytokines in the immune status of laying hens and pullets have not 

been fully investigated. Lee et al. (16) reported that an ALA-enriched flaxseed diet (~14.4% 



4 

 

total omega-3 PUFA) enhanced the production of several omega-3 PUFA-derived lipid 

mediators while reducing serum levels of TNF-α, corticosterone, and the heterophil-to-

lymphocyte ratio in laying hens. Additionally, ALA predominantly contributed to the 

production of ALA-derived oxylipins, while EPA- and DHA-derived oxylipins were 

primarily influenced by dietary DHA intake. However, the LPS challenge had minimal 

impact on these oxylipin profiles (31). 

In this project, we first conducted a time course study to evaluate the cytokine expression 

induced by LPS challenge, aiming to establish the optimal time point of sample collection. 

Subsequently, we utilized diets containing EPA- and DHA-enriched FO, and examined its 

effect on performance, FA deposition, oxylipin profile, and expression of immune mediator 

in response to LPS challenge in laying hens. Furthermore, the increasing levels of either 

ALA (from FSO) or DHA (LC-omega-3 PUFA found in algae) were compared on 

measuring of performance, FA deposition, oxylipin profile, and expression of immune 

mediator in pullets challenged with LPS. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction to fatty acids (FA) 

2.1.1 Structure and category of FA 

FA are hydrocarbon chains with a methyl group at one end of the molecule and at least one 

carboxyl group (–C(=O)OH, –COOH, or –CO2H) at the opposite end. There are various 

classifications of FA based on many characteristics. They can be categorized into a) 

saturated fatty acids (SFA, no double bonds), monounsaturated fatty acids (MUFA, single 

double bond) and PUFA (two or more double bonds), based on the number of double bonds; 

b) short chain fatty acids (2 to 4 carbon molecules), medium chain fatty acids (4 to 12 

carbon molecules) and long chain fatty acids (more than 12 carbon molecules), based on 

the chain length; c) non-essential fatty acids and essential fatty acids, based on essentiality 

for humans and animals; or d) omega-6 PUFA and omega-3 PUFA, based on the position 

of the first double bond from the terminal methyl group (32).  

2.2 Omega-3 and omega-6 PUFA  

The omega-3 PUFA family is defined by a double bond beginning at the third carbon from 

the methyl end. Because vertebrates, including poultry, cannot insert double bonds more 

proximal to the methyl end than the ninth carbon atom (∆-9 desaturase), omega-3 PUFA 

cannot be synthesized de novo, consequently, omega-3 PUFA have to be present in the diet. 

ALA is referred to as the essential precursor of the longer chain omega-3 PUFA, including 

EPA and DHA, because it is the metabolic precursor from which LC-omega-3 PUFA are 

synthesized (33). These features are shared by another family of FA, the omega-6 PUFA, 

whose precursor is LA, which is metabolized to ARA (34, 35). As in the case of omega-3 
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PUFA, the omega-6 PUFA is defined by a double bond beginning at the sixth carbon from 

the methyl end. Because neither of these FA can be synthesized de novo, ALA and LA are 

referred to as essential fatty acids for vertebrates.  

2.2.1 Conversion of ALA and LA to long chain (LC)-PUFA 

Liver is the major site of lipid metabolism in avian species (36) due to its key roles in 

regulating several metabolic fates, such as desaturation and elongation reactions of LA and 

ALA to LC-PUFA, β-oxidation and transportation to other tissues, including muscle or 

adipose tissues (37). All the reactions are catalyzed by an enzymatic system consisting in 

fatty acyl-CoA synthetases, ∆-6 and ∆-5 desaturases and respective elongases (38, 39). Key 

enzymes ∆5 and ∆6 desaturases are encoded by the genes fatty acid desaturase 1 (FADS1) 

and 2 (FADS2) respectively (40, 41), and two elongase enzymes derived from the genes 

Elongation of very long-chain fatty acid (ELOVL) 2 and ELOVL5 (39, 42). Particularly, 

∆6 desaturase has been regarded as a major regulatory point in the conversion of plant-

derived ALA to EPA or DHA in mammals (43). Gregory et al. (44) recently characterized 

the chicken elongase enzymes and have provided evidence that chickens have enriched 

expression of ELOVL5, compared to other animals examined to date. The conversion of 

LA and ALA to the LC-PUFA is illustrated in Figure 2.1, which shows that the primary 

product was ARA, and EPA and DHA respectively during the process (45). 
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Figure 2.1. The general pathway for conversion of LA and ALA to LC-PUFA.
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The conversion of ALA to long chain omega-3 PUFA (mainly EPA and DHA) is inefficient 

(46). One main reason is that there is a competition between LA and ALA for the desaturase 

and elongase enzymes to convert to final products as shown in Figure 2.1 (47). Another 

factor limiting conversion is that high amounts of ALA (60%-85%) undergo β-oxidation 

to provide energy, but for other FA, including ARA, only around 30% is catabolized (48).  

Due to the low conversion efficiency of ALA to long-chain omega-3 PUFA, and the lack 

of sufficient dietary omega-3 LC-PUFA, the direct provision of preformed EPA and DHA 

is essential for both animals and humans. In particular, enriching hen eggs with omega-3 

LC-PUFA has emerged as an effective and widely accepted strategy to enhance human 

intake of these essential fatty acids. As a result, dietary strategies to increase omega-3 

PUFA content in diet have become a central focus in poultry nutrition research. 

2.2.2 Dietary sources of omega-3 and omega-6 PUFA  

A good dietary source useful for increasing omega-3 PUFA consumption is a greater 

consumption of vegetable derived omega-3 PUFA. ALA is found mainly in plant-based 

oils and/or oil food resources, and flaxseed (also known as linseed) is one of the richest 

sources. The ALA content of FSO accounts for more than 50% of total fatty acid (TFA). 

Other sources of ALA include canola oil and soybean oil, making up approximately 10% 

of the FA profile (49). Unfortunately, the bulk of the common crops are high LA producers, 

e.g. corn, soybean, while the most common vegetable oils such as soybean (7% ALA) and 

canola (9% ALA), do not contain ALA as most of the FA. Thus, the vegetable oils most 

widely consumed contain a high percentage of LA, such as corn oil (57%) or sunflower oil 

(71%), which competes directly with ALA for enzymes involved in elongation and 

desaturation. Fish oil (FO) is the common feed ingredients for animals with EPA- and DHA 
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enriching, while marine products are the richest sources of the LC-omega-3 PUFA, 

predominantly enriched with DHA (50). The sources of omega-3 PUFA in selected plant 

and animal-based foods are briefly summarized in Table 2.1 (50).



10 

 

Table 2.1. Contents of omega-3 PUFA in selected plant and oils with Values are g/100g. 

 Omega-3 PUFA 

ALA EPA DHA 

 

 

 

Plants and 

their oils 

Flaxseed 22.8 - - 

FSO  53.3 - - 

Chia seed 17.6 - - 

Canola 9.14 - - 

Canola oil or rapeseed oil  9.1 - - 

Walnuts 9.1 - - 

Soybean or soybean oil 6.8 - - 

Corn 1.16 - - 

 

 

Fish oil 

Menhaden - 13.17 8.56 

Salmon - 13.20 18.23 

Sardine - 10.14 10.66 

Cod liver - 9.90 10.97 

Herring - 6.27 4.21 
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However, specific requirements for livestock including poultry have yet to be clearly 

defined, despite numerous studies conducted on the enhancement of characteristics of 

animal products for human consumption. 

2.3 Manipulating omega-3 PUFA into poultry diet 

The inclusion of omega-3 PUFA in poultry diets has been practiced over the past years. 

Fish oil, safflower oil, linseed, fish meal, and algae (51, 52) are used in those feeding 

regimens. The dietary inclusion of omega-3 PUFA for poultry may directly influence their 

production, mainly the meat and eggs, which are demanded by human consumers (53). 

Fish and other types of seafood are generally considered to be major sources of omega-3 

PUFA for humans, but they may not serve as primary foods in some countries, therefore, 

those enriched poultry products serve as good alternatives to fulfill the nutritional 

requirements of omega-3 PUFA. Studies have shown that the manipulation of omega-3 

PUFA in poultry diets significantly improved growth and productive performance, immune 

response and anti-oxidative properties, meat quality as well as quality and nutritional 

values of eggs (54). Here, the beneficial effects are mainly focused on the characteristics 

of poultry products, including meat and eggs, and not the bird’s health. 

2.3.1 Dietary enrichment for laying hens 

Appropriate feeding strategies play a crucial role in enhancing the nutritional value of eggs 

in laying hens. Numerous studies have demonstrated that dietary modifications can 

significantly enrich the omega-3 PUFA content in eggs. Current strategies for this practice 

include the provision of diets that are: 1) high in ALA, derived from plant sources (flaxseed 

and oil); 2) high in EPA and/or DHA, derived from marine or algal sources; or 3) a 
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combination of both approaches (12). It is generally recognized that the endogenous 

conversion efficiency of plant-based precursor fatty acids to DHA is low and not as 

efficient as preformed DHA (55). A number of studies have demonstrated that when 

flaxseed is added to hens' feed, yolk ALA levels increase proportional to the percentage of 

flaxseed addition. Amounts of DHA in yolk increase as well, albeit to a lesser extent and 

not in linear response to the level of flaxseed (56-58). Our previous study showed that 

feeding ALA-rich hemp products to laying hens increased the content of egg yolk DHA 

(approx. 55 mg/egg) which however eventually reached a plateau with further increases in 

dietary ALA levels (59). Several factors including activities of rate limiting desaturase and 

elongase enzymes, total amount and their relative proportions of omega−3 PUFA in the 

diet, and age, strain as well as gender of animals have been shown to influence ALA 

conversion rate (60-63). However, the precise underlying mechanisms for limited DHA 

deposition remain incompletely elucidated. 

In contrast to the traditional use of plant-based sources of ALA to derive eggs enriched in 

omega-3, principally DHA, the use of marine products (fish oil and algae product) leads to 

higher levels of egg yolk DHA content (64, 65). Neijat et al. (13) demonstrated that hens 

fed DHA-rich diets incorporated three times more DHA into egg yolks compared to ALA-

fed hens (179 ± 5.55 mg vs. 66.7 ± 2.25 mg per yolk, respectively) at the highest dietary 

inclusion levels (0.6% FSO and algal DHA). Marine oils, such as FO, typically contain 

both EPA and DHA and, depending on the source, EPA intake by hens can be similar to 

that of the DHA intake. However, when examining the fatty acid profile of the table eggs, 

DHA is preferentially deposited over EPA (66). Lawlor et al. (2010) reported that egg yolk 

total omega-3 LC-PUFA levels increased in linear fashion, but DHA predominated, 
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reaching levels of 160 mg/egg compared to 40 mg/egg for EPA, when hens fed FO 

supplemented diets providing EPA and DHA with a maximum inclusion level of 38 and 

25 g per kg EPA and DHA, respectively. This may be related to enriched expression of 

ELOVL5 in chickens as discussed above, however, the specific mechanisms regulating 

long chain PUFA enrichment of eggs are still not clearly understood. In summary, the 

supplementation of omega-3 PUFA in poultry diets can effectively modulate lipid profiles 

and enhance FA deposition in egg yolks. This approach offers a promising strategy for 

fortifying animal-derived foods with omega-3 PUFA, contributing to improved nutritional 

value for human consumption.  

Although enriching laying hen diets with omega-3 precursors is considered one of the most 

effective strategies for enhancing the functional FA profile of eggs, the impact of such 

supplementation on production parameters requires careful evaluation. A meta-analysis 

from Irawan et al. (67) reported that the performance responses of laying hens to dietary 

fat and oil supplementation have generally been inconsistent and appear to be independent 

of factors such as age, strain, or trial duration. The effects of dietary FA sources on 

production performance remain conflicting. Some studies have reported a decline in egg 

production (EP) and egg weight (EW) following supplementation (68, 69). In contrast, 

other research has shown increases in EP and EW (70, 71), while many studies have found 

no significant effects on production parameters (72-74). These discrepancies highlight the 

need for further investigation to fully understand the interactions between dietary FA 

supplementation and laying hen performance. 
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2.3.2 Dietary enrichment for pullets  

The effects of early lipid exposure through hatching eggs on tissue PUFA composition in 

post-hatch chicks have been extensively studied. Breeder hens were fed diets enriched with 

either FO or sunflower oil, serving as sources of omega-3 and omega-6 PUFA, respectively, 

to produce omega-3-enriched and omega-3-depleted eggs. The total omega-3 PUFA 

concentration was 0.9% in omega-3-depleted eggs, compared to 4.1% in omega-3-enriched 

eggs (75, 76). Subsequently, chicks hatched from these eggs were fed diets devoid of LC-

PUFA to mimic commercial feeding conditions. Despite the post-hatch dietary deficiency 

in omega-3 PUFA, chicks from omega-3-enriched eggs retained higher levels of EPA, 

DHA, and total omega-3 PUFA across various tissues and cells. Similarly, chicks from 

omega-6 PUFA-enriched eggs exhibited greater retention of ARA in tissues such as the 

liver, heart, brain, spleen, and duodenum(75, 76). 

Moreover, early supplementation of omega-3 PUFA through the maternal diet and hatching 

eggs provides a significant advantage, as the enriched chicks had greater DHA reserves 

available during the critical early post-hatch period. For instance, DHA levels remained 

higher in the liver, spleen, bursa, and cardiac ventricle of chicks hatched from omega-3 

PUFA-enriched eggs up to 14–28 days post-hatch, compared to those hatched from omega-

3 PUFA-depleted eggs (77). In the duodenum, DHA content peaked at day 14 in chicks 

from omega-3 PUFA-enriched eggs.  

While previous feeding strategies aimed at improving growth, health, and productivity 

have largely focused on the pre-hatch period, it is equally important to address nutritional 

needs during the post-hatch phase to optimize overall performance and immune system 

development in birds. 
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2.4 Inflammatory process  

Inflammation is a critical and natural component of the host's defense mechanism, essential 

for combating pathogenic organisms and responding to injury (78). It creates a hostile 

environment for pathogens, facilitates their destruction, and triggers metabolic changes 

within the host. This complex process involves numerous cell types and an extensive array 

of chemical mediators (79). 

The inflammatory response begins with an increased blood supply to the affected site, 

accompanied by heightened vascular wall permeability (78). This allows plasma and large 

molecules to cross the endothelium, delivering soluble mediators to the site of 

inflammation. Leukocytes (white blood cells) migrate from the bloodstream into the 

surrounding tissue, guided by chemical signals released at the site of inflammation. These 

signals act as chemoattractants and upregulate adhesion molecules on the endothelium, 

enabling leukocytes to tether transiently before moving into the tissue. Once at the site of 

inflammation, these activated leukocytes release various chemical mediators (80). 

The mediators produced during inflammation depend on factors such as the cell type, the 

nature of the inflammatory stimulus, the anatomical site, and the stage of the response (81). 

These mediators include lipids (e.g., PG, LT), endocannabinoids, platelet-activating factor), 

peptides (e.g., cytokines, chemokines), reactive oxygen species (e.g., superoxide anion, 

hydrogen peroxide), amino acid derivatives (e.g., histamine, nitric oxide), and enzymes 

(e.g., matrix proteases) (82). Notably, lipid mediators and cytokines will be introduced in 

detail in the next two sections (2.5 and 2.6). 

The influx of cells and the presence of diverse inflammatory mediators lead to the 

characteristic signs of inflammation: redness, swelling, heat, pain, and loss of function. 
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While inflammation is designed to neutralize pathogens, the cellular activities and 

chemical mediators involved can inadvertently damage host tissues. However, 

inflammation is typically self-limiting, resolving rapidly due to various negative feedback 

mechanisms. These include the secretion of anti-inflammatory cytokines and pro-resolving 

lipid mediators, the downregulation of receptors for inflammatory signals, and the 

activation of regulatory cells that suppress pro-inflammatory responses (80). 

When these regulatory mechanisms fail, inflammation may become excessive, 

inappropriate, or chronic, leading to irreparable tissue damage. This pathological 

inflammation can result in the onset of disease. Thus, understanding the balance between 

pro-inflammatory and anti-inflammatory processes is crucial for managing inflammation 

and its associated risks. 

2.5 Oxylipins: lipid mediators of PUFA 

2.5.1 Formation of oxylipins 

In addition to desaturation and chain elongation, polyunsaturated fatty acids (PUFA) can 

undergo oxidation, leading to the formation of highly bioactive metabolites known as 

oxylipins. This process involves one or more mono- or dioxygen-dependent enzymatic 

reactions that regulate various physiological functions, including inflammation, immunity, 

reproduction, and development(83). Oxylipin biosynthesis is initiated by cellular activation, 

as PUFA are not readily available in free form but are predominantly stored at the sn-2 

position of phospholipid membranes(84). The enzyme phospholipase A2 (PLA2) plays a 

key role in this process by hydrolyzing membrane phospholipids to release PUFA into their 

free forms (85). Once liberated, these PUFA are enzymatically oxidized into distinct 

oxylipin classes, including eicosanoids and docosanoids, through three major pathways: 
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cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome P450 (CYP) enzymes 

(86).
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Figure 2.2. LA- and ARA–derived oxylipins and their metabolisms. 
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(C) 

 

Figure 2.3. ALA- (A), EPA- (B) and DHA- (C) derived oxylipins and their metabolisms.
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2.5.2 Oxylipins derived from omega-6 PUFA 

Metabolism of the ARA initially generates PGH2, followed by the rapid conversion to other 2-

series PG (PGE2, PGF2 and PGD2) and TX (TXA2 and TXB2) via the COX pathway. While 

COX-1 is said to be constitutively expressed and COX-2 is induced in inflammatory cells by 

classical inflammatory stimuli, resulting in a large increase of PG. ARA yields hydroperoxy 

derivatives, hydroperoxyl-eicosatetrae (HpETE) via the LOX pathway, which are further rapidly 

converted to hydroxy FA, hydroxy- eicosatetraenoic acid (HETE), via glutathione peroxidase (87). 

Different kinds of HpETE can be metabolized via several other routes. For example, 5-

hydroperoxy-eicosatetraenoic acid (5-HpETE) converts to 5-HETE and 4-series LT, including 

LTC4, LTB4, LTD4, and LTE4 by the 5-LOX pathway. These PG, particularly PGE2 and LT are 

recognized as mediators and regulators of inflammation (88, 89). Metabolism of AA via CYP v-

hydroxylase activity leads to the conversion of HETE that the hydroxy group is at the omega or 

methyl end of the FA (e.g., 20-HETE), while CYP epoxygenase activity generates epoxy FA, 

epoxy-eicosatrienoic acid (EpETrE) and further converted to dihydroxy FA, dihydroxy- 

eicosatetraenoic acid (DiHETE) via soluble epoxide hydrolase (sHE) (90-92). LA produces 

hydroperoxy FA oxylipins through the LOX pathway and they are rapidly metabolized to hydroxy-

octadecadienoic acid (HODE), then further converted to oxo-octadecadienoic acid (oxo-ODE). 

Meanwhile, HODE can continue to trihydroxy FA, such as 9,10,13-trihydroxy-octadecenoic acid 

(triHOME). LA also can produce via the epoxygenase activity of CYP to epoxygenated FA [e.g., 

12,13-epoxy-octadecenic acid (12,13-EpOME)], which are metabolized via sEH activity to form 

dihydroxy FA [e.g., 12,13-dihydroxy-octadecenoic acid (DiHOME)] (93). LA- and ARA–derived 

oxylipins are presented in Figure 2.2.
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2.5.3 Oxylipin derived from omega-3 PUFA 

ALA (Figure 2.3A) can be metabolized to hydroxy-octadecatrienoic acid (HOTrE; e.g., 9-HOTrE) 

via the LOX pathway, followed by further metabolizing to keto FA [e.g., 9-oxo octadecatrienoic 

acid (9 oxo-OTrE)]. ALA also can generate epoxygenated FA, epoxy-octadecadienoic acid 

(EpODE) via CYP epoxygenase activity, which can be continued converted to dihydroxy FA, 

dihydroxyoctadecadienoic acid (DiHODE) via sEH (94). However, there is little functional 

information available on ALA-derived oxylipins and, therefore, this needs further investigation. 

EPA (Figure 2.3B) can be metabolized via the COX pathway, resulting in 3-series PG (e.g., PGE3) 

and TX (e.g., TXA3), which is less potent or produced less efficiently than ARA oxylipins (95). 

EPA can produce hydroperoxy eicosapentaenoic acid (HpEPE) and can be further converted to 

hydroxy eicosapentaenoic acid (HEPE) by the LOX pathway, and 5-series LT (e.g., LTB5). 

Metabolism of EPA via CYP epoxygenase activity results in epoxy eicosatetraenoic acid (EpETE;  

e.g., 5,6-EpETE) (96), which can be further metabolized to dihydroxy eicosatetraenoic acid (e.g., 

5,6-DiHETE) by sEH (97). Especially, EPA can produce hydroxy FA which has hydroxy groups 

in the positions of 18–20 carbon through the v-hydroxylase activity of the CYP, such as 18-HEPE. 

Importantly, E -series resolvins can be formed by 18-HEPE (Figure 2.4) (98-100). DHA (Figure 

2.3C) can form hydroxy docosahexaenoic acid (HDoHE) by the LOX activity with a hydroperoxy 

intermediate hydroperoxy-docosahexaenoic acid (HpDoHE). Notably, 14-HpDoHE can be further 

developed to generate maresins (101) or to 14-HDoHE with further formation of dihydroxy-

docosahexaenoic acid (DiHDoHE, and 17-HpDoHE can produce D-series resolvins and protectins 

(Figure 2.5). 
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Figure 2.4. Biosynthesis of E-series resolvins via EPA.
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Figure 2.5. Biosynthesis of D-series resolvins, maresins, and protectins via DHA.
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2.5.4 Omega-3 PUFA and oxylipins in poultry 

There is strong scientific evidence that the metabolism of oxylipins can be modified by the 

dietary intake of omega-3 PUFA in avian species. Studies in laying hens showed that 

consumption of FO or flaxseed reduced the concentrations of PGE2 and expression of 

COX-2 in ovaries since the laying hen is considered a good model of spontaneous ovarian 

cancer that recapitulates the human disease. This result was confirmed to reduce the 

incidence and severity of ovarian cancer (102, 103). In addition, the administration of fish 

oil significantly decreased the contents of plasma PGE2 and TXB2 in broiler chickens 

(104). It has also been indicated that modulating maternal dietary omega-3 PUFA in 

progeny birds can reduce pro-inflammatory eicosanoid production in their offspring. 

Broiler chicks hatched from a lower ratio of omega-6 to omega-3 PUFA (<0.8) enriched 

eggs had the lowest level of cardiac PGE2 (105). Similarly, the production of LTB4 and 

the ratio of LTB4 to LTB5 by thrombocytes from chicks that hatched from a high ratio of 

omega-6 to omega-3 PUFA (15.0) eggs was higher than those chicks hatched from lower 

ratio eggs (76). The concentration of PGE2 was greater, whereas TXA3 was lower in the 

heart tissue of chicks hatched from high omega-3 PUFA enriched eggs when the maternal 

diet contains 3.5% of sunflower or FO (106). The results indicate dietary intake of omega-

3 and omega-6 PUFA can modify the lipid metabolites in the tissues of chickens. However, 

to date, few documents reported the relationship between the production of oxylipins and 

dietary supplementation of omega-3 PUFA in laying hens and pullets, which needs to be 

further investigated.  
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2.6 Cytokines and transcription factors involved in inflammatory process 

2.6.1 Overview of cytokines 

Cytokines are a diverse group of small proteins primarily produced and released by cells 

involved in the inflammatory and immune systems, although they are not exclusively 

limited to these functions (107, 108). Acting through specific receptors, cytokines 

modulate the activity of their originating cells (autocrine signaling) or other target cells 

(paracrine signaling) (109). This group includes TNF, various IL, interferons, chemokines, 

and lymphokines. 

Cytokines are synthesized by a wide variety of cells, such as monocytes, macrophages, T 

and B lymphocytes, and mast cells, as well as non-immune cells, including endothelial 

cells, fibroblasts, and adipocytes (110). Notably, a single cytokine may be produced by 

multiple cell types. Elevated levels of specific cytokines, including TNF, IL-1β, IL-6, and 

IL-8, are a hallmark of many inflammatory diseases, underscoring their critical role in the 

pathophysiology of inflammation and immune-related conditions (78, 111). 

2.6.2 Inflammatory signaling and transcription factor activation 

Several mechanisms have been proposed to explain the protective effects of omega-3 

PUFA against inflammation. The effects of omega-3 PUFA on cytokines and other 

inflammation-related proteins are largely mediated through changes in the expression of 

genes encoding these proteins. This indicates that omega-3 PUFA influences the signaling 

pathways regulating gene expression in inflammatory cells (112). Nuclear factor-kappa B 

(NFκB) is a widely expressed inducible transcription factor that involves the synthesis 

and/or activities of several pro-inflammatory cytokines, adhesion molecules and COX-2. 
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Initially, NFκB exists as a trimer in the cytosol, with one of the subunits being the inhibitory 

subunit of NFκB (IκB). Then NFκB can be activated by a signaling cascade triggered by 

the inflammatory stimuli, including in response to LPS. This activity involves the process 

of phosphorylation of IκB by the IκB kinase (IKK) complex, subsequently resulting in the 

IκB degradation. Meanwhile, the remaining NFκB dimer translocates to the nucleus where 

the position up-regulates inflammatory gene expression, including TNF-α, IL-1β, and IL-

6, thereby leading to their induction (113). In addition, peroxisome proliferator-activated 

receptor-γ (PPAR-γ), another transcription factor, is involved in the anti-inflammatory 

effects of omega-3 PUFA (114). PPAR-γ potentially inhibits the translocation of NFκB to 

the nucleus and subsequently inhibits its activation. Therefore, the production of pro-

inflammatory cytokines can be reduced under endotoxin stimulation. Furthermore, ARA- 

and EPA-derived eicosanoids and other lipid mediators derived from DHA can bind to and 

regulate PPAR-γ, which is a key mechanism between the omega-3 PUFA and 

inflammatory processes (115).  

Besides, the mechanism of the influence of omega-3 PUFA on NFκB activation is 

identified by G-protein coupled receptor (GPR120). GPR120 is known as a G-protein 

coupled cell membrane receptor, bonded with LC-PUFA, and expressed on macrophages. 

GPR120 acts as a synthetic agonist that modulates macrophage responses to endotoxin 

stimulation by preserving cytosolic IκB levels and suppressing the expression of pro-

inflammatory cytokines such as TNF-α and IL-6 (116). Oh, et al. (116) reported that EPA 

and DHA, but not ARA, improved GPR120-mediated gene activation. These findings 

suggest that EPA and DHA may have an inhibitory effect on NFκB via GPR120 by 

blocking NFκB activations. Taken together, omega-3 PUFA appear to inhibit NFκB 
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activation through at least two distinct but potentially interconnected mechanisms: 

activation of GPR120 and activation of PPAR-γ. 

2.6.4 Omega-3 PUFA and cytokines  

Few studies have investigated the effects of omega-3 PUFA on inflammatory cytokine 

expression in laying hens and pullets compared to other species. Sijben et al. (117) 

demonstrated that dietary PUFA derived from FO enhanced the mRNA level of IL-2 but 

not Interferon (IFN)-γ in chicks at 37 or 38 days of age following a Salmonella 

typhimurium LPS challenge at 2 hours post-injection. In contrast, a subsequent study by 

Sijben et al. (45) found that mRNA expression of IFN-γ was significantly higher in 

chickens fed an FO-enriched diet compared to those fed diets enriched with corn oil (CO), 

linseed oil (LO), or beef tallow (BT) after a similar Salmonella typhimurium LPS challenge. 

Additionally, Lee et al. (16) reported that dietary supplementation with 3.6% flaxseed 

significantly reduced the pro-inflammatory cytokine, TNF-α, in laying hens. 

Some studies have also explored the effects of dietary omega-3 PUFA supplementation on 

cytokine expression in broilers. For example, Ibrahim et al. (118) demonstrated that 

enriching broiler diets with omega-3 PUFA significantly increased the splenic mRNA 

expression of IFN-γ and IL-1β, particularly in FO-supplemented groups with dietary 

omega-6 to omega-3 ratios of 1.5:1 and 4:1, and in LO-supplemented groups with ratios of 

1:1 and 2.5:1. Furthermore, the expression of IL-6 was elevated in the LO-supplemented 

groups, and IL-2 expression increased with reduced omega-6 to omega-3 ratios, achieved 

by increasing dietary levels of FO and LO. Maroufyan et al. (119) further reported that 

supplementation with omega-3 PUFA using combinations of tuna oil, sunflower oil, and 

palm oil at 8%, 11.5%, and 16.5% enrichment levels increased IL-2 and IFN-γ expression 
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in plasma at pre-challenge and two days post-challenge. Notably, both cytokines were 

significantly higher at a 0.5% omega-3 PUFA level compared to an 8.0% level before the 

challenge. These findings collectively highlight the complex and dose-dependent effects 

of omega-3 PUFA on cytokine regulation in poultry. 

2.7 Lipopolysaccharide (LPS) 

LPS has been widely used to model bacterial infections experimentally in poultry and other 

animals as it is a major component of the cell wall of Gram-negative bacteria and a highly 

efficient pro-inflammatory substance (120). Intravenous injection (IV) administration of 

LPS can lead to the development of symptoms mimicking those of Gram-negative sepsis, 

including fever, neutrophil release, and an increase in acute-phase proteins, such as 

inflammatory cytokines IL-6, IL-1β and TNF-α (121). Structurally, LPS consists of three 

regions: an outer polysaccharide domain (commonly referred to as the O-antigen), a unique 

core oligosaccharide, and a lipid-rich inner region known as lipid A, which is primarily 

responsible for its endotoxic effects (122). LPS recognition and signaling involve several 

key molecules. The process begins when LPS binds to the acute-phase protein LPS-binding 

protein (LBP), which facilitates its transfer to cluster of differentiation 14 (CD14) (123, 

124), This LPS–CD14 complex then interacts with toll-like receptor 4 (TLR4) and its co-

receptor myeloid differentiation protein 2 (MD-2), forming a multi-component receptor 

complex. The lipid A region of LPS plays a critical role in this interaction, initiating 

activation of the TLR4/MD-2 signaling cascade and triggering downstream immune 

responses. (125, 126). This activation initiates the MyD88-dependent pathway, resulting 

in the phosphorylation and degradation of IκB, the inhibitor of NFκB. Consequently, NFκB 

is released, translocates into the nucleus, and promotes the transcription of genes involved 



29 

 

in inflammation. (127-129). These include pro-inflammatory cytokines (IL-1β, IL-6, TNF-

α), adhesion molecules, acute-phase proteins, nitric oxide, and prostaglandins, all of which 

contribute to the amplification of the immune response (130-132). 

2.7.1 The use of LPS on avian species 

Currently, the optimum dose of LPS for inducing an antibody response in laying hens is 

considered to be 8 mg/kg BW via intravenous injection, based on studies by Gehad, et al. 

(133). In that study, administration of LPS at 8 mg/kg BW elicited significant clinical signs 

of sickness and produced a markedly greater antibody response seven days post-injection 

compared to lower doses (0, 0.5, 1, 2, and 4 mg/kg BW) in 8-week-old Cornell K-strain 

chickens. This dosage has also been applied in our previous layer experiments (28-30). In 

mammals, TNF-α is the first cytokine to appear following LPS administration (within 90 

minutes to 2 hours), followed by interleukin-6 (IL-6) at approximately 3 to 4 hours post-

injection. Importantly, the timing of plasma cytokine appearance in mammals is not 

significantly influenced by LPS dosage (134-136). However, in poultry, particularly laying 

hens, the time course of cytokine expression following LPS exposure remains poorly 

characterized.(137). Gehad, et al. (133) reported that plasma TNF-α activity increased at 6 

hours post-LPS injection, which is notably later than the peak observed in mammals. This 

delay may reflect species-specific differences in immune response kinetics between birds 

and mammals. Additionally, IL-1 activity in plasma was significantly elevated at 1, 3, and 

6 hours post-injection compared to saline-treated controls, with a peak observed at 3 hours. 

Despite these findings, the temporal expression patterns of cytokines following LPS 

administration, both at the protein and gene expression levels, remain incompletely 

characterized in laying hens and warrant further investigation. 
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2.8 Summary 

Overall, dietary omega-3 PUFA has been shown to elicit protective immune responses by 

modulating the production of oxylipins and their precursor FA and cytokines. However, 

relevant situations inpullets and laying hens remain inadequately investigated. In particular, 

the potential impact of different types and levels of omega-3 PUFA in poultry diets has not 

been thoroughly explored. Thus, further research is needed to establish omega-3 dietary 

requirements for both pullets and laying hens, addressing gaps in current feeding and 

management guidelines that overlook the importance of these nutrients. A deeper 

understanding of the relationship between omega-3 PUFA status and immune challenges 

will facilitate the development of management strategies aimed at enhancing hen health 

and welfare, improving immunocompetence, and ultimately reducing disease risks in the 

layer industry.
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CHAPTER 3 HYPOTHESES AND OBJECTIVES 

3.1 Hypotheses 

3.1.1 General hypothesis 

Different types and levels of dietary omega-3 PUFA (ALA, EPA, DHA) exert distinct 

immunomodulatory effects in poultry by altering fatty acid composition, oxylipin profiles, 

and cytokine responses following an LPS-induced immune challenge. 

3.1.2 Specific Hypotheses 

1. The gene expression of pro- (e.g., IL-1β, IL-6, TNF-α) and anti-inflammatory (e.g., IL-

10) cytokines, as well as plasma IL-6 protein levels, will reach a peak within 2–4 hours 

after intravenous LPS injection in laying hens.2. Dietary supplementation with FO (rich in 

EPA and DHA) will modulate immune responses in LPS-challenged laying hens by 

shifting plasma oxylipin profiles toward anti-inflammatory mediators, enhancing the 

deposition of omega-3 PUFA in tissues and attenuating the splenic expression of pro-

inflammatory cytokines. 

3. Diets enriched with DHA-rich algal biomass will more effectively increase plasma LC-

PUFA-derived oxylipins and their precursor fatty acids in tissues, and suppress pro-

inflammatory cytokine expression in response to LPS compared to diet enriched with FSO 

(ALA source). 

3.2 Objectives 

The overall objective of this thesis is to investigate the immunomodulatory properties of 

different types and levels of omega-3 PUFA by 1) comparing the FSO (a source of ALA) 
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to algal biomass (performed DHA) in pullet diets; 2) evaluating FO high in EPA and DHA 

in layer diets when chickens experienced the maximum inflammatory response.  

Thus, the above hypotheses will be examined with the following specific objectives: 

1). To identify the specific time point at which the gene expression of pro- and anti-

inflammatory cytokines, and the plasma protein level of IL-6, reach their peak in laying 

hens following LPS administration, by sampling at 0, 1, 2, 4, and 6 hours post-injection; 

2). To determine the effect of FO rich in EPA and DHA in layers’ diet on performance; FA 

deposition in yolk, liver and plasma in laying hens after LPS challenge; and the production 

of oxylipins in plasma and cytokines in spleen of layers subjected to an LPS challenge; and 

3). To identify the inclusion of either FSO (as a source of ALA), or algal DHA biomass (as 

a source of preformed DHA) in the diets of pullets on performance; FA profiles in liver 

and plasma in pullets subjected to an LPS challenge; and plasma oxylipin profiles and 

splenic expression of inflammatory cytokines in pullets exposed to an LPS challenge. 
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CHAPTER 4 MANUSCRIPT I  

THE TIME COURSE STUDY: SPLENIC GENE EXPRESSION OF CYTOKINES 

AFTER THE LPS CHALLENGE IN LAYING HENS1 

 

1Jing M, Li S, Zhao S, House JD. Splenic gene expression of cytokines at multiple time 

points following lipopolysaccharide challenge in layers. Am J Vet Res. 2024;85(5):1-7. 
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4.1 Abstract 

Background: Disturbances in homeostasis due to infection, trauma, or immunological 

disorders activate immune cells that release cytokines such as interleukin (IL), interferon 

(IFN), and tumor necrosis factor-alpha (TNF-α), initiating inflammatory responses. While 

cytokine research in mammals is well-established, there is limited understanding of 

cytokine regulation in avian species, especially in laying hens, despite emerging evidence 

of similar functions in poultry. 

Objective: To investigate inflammatory responses to lipopolysaccharide (LPS) injection 

in layers. 

Materials and Methods: Thirty 39-week-old laying hens were randomly assigned to two 

treatment groups after 1 week adaptation. The first group received an injection of 8 mg/kg 

LPS, while the second group was injected with sterile saline. At the beginning of the study, 

three hens served as baseline controls (time 0) for both the saline and LPS groups. Blood 

and spleen samples were collected at six time points: 0 hours (pre-injection) and 1, 2-, 3-, 

4-, and 6-hour post-injection. 

Results: LPS administration significantly elevated splenic mRNA expression levels of IL-

1β, IL-2, IL-6, IL-8, IL-10, IFN-γ, and TNF-α (P < 0.001), as well as serum IL-6 levels (P 

< 0.01) compared to saline injection. Cytokine gene expression peaked rapidly, reaching 

maximum levels within 2 hours of post-LPS injection. Over time, the differences between 

saline- and LPS-treated groups diminished. Similarly, serum IL-6 concentration peaked 2 

hours after LPS administration. Among the cytokines, IL-6 exhibited the most pronounced 

LPS-induced upregulation, followed by IL-1β and IL-8, whereas TNF-α showed the least 

response. 
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Conclusions: Laying hens reached maximum immune response at 2-hour post LPS 

challenge. 

Keywords: spleen, cytokines, LPS challenge, laying hens, serum 
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4.2 Introduction 

Disturbances in homeostasis are caused by infection, trauma, or immunological disorders 

activate various cell types, including leukocytes, fibroblasts, and endothelial cells. Upon 

activation, these cells release cytokines such as interleukin (IL), interferon (IFN), and 

tumor necrosis factor (TNF)-α. These cytokines bind to specific receptors on the surface 

or within target cells, initiating inflammatory responses (138, 139). Cytokines are essential 

molecules in the inflammatory cascade, acting as mediators that coordinate the immune 

system's communication network. Despite the significant progress in understanding 

cytokine biology in mammals, research on the roles of cytokines in regulating 

inflammatory responses in avian species remains limited. However, emerging studies 

suggest that chicken cytokines exhibit similar biological activity and functionality to those 

described in mammals (140). 

Lipopolysaccharide (LPS), a key component of the cell wall of gram-negative bacteria, is 

a potent inducer of inflammation and is widely used as a model to mimic bacterial infection 

and provoke acute immune challenges in poultry (141). LPS triggers inflammatory 

responses through toll-like receptor (TLR) 4, which is expressed on the surface of 

leukocytes such as monocytes, macrophages, and heterophils (142). This receptor-ligand 

interaction activates macrophages and other immune cells, prompting the production and 

secretion of cytokines such as IL-1β, IL-2, IL-6, IL-8, IL-10, TNF-α, and IFN-γ (143, 144). 

These cytokines exert both pro- and anti-inflammatory effects and serve as critical 

biomarkers for monitoring immune responses and assessing physiological or pathological 

processes. Numerous studies have demonstrated that LPS administration enhances 

cytokine production in chickens, primarily in broilers (144-146). However, most 
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investigations have focused on single time points, overlooking the temporal dynamics of 

cytokine expression during the inflammatory response (147-149). Since cytokine 

expression varies over time, optimizing the duration of LPS challenges is essential for 

accurate quantification of these mediators. Furthermore, limited research has examined 

multiple immunoregulatory molecules in response to bacterial infection over various time 

intervals, particularly in laying hens. 

The early stages of inflammation are critical for the immune system to mount an effective 

response against microbial infections (150). Therefore, this study focused on the acute 

phase of the inflammatory response in laying hens following LPS administration. Splenic 

mRNA expressions of cytokine levels, including IL-1β, IL-2, IL-6, IL-8, IL-10, TNF-α, 

IFN-γ, and TLR4, were evaluated at multiple time points (0, 1, 2-, 3-, 4-, and 6-hour post-

injection). This research aims to provide valuable insights into LPS-induced inflammation 

models in layers, offering a foundation for studying the effects of dietary nutrients, 

management practices, and exogenous treatments on poultry immune function. Ultimately, 

these findings could support advancements in health monitoring and the overall welfare of 

poultry flocks. 

4.3 Materials and methods 

4.3.1 Experimental animals 

A total of 33 Dekalb White layers, 39 weeks of age, were obtained from the main flock of 

the Poultry Barn, University of Manitoba. The birds were housed individually in cages 

measuring 38 cm in width and 52 cm in depth, providing a total floor space of 1,976 cm² 

per bird. Each cage was equipped with an independent feeder, a nipple drinker, and a perch. 

The hens were maintained under a 16-hour light and 8-hour dark photoperiod, with feed 



38 

 

and water provided ad libitum. All experimental procedures involving the use and care of 

animals were reviewed and approved by the University of Manitoba Animal Care Protocol 

Management and Review Committee (Protocol F18-025 [AC11383]). The management of 

the birds adhered to the guidelines established by the Canadian Council on Animal Care. 

4.3.2 Experimental design 

After a 1-week adaptation period, 30 birds (40 weeks old) were randomly assigned to two 

groups. The first group received an intravenous (IV) injection of Escherichia coli LPS 

(serotype 0111:B4, Sigma Aldrich) at a dose of 8 mg/kg body weight via the brachial wing 

vein, while the second group was injected with sterile saline. In addition, three untreated 

birds served as control animals, providing baseline data (time 0) for both saline- and LPS-

treated groups. Following injection, the general behavior of each bird was monitored. At 

time points 0 (before injection) and 1, 2-, 3-, 4-, and 6-hour post-injection, rectal body 

temperature was recorded, and approximately 5 mL of blood was drawn from the brachial 

wing vein. Birds were then euthanized by CO₂ asphyxiation, and spleens were collected. 

Blood samples were placed in serum separator tubes and allowed to clot at room 

temperature for 2 hours. Serum was subsequently separated by centrifugation at 1,000 × g 

for 20 minutes and stored at −80 °C until analysis. Spleen samples were flash-frozen in 

liquid nitrogen immediately after excision and stored at −80 °C for subsequent gene 

expression analysis. 

The LPS dosage used in this study was determined based on previous experiments 

conducted by our group (28, 29) and other researchers (151). Considering the challenge 

posed by venipuncture at the brachial vein, which often leads to hematomas that complicate 

repeated blood sampling, the study employed serial bird sacrifice at specified time points. 
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This approach, widely used in poultry research (152-154), is a viable alternative to repeated 

blood sampling. To minimize animal usage in alignment with ethical considerations and 

statistical requirements, three birds were allotted per time point. This number was deemed 

sufficient for statistical analysis (155) and is consistent with sample sizes reported in 

similar studies on chickens (152, 156). 

4.3.3 RNA isolation and cDNA synthesis 

Total RNA was extracted from approximately 10 mg of spleen with the commercial kit 

(RNeasy Mini kit; Qiagen) in accordance with the manufacturer’s protocol, which included 

on-column genomic DNA digestion (RNase-Free DNase Set for use with RNeasy/QIAamp 

Columns; Qiagen). Total RNA concentration was measured at an optical density of 260 

nm using a NanoDropTM 2000 spectrophotometer (Thermo Fisher Scientific, Ottawa, 

Canada), and RNA purity was verified by the ratio of absorbance at 260 and 280 nm. In 

addition, RNA integrity was verified by visualization in an agarose gel. Reverse 

transcription of 1 μg of total RNA in a 20-μL reaction was conducted using cDNA synthesis 

kit (SuperScript VILO; Invitrogen). The generated cDNAs were stored at −20 °C and used 

as the templates in the following quantitative real-time PCR (qRT-PCR) analysis. 

4.3.4 qRT-PCR analysis 

qRT-PCR was conducted to measure the relative mRNA expression levels of target genes, 

including IL-1β, IL-2, IL-6, IL-8, IL-10, IFN-γ, TNF-α, and TLR4. The sequences of the 

primers used are provided in Table 4.1, and their specificity was confirmed using NCBI 

BLASTN. qRT-PCR was performed on a real-time PCR system (StepOne Real-Time PCR 

System; Applied Biosystems), using real-time PCR SYBR master mix (Fast SYBR Green 
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Master Mix; Applied Biosystems). The amplification protocol consisted of an initial 

denaturation at 95 °C for 20 seconds, followed by 40 cycles of denaturation at 95 °C for 3 

seconds, and combined annealing and extension at 61 °C for 30 seconds. A melting curve 

analysis was performed with the following steps: 95 °C for 15 seconds, 60 °C for 1 minute, 

and 95 °C for 15 seconds. 

Each sample was run in duplicate, and the mean values were used for subsequent analysis. 

The relative expression of target genes was calculated using the 2−ΔΔCt method (157), with 

β-actin as the reference gene. The stability of β-actin expression was confirmed by 

analyzing its delta cycle threshold (ΔCt) values, which remained consistent across all 

samples (data not shown).
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Table 4.1. Primers used for qRT-PCR. 

Genes1 Primer sequences (5’ to 3’)2 Amplicon 

length (bp) 

GenBank access 

No. 

IL-1β F: TACACCCGCTCACAGTCCTT 

R: CAATGTTGAGCCTCACTTTCTG 

130 NM_204524 

IL-2 F: ACACCAACTGAGACCCAGGAGT 160 NM_204153 

 R: GACCCGTAAGACTCTTGAGGTTC   

IL-6 F: GCAGGACGAGATGTGCAAGA 176 NM_204628 

 R: GGTAGGTCTGAAAGGCGAACA   

IL-8 F: GATTGAACTCCGATGCCAGTG 197 NM_205018 

 R: TGTCCAGAATTGCCTTGATGAT   

IL-10 F: CAAGCAGATCAAGGAGACGTTC 104 NM_001004414 

 R: TCAGCAGGTACTCCTCGATGTAGT   

TNF-α F: GTCTGCTCCTAGTGGCTTTCCT 212 AY765397 

 R: CTACGGGTTGCTGCACATACA   

IFN-γ F: GCTGACGGTGGACCTATTATTGT 

R: ACGCCATCAGGAAGGTTGTT 

188 NM_205149 

TLR-4 F: CCAAACACCACCCTGGACTTG 

R: TGTATGGATGTGGCACCTTGAA 

120 NM_001030693 

β-Actin F: CAACACAGTGCTGTCTGGTGGTA 

R: ATCGTACTCCTGCTTGCTGATCC 

205 NM_205518 

1IL-1β, interleukin 1β; IL-2, interleukin 2; IL-6, interleukin 6; IL-8, interleukin 8; IL-10, 

interleukin 10; IFN-γ, interferon gamma; TNF-α, tumor necrosis factor alpha; TLR4, toll-like 

receptor 4
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4.3.5 Measurement of serum IL-6 concentrations 

Serum concentrations of IL-6 were measured by the ELISA (chicken IL-6 ELISA kit; 

LSBio) following the user manual. Standard curves and samples were run duplicate. 

4.3.6 Statistical analysis 

All data were analyzed using a completely randomized design, with individual birds 

serving as the experimental units. The study included 11 treatment groups: baseline (time 

0; pre-injection) and time points 1, 2-, 3-, 4-, and 6- hour post-injection for both LPS- and 

saline-treated groups. The mRNA expression of genes in response to time and injection 

type was evaluated using one-way ANOVA with the PROC MIXED procedure of SAS 

(version 9.4; SAS Institute Inc.). 

For serum IL-6, data from the saline-treated groups, which served as a validation for the 

LPS challenge, were excluded from the statistical analysis as they were below the limit of 

detection. Tukey's multiple range test was used for post-hoc comparisons, with statistical 

significance set at P < 0.05. 

4.4 Results 

4.4.1 Measurement of body temperature 

As described earlier, three birds were left untreated and served as baseline controls, 

representing the time 0 control for both saline- and LPS-treated groups. No adverse effects 

of LPS injections on bird behavior were observed. Furthermore, rectal temperature did not 

differ significantly (P > 0.05) among the groups, averaging 40.7 °C for the baseline controls, 

40.3 °C for the saline-injected group, and 40.1 °C for the LPS-injected group (Figure 4.1).
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Figure 4.1. Changes over time in the rectal temperature of LPS and saline-injected laying 

hens (Means ± SEM, n = 3). 
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4.4.2 Relative mRNA expression of inflammation regulatory genes in spleen 

The mRNA expression of cytokines, including IL-1β, IL-2, IL-6, IL-8, IL-10, IFN-γ, and 

TNF-α, was significantly elevated (P < 0.001) in the spleens of LPS-injected birds 

compared to saline-injected birds. As expected, no differences were observed between the 

baseline and saline-injected groups (P > 0.05; Table 4.2). The largest differences in 

cytokine expression between the LPS- and saline-treated groups occurred within the first 

2 hours post-injection, with these differences diminishing over time. At the 1-hour post-

LPS injection, IL-1β mRNA expression reached its peak and subsequently declined but 

remained higher than the saline control levels until 6 hours. IL-2, IL-6, and IL-8 expression 

showed significant changes to only up to 3 hours post-LPS injection, with the most 

pronounced alterations occurring between 1 and 2 hours. Meanwhile, IL-10, IFN-γ, and 

TNF-α expression remained elevated up to 4 hours after LPS administration, with the 

largest changes detected at 2 hours. 

Among the cytokines measured, IL-6 exhibited the most substantial LPS-induced increase 

in mRNA expression (1,725-fold), followed by IL-1β (281-fold), IL-8 (258-fold), IFN-γ 

(39-fold), IL-10 (37-fold), and IL-2 (16-fold). The lowest increase was observed for TNF-

α (4-fold). Notably, TLR4 mRNA levels were not affected by LPS injection (P > 0.05).  



45 

 

Table 4.2 mRNA expression profile of inflammation regulatory genes at different time points following LPS challenge in layers1. 

1Data are presented as least squares means of ΔCt and their SEM (n = 3). ΔCt = Ct (target gene) – Ct (β-actin), where target gene refers 

to IL-1β, IL-2, IL-6, IL-8, IL-10, INF-γ, TNF-α and TLR4, and β-actin is used as an internal control for gene expression normalization. 

Bold italic values are the fold changes in splenic mRNA expression relative to baseline (pre injection) for time effect, and saline for 

 
Time  SEM Treatment SEM P values 

 
Baseline (0 h) 1 h 2 h 3 h 4 h 6 h 

 
LPS Saline 

 
Time Treatment Time*Treatment2 

IL-1β 12.09c 7.88a 8.78a 10.00b 9.96b 11.10bc 0.26 7.95a 11.98b 0.15 < 0.001 < 0.001 < 0.001 

 
1.00 18.57 9.95 4.26 4.37 1.99 

 
16.28 1.00 

    
IL-2 15.53c 13.78a 14.05ab 15.15bc 15.70c 15.50c 0.27 13.85a 16.05b 0.16 < 0.001 < 0.001 < 0.001 

 
1.00 3.38 2.79 1.31 0.89 1.02 

 
4.59 1.00 

    
IL-6 13.93c 8.67a 7.95a 11.42ab 11.63abc 13.15bc 0.64 8.30a 13.95b 0.42 < 0.001 < 0.001 < 0.001 

 
1.00 38.24 62.97 5.68 4.93 1.72 

 
50.41 1.00 

    
IL-8 10.76c 6.40a 8.14ab 9.18bc 9.48c 9.18bc 0.31 7.41a 10.31b 0.20 < 0.01 < 0.001 < 0.01 

 
1.00 20.53 6.17 3.00 2.43 3.00 

 
7.47 1.00 

    
IL-10 11.40bc 9.75ab 9.27a 10.97abc 11.15abc 12.30c 0.44 9.39a 12.22b 0.25 < 0.001 < 0.001 < 0.01 

 
1.00 3.14 4.38 1.35 1.19 0.54 

 
7.10 1.00 

    
INF-γ 12.48b 9.96ab 9.82a 10.87b 11.67b 11.98b 0.28 9.86a 12.41b 0.20 < 0.001 < 0.001 < 0.001 

 
1.00 5.73 6.32 3.07 1.75 1.42 

 
5.85 1.00 

    
TNF-α 6.29b 5.82ab 5.55a 5.42a 5.76ab 6.05ab 0.15 5.09a 6.54b 0.09 < 0.01 < 0.001 < 0.001 

 
1.00 1.38 1.67 1.82 1.44 1.18 

 
2.74 1.00 

    
TLR4 8.34ab 7.68a 8.39ab 8.29ab 8.46b 8.35ab 0.16 8.09a 8.41b 0.09 < 0.05 < 0.05 0.345 

 
1.00 1.58 0.97 1.04 0.92 1.00 

 
1.25 1.00 
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treatment effect, based on 2-ΔΔCt method. Means are compared using Tukey’s multiple range test. Values with different letters in the 

same row indicate significant differences (P < 0.05), same for Table 3a and Table 3b. 
2When the P time × treatment is significant, probability for F tests and comparisons of means for time effect were carried out separately for 

LPS or saline injection, as shown in Table 4.3 and Table 4.4.
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Table 4.3 Splenic mRNA abundance of inflammation regulatory genes at different time points 

after LPS administration. 

 

  
Time SEM P values 

  Baseline (0 h) 1 h 2 h 3 h 4 h 6 h     

IL-1β  12.09e 3.96a 5.93b 7.90c  8.03cd 9.82d   0.39  < 0.001 

   1.00  281.36  71.82  18.24  16.64  4.83     

IL-2  15.53c 11.58a  12.20ab  14.11bc  14.85c  14.84c  0.46   < 0.001 

   1.00 15.50  10.09  2.68  1.60  1.62      

IL-6 13.93d  3.63a  3.18a  7.99b  9.78bc  11.26c   0.45  < 0.001 

  1.00   1256.52  1725.02  61.23 17.67   6.33     

IL-8  10.76c 2.75a  6.30b  7.92b  8.31b  8.38b   0.50  < 0.001 

   1.00  257.76 21.96  7.15  5.46  5.22      

IL-10  11.40bc 8.00ab  6.20a  9.85bc  9.25abc  11.66c  0.75   < 0.01 

  1.00  10.59  36.66  2.93  4.43  0.84      

INF-γ  12.48d 8.12ab  7.21a  9.40abc  10.14bcd  11.78cd   0.59  < 0.001 

   1.00  20.52 38.58  8.47  5.06  1.62      

TNF-α  6.29c 5.44abc  4.35ab  4.30a  4.65ab  5.50bc  0.25   < 0.001 

   1.00 1.79   3.82 3.96  3.12  1.72      



48 

 

Table 4.4 Splenic mRNA abundance of inflammation regulatory genes at different time 

points after saline administration. 

  Time SEM P values 

  Baseline (0 h) 1 h 2 h 3 h 4 h 6 h     

IL-1β  12.09  11.80  11.63 12.10   11.89  12.37 0.35 0.734 

   1.00 1.23  1.38  1.00  1.15  0.82  

  
IL-2  15.53 15.97  15.91  16.18  16.54  16.17  0.27 0.259 

  1.00  0.74  0.77  0.64  0.50  0.64  

  
IL-6  13.93 13.71  12.73  14.85  13.47  15.03  1.38 0.844 

  1.00  1.16  2.30  0.53  1.38  0.47  

  
IL-8  10.76 10.05  9.97  10.43  10.65  9.98  0.46 0.708 

   1.00 1.64  1.74  1.26  1.08  1.72  

  
IL-10  11.40 11.51  12.33  12.10  13.04  12.94  0.46 0.110 

   1.00 0.93  0.52  0.62 0.32 0.34  

  
INF-γ 12.48  11.80  12.44  12.33  13.21  12.18  0.36 0.224 

   1.00  1.60 1.03  1.11   0.61  1.24 

  
TNF-α 6.29  6.20  6.75  6.54  6.87  6.60  0.17  0.119 

   1.00 1.06  0.73  0.84  0.67  0.81      
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4.4.3 Concentration of IL-6 in serum 

Additionally, serum IL-6 levels were elevated following LPS administration, mirroring the 

mRNA expression patterns observed in the spleen. Serum IL-6 reached its maximum 

concentration of 2 hours of post-LPS injection and subsequently declined. However, no 

statistically significant differences were observed among the 3-, 4-, 6-, and 0-hour time 

points (P < 0.01; Figure 4.2). 
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Figure. 4.2. Changes over time in the concentration of serum IL-6 in LPS and saline-

injected laying hens (Means ± SEM, n = 3). 



51 

 

4.5 Discussion 

LPS is a well-established model of inflammation commonly used in both in vivo and in 

vitro studies (158, 159). Its effects include the altered production of various mediator 

molecules, with cytokines being particularly critical. Cytokines can be broadly categorized 

as either proinflammatory or anti-inflammatory, depending on their roles. Proinflammatory 

cytokines such as IL-1β, IL-2, IL-6, IL-8, TNF-α, and IFN-γ promote the initiation and 

propagation of inflammation, whereas anti-inflammatory cytokines like IL-6 and IL-10 

suppress immune responses and inhibit inflammation. Notably, IL-6 exhibits both pro- and 

anti-inflammatory properties (160). The current study investigated the temporal 

inflammatory profile in laying hens following an acute immune challenge induced by LPS. 

Specifically, changes in serum cytokine concentrations and splenic mRNA expression of 

cytokines and TLR4 were assessed over a 6-hour post-LPS injection. The results 

demonstrated that LPS administration induced an inflammatory response in the layers, as 

evidenced by increased cytokine expression. However, LPS injection did not alter the rectal 

temperature of the birds. Previous studies have reported mixed effects of LPS on body 

temperature in chickens. Leshchinsky and Klasing (153) observed a significant increase in 

body temperature in layers, but not in broilers, after LPS injection. Another study (161) 

found that broilers initially exhibited a decrease in body temperature below normal, 

followed by a subsequent increase above normal after LPS administration. These 

discrepancies may stem from variations in ambient temperature, LPS dosage, age, genetic 

background, or route of administration used in different studies. Chickens are generally 

considered resistant to the harmful effects of LPS, which may also contribute to these 

differences (162). 
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TLR4 is a key receptor for recognizing gram-negative bacteria and mediating the 

inflammatory response. It is best known as the primary receptor for LPS (142). Binding of 

LPS to TLR4 triggers a signaling cascade that activates nuclear factor kappa B (NFκB), 

ultimately leading to the production of various cytokines and other inflammatory mediators 

(143). The expression of TLR4 mRNA has been documented in chicken tissues (29). 

However, in the current study, LPS injections did not significantly alter TLR4 mRNA 

levels compared to the saline controls. Similarly, Munyaka et al. (29) reported no changes 

in TLR4 expression in the spleen or cecal tonsils of LPS-challenged laying hens. In contrast, 

other studies have found that LPS significantly upregulated TLR4 gene expression in the 

spleen (141) and jejunal mucosa of broilers (144). These inconsistencies may reflect 

differences in experimental conditions, including bird species, tissue types, and 

environmental factors. 

TNF-α, IL-1β, IL-6, and IL-8 are critical inflammatory mediators commonly produced by 

monocytes and macrophages during the early phase of inflammation. Among these, TNF-

α is recognized as the first cytokine to appear during the inflammatory response in 

mammals, typically peaking in plasma following LPS injection (163). TNF-α also activates 

monocytes and macrophages to release additional proinflammatory molecules, including 

IL-1β, IL-6, and IL-8, through feedback regulation (164). In cases of sepsis, TNF-α appears 

within 1.5 to 2 hours post-LPS injection, followed by IL-1β and IL-6 (163). In the current 

study, TNF-α mRNA levels in the spleen reached their maximum 2 to 3 hours after LPS 

injection, which occurred later than the peak levels for IL-1β and IL-6. This delayed 

response is consistent with findings by Gehad et al. (151), who reported that plasma TNF-

α activity in chickens peaked at 6 hours post-LPS injection. Differences in response timing 
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could be attributed to variations in the traits studied (protein levels in plasma vs. mRNA 

levels in spleen) or animal variability. Furthermore, the magnitude of LPS-induced TNF-α 

mRNA increase was the lowest among all the cytokines examined, suggesting that TNF-α 

may not be a sensitive biomarker of inflammation in chickens, warranting further 

investigation. 

IL-1β and IL-8 play key roles in the innate immune response by recruiting inflammatory 

cells (165). For example, previous studies have linked the deteriorated performance of 

LPS-challenged chickens to the increased release of IL-1β (165), while exposure of 

intestinal epithelia to LPS was shown to stimulate IL-8 secretion, exacerbating intestinal 

inflammation (158). IL-6, a cytokine with both pro- and anti-inflammatory roles, promotes 

T-helper (Th) 17 cell differentiation and enhances the ability of heterophils to eliminate 

pathogens (165, 166). In this study, splenic mRNA expressions of IL-1β, IL-6, and IL-8 

peaked at 1-hour post-LPS injection. Although IL-6 mRNA expression was slightly higher 

at 2 hours than at 1 hour, the difference was not statistically significant. These results 

confirm the early expression of these cytokines during the initial stages of inflammation. 

The difference between saline and LPS treatments diminished over time, reflecting the 

birds’ adaptation or recovery following the immune challenge. Previous studies have 

reported elevated circulating levels or mRNA expression of IL-1β, IL-6, and IL-8 at 2 to 4 

hours post-LPS administration in chickens (141, 144, 148). For example, Nakamura et al. 

(156) observed that serum IL-6 concentrations increased from 1 hour to 2 days, peaking at 

3 hours post-LPS administration. Similarly, De Boever et al. (161) reported that plasma 

IL-6 concentrations peaked 3 hours after LPS injection and returned to baseline within 9 

hours in broilers. The highest mRNA expression of IL-1β in the spleen was detected at 2 
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hours post-LPS injection (117). Collectively, these findings suggest that LPS induces rapid 

and transient increases in these inflammatory mediators, with the level of stimulation 

decreasing over time, indicating recovery or adaptation to the immune challenge. 

Importantly, the current study highlights that the magnitude of LPS-induced mRNA 

expression increases was highest for IL-6, followed by IL-1β and IL-8. This suggests that 

these three cytokines, particularly IL-6, are reliable biomarkers of acute inflammation in 

layers. Given its significant role, IL-6 has been consistently chosen as a key cytokine in 

studies investigating LPS-induced immune responses in poultry (156, 161).  

IL-2 and IFN-γ are proinflammatory cytokines produced by differentiated Th1 cells, which 

play a pivotal role in pathogen elimination and the propagation of autoimmune responses 

(167). IL-2 serves as a key autocrine growth factor, central to adaptive immunity, while 

IFN-γ activates natural killer cells, promotes macrophage activation, and induces nitric 

oxide secretion, thereby amplifying inflammation (168). In this study, significant changes 

in IL-2 and IFN-γ mRNA levels were observed only within the first 2 hours post-LPS 

administration. These findings align with previous reports, such as the study by 

Leshchinsky and Klasing (154), which demonstrated a significant increase in IFN-γ mRNA 

expression from 0 to 1-hour post-LPS injection, with elevated levels persisting before 

declining at 3 hours. Similarly, other studies have reported increased mRNA expression or 

circulating concentrations of IL-2 and IFN-γ within 2 hours of LPS challenge in broiler 

chickens (148). Sijben et al. (117) further explored the temporal dynamics of IL-2 and IFN-

γ mRNA expression in the spleen at multiple time points (0, 2, 3, 4, 6, 8, 16, and 24 hours 

post-LPS injection) and found peak transcription levels at 2 hours. Taken together, these 

findings suggest that the optimal window for detecting IL-2 and IFN-γ is within the first 
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few hours following LPS administration, emphasizing their rapid and transient roles in the 

early immune response. 

IL-10 is a well-known anti-inflammatory cytokine, with its immunoregulatory role 

demonstrated in chickens. Produced primarily by regulatory T cells and Th2 cells (169), 

IL-10 plays a critical role in maintaining immune homeostasis by suppressing excessive 

inflammation. It achieves this by inhibiting the production of proinflammatory cytokines 

such as TNF-α, IL-1β, IL-2, and IL-6 and by modulating Th1 cell activity through the 

inhibition of IFN-γ production (170). A recent study reported elevated serum levels and 

higher ileal IL-10 mRNA expression in pigeons injected intraperitoneally (IP) with LPS 

(171). Consistent with this, the present study demonstrated that LPS administration 

upregulated IL-10 mRNA expression in the spleen, highlighting the balance between pro- 

and anti-inflammatory responses crucial for maintaining immune homeostasis and 

performance in birds. 

Interestingly, the mRNA expression of IL-10 peaked at 2 hours post-LPS injection and then 

rapidly returned to baseline by 3 hours, suggesting that LPS-induced IL-10 expression 

occurs early and is transient. Previous studies in broilers also reported elevated circulating 

IL-10 concentrations at 2 hours post-LPS administration. However, findings from 

Echeverry et al. (159) indicated an upregulated IL-10 mRNA expression in chicken B cells 

at 4 hours post-LPS challenge. Notably, in the current study, IL-10 mRNA expression 

appeared to trend higher at 4 hours compared to 3 or 6 hours post-LPS administration. 

These observations underline the need for further investigations into the temporal dynamics 

of IL-10 expression following LPS challenge to better understand its regulatory role in 

avian immune responses. 
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4.6 Conclusion 

In conclusion, IV administration of LPS induced a marked inflammatory response in laying 

hens, as evidenced by increased expression of cytokines such as TNF-α, IFN-γ, IL-1β, IL-

2, IL-6, IL-8, and IL-10. The study demonstrated that cytokine expression levels peaked 

rapidly, reaching their maximum between 1 and 2 hours post-LPS administration, and 

subsequently returned to baseline levels by 6 hours. This pattern suggests that layers can 

adapt to or mitigate the immune challenges associated with bacterial infections over time. 

The findings emphasize the importance of timing in detecting inflammation in a clinical 

setting, with the first few hours post-LPS administration identified as the optimal window 

for measuring inflammatory responses. Notably, the magnitude of the LPS-induced 

cytokine expression was greatest for IL-6, indicating its potential as a distinct biomarker 

for inflammation in layers. However, further research involving larger sample sizes is 

warranted to validate this finding. 

This 6-hour challenge model provides valuable insights into the temporal dynamics of 

immune activation in chickens. The knowledge generated from this study may have direct 

clinical applications in identifying multiple inflammatory biomarkers and evaluating the 

effects of exogenous treatments (e.g., nutrients, feed additives, immunomodulators) on the 

avian immune system.
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BRIDGE TO CHAPTER 5 

The findings from Chapter 4 demonstrated that laying hens exhibited peak immune 

responsiveness at 2 hours following lipopolysaccharide (LPS) administration, as evidenced 

by the rapid induction of selected pro- and anti-inflammatory cytokines. This time point 

was identified as the optimal window to capture the acute phase of the immune response, 

thus providing a rationale for subsequent investigations. Building upon this, Chapter 5 

focuses on evaluating the anti-inflammatory potential of dietary fish oil (FO), high in 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), by assessing its 

modulatory effects on immune markers at 2 hours post-LPS challenge in laying hens. This 

approach aims to determine whether FO supplementation can attenuate the early immune 

response during acute inflammation in laying hens. 
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CHAPTER 5 MANUSCRIPT II 

THE DIETARY EFFECT OF EICOSAPENTAENOIC ACID (EPA) AND 

DOCOSAHEXAENOIC ACID (DHA) FROM FISH OIL (FO) ON 

PERFORMANCE, FATTY ACID DEPOSITION, PLASMA OXYLIPINS AND 

CYTOKINES IN RESPONSE TO LIPOPOLYSACCHARIDE (LPS) CHALLENGE 

IN LAYING HENS  
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5.1 Abstract 

Background Including fish oil (FO) in laying hen diets is an attractive strategy to increase 

egg and tissue omega-3 PUFA, while simultaneously protecting the hen from potential 

immune challenges. 

Objectives: This study was designed to compare the effects of a standard hen diet with one 

containing FO, rich in both eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), 

on the levels of PUFA in egg and tissue, plasma oxylipins, and splenic cytokine expression 

in LPS-challenged laying hens.    

Methods: Twenty-four 40-week-old Dekalb White layers were randomly assigned to 

either control (no EPA or DHA) or a FO (0.4 g/100g EPA and DHA) diets. After 6 weeks, 

hens were challenged with LPS (8 mg/kg body weight; iv) or saline 2 hours before 

termination. FA were analyzed by GC, free oxylipins by HPLC/MS/MS, and cytokines by 

qRT-PCR.  

Results: Egg yolk, liver and plasma were enriched in omega-3 PUFA and reduced in 

omega-6 PUFA in the FO group. Interestingly, LPS increased levels of liver ALA as well 

as plasma ALA and DHA in hens fed FO diet. These FO-fed hens exhibited higher 

concentrations of plasma oxylipins derived from EPA and DHA, while showing lower 

concentrations of omega-6 oxylipins. In control hens, LPS increased the level of oxylipins 

by approximately 14%, particularly octadecanoids derived from ALA and linoleic acid 

(LA). In contrast, in hens fed FO diet, LPS caused a decrease of about 31% in oxylipins 

derived from both omega-6 and omega-3 PUFA. Consistent with these putatively anti-

inflammatory effects, FO decreased oxylipins associated with higher soluble epoxide 

hydrolase (sEH) activity in saline treated hens. However, FO increased these oxylipins in 
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LPS treated hens. LPS induced the expression of splenic cytokines, and this was not altered 

by diet. 

Conclusions: Dietary EPA and DHA enriches omega-3 PUFA in yolk and in liver and 

plasma of layers and modulates the effects of LPS on plasma oxylipins in a manner that is 

largely, but not completely, indicative of an anti-inflammatory effect. 

Keywords: FO, EPA, DHA, oxylipins, LPS, inflammation, laying hens 
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5.2 Introduction 

Omega-3 PUFA, including α-linolenic acid (ALA), long-chain PUFA (LC-PUFA) EPA 

and DHA, have well-documented health benefits for humans, as reviewed (9, 172, 173). A 

key strategy to enhance the dietary intake of omega-3 PUFA in humans is the enrichment 

of animal-derived products, such as eggs, through feed supplementation (174, 175). 

Strategies for this practice include: 1) using diets high in ALA from plant-based sources 

such as flaxseed or canola; 2) utilizing algal products, which are particularly high in DHA; 

or 3) supplementing feeds with marine or fish oil (FO), which are rich in both EPA and 

DHA, but not ALA (12). All three approaches effectively increase the total omega-3 PUFA 

content and nutritional value of eggs, but they result in varying proportions of individual 

omega-3 PUFA (176-179). 

The health benefits of omega-3 PUFA are largely attributed to their anti-inflammatory 

properties, mediated in part through bioactive lipid mediators known as oxylipins (180). 

The main synthetic pathways, cyclooxygenase (COX), cytochrome P450 (CYP450), 

generate oxylipins from either omega-3 or omega-6 PUFA with generally opposing effects 

(181). Omega-3 oxylipins, especially those derived from EPA and DHA have anti-

inflammatory and pro-resolving properties, while oxylipins derived from linoleic acid (LA) 

and arachidonic acid (ARA), are generally pro-inflammatory, although it is not always this 

straightforward as reviewed (22, 182). For example, epoxy-PUFA derived via the CYP450 

pathway and their subsequent diol products formed via soluble epoxide hydrolase (sEH) 

exhibit anti- and pro-inflammatory properties, respectively, so their balance influences the 

overall inflammatory effect (183-186).  
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Given that omega-3 PUFA are recognized for their immunomodulatory properties, 

maintaining a balanced intake of omega-6 and omega-3 PUFA is crucial for regulating 

immune function, particularly during disease challenges or other stressors that trigger a 

robust acute-phase response (14). Modern poultry feeds are typically high in omega-6 and 

deficient in omega-3 PUFA, largely due to the reliance on omega-6-rich ingredients and 

the absence of official omega-3 PUFA requirements in poultry nutrition guidelines. In 

commercial poultry production, the environment comprises multiple interacting stressors, 

including external factors such as temperature, lighting, and social or behavioral conditions, 

as well as internal challenges such as exposure to pathogens and toxins, as summarized by 

Ncho et al (187). These stressors encompass various physical, physiological, and infectious 

factors that may act independently or synergistically, potentially compromising the 

immune system (188-190). LPS is a potent pro-inflammatory substance found in the cell 

wall of gram-negative bacteria that has been used extensively to model bacterial infections 

experimentally in poultry (28-30, 191). During LPS-induced inflammation, 

immunomodulatory cytokines and oxylipins are produced and serve as biomarkers of 

inflammatory status (15, 192). Several studies have examined the potential 

immunomodulatory properties of dietary omega-3 PUFA in birds to overcome an immune 

challenge elicited by LPS (191, 193). 

However, not all dietary omega-3 PUFA have equal effects on expression of oxylipins and 

cytokines. Generally, ALA, EPA, and DHA primarily increased their respective oxylipins, 

while also reducing omega-6 PUFA-derived oxylipins in the following order of 

effectiveness: DHA > EPA > ALA (194, 195). DHA can reduce the expression of multiple 

pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-α), IL-6, 
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monocyte chemoattractant protein (MCP)-1, and IL-10, whereas EPA exhibits a more 

pronounced effect on cytokine ratios, such as TNF-α/IL-10 and MCP-1/IL-10 (196). 

Additionally, both EPA and DHA can modify the specialized pro-resolving mediators 

(SPM) lipidome in plasma by replacing omega-6 ARA derivatives with their respective 

metabolites, including a five-fold increase in 18-hydroxy-EPA (induced by EPA) and a 

three-fold increase in 17- and 14-hydroxy-DHA (induced by DHA) shown in this study. 

Furthermore, da Cunha de Sá et al. (197) demonstrated that different EPA:DHA ratios 

differentially affect adipose tissue metabolism. FO rich in EPA, but not DHA, effectively 

reversed obesity-induced metabolic alterations by preventing changes in TNF-α, IL-10, 

and resistin secretion in adipose tissue. Further, in our prior studies with dietary ALA or 

with dietary algal-derived DHA- enriched diets, after a 4-hour LPS challenge, ALA 

supplementation increased all quantified ALA-derived oxylipins, while DHA 

supplementation elevated nearly all quantified EPA- and DHA-derived oxylipins (31). 

However, these diets were not compared to the standard laying hen diet low in omega-3 

PUFA, so it is unclear how oxylipins change compared to hens provided a commercial diet. 

Due to the unique effects of individual fatty acids and the prohibitively high cost and 

limited commercial availability of purified EPA in poultry feed, the objective of the current 

study was to evaluate the effects of a fish oil containing both EPA and DHA compared to 

a commercial diet with low omega-3 PUFA content, in laying hens challenged with LPS, 

on plasma oxylipins and their precursor PUFA and on splenic expression of representative 

pro- and anti-inflammatory cytokines. 
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5.3 Materials and methods 

The experimental protocol, including details of animal utilization and welfare, was 

reviewed and approved by the University of Manitoba Animal Care Protocol Management 

and Review Committee. Additionally, all the layers were fed and managed according to 

the recommendations established by the Canadian Council on Animal Care (198). 

5.3.1 Animals and experimental design 

A total of 24 forty-week-old Dekalb White laying hens were received from a local hatchery 

(Steinbach Hatchery & Feed Ltd., Steinbach, MB, Canada) and raised, fed, and managed 

in the Poultry Metabolism Unit at the University of Manitoba. Birds were randomly housed 

in cages individually (38 × 52 cm to provide 1,976 cm2 area space per bird) with 

independent feeders, nipple waterers, and perches. Water and feed were supplied ad libitum, 

and light was provided for 15 hours throughout the entire experimental period (week 0-8 

starter, week 9-12 grower and week 13-16 finisher). All birds experienced a 2-wk 

adaptation period by feeding commercial layer diets, followed by random assignment to 

one of two diets (12 hens per diet): a commercial laying hen diet (control, 0% EPA and 

DHA) or a diet containing FO (0.4% EPA and DHA). Menhaden oil was sourced from 

Dyets, Inc. (Bethlehem, PA, USA). Both diets were formulated to meet or exceed the 

nutrient requirement based on the Dekalb White commercial product guide (North 

American Version). The ingredients and nutrient composition of the experimental diets are 

presented in Table 5.1, and the analyzed FA profile in experimental diets is provided in 

Table 5.2. 
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Table 5.1 Ingredients and nutrient composition of experimental laying hen diets1. 

1Provided per kilogram of diet, vitamin-mineral premix contained: 11,000 IU of vitamin A; 3,000 

IU of vitamin D3, 150 IU of vitamin E, 3 mg of vitamin K3 (as menadione), 0.02 mg of vitamin 

B12, 0.2 mg of biotin, 6.5 mg of riboflavin, 4 mg of folic acid, 10 mg of calcium pantothenate, 

39.9 mg of niacin, 2.2 mg of thiamine, 4.5 mg of pyridoxine, 1,000 mg of choline chloride, 125 

mg antioxidant (ethoxyquin), 66 mg of manganese, 70 mg of zinc, 80 mg of iron, 10 mg of copper, 

0.3 mg of selenium, 0.4 mg of iodine.  
2FO, fish oil. 
3Biophos, a feed-grade monocalcium phosphate, contained 21% P and 18% Ca (Landmark Feeds, 

Winnipeg, Manitoba, Canada). 

 Control diet FO diet2 

Ingredient %    

Corn (whole grain) 60.36 42.22 

Soybean Meal 24.18 21.99 

Wheat 0.000 19.92 

Corn Oil 2.148 0.000 

Vitamin Premix 1.000 1.000 

Mineral Premix 0.500 0.500 

Biophos3 1.533 1.520 

Salt 0.280 0.265 

Limestone 9.899 9.938 

DL-Methionine 0.096 0.100 

Lysine 0.011 0.039 

Menhaden Oil (Dyets) 0.000 2.500 

Total  100.00 100.00 

Calculated nutrients   
AMEn (Poultry; Kcal/kg) 2815.7 2816.7 

Crude Fat (%) 4.60 4.63 

Crude Protein (%) 17.00 17.00 

Calcium (%) 4.00 4.00 

Total Phosphorus (%) 0.64 0.63 

Available Phosphorus (%) 0.45 0.45 

Calculated fatty acids4  
LA (%) 1.77 1.00 

ALA (%) 0.04 0.05 

EPA (%) 0.00 0.17 

DHA (%) 0.00 0.13 

Total Omega-3 (%) 0.04 0.36 

Analyzed nutrients   
AMEn (Poultry; Kcal/kg) 2931.2 2978.6 

Crude Fat (%) 4.39 5.16 

Crude Protein (%) 16.72 18.24 

Calcium (%) 4.46 4.49 

Phosphorus (%) 0.58 0.59 
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4LA, Linoleic acid; ALA, α-linolenic acid; EPA, Eicosapentaenoic acid; DHA, 

Docosahexaenoic acid.
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Table 5.2. Analyzed fatty acid composition of fish oil and experimental diets in laying hens1. 

 Menhaden oil2 Control diet FO3 diet 

Analyzed fatty acids (% by wt)    
TSFA 15.1 0.56 0.90 

TMUFA 8.68 1.04 0.77 

LA (18:2n-6) 0.86 2.26 1.22 

GLA (18:3n-6) 0.31 0.00 0.01 

ARA (20:4n-6) 0.49 0.00 0.02 

ALA (18:3n-3) 0.96 0.08 0.11 

EPA (20:5n-3) 6.98 0.00 0.22 

DPA (22:5n-3) 1.08 0.00 0.03 

DHA (22:6n-3) 5.67 0.00 0.18 

Omega-3 PUFA 14.7 0.08 0.54 
1ARA, arachidonic acid; ALA, α-linolenic acid; DPA, docosapentaenoic acid; EPA, 

eicosapentaenoic acid; GLA, gamma-linolenic acid; LA, linoleic acid; TMUFA, total 

monounsaturated fatty acids (sum of palmitoleic acid and oleic acid); TSFA, total saturated fatty 

acids (sum of myristic acid, palmitic acid and stearic acid).  
2Menhaden oil, dietary source of fish oil. 
3FO, fish oil.  
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5.3.2 Sample collection and measurements 

Feed intake (FI) and body weight (BW) were recorded weekly throughout the entire experiment 

(6 weeks). Egg weight (EW) and EP were measured and recorded daily. On the final day of the 

feeding period, eggs were collected from all birds, and yolks were separated and stored at -20℃ 

for subsequent FA analysis. At termination, all birds in each treatment (n = 12) were randomly 

assigned to receive either 8 mg/kg body weight of Escherichia coli (E. coli) derived LPS (serotype 

0111: B4, Sigma Aldrich Inc., St. Louis, MO; n = 6) or sterile saline (n = 6) by intravenous 

injection, as described (137, 151). The feed was withdrawn after injection. All birds were 

euthanized by CO2 asphyxiation 2 hours post LPS injection, since cytokines peak 2 hours post-

challenge in laying hens following an LPS challenge (199). Plasma, liver, and spleen samples were 

collected and stored at -80℃ until further analysis.  

5.3.3 Fatty acids extraction and analysis 

Total lipids from plasma, liver, egg yolk, and experimental diets were extracted as described (200). 

Briefly, 1g of egg yolk, liver samples, experimental diets (finely ground), and 100 µL plasma were 

pre-conditioned with chloroform/methanol (2:1, by volume) and 5mg/mL internal standard C13:0 

(Nu-Chek Prep, Inc., Elysian, MN, USA) for FA extraction. Aliquots of a known volume (to 

contain approximately 50 mg lipid) were dried under nitrogen and methylated using 3 mL of boron 

trifluoride. The final methylated FA of the samples were extracted into iso-octane and were 

determined using a Varian 450 GC with flame ionization detector (FID) (GC-FID; Agilent 

Technologies Canada Inc., ON), equipped with a DB225MS column (30 m × 0.25 mm diameter 

and 0.25 mm film thickness; Agilent Technologies Canada Inc., Mississauga, Ontario). The 

settings of equipment and calculations of FA contents in all samples were described previously 

(31). 
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5.3.4 Oxylipin extraction in plasma  

One mL of water (pH 3), 10 µL of antioxidant solution, and 100 µL of deuterated internal standard 

(Cayman Chemical, Ann Arbor, MI) were added to 200 µL of plasma sample and then adjusted to 

pH < 3 for oxylipin extraction. Samples were applied to Strata-X solid phase extraction columns 

(33u, 60 mg/3mL; Phenomenex, CA) before elution of free oxylipins with 10% methanol. All 

samples were dried under nitrogen and reconstituted in 100 µL of a mobile phase of water-

acetonitrile-formic acid (70:30:0.02, v/v/v, LC-MS grade). Oxylipins were determined using high-

performance liquid chromatography mass spectrometry (HPLC-MS/MS; QTRAP 6500; Sciex, ON, 

Canada). Further details of HPLC-MS/MS parameters, deuterated standards used, standard curve 

slopes and oxylipin retention times are provided in (201, 202).  

5.3.5 Total RNA extraction and reverse transcription 

Total RNA was isolated from spleen samples (10 ± 0.5 g) using the RNeasy Mini kit (Qiagen 

Canada Inc., Mississauga, ON, Canada), with genomic DNA contamination eliminated using a 

DNase set kit (Qiagen Canada Inc., Mississauga, ON, Canada) as per the manufacturer's 

instructions. Subsequently, 1 µg of RNA was utilized for cDNA synthesis employing the 

Superscript® VILO™ cDNA Synthesis Kit (Invitrogen Canada Inc., Burlington, ON, Canada), 

following the manufacturer's protocol. The cDNA samples were stored at –20°C for further qRT-

PCR analysis. 

5.3.6 qRT-PCR analysis 

Quantitative real-time PCR was performed using the Step One Thermo Cycler (Applied 

Biosystems). PCR primers for studied genes were designed using Primer Premier 5 software and 

are summarized in Table 5.3 (199). A melting curve program was used to check the specificity of 
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each PCR product and to optimize the primer concentrations. The target mRNA abundance was 

normalized based on the expression of the housekeeping gene, β-actin and relative mRNA 

expression was calculated according to the 2−ΔΔCT method. Each reaction was run in duplicate 

using Step One Software (Applied Biosystems, Canada). Real-time PCR efficiencies were 

acquired according to the formula: E = 10−1/slope of standard curve (203). The express PCR 

efficiency of all primers used in this project was between 95% and 100%. Each sample for each 

gene was run in duplicate using Step One Software (Applied Biosystems), along with the controls 

without cDNA that were conducted. 
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Table 5.3. Primer sequences for quantitative real-time PCR. 

Genes1 Primer sequences (5’ to 3’)2 Amplicon 

length (bp) 

GenBank access 

No. 

IL-1β F: TACACCCGCTCACAGTCCTT 

R: CAATGTTGAGCCTCACTTTCTG 

130 NM_204524 

IL-2 F: ACACCAACTGAGACCCAGGAGT 160 NM_204153 

 R: GACCCGTAAGACTCTTGAGGTTC   

IL-6 F: GCAGGACGAGATGTGCAAGA 176 NM_204628 

 R: GGTAGGTCTGAAAGGCGAACA   

IL-10 F: CAAGCAGATCAAGGAGACGTTC 104 NM_001004414 

 R: TCAGCAGGTACTCCTCGATGTAGT   

TNF-α F: GTCTGCTCCTAGTGGCTTTCCT 212 AY765397 

 R: CTACGGGTTGCTGCACATACA   

IFN-γ F: GCTGACGGTGGACCTATTATTGT 

R: ACGCCATCAGGAAGGTTGTT 

188 NM_205149 

TLR4 F: CCAAACACCACCCTGGACTTG 

R: TGTATGGATGTGGCACCTTGAA 

120 NM_001030693 

β-Actin F: CAACACAGTGCTGTCTGGTGGTA 

R: ATCGTACTCCTGCTTGCTGATCC 

205 NM_205518 

1IL-1β, interleukin 1β; IL-2, interleukin 2; IL-6, interleukin 6; IL-8, interleukin 8; IL-10, 

interleukin10; IFN-γ, interferon gamma; TNF-α, tumor necrosis factor alpha; TLR4, toll-like 

receptor 4. 
2F = forward; R = reverse. 
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5.3.7 Statistical analysis 

Data was analyzed as a completely randomized design, using R version 4. 3. 3. For the 

repeated-measures analysis of performance data, the model is: yijk = µ + di + aij +wk +dwik 

+eijk, where yijk is an observation on a performance measure, including BW, FI, and EW; 

µ represents the population mean, di is the effect of the i’th diet (either control or 2.5% FO 

diet; i = 1, 2), aij represents the effect of the j’th hen in the i’th dietary treatment, wk is the 

effect of the k’th week (k = 1, 2, … 6), dwik is the interaction of diet and week, and eijk is 

the residual error. Treatment, week, and their interaction are considered fixed effects, and 

hen and the residual error are considered random effects.  

For oxylipin patterns in response to both dietary treatment and LPS challenge, principal 

component analysis (PCA) was first performed, using R version 4. 3. 3 FactoMineR and 

factoextra packages. Factor loadings were generated to examine the weight of the 

correlations of oxylipins to the principal components derived. Then for oxylipins and other 

single-measure outcomes, including FA and relative mRNA expressions, a two-factor 

factorial model was used: yijk = µ + di + cj +dcij +eijk, where yijk is a single-measure 

observation on a hen, µ is the population mean, di is the effect of the i’th diet (i = 1, 2), cj 

is the effect of the j’th challenge level (either LPS or saline injection; j = 1, 2), dcij is the 

interaction of the two factors, and eijk is the residual error due to the k’th hen in the ij’th 

combination of diet and challenge. All effects are considered fixed effects except the 

residual error. The Shapiro-Wilk and Bartlett’s test were used for assessing normal 

distribution and homogeneity of variance, and if necessary, data were log-transformed to 

achieve these two assumptions within each group. The missing value was observed in 

oxylipin data, due to the unsuccessful blood collection from one bird in the control/saline 
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group. All data were presented as least squares means (LSM) ± SE, adjusted using Tukey’s 

post hoc test to compare for significant differences (P < 0.05). 

5.4 Results  

5.4.1 Hen performance 

Laying hen performance, including FI, BW, EW, rate of EP, and feed conversion ratio 

(FCR), were not affected by diet (Table 5.4). At the end of the feeding period, the hens 

provided the control diet consumed 106.0 g feed/day, had an average BW of 1.77 kg, 

produced eggs with a mean weight of 61.7 g, had a 97.2% EP rate, and exhibited a FCR of 

1.75. Hens provided the FO diet consumed 102.4 g/day of feed, had an average BW of 1.73 

kg, produced eggs with a mean weight of 61. 9 g had a 96.0% EP rate and exhibited a FCR 

of 1.76. 
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Table 5.4. Performance of hens (from 42 to 48 weeks of age) provided either the control  

or fish oil diet1.  

1Data are presented as least squares means and their SEM (n = 12). Values with different 

superscripts within a column are significantly different at P < 0.05.  
2FI, feed intake; BW, body weight; EW, egg weight; FCR, feed conversion ratio, g of feed 

consumed per g of egg produced. 
3FO, fish oil.

 FI 

(g/hen/day) 

BW  

(kg) 

Egg 

production 

(%) 

EW 

(g/egg) 

FCR 

(g/g)2 

Diet effect  

Control 106.0 1.77 97.2 61.7 1.75 

2.5% FO3 102.4 1.73 96.0 61.9 1.76 

SEM 1.765 0.028 1.748 0.854 0.047 

Week effect      

Week 1 96.9 1.75 92.9b 60.6 1.75ab 

Week 2 103.4 1.74 95.2ab 61.1 1.79ab 

Week 3 111.6 1.76 96.4ab 62.3 1.86a 

Week 4 108.0 1.75 98.2ab 62.4 1.76ab 

Week 5 103.6 1.75 98.2ab 62.1 1.71ab 

Week 6 101.6 1.76 98.8a 62.4 1.65b 

SEM 1.866 0.020 1.731 0.660 0.046 

P values      

Diet 0.1665 0.2657 0.6349 0.8833 0.0528 

Week <.0001 0.4809 0.0154 <.0001 0.0070 

Diet × week 0.0002 0.1708 0.9762 0.0172 0.3837 
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5.4.2 Fatty acid composition of yolks, liver, and plasma 

Egg yolks from hens that were fed a diet containing FO had higher concentrations of total 

and individual omega-3 PUFA, including ALA, EPA, DPA, and DHA, compared to those 

from hens fed the control diet (P < 0.0001; Table 5.5). Additionally, the FO diet resulted 

in lower concentrations of total and individual omega-6 PUFA, including LA and ARA, 

leading to a lower omega-6 to omega-3 PUFA ratio (P < 0.0001; Table 5.5). 
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Table 5.5. Fatty acid composition of egg yolk (mg/yolk) of laying hens provided either the control 

or fish oil diet1. 

 Control diet FO diet3  P values 

SFA, mg/yolk     

14:0 15.66±0.805 31.10±1.343  <.0001 

16:0 1241.2±38.36 1265.8±35.91  0.6443 

18:0 426.5±17.57 399.2±11.11  0.2042 

MUFA, mg/yolk     

16:1 106.9±5.486 171.2±8.145  <.0001 

18:1 1661.6±49.07 1475.1±42.47  0.0090 

Omega-3 PUFA, 

mg/yolk 

    

18:3n-3 24.48±1.038 40.61±1.887  <.0001 

20:5n-3 1.510±0.538 19.44±1.953  <.0001 

22:5n-3 3.124±0.354 15.16±1.205  <.0001 

22:6n-3 58.71±5.502 159.44±6.823  <.0001 

Omega-6 PUFA, 

mg/yolk 

    

18:2n-6 962.8±28.21 725.2±28.14  <.0001 

18:3n-6 7.484±0.316 7.220±0.279  0.5370 

20:4n-6 83.36±7.408 39.03±1.380  <.0001 

Totals2, mg/yolk     

SFA 1683.4±54.22 1696.1±46.78  0.8610 

MUFA 1768.4±51.58 1646.4±47.37  0.0953 

Omega-3 PUFA 87.83±6.970 234.7±9.658  <.0001 

Omega-6 PUFA 1053.7±28.96 771.5±29.48  <.0001 

Omega-6/Omega-3 12.55±0.738 3.344±0.181  <.0001 
1Data are presented as least squares means and their SE (n = 12). Values with different superscripts 

within a row are significantly different at P < 0.05.  
2ARA, arachidonic acid; ALA, α-linolenic acid; DPA, docosapentaenoic acid; GLA, gamma-

linolenic acid; LA, linoleic acid; MUFA, monounsaturated fatty acids; SFA, saturated fatty acids. 
3FO, fish oil.
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In liver, hens that were fed an FO diet exhibited higher concentrations of individual omega-

3 LC-PUFA as well as total omega-3 PUFA compared to those fed the control diet. 

Conversely, the concentrations of ARA and the omega-6 to omega-3 ratio were lower in 

hens fed the FO diet when compared to the control treatment (P < 0.0001; Table 5.6). 

Additionally, there was an interaction between diet and injection regarding ALA, as the 

FO/LPS group showed higher ALA levels than both the FO/saline (P < 0.05) and the 

control/LPS groups (P < 0.01; Table 5.6). 
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Table 5.6. Fatty acid composition in liver (mg/g) of laying hens provided either the control or fish oil diet followed by saline or LPS 

challenge1. 

 Control diet  FO diet3  P values 

 Saline LPS  Saline LPS  Diet Injection Diet*Injection 

SFA, mg/g          

14:0 0.188±0.047b 0.089±0.014  0.183±0.036 0.234±0.028a  0.0497 0.4823 0.0369 

16:0 13.18±2.362 8.575±0.768  10.10±1.575 11.07±0.762  0.3803 0.3219 0.1059 

18:0 6.935±1.376 4.635±0.236  5.126±0.794 4.964±0.286  0.4101 0.2051 0.1793 

MUFA, mg/g          

16:1 0.852±0.173 0.483±0.078  0.734±0.119 1.008±0.146a  0.1426 0.7277 0.0257 

18:1 15.98±5.315 7.546±2.554  9.207±3.536 12.42±1.457  0.1824 0.3696 0.1460 

Omega-3 PUFA, mg/g          

ALA (18:3n-3)  0.163±0.031 0.135±0.015  0.186±0.025 0.255±0.018a,b  0.0058 0.3916 0.0478 

EPA (20:5n-3) 0.015±0.003 0.010±0.002  0.178±0.011 0.197±0.015  <.0001 0.2227 0.0620 

DPA (22:5n-3)  0.030±0.003 0.029±0.005  0.114±0.005 0.135±0.009  <.0001 0.1093 0.0693 

DHA (22:6n-3) 0.887±0.088 0.780±0.073  1.854±0.129 2.218±0.100  <.0001 0.7089 0.0576 

Omega-6 PUFA, mg/g          

LA (18:2n-6)  9.285±1.509 6.874±0.485  7.118±0.828 7.234±0.394  0.3383 0.2280 0.1866 

GLA (18:3n-6) 0.061±0.009 0.045±0.005  0.053±0.005 0.056±0.004  0.7986 0.2978 0.1702 

ARA (20:4n-6) 1.887±0.056 1.959±0.130  1.229±0.107 1.078±0.089  <.0001 0.6938 0.2767 

Totals2, mg/g          

SFA 20.30±3.764 13.30±0.999  15.40±2.389 16.27±1.056  0.3375 0.3162 0.1140 

MUFA 16.83±5.413 8.029±2.609  9.940±3.640 13.43±1.592  0.2280 0.3533 0.1340 

Omega-3 PUFA 1.095±0.093 0.954±0.079  2.332±0.147 2.805±0.124  <.0001 0.2550 0.4538 

Omega-6 PUFA 11.23±1.564 8.878±0.462  8.400±0.872 8.367±0.406  0.0962 0.2251 0.2374 

Omega-6/Omega-3 10.51±1.436 9.570±0.736  3.588±0.247 3.016±0.209  <.0001 0.2731 0.7271 
1Data are presented as least squares means and their SE (n = 6). Superscript of a indicates a significant difference (P < 0.05) between 

treatments under the same injection; b indicates a significant difference (P < 0.05) between LPS and saline injections under the same 

diet. Superscripts of a and b are on the higher number. 
2ARA, arachidonic acid; ALA, α-linolenic acid; DPA, docosapentaenoic acid; GLA, gamma-linolenic acid; LA, linoleic acid; MUFA, 

monounsaturated fatty acids; SFA, saturated fatty acids. 
3FO, fish oil.
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Similar effects were observed in plasma. The levels of LA (P = 0.0371), ARA (P < 0.0001), 

total omega-6 PUFA (P = 0.0216), and the omega-6 to omega-3 ratio (P < 0.0001) were all 

lower in layers given the FO diet compared to those fed the control diet (Figure 5.1A-D; 

Table 5.7). Interactions between diet and injection were observed with individual and total 

omega-3 PUFA. Specifically, plasma levels of ALA, DPA, DHA, and total omega-3 PUFA 

were higher in the FO/LPS group compared to both the FO/saline and control/LPS groups 

(P < 0.05; Figure 5.2A, C-E; Table 5.7). Additionally, hens fed the FO diet when 

compared to control diet exhibited higher plasma EPA concentrations when challenged 

with either LPS or saline (P < 0.05; Figure 5.2B; Table 5.7). 
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Table 5.7. Fatty acid composition in plasma (mg/mL) of laying hens provided either the control or fish oil diet followed by saline or 

LPS challenge1. 

 Control diet  FO diet3  P values 

 Saline LPS  Saline LPS  Diet Injection Diet*Injection 

SFA, mg/mL          

14:0 0.071±0.010 0.055±0.0128  0.059±0.015 0.128±0.027a,b  0.1075 0.1561 0.0270 

16:0 5.548±0.705 4.868±1.239  2.953±0.707 5.667±1.118  0.3827 0.3244 0.1079 

18:0 2.002±0.234 1.845±0.476  1.015±0.265a 1.888±0.331b  0.2002 0.3257 0.1638 

MUFA, mg/mL          

16:1 0.442±0.067 0.358±0.090  0.297±0.072 0.661±0.158b  0.4673 0.2069 0.0498 

18:1 8.093±1.006 7.228±1.815  3.889±1.055 7.419±1.589  0.1850 0.3723 0.1484 

Omega-3 PUFA, mg/mL          

ALA (18:3n-3)  0.108±0.019 0.099±0.022  0.096±0.024 0.179±0.026a,b  0.3480 0.1290 0.0499 

EPA (20:5n-3) 0.009±0.003 0.004±0.001  0.047±0.010a 0.108±0.031a  <.0001 0.9710 0.0166 

DPA (22:5n-3)  0.017±0.004 0.013±0.005  0.029±0.007 0.071±0.020a,b  0.0006 0.3921 0.0250 

DHA (22:6n-3) 0.318±0.054 0.235±0.056  0.392±0.089 0.815±0.176a,b  0.0076 0.3829 0.0195 

Omega-6 PUFA, mg/mL          

LA (18:2n-6)  4.559±0.636 4.141±0.948  2.293±0.521 3.686±0.523  0.0371 0.2712 0.0758 

GLA (18:3n-6) 0.035±0.005 0.032±0.009  0.019±0.004 0.034±0.005  0.1981 0.2745 0.0605 

ARA (20:4n-6) 0.496±0.045 0.454±0.105  0.143±0.029 0.214±0.025  <.0001 0.3501 0.0647 

Totals2, mg/mL          

SFA 7.621±0.937 6.767±1.727  4.027±0.981 7.683±1.475  0.3408 0.3196 0.1168 

MUFA 8.535±1.062 7.586±1.904  4.186±1.113 8.080±1.746  0.2298 0.3551 0.1356 

Omega-3 PUFA 0.452±0.079 0.350±0.082  0.563±0.128 1.172±0.250a,b  0.0079 0.2623 0.0214 

Omega-6 PUFA 5.089±0.680 4.627±1.061  2.455±0.553 3.934±0.552  0.0216 0.2747 0.0727 

Omega-6/Omega-3 11.56±0.916 13.66±1.082  4.496±0.342 3.660±0.328  <.0001 0.9928 0.3030 

1Data are presented as least squares means and their SE (n = 6). Superscript of a indicates a significant difference (P < 0.05) between 

treatments under the same injection; b indicates a significant difference (P < 0.05) between LPS and saline injections under the same 

diet. Superscripts of a and b are on the higher number. 
2ARA, arachidonic acid; ALA, α-linolenic acid; DPA, docosapentaenoic acid; GLA, gamma-linolenic acid; LA, linoleic acid; MUFA, 

monounsaturated fatty acids; SFA, saturated fatty acids.  

3FO, fish oil.
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Figure 5.1. The concentration of total LA (A), ARA (B), total omega-6 PUFA (C) and 

omega-6:omega-3 PUFA (D) in plasma of laying hens provided either the control or fish 

oil diet followed by saline or LPS challenge. 
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Figure 5.2. The concentration of total ALA (A), EPA (B), DPA (C) and DHA (D) and total 

omega-3 PUFA (E) in plasma of laying hens provided either the control or fish oil diet 

followed by saline or LPS challenge. 
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5.4.3 Principal Component Analysis of plasma oxylipins 

The PCA of plasma oxylipins in all four groups revealed a clear pattern associated with 

diet (Figure 5.3A). This was particularly evident in PC2 separation, which was associated 

with EPA and DHA oxylipins (Figure 5.3B; Table 5.8A). In contrast, the separation of 

groups in PC1 was less distinct, as the patterns observed in the LPS and saline groups were 

in opposite directions for the two diet groups. Therefore, the PCA of the control and FO 

diets were performed separately. For the PCA of the control diet, the top PC1 loadings 

related to the saline group included oxylipins derived from omega-6 PUFA (LA, DGLA, 

ARA), as well as from ALA. In terms of PC2, the top negative loadings associated with 

LPS were sEH products, specifically DiHETrE and DiHOME, while the top positive PC2 

loading was an sEH substrate, 19,20-EpDoPE (Figure 5.3C-D, Table 5.8B). In the PCA 

for the FO diet, the top PC1 loadings associated with saline were primarily related to ARA 

oxylipins. The separation along PC2 was less pronounced, however, three sEH substrates, 

namely EpODE, EpETrE, and EpDoPE, appeared among the top negative loadings (Figure 

5.3E-F; Table 5.8C), while the top positive loadings were oxylipins originated from LA 

and ALA.  
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Figure 5.3. Multivariate analysis of oxylipins. (A) PCA of oxylipins in plasma of laying 

hens provided either the control or FO diet followed by saline or LPS challenge. (B) 

Loading coefficients of correlations for top 10 oxylipins to PC1 and PC2 shown in (A). (C)  

PCA of oxylipins in plasma of laying hens provided a control diet followed by saline or 

LPS challenge. (D) Loading coefficients of correlations for top 10 oxylipins to PC1 and 

PC2 shown in (C). (E) PCA of oxylipins in plasma of laying hens provided FO diet 

followed by saline or LPS challenge. (F) Loading coefficients of correlations for top 10 

oxylipins to PC1 and PC2 shown in (E). 
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Table 5.8 A full list of correlations between selected variables and the principal component score 

from PCA for oxylipin profile in plasma of laying hens provided either the control or fish oil diet 

(A); control diet only (B); and fish oil diet only (C) followed by saline or LPS challenge. 

(A) 

Oxylipins1 PC1 PC2 

12,13 diHOME 0.18 -0.08 

12,13 EpOME 0.20 0.05 

13-HODE 0.20 -0.00 

9,10 DiHOME 0.19 -0.07 

9,10 EpOME 0.13 0.12 

9,10,13 triHOME 0.21 -0.06 

9-HODE 0.08 0.01 

9-oxo ODE 0.16 0.05 

15-HETrE 0.21 0.02 

8-HETrE 0.19 0.03 

11,12 DiHETrE 0.05 -0.14 

11b PGE2 0.07 -0.16 

11-HETE 0.16 0.07 

12-HETE 0.21 -0.03 

12-oxoETE 0.18 -0.12 

14,15 DiHETrE 0.10 -0.05 

14,15 EpETrE 0.12 0.08 

15-HETE 0.23 0.02 

15k PGE2 0.08 -0.13 

15-oxo ETE 0.21 -0.06 

5,6 DiHETrE 0.11 -0.08 

5,6 EpETrE 0.11 -0.05 

5-oxo ETE 0.20 -0.07 

8,9 DiHETrE 0.06 -0.04 

8,9 EpETrE 0.19 0.09 

8-HETE 0.18 0.09 

9-HETE 0.22 0.07 

LTB4 -0.06 -0.07 

PGE2 0.14 -0.07 

tetranor 12-HETE 0.15 -0.10 

TXB2 0.08 0.14 

12,13 EpODE 0.11 0.08 

13-HOTrE 0.20 -0.07 

9 oxoOTrE 0.21 -0.02 

9-HOTrE 0.18 -0.07 

12-HEPE 0.05 0.25 

14,15 DiHETE 0.01 0.22 

15-HEPE 0.07 0.25 

17,18 DiHETE -0.02 0.23 

8-HEPE 0.05 0.26 
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17k DPA 0.03 0.26 

10-HDoHE 0.03 0.26 

14-HDoHE 0.07 0.23 

16,17 DiHDoPE -0.11 0.17 

16,17 EpDPE -0.01 0.23 

16-HDoHE 0.03 0.26 

17-HDoHE 0.04 0.26 

19,20 DiHDoPE -0.11 0.16 

19,20 EpDPE 0.01 0.22 
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(B) 

Oxylipins1 PC1 PC2 

12,13 diHOME -0.11 -0.27 

12,13 EpOME -0.18 -0.11 

13-HODE -0.20 -0.07 

9,10 DiHOME -0.14 -0.14 

9,10 EpOME -0.16 -0.14 

9,10,13 triHOME -0.16 -0.17 

9-HODE -0.20 -0.02 

9-oxo ODE -0.19 0.06 

15-HETrE -0.21 0.04 

8-HETrE -0.21 0.08 

11,12 DiHETrE 0.07 -0.28 

11b PGE2 0.04 -0.13 

11-HETE -0.16 0.16 

12-HETE -0.16 -0.11 

12-oxoETE -0.19 -0.09 

14,15 DiHETrE 0.02 -0.27 

14,15 EpETrE -0.10 0.06 

15-HETE -0.20 0.08 

15k PGE2 0.13 -0.10 

15-oxo ETE -0.20 0.09 

5,6 DiHETrE 0.03 -0.26 

5,6 EpETrE 0.02 0.07 

5-oxo ETE -0.19 0.14 

8,9 DiHETrE 0.06 -0.26 

8,9 EpETrE -0.17 -0.02 

8-HETE -0.14 0.16 

9-HETE -0.20 0.06 

LTB4 0.08 -0.01 

PGE2 0.04 -0.10 

tetranor 12-HETE -0.10 -0.25 

TXB2 0.07 0.16 

12,13 EpODE -0.08 -0.07 

13-HOTrE -0.19 -0.16 

9 oxoOTrE -0.21 -0.07 

9-HOTrE -0.17 -0.17 

12-HEPE -0.17 0.09 

14,15 DiHETE -0.01 -0.16 

15-HEPE -0.20 -0.04 

17,18 DiHETE 0.00 -0.16 

8-HEPE -0.17 0.12 

17k DPA -0.09 0.06 

10-HDoHE -0.09 0.06 
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14-HDoHE -0.15 -0.12 

16,17 DiHDoPE 0.11 -0.02 

16,17 EpDPE 0.07 0.15 

16-HDoHE -0.16 0.17 

17-HDoHE -0.14 0.18 

19,20 DiHDoPE 0.06 -0.14 

19,20 EpDPE 0.08 0.19 



95 

 

(C)  

Oxylipins1 PC1 PC2 

12,13 diHOME 0.15 -0.02 

12,13 EpOME 0.17 0.14 

13-HODE 0.12 0.24 

9,10 DiHOME 0.16 -0.05 

9,10 EpOME 0.14 0.04 

9,10,13 triHOME 0.17 -0.17 

9-HODE 0.10 0.24 

9-oxo ODE 0.17 0.22 

15-HETrE 0.16 0.01 

8-HETrE 0.12 -0.11 

11,12 DiHETrE 0.14 0.14 

11b PGE2 0.10 -0.17 

11-HETE 0.14 -0.22 

12-HETE 0.19 -0.09 

12-oxoETE 0.10 0.10 

14,15 DiHETrE 0.11 0.11 

14,15 EpETrE 0.13 -0.23 

15-HETE 0.20 -0.03 

15k PGE2 0.14 0.08 

15-oxo ETE 0.17 0.10 

5,6 DiHETrE 0.17 0.03 

5,6 EpETrE 0.13 -0.03 

5-oxo ETE 0.18 0.10 

8,9 DiHETrE 0.12 0.21 

8,9 EpETrE 0.17 -0.15 

8-HETE 0.19 -0.09 

9-HETE 0.19 -0.08 

LTB4 0.18 -0.03 

PGE2 0.18 -0.03 

tetranor 12-HETE 0.10 0.17 

TXB2 0.16 -0.15 

12,13 EpODE 0.11 -0.24 

13-HOTrE 0.11 0.21 

9 oxoOTrE 0.12 0.25 

9-HOTrE 0.08 0.24 

12-HEPE 0.16 -0.08 

14,15 DiHETE 0.12 0.14 

15-HEPE 0.17 0.07 

17,18 DiHETE 0.07 0.15 

8-HEPE 0.19 -0.07 

17k DPA 0.19 0.03 

10-HDoHE 0.16 -0.10 
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14-HDoHE 0.15 -0.02 

16,17 DiHDoPE -0.09 0.13 

16,17 EpDPE -0.08 -0.24 

16-HDoHE 0.16 -0.04 

17-HDoHE 0.15 -0.14 

19,20 DiHDoPE -0.11 0.15 

19,20 EpDPE 0.11 -0.09 
1DiHDoPE, dihydroxy-docosapentaenoic acid; DiHETE, dihydroxy-eicosatetraenoic acid; 

DiHETrE, dihydroxy-eicosatrienoic acid; DiHOME, dihydroxy-octadecenoic acid; EpDPE, 

epoxy-eicosadocosapentaenoic acid; EpETrE, epoxyeicosatrienoic acid; EpOME, epoxy-

octadecenoic acid; HDoHE, hydroxy-docosahexaenoic acid; HEPE, hydroxy-eicosapentaenoic 

acid; HETE, hydroxy eicosatetraenoic acid; HETrE, hydroxy-eicosatrienoic acid; HODE, 

hydroxy-octadecadienoic acid; HOTrE, hydroxy-octadecatrienoic acid; LTB, leukotriene B; oxo 

ETE, oxo-eicosatetraenoic acid; oxo ODE, oxo-octadecadienoic acid; oxo OTrE, oxo-

octadecatrienoic acid; PG, prostaglandin; triHOME, trihydroxy-octadecenoic acid; TX, 

thromboxane. 
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5.4.4 Plasma omega-3 oxylipins 

Consistent with the results of the PCA conducted on all four groups, further analyses 

revealed that the FO diet, when compared to the control diet, led to increased levels of all 

quantified EPA and DHA oxylipins in hens. This was evident in both the main effects and 

interaction effects, where the FO diet resulted in elevated oxylipin levels in both the saline 

and LPS groups. Regarding ALA oxylipins, the FO diet increased one type in the saline-

treated group and decreased one in the LPS group (Figure 5.4; Table 5.9).  

Specific analyses of the effects of LPS further revealed the oxylipins that were dependently 

altered by the diet. For omega-3 oxylipins, interactions showed that three ALA, one EPA, 

one DHA, and total ALA oxylipins were elevated by LPS in hens fed the control diet, but 

these levels remained unaltered in those fed the FO diet. Further, one ALA, two EPA, three 

DHA, and total DHA oxylipins were lower in response to LPS only in hens fed the FO diet, 

except for two DHA sEH products, which were higher in response to LPS challenge in 

hens fed the FO diet (Figure 5.4; Table 5.9). 

5.4.5 Plasma omega-6 oxylipins 

The FO diet resulted in lower levels of four ARA oxylipins (main effects only). In addition, 

interaction effects showed that two LA-, total LA- and five ARA- oxylipins were also lower 

in hens fed the FO diet, but only when challenged with LPS. In contrast, in unchallenged 

hens, the FO diet increased one LA and one ARA oxylipin (both sEH substrates), while 

decreasing another ARA oxylipin, LtB4. With respect to the LPS effects, three LA and six 
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ARA oxylipins (five of which were sEH substrates) were lower in LPS-challenged hens 

only when they were fed the FO diet. In hens consuming the control diet, LPS caused 

varying effects, as it increased two LA oxylipins (including 1 sEH substrate) and decreased 

LtB4 (Figure 5.5; Table 5.9).
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FO 

Effects    

LPS 

Effects  

    Main    Main  

   Saline   LPS  Control   FO 

Precursor         
PUFA Oxylipin         
ALA 9-HOTrE    ↓  ↑   
ALA 13-HOTrE    ↓  ↑   
ALA 9 oxoOTrE    ↓  ↑   
ALA 12,13 EpODE ↑  ↓    ↓ 

 

Total ALA 

oxylipins     ↑   
EPA 8-HEPE  ↑  ↑    ↓ 

EPA 12-HEPE  ↑  ↑    ↓ 

EPA 15-HEPE  ↑  ↑  ↑   
EPA 14, 15 DiHETE  ↑      
EPA 17, 18 DiHETE  ↑      

 

Total EPA 

oxylipins  ↑      
DPA 17k DPA   ↑      
DHA 10-HDoHE  ↑  ↑    ↓ 

DHA 14-HDoHE  ↑  ↑  ↑   
DHA 16-HDoHE  ↑  ↑    ↓ 

DHA 17-HDoHE  ↑  ↑    ↓ 

DHA 16, 17 EpDPE  ↑    ↓  
DHA 16, 17 DiHDoPE ↑  ↑    ↑ 

DHA 19,20 EpDPE  ↑      
DHA 19,20 DiHDoPE ↑  ↑    ↑ 

 

Total DHA 

oxylipins ↑  ↑    ↓ 
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↑↓: higher/lower in either the FO group or the LPS challenge group as the main effect. 

↑↓: higher/lower in the FO/saline group or the FO/LPS group, compared to the 

Control/saline group or Control/LPS challenge group, respectively. 

↑↓: higher/lower in the Control/LPS group or the FO/LPS group, compared to the 

Control/saline group or FO/saline challenge group, respectively. 

Figure 5.4. Differences of omega-3 oxylipins in plasma of laying hens provided either the 

control or fish oil diet followed by saline or LPS challenge.  
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FO 

Effects    

LPS 

Effects  

    Main    Main  

   Saline   LPS  Control   FO 

LA 9-HODE  
       

LA 13-HODE  
    ↑   

LA 9 oxoODE  
      ↓ 

LA 

9, 10, 13 

triHOME   ↓     
LA 9, 10 EpOME ↑    ↑  ↓ 

LA 9, 10 diHOME        
LA 12, 13 EpOME   ↓    ↓ 

LA 12,13 diHOME        

 

Total LA 

oxylipins   ↓     
DGLA 8-HETrE  

       
DGLA 15-HETrE  

       
ARA PGE2  

       
ARA 11b PGE2  

 ↓      
ARA 15k PGE2  

 ↓      
ARA TXB2  

       
ARA LTB4  ↓    ↓   
ARA 8-HETE  

       
ARA 9-HETE  

  ↓    ↓ 

ARA 11-HETE  
  ↓    ↓ 

ARA 12-HETE  
  ↓    ↓ 

ARA 15-HETE  
       

ARA tetranor 12-HETE   ↓     
ARA 5 oxo ETE  

       
ARA 12 oxo ETE  ↓      
ARA 15 oxo ETE        
ARA 5,6 EpETrE   ↓    ↓ 

ARA 5,6 DiHETrE        
ARA 8,9 EpETrE ↑      ↓ 

ARA 8,9 DiHETrE        
ARA 11,12 DiHETrE  ↓      
ARA 14, 15 EpETrE       ↓ 

ARA 14, 15 DiHETrE        
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↑↓: higher/lower in either the FO group or the LPS challenge group as the main effect. 

↑↓: higher/lower in the FO/saline group or the FO/LPS group, compared to the 

Control/saline group or Control/LPS challenge group, respectively. 

↑↓: higher/lower in the Control/LPS group or the FO/LPS group, compared to the 

Control/saline group or FO/saline challenge group, respectively. 

Figure 5.5. Differences of omega-6 oxylipins in plasma of laying hens provided either the 

control or fish oil diet followed by saline or LPS challenge.  
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Table 5.9. Oxylipin compositions (ng/mL) in plasma of laying hens provided either the control or fish oil diet followed by saline or LPS 

challenge1. 

  Control diet  FO diet3  P values 

 Pathway Saline LPS  Saline LPS  Diet Injection Diet*Injection 

LA2, ng/mL           

9-HODE LOX 177.9±33.70 334.9±83.25  299.2±76.05 185.9±43.67  0.8287 0.7321 0.0469 

13-HODE LOX 192.2±41.78 357.6±75.41b  293.2±52.86 204.4±39.43  0.6369 0.4907 0.0325 

9 oxoODE LOX 116.4±27.39 280.9±113.5  348.5±127.9b 121.9±44.30  0.0951 0.0239 0.0267 

9, 10, 13 

TriHOME 

LOX 121.6±20.66 225.8±38.84a  150.9±30.01 97.53±29.94  0.1247 0.4172 0.0202 

9, 10 EpOME CYP-e 15.07±1.984 33.23±4.427b  52.19±14.77a,b 20.32±6.807  0.0701 0.0030 0.0028 

9, 10 DiHOME CYP-e 4.294±0.607 5.679±0.728  4.011±0.944 2.959±0.619  0.0586 0.8239 0.1177 

12, 13 EpOME CYP-e 30.57±3.561 58.11±7.935a  59.76±17.24b 26.48±7.824  0.9083 0.7867 0.0101 

12,13 DiHOME CYP-e 5.057±0.704 8.127±0.643  5.180±1.337 4.531±0.639  0.0664 0.1884 0.0510 

DGLA2, ng/mL           

8-HETrE LOX 0.691±0.047 1.105±0.211  0.953±0.118 0.788±0.170  0.8558 0.4165 0.0710 

15-HETrE LOX 1.528±0.128 2.735±0.682  2.128±0.295 1.779±0.331  0.1460 0.1327 0.0742 

ARA2, ng/mL           

PGE2 COX 0.513±0.040 0.472±0.053  0.425±0.090 0.298±0.055  0.0517 0.1975 0.5004 

11b PGE2 COX 9.919±0.651 10.40±1.242  6.344±1.139 5.677±0.868  0.0008 0.9250 0.5762 

15k PGE2 COX 1.953±0.238 1.658±0.160  1.088±0.312 1.053±0.294  0.0115 0.5303 0.6206 

TXB2 COX 16.35±6.763 3.038±1.902  35.58±14.41 6.828±2.751  0.3379 0.8402 0.4758 

LTB4 LOX 1.425±0.522a,b 0.253±0.039  0.447±0.024 0.576±0.070  0.4232 0.0546 0.0135 

8-HETE LOX 4.027±0.468 4.340±0.713  5.613±1.410 2.747±0.459  0.9967 0.1549 0.0815 

9-HETE LOX 2.480±0.196 3.371±0.821a  4.080±1.177b 1.556±0.399  0.0412 0.0183 0.0381 

11-HETE LOX 2.231±0.174 2.230±0.463a  3.075±0.724b 1.047±0.155  0.0138 0.0038 0.0206 
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12-HETE LOX 1.598±0.177 3.233±0.984a  2.201±0.510b 1.100±0.209  0.0058 0.0154 0.0131 

15-HETE LOX 4.941±0.462 6.049±1.415  5.881±1.083 3.531±0.675  0.4327 0.5358 0.0968 

tetranor 12-HETE LOX 0.201±0.056 0.292±0.022a  0.211±0.043 0.131±0.016  0.0662 0.8864 0.0383 

5 oxo ETE LOX 5.709±1.234 7.837±2.320  4.375±1.150 2.976±0.939  0.0568 0.8123 0.2597 

12 oxo ETE LOX 15.86±1.614 37.49±7.986  10.90±2.182 14.03±4.149  0.0075 0.4666 0.2020 

15 oxo ETE LOX 3.050±0.391 5.212±1.382  2.483±0.942 2.019±0.638  0.0569 0.3678 0.1711 

5,6 EpETrE CYP-e 1.113±0.146 1.108±0.092a  1.169±0.075b 0.477±0.134  0.0001 0.0002 0.0016 

5,6 DiHETrE CYP-e 0.215±0.040 0.506±0.037  0.178±0.039 0.131±0.011  0.1172 0.4228 0.5786 

8,9 EpETrE CYP-e 0.206±0.024 0.299±0.023  0.361±0.064a,b 0.183±0.052  0.6668 0.3544 0.0077 

8,9 DiHETrE CYP-e 0.329±0.063 0.331±0.075  0.334±0.077 0.233±0.025  0.4747 0.4409 0.4304 

11,12 DiHETrE CYP-e 0.459±0.120 0.612±0.148  0.328±0.083 0.239±0.025  0.0169 0.2700 0.2242 

14, 15 EpETrE CYP-e 0.240±0.010 0.232±0.023  0.395±0.116b 0.125±0.045  0.8890 0.0257 0.0361 

14, 15 DiHETrE CYP-e 0.603±0.067 0.616±0.046  0.532±0.107 0.562±0.024  0.3729 0.7609 0.9029 

ALA2, ng/mL           

9-HOTrE LOX 7.956±1.401 21.79±3.209a,b  11.46±2.312 10.06±2.451  0.1099 0.0210 0.0064 

13-HOTrE LOX 9.421±2.034 26.73±5.161a,b  14.55±2.231 11.11±1.593  0.1084 0.0391 0.0040 

9 oxoOTrE LOX 14.73±3.854 54.57±11.89a,b  34.81±11.03 19.32±6.222  0.4063 0.1902 0.0067 

12,13 EpODE CYP-e 1.176±0.158 1.959±0.359a  2.636±0.766a,b 0.903±0.156  0.0099 0.0007 0.0011 

EPA2, ng/mL           

8-HEPE LOX 0.467±0.050 0.564±0.174  2.532±0.235a,b 1.661±0.192a  <.0001 0.0433 0.0145 

12-HEPE LOX 0.365±0.014 0.586±0.135  2.391±0.234a,b 1.248±0.237a  <.0001 0.0828 0.0025 

15-HEPE LOX 1.027±0.052 2.572±0.584b  7.376±1.016a 5.539±0.917a  <.0001 0.4000 0.0127 

14, 15 DiHETE CYP-e 4.835±1.311 4.488±0.334  24.18±6.803 22.87±2.265  <.0001 0.9769 0.9474 

17, 18 DiHETE CYP-e 7.624±2.724 6.630±1.084  35.86±6.185 34.25±4.340  <.0001 0.8428 0.8004 

DPA2, ng/mL           

17k DPA LOX 49.61±10.66 54.82±11.07  311.7±40.94 204.6±24.49  <.0001 0.1048 0.1486 
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DHA, mg/mL           

10-HDoHE LOX 2.990±0.227 3.009±0.221  9.227±1.134a,b 5.976±0.430a  <.0001 0.0114 0.0368 

14-HDoHE LOX 6.909±0.401 11.08±2.021b  21.19±2.665a 16.00±1.957a  0.0485 0.0302 0.0166 

16-HDoHE LOX 5.540±0.274 5.751±0.979  15.44±1.297a,b 11.37±1.043a  <.0001 0.0654 0.0432 

17-HDoHE LOX 25.97±1.363 25.95±4.843  82.18±5.542a,b 50.44±4.696a  <.0001 0.0024 0.0024 

16, 17 EpDPE CYP-e 6.213±0.764 5.311±0.471  25.11±4.011 13.05±2.119  <.0001 0.0102 0.0776 

16, 17 DiHDoPE CYP-e 0.287±0.047 0.216±0.036  0.608±0.065a 1.174±0.150a,b  <.0001 0.0044 0.0071 

19,20 EpDPE CYP-e 1.553±0.173 1.245±0.099  4.144±0.520 3.283±0.646  <.0001 0.1021 0.7783 

19,20 DiHDoPE CYP-e 0.578±0.134 0.496±0.103  1.362±0.135a 2.484±0.344a,b  <.0001 0.0023 0.0091 

Totals, ng/mL           

LA  744.0±130.6 1477.8±340.0a  1292.2±293.2 709.2±174.0  0.6645 0.7662 0.0178 

ARA  73.43±9.186 89.28±13.98  86.01±22.88 45.52±10.44  0.3174 0.4267 0.0806 

ALA  33.29±6.637 105.1±19.54a,b  63.45±15.08 41.39±9.844  0.2387 0.0882 0.0035 

EPA  14.32±4.052 14.84±1.851  72.34±14.07 65.56±5.997  <.0001 0.7629 0.5506 

DHA  50.04±2.788 53.06±7.151  159.3±12.10a,b 103.8±9.138a  <.0001 0.0071 0.0033 
1Data are presented as least squares means and their SE (n = 5). Superscript of a indicates a significant difference (P < 0.05) between 

treatments under the same injection; b indicates a significant difference (P < 0.05) between LPS and saline injections under the same 

diet. Superscripts of a and b are on the higher number. 
2COX, cyclooxygenase; CYP-e, cytochrome P450 epoxygenase; CYP-h, cytochrome P450 hydrolase; DiHDoPE, dihydroxy-

docosapentaenoic acid; DiHETE, dihydroxy-eicosatetraenoic acid; DiHETrE, dihydroxy-eicosatrienoic acid; DiHOME, dihydroxy-

octadecenoic acid; EpDPE, epoxy-eicosadocosapentaenoic acid; EpETrE, epoxyeicosatrienoic acid; EpOME, epoxy-octadecenoic acid; 

HDoHE, hydroxy-docosahexaenoic acid; HEPE, hydroxy-eicosapentaenoic acid; HETE, hydroxy eicosatetraenoic acid; HETrE, 

hydroxy-eicosatrienoic acid; HODE, hydroxy-octadecadienoic acid; HOTrE, hydroxy-octadecatrienoic acid; LTB, leukotriene B; LOX, 

lipoxygenase; oxo ETE, oxo-eicosatetraenoic acid; oxo ODE, oxo-octadecadienoic acid; oxo OTrE, oxo-octadecatrienoic acid; PG, 

prostaglandin; triHOME, trihydroxy-octadecenoic acid; TX, thromboxane.  
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3FO, fish oil. 
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5.4.6 Plasma PUFA epoxides and corresponding diols 

Both PCA and ANOVA indicated changes in oxylipins that were substrates and products 

of sEH in response to LPS challenge and FO presence in the diet. The enzyme CYP450 

epoxygenase converts FA to their epoxide derivatives, producing epoxy-PUFA oxylipins, 

which are subsequently metabolized to dihydroxy-PUFA (diols) by sEH activity. The ratio 

of sEH products (diols) to substrates (epoxides) has been used to estimate in vivo sEH 

activity, with increased activity being associated with increased inflammation. These ratios 

were calculated for all seven pairs of diols/epoxides that were quantifiable in plasma. In 

saline-treated hens, the FO diet resulted in three lower ratios, while in LPS-treated hens, 

six of seven ratios were higher. Regarding LPS treatment, one ratio was lower in hens fed 

the control diet, whereas all seven ratios were higher in hens fed the FO diet (Table 5.10). 
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Table 5.10. Precursor PUFA epoxides to their corresponding diols (ng/mL) in plasma of laying hens provided either the control or fish 

oil diet followed by saline or LPS challenge1. 

  Control diet  2.5% FO diet  P values 

Precursor 

FFA2 

Diol/Epoxide3  Saline LPS  Saline LPS  Diet Injection Diet*Injection 

LA 12.13.DiHOME/ 

12.13.EpOME 

0.166±0.012a 0.135±0.012  0.086±0.017 0.206±0.013a,b  0.7520 0.0049 <.0001 

LA 9.10.DiHOME/ 

9.10.EpOME 

0.287±0.016a,b 0.196±0.013  0.116±0.017 0.282±0.030a,b  0.0486 0.0805 <.0001 

ARA 14.15.DiHETrE/

14.15.EpETrE 

2.561±0.377a 2.630±0.485  1.271±0.149 5.586±0.867a,b  0.8289 0.0003 0.0003 

ARA 5.6.DiHETrE/ 

5.6.EpETrE 

0.212±0.056 0.161±0.018  0.133±0.025 0.290±0.039a,b  0.5082 0.1786 0.0133 

ARA 8.9.DiHETrE/ 

8.9.EpETrE 

1.790±0.506 1.403±0.557  0.737±0.083 2.473±0.546b  0.9264 0.1139 0.0095 

DHA 16.17.DiHDoPE/

16.17.EpDPE 

0.049±0.008 0.049±0.010  0.036±0.004 0.110±0.007a,b  0.0054 0.0001 0.0001 

DHA 19.20.DiHDoPE/

19.20.EpDPE 

0.377±0.069 0.338±0.065  0.381±0.014 1.047±0.189a,b  0.0020 0.0182 0.0063 

1Data are presented as least squares means and their SE (n = 5). Superscript of a indicates a significant difference (P < 0.05) between 

treatments under the same injection; b indicates a significant difference (P < 0.05) between LPS and saline injections under the same 

diet. Superscripts of a and b are on the higher number. 
2FFA, free fatty acids. 
3DiHDoPE, dihydroxy-docosapentaenoic acid; DiHETrE, dihydroxy-eicosatrienoic acid; DiHOME, dihydroxy-octadecenoic acid; 

EpDPE, epoxy-eicosadocosapentaenoic acid; EpETrE, epoxyeicosatrienoic acid; EpOME, epoxy-octadecenoic acid.
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5.4.7 Relative mRNA expression 

The administration of LPS greatly increased the mRNA expression of all measured splenic 

cytokines, either as overall main effects or simple effects in both diet groups (Figure 5.6A-

C). However, it did not affect the levels of TLR4. The effects of dietary FO inclusion were 

less pronounced, only resulting in an increase in TNF-α expression, and this was observed 

only in unchallenged hens (P < 0.0001; Figure 5.6D; Table 5.11).
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Figure 5.6. Relative mRNA expression of IL-2 (A), IL-10 (B), IFN-γ (C), TNF-α (D), IL-1β (E), and IL-6 (F) in the spleen of laying 

hens provided either the control or fish oil diet followed by saline or LPS challenge. 
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Table 5.11. Relative mRNA expression of cytokines and receptor in the spleen of laying hens provided either the control or fish oil diet 

followed by saline or LPS challenge1. 

 Control diet  FO diet3  P values 

Genes2 Saline LPS  Saline LPS  Diet Injection Diet*Injection 

IL-1β 1.172±0.326 150.69±32.17b  1.848±0.598 86.88±24.79b  0.6523 <.0001 0.0386 

IL-2 1.192±0.312 20.90±7.525  1.070±0.171 13.24±3.238  0.7854 <.0001 0.7532 

IL-6 1.349±0.437 4394.5±1369.3b  2.761±1.047 1805.5±346.8b  <.0001 <.0001 0.0401 

IL-10 1.031±0.095 43.59±12.45  0.811±0.238 23.03±3.970  0.7495 <.0001 0.8394 

TNF-α 1.018±0.089 8.944±0.650b  2.262±0.107a 7.811±0.611b  0.0002 <.0001 <.0001 

IFN-γ 1.030±0.117 29.02±4.720  1.689±0.437 27.49±6.261  0.4934 <.0001 0.2440 

TLR4 1.008±0.058 1.528±0.125  1.843±0.414 1.604±0.184  0.0787 0.5634 0.1358 
1Data are presented as the least squares means and their SE based on 2-ΔΔCt method (n = 6). Beta-actin is used as an internal control for 

gene expression normalization. Superscript of a indicates a significant difference (P<0.05) between treatments under the same injection; 

b indicates a significant difference (P<0.05) between LPS and saline injections under the same diet. Superscripts of a and b are on the 

higher number. 
2IL-1β, interleukin 1β; IL-2, interleukin 2; IL-6, interleukin 6; IL-10, interleukin10; IFN-γ, interferon gamma; TNF-α, tumor necrosis 

factor alpha; TLR4, toll-like receptor 4. 
3FO, fish oil.
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5.5. Discussion 

The data presented herein provide essential insights into the plasma oxylipin profiles and 

their precursor PUFA compositions in laying hens, highlighting their modulation by both 

dietary FO and by an LPS-mediated inflammatory challenge. Dietary FO led to higher 

plasma levels of EPA and all quantified EPA and DHA oxylipins, and lower levels of 

omega-6 PUFA and ~42% of omega-6 oxylipins, in both saline and LPS-challenged hens, 

suggesting a reduced inflammatory state with FO feeding. LPS effects on oxylipins were 

markedly influenced by diet, as LPS challenge resulted in ~14% of plasma oxylipins 

(particularly the octadecanoids) being elevated in control-fed hens, while ~31% of 

oxylipins were reduced when provided with the FO diet. Consistent with putatively anti-

inflammatory effects of dietary FO, oxylipins indicative of higher sEH activity were lower 

in FO compared to control diet hens that were unchallenged. However, when challenged 

with LPS, plasma oxylipins indicative of higher sEH activity were higher with FO feeding, 

indicating a possible response to inflammation and increased vasoconstriction. 

Additionally, cytokine expressions were not altered by the FO diet under the immune 

challenge, indicating that oxylipin effects appear to be separate from altered cytokine levels. 

Our previous study found that feeding ALA increased ALA and EPA concentrations, 

leading to higher levels of their respective oxylipins, while having little effect on DHA-

derived oxylipins. In contrast, increasing dietary DHA, but not ALA, resulted in greater 
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accumulation of EPA and DHA in the liver and plasma, along with elevated levels of their 

oxylipins (31). These findings demonstrated that the type of omega-3 PUFA in the diet 

strongly influences tissue fatty acid composition and subsequent oxylipin production. 

However, oxylipins do not always mimic their fatty acid precursors completely. For 

example, plasma EPA and oxylipins from EPA and DHA were increased by dietary FO in 

both saline and LPS-challenged hens, but plasma DHA only increased in LPS-challenged 

hens provided the FO diet. Discrepancies between oxylipins and their precursor PUFA 

have been observed in plasma in rats (201) and humans (204), and therefore must be 

measured directly to determine their effects. Oxylipins derived from EPA and DHA 

predominantly exhibit anti-inflammatory properties, as previously reviewed (205, 206).  

In contrast, oxylipins derived from LA and ARA are generally pro-inflammatory, although 

their full physiological significance remains unclear (182). While several studies have 

observed that omega-3 PUFA supplementation reduces total omega-6 PUFA levels in 

plasma and various tissues, the impact on omega-6-derived oxylipins is variable. Some 

studies reported minimal effects of ALA, DHA, or a combination of EPA and DHA on 

ARA-derived oxylipins (26, 204, 207). In contrast, other studies found that DHA 

supplementation had a more pronounced effect in reducing circulating omega-6 PUFA 

oxylipins, including pro-inflammatory eicosanoids derived from ARA (194). In the present 

study, we observed that the FO diet lowered plasma levels of individual omega-6 oxylipins, 

with most ARA-derived hydroxy-eicosatetraenoic acids (HETE) significantly reduced in 
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LPS-challenged hens only when provided the FO diet. HETE derived from ARA via LOX 

pathways are primarily characterized as pro-inflammatory, although some, such as 12-

HETE, have been noted to exhibit anti-inflammatory properties (208).  

Some retro-conversion from EPA and DHA to ALA may occur in chicken plasma and liver, 

as suggested by the slight elevation of ALA in both liver and plasma with FO feeding. This 

observation aligns with findings showing increased ALA levels in the liver and kidney of 

rats fed diets enriched with either DHA or EPA (194). Notably, EPA and DHA are more 

efficiently converted into bioactive lipid mediators with well-established roles in resolving 

inflammation (80, 115). Therefore, under inflammatory conditions such as LPS challenge, 

the chicken body may preferentially utilize EPA and DHA for the synthesis of 

immunomodulatory oxylipins, rather than ALA. This metabolic prioritization could 

explain the observed shift in oxylipin profiles, where ALA-derived oxylipins were reduced 

in the plasma of LPS-challenged hens fed the FO diet, despite an elevation in their ALA 

precursor. Additionally, most ALA-derived oxylipins were elevated in LPS-challenged 

hens fed the control diet. This increase, along with the concurrent rise in some LA-derived 

oxylipins in the same group, and their reduction in FO-fed hens, suggests that dietary fish 

oil may mitigate the LPS-induced production of these octadecanoid oxylipins. Further 

studies are required to determine whether these oxylipins are inflammatory mediators that 

are reduced when inflammation is mitigated by FO feeding or whether they impart anti-

inflammatory responses, as evidence for ALA oxylipins suggests they may have anti-
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inflammatory properties (180, 209, 210), and LA oxylipins have been shown to exhibit 

both pro- and anti-inflammatory responses (182).  

CYP450 epoxygenases convert PUFA into bioactive epoxides (epoxy-PUFA oxylipins), 

which generally possess anti-inflammatory properties. These epoxides are subsequently 

metabolized by sEH into diols, a process that often reduces their bioactivity or may even 

result in pro-inflammatory effects (211-213). The balance between epoxides and diols is 

thus a critical determinant of inflammatory outcomes, with the diol-to-epoxide ratio 

frequently used as an indirect indicator of in vivo sEH activity. While FO, rich in EPA and 

DHA, is widely considered anti-inflammatory, its modulatory effects on lipid mediator 

pathways, such as CYP450-sEH, can vary depending on the immune status (214, 215). In 

this study, FO-fed hens under non-inflammatory (saline-treated) conditions exhibited 

lower diol/epoxide ratios, which are typically associated with less inflammation (214, 215). 

However, during acute immune activation induced by LPS, the FO diet was associated with 

increased sEH activity, as indicated by greater conversion of epoxides to diols. This 

appears to be contradictory to the expected anti-inflammatory effect of FO, but sEH 

metabolites also are implicated in vasoconstrictive responses, which can reduce blood flow 

and limit immune cell infiltration into tissues under LPS-induced systemic inflammation, 

thereby reducing the risk of collateral tissue damage. Indeed, LPS induces vasodilation 

(216, 217), so the vasoconstrictive effects of sEH metabolites in FO-feed chickens herein 

may be a protective response. And as with the apparent discrepancies in the role of 
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octadecanoids in the inflammatory response, it remains unclear whether elevated 

diol/epoxide ratios are a cause or consequence of inflammation in LPS-challenged hens. 

Additionally, since plasma concentrations only serve as proxies for changes occurring in 

tissues, further studies examining oxylipin dynamics in relevant organs are necessary to 

fully elucidate the modulatory effects of FO on inflammatory pathways (218). 

Overall, the findings herein largely indicate that FO supplementation may attenuate the 

acute inflammatory response by modulating the production of pro-resolving oxylipins. 

This contrasts with the lack of effect of dietary FO in attenuating the rise in cytokines in 

response to LPS challenge, suggesting that oxylipin effects are distinct from cytokine 

responses. Cytokines are classified based on their function as either pro-inflammatory or 

anti-inflammatory. Pro-inflammatory cytokines, including IL-1β, IL-2, IL-6, TNF-α, and 

IFN (interferon)-γ, promote the onset and progression of autoimmune inflammation. In 

contrast, anti-inflammatory cytokines, such as IL-10, play a crucial role in suppressing 

inflammatory responses (219, 220). Several studies have reported elevated circulating 

levels and increased mRNA expression of both pro-inflammatory and anti-inflammatory 

cytokines in chickens following LPS administration (144, 149). The current findings 

consistently revealed that LPS increased all cytokine expressions 2 hours post exposure in 

both diet groups, but that there were minimal effects of dietary FO. Although several 

studies have explored the impact of dietary FO on cytokine expression following 

inflammatory challenge, the findings remain inconsistent, with some reporting modulatory 
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effects while others show limited or no significant changes (14). FO may alleviate the 

elevation of splenic expression of IL-6 and TNF-α in broilers induced by LPS through 

down-regulating nuclear factor kappa B (NFκB) expression (120, 221). In contrast, Wils-

Plotz and Klasing (14) reported that FO supplementation failed to modulate the splenic 

expression of cytokines after LPS challenge. These discrepancies across studies may be 

attributed to differences in tissue type analyzed, LPS dosage, and duration of dietary 

intervention. Additionally, our study assessed only splenic gene expression, which may not 

fully capture the systemic effects of dietary FO. Therefore, the relationships of oxylipins 

to other factors, such as leukocyte function and circulating cytokine levels, should be 

considered in future studies (26).  

The observed changes in fatty acid profiles in yolk, liver and plasma demonstrate the 

metabolic incorporation and preferential deposition of EPA and DHA from dietary FO. 

These findings are consistent with previous poultry studies that reported the incorporation 

of dietary omega-3 PUFA into egg yolks and tissues, contributing to a favorable reduction 

in the omega-6 to omega-3 PUFA ratio (65, 74, 222). These modifications have 

implications for improving the nutritional quality of poultry products, particularly eggs, as 

a source of omega-3 PUFA for human consumption (65, 223). The similar production 

parameters between the control and FO groups demonstrate that these benefits are feasible 

without compromising performance. 
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5.6 Conclusion 

In conclusion, dietary FO in laying hens challenged with LPS effectively increased omega-

3 PUFA and decreased the omega-6 PUFA in egg yolk, hen liver and plasma, and increased 

plasma EPA and DHA oxylipins while reducing omega-6 oxylipins. Increased omega-3 

and decreased omega-6 oxylipins are associated with anti-inflammatory effects, 

highlighting opportunities to enhance the dietary omega-3 PUFA profile in eggs while 

maintaining laying hen performance and potentially protecting bird health and welfare in 

the face of infection. At the same time, several changes in oxylipins such as an increase in 

ALA oxylipins in LPS challenged hens provided control diets, or an increase in putative 

sEH activity in LPS challenged hens provided dietary FO, indicates that the relationship of 

oxylipins to inflammation requires further investigation. 
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BRIDGE TO CHAPTER 6 

During the rearing phase, pullets are routinely exposed to multiple stressors such as 

vaccination, handling, environmental heat, and dietary transitions. These stressors, whether 

occurring independently or concurrently, can activate physiological stress responses, 

compromise immune function, and adversely affect growth performance and overall 

welfare. Given the known immunomodulatory and anti-inflammatory properties of omega-

3 polyunsaturated fatty acids (PUFA) and their bioactive metabolites (e.g., oxylipins), the 

following chapter investigates the effects of dietary omega-3 PUFA supplementation on 

immune resilience in pullets. This approach aims to improve health outcomes and support 

optimal development during this critical period.
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CHAPTER 6 MANUSCRIPT III 

THE EFFECT OF INCREASING LEVELS OF OMEGA-3 PUFA FROM EITHER 

FLAXSEED OIL OR PREFORMED DOCOSAHEXAENOIC ACID (DHA) ON 

PERFORMANCE, FATTY ACID COMPOSITION, PLASMA OXYLIPINS AND 

IMMUNE MEDIATORS IN RESPONSE TO LIPOPOLYSACCHARIDE (LPS) 

CHALLENGE IN PULLET
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6.1 Abstract 

Background: Current guidelines for omega-3 PUFA supplementation in pullets are limited. Given 

pullets' susceptibility to infections, dietary omega-3 PUFA may provide an opportunity to enhance 

immune defenses. LPS are potent stimulators of inflammation and have been commonly used to 

model bacterial infection in poultry. However, the effects of different types and levels of omega-

3 PUFA on immune responses during a lipopolysaccharide (LPS) challenge remain unclear. 

Objectives: The study aimed to determine the effect of increasing levels of omega-3 PUFA from 

either alpha-linolenic acid (ALA)-rich flaxseed oil (FSO; ALA diet) or docosahexaenoic acid 

(DHA)-rich DHA algal biomass (DHA diet) on the alteration of FA composition in biological 

tissues, plasma oxylipins and expression of cytokines of pullets challenged with LPS compared to 

the control diet. 

Materials and Methods: A total of 315, one-day-old Dekalb White pullets were raised in a cage-

rearing system (98 cm deep × 68 cm wide × 37 cm high) and were randomly assigned to one of 

seven treatment diets, including a control, and 0.2%, 0.4%, or 0.6% of total dietary omega-3 PUFA, 

as either ALA-rich FSO or DHA-rich algal biomass. Each cage was considered an experimental 

unit with five pullets and nine cages per treatment. At termination (16th week), 2 birds from the 

same cage (7 cages were randomly selected per treatment) were challenged with either Escherichia 

coli-derived LPS (8 mg/kg; i.v. injection; n = 7) or saline (n = 7). Liver, spleen, and plasma were 

collected two hours post-challenge for subsequent analyses.    

Results: Increasing dietary omega-3 supplementation led to predictable responses in fatty acid 

(FA) concentrations of plasma and liver. The levels of plasma ALA- and DHA-derived oxylipins 

and their total amounts were significantly elevated in pullets fed diets enriched with their 

respective precursor PUFA, regardless of whether they received saline or LPS treatment. EPA-
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derived oxylipins and their totals also increased in response to both precursor PUFA-enriched diets, 

with the diet containing DHA-rich algal biomass diet showing a greater effect than the ALA-rich 

FSO diet. The LPS challenge significantly increased individual and total LA oxylipin levels, while 

the DHA diet reduced some individual LA oxylipins and their totals. Furthermore, pullets fed the 

diet containing 0.6% DHA showed significantly lower interleukin (IL)-8 expression, while those 

on the 0.4% DHA diet exhibited significantly lower IL-10 expression compared to the other 

treatments. 

Conclusions: The results indicated that dietary intake of ALA and DHA uniquely affected FA 

deposition and oxylipin synthesis under the administration of LPS in pullets, without impacting 

their performance.  

Key words: FSO, ALA, DHA, oxylipins, LPS, pullets 
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6.2 Introduction 

Dietary interventions using omega-3 PUFA inclusion have been documented to result in 

the enrichment of animal-derived products, particularly eggs, with health benefits for 

human consumption (65, 178, 224, 225). This approach involves formulating diets for 

animals that are rich in omega-3 PUFA. Current strategies include providing diets rich in 

alpha-linolenic acid (ALA), which derived from plant sources and their oils, such as 

flaxseed and canola (12, 59, 224, 226). Studies have demonstrated that adding flaxseed to 

hens' feed increases the yolk ALA levels proportionally to the percentage of flaxseed 

inclusion. Our previous study showed that feeding ALA-rich hemp products to laying hens 

increased the content of DHA in egg yolk (approx. 55 mg/egg), which however eventually 

plateaued with further increases in dietary ALA levels (59). In contrast, the inclusion of 

marine or algal sources in the hens' diet has been shown to substantially increase long chain 

(LC)-PUFA in a linear fashion, including both DHA and EPA, with DHA levels 

predominating (178). However, scientific evidence suggests that the conversion of ALA to 

EPA and particularly DHA varies significantly depending on the source of FA. 

Furthermore, the conversion to DHA is often limited due to the distinct desaturation and 

elongation pathways involved (12). Therefore, directly supplying EPA and DHA through 

the diet may be a more effective strategy for achieving sufficient levels of LC-PUFA. 

In addition to FA deposition in yolks and biological tissues, PUFA can also be oxidized 

into a large family of bioactive lipid mediators known as oxylipins (22). These lipids 
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mediators are generated through enzymatic processes, including those involving 

cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome P450 (CYP), as well as 

non-enzymatic processes (227-229). Typically, these three enzymes act on intracellular 

PUFA after phospholipase A2 (PLA2) releases them from the membrane phospholipid. 

Therefore, enriching certain PUFA in cellular membranes (for example, through increased 

dietary intake) is expected to enhance the production of oxylipins derived from those PUFA 

(26).  

Oxylipins mediate a variety of physiological processes, including inflammation (112, 230). 

During an inflammatory response, cytokines are released to regulate the immune reaction, 

and oxylipins can function as either pro- or anti-inflammatory mediators, depending on 

their PUFA origin and the enzymatic pathway involved in their synthesis (231) (24, 232, 

233). Pro-inflammatory oxylipins, primarily derived from omega-6 PUFA, stimulate the 

expression of cytokines such as IL-1β, IL-6, and TNF-α, while anti-inflammatory oxylipins 

derived from omega-3 PUFA reduce the expression of these cytokines (234, 235). This 

distinction is particularly important in young, developing pullets, which are susceptible to 

stress factors such as vaccination, environmental handling, temperature shifts, and dietary 

transitions (236). These stressors can negatively affect growth performance, development, 

and health in young laying pullets, potentially negatively impacting their overall lifetime 

egg production (EP) (237). The rapid development of the digestive, immune, and 
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integumentary systems during the early life stages makes this a critical opportunity for 

intervention.   

Given the anti-inflammatory effects of omega-3 PUFA and their metabolites, dietary 

supplementation with omega-3 PUFA is expected to enhance the immune defense 

mechanisms in pullets subjected to an immune challenge. In this study, we used LPS, a 

component of the cell wall of gram-negative bacteria (120), as an experimental bacterial 

infection model to induce the immune response in pullets. Therefore, the objectives of this 

study were to determine the effects of including either FSO as a source of ALA, or algal 

biomass rich in DHA as a source of preformed DHA in the diets of pullets on 1) the growth 

performance during the starter, grower, and finisher phases; 2) the FA compositions and 

oxylipin profiles of tissues subjected to an LPS challenge; and 3) the expression of pro- 

and inflammatory cytokines and their receptors in pullets exposed to an LPS challenge. 

6.3 Material and methods 

All research methods and procedures, including details of animal utilization and welfare 

were reviewed and approved by the University of Manitoba Animal Care Protocol 

Management and Review Committee. Additionally, all the pullets were fed and managed 

strictly followed the recommendations established by Canadian Council on Animal Care 

(198). 
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6.3.1 Chickens and experimental design 

A total of 315, day-old Dekalb White pullets were obtained from local hatchery (Steinbach 

Hatchery & Feed Ltd., Steinbach, MB, Canada). All pullets were raised and divided into 

groups of 5 birds/cage (98 cm deep × 68 cm wide × 37 cm high) in a cage-rearing system 

at the Small Animal Research Facility of the Department of Animal Science, University of 

Manitoba. Each cage was considered as an experimental replicate with 9 replicates (45 

pullets) per treatment. Pullets were randomly assigned to 1 of 7 treatment diets (10 

hens/treatment), including a control, and 0.2%, 0.4%, or 0.6% of total dietary omega-3 

PUFA, as either ALA-rich FSO obtained from Dyets, Inc. (Bethlehem, PA, USA)  or 

DHA-rich algal biomass, a source of a dried whole-cell algae product (DHAgoldTM S17-

B, DSM Nutritional Products, North America, Parsippany, NJ, USA) for starter (week 0-

8), grower (week 9-12) and finisher (week 13-16) stages. All diets were formulated to meet 

or exceed the nutrient requirement based on the Dekalb White commercial product guide 

(North American Version). The ingredients and nutrient composition of the experimental 

diets are presented in Table 6.1 and the analyzed FA profile in experimental diets is 

provided in Table 6.2.  
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Table 6.1. Ingredients and nutrient composition of experimental diets for pullets including Starter (0-4 weeks), Grower (9-12 weeks) and Finisher (13-16 weeks) containing increasing levels of total 

omega-3 PUFA1. 

Total 

omega-3 

fatty acids 

(% of diet)2 

Starter (week 0-8)  Grower (week 9-12)  Finisher (week 13-16) 

 

Control 

diet 

ALA diet  Algal DHA diets   

Control 

diet 

ALA diet  Algal DHA diets   

Control 

diet 

ALA diet  Algal DHA diets 

0.20 0.40 0.60 

 

0.20 

 

0.40 0.60 

 

0.20 0.40 0.60  0.20 0.40 0.60  0.20 0.40 0.60  0.20 0.40 0.60 

Ingredients (%)                                        

Corn  53.37 53.36 53.36 53.11 
 

52.61 53.02 53.10 
 

52.11 52.10 52.10 51.25  51.40 51.82 49.85 
 

52.12 52.12 52.11 50.11  51.36 51.77 46.61 

Soybean 

Meal 26.68 26.68 26.68 26.64 

 

26.62 26.77 26.78 

 

18.33 18.32 18.32 18.13  18.20 18.35 18.40 

 

14.18 14.17 14.17 13.87  14.11 14.28 14.10 

Wheat 0.000 0.000 0.000 0.000 
 

0.000 0.000 0.000 
 

22.98 22.99 23.00 23.87  22.99 21.61 20.27 
 

26.89 26.90 26.91 28.00  26.90 25.52 24.24 

Wheat 

Middlings 13.487 13.494 13.504 13.745 

 

13.474 12.099 11.124 

 

0.000 0.000 0.000 0.000  0.000 0.000 2.424 

 

0.000 0.000 0.000 0.983  0.000 0.000 5.741 

Corn Oil 0.995 0.700 0.327 0.000 
 

0.885 0.484 0.151 
 

0.869 0.577 0.205 0.000  0.762 0.361 0.000 
 

0.811 0.521 0.149 0.000  0.707 0.306 0.000 

VM 

Premix 1.500 1.500 1.500 1.500 

 

1.500 1.500 1.500 

 

1.500 1.500 1.500 1.500  1.500 1.500 1.500 

 

1.500 1.500 1.500 1.500  1.500 1.500 1.500 

Salt 0.390 0.390 0.390 0.390 
 

0.391 0.391 0.391 
 

0.390 0.390 0.390 0.390  0.390 0.391 0.389 
 

0.391 0.391 0.391 0.390  0.391 0.392 0.388 

Limestone 1.786 1.786 1.786 1.787 
 

1.785 1.779 1.776 
 

1.893 1.893 1.893 1.896  1.892 1.887 1.885 
 

2.225 2.225 2.225 2.230  2.223 2.218 2.220 

Biophos2 1.379 1.379 1.379 1.378 
 

1.383 1.391 1.401 
 

1.444 1.444 1.443 1.441  1.448 1.457 1.462 
 

1.481 1.481 1.481 1.477  1.485 1.494 1.494 

lysine 0.171 0.171 0.171 0.171 
 

0.171 0.171 0.194 
 

0.234 0.235 0.235 0.236  0.236 0.237 0.236 
 

0.219 0.219 0.219 0.220  0.219 0.219 0.219 

DL-

Methionine 0.218 0.218 0.218 0.218 

 

0.218 0.217 0.222 

 

0.172 0.172 0.172 0.173  0.172 0.170 0.168 

 

0.141 0.141 0.141 0.142  0.141 0.139 0.137 

Threonine 0.022 0.022 0.022 0.023 
 

0.022 0.019 0.028 
 

0.087 0.087 0.087 0.089  0.087 0.084 0.081 
 

0.045 0.045 0.045 0.047  0.044 0.041 0.039 

Flax oil3 0.000 0.295 0.668 1.039 
 

0.000 0.000 0.000 
 

0.000 0.292 0.664 1.034  0.000 0.000 0.000 
 

0.000 0.290 0.662 1.031  0.000 0.000 0.000 

DHAGold4 0.000 0.000 0.000 0.000 
 

0.941 2.142 3.339 
 

0.000 0.000 0.000 0.000  0.929 2.130 3.329 
 

0.000 0.000 0.000 0.000  0.923 2.124 3.322 

Calculated nutrients                                             

AMEn 

(Poultry; 

Kcal/kg) 2850 2850 2850 2850 

 

2850 2850 2850 

 

2750 2750 2750 2750  2750 2750 2750 

 

2700 2700 2700 2700  2700 2700 2700 
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Crude Fat 

(%) 3.700 3.700 3.700 3.744 

 

3.900 3.900 3.966 

 

3.700 3.700 3.700 3.862  3.900 3.900 3.900 

 

3.700 3.700 3.700 3.900  3.900 3.900 3.900 

Crude 

Protein (%) 20.50 20.50 20.50 20.50 

 

20.50 20.50 20.50 

 

18.30 18.30 18.30 18.29  18.28 18.28 18.37 

 

17.00 17.00 17.00 17.02  17.00 17.00 17.20 

Calcium 

(%) 1.100 1.100 1.100 1.100 

 

1.100 1.100 1.100 

 

1.100 1.100 1.100 1.100  1.100 1.100 1.100 

 

1.200 1.200 1.200 1.200  1.200 1.200 1.200 

Total 

Phosphorus 

(%) 0.737 0.737 0.737 0.738 

 

0.745 0.747 0.752 

 

0.791 0.791 0.791 0.795  0.798 0.801 0.803 

 

0.812 0.812 0.812 0.818  0.820 0.823 0.824 

Available 

Phosphorus 

(%) 0.450 0.450 0.450 0.450 

 

0.450 0.450 0.450 

 

0.450 0.450 0.450 0.450  0.450 0.450 0.450 

 

0.450 0.450 0.450 0.450  0.450 0.450 0.450 

Calculated fatty acids5                         

Linoleic 

Acid (%) 1.836 1.713 1.558 1.430 

 

1.760 1.510 1.300 

 

1.870 1.749 1.594 1.537  1.797 1.547 1.300 

 

1.885 1.765 1.610 1.578  1.813 1.563 1.321 

Linolenic 

Acid (%) 0.041 0.199 0.399 0.599 

 

0.040 0.035 0.032 

 

0.043 0.199 0.399 0.599  0.042 0.037 0.034 

 

0.044 0.199 0.399 0.599  0.043 0.038 0.035 

DHA (%) 0.000 0.000 0.000 0.000 
 

0.160 0.364 0.568 
 

0.000 0.000 0.000 0.000  0.158 0.362 0.566 
 

0.000 0.000 0.000 0.000  0.157 0.361 0.565 

Omega-3 

(%) 0.041 0.200 0.400 0.600 

 

0.200 0.400 0.600 

 

0.043 0.200 0.400 0.600  0.200 0.400 0.600 

 

0.044 0.200 0.400 0.600  0.200 0.400 0.600 

Analyzed nutrients                           

AMEn 

(Poultry; 

Kcal/kg) 3156 3142 3120 3099 

 

3133 3160 3143 

 

2984 2992 2984 3004  3001 2999 2999 

 

3044 3041 3050 3067  3054 3072 3011 

Crude Fat 

(%) 4.280 4.310 3.520 3.720 

 

4.070 4.260 4.430 

 

3.330 3.540 3.550 3.790  4.040 3.930 3.70 

 

4.000 4.080 4.170 4.180  4.150 4.740 4.000 

Crude 

Protein (%) 20.65 21.19 20.31 20.43 

 

20.39 20.87 20.15 

 

18.21 18.55 17.70 18.06  17.43 17.80 17.57 

 

16.97 16.45 16.83 16.72  16.90 16.89 15.71 

Calcium 

(%) 0.840 1.220 0.870 1.150 

 

0.950 1.050 1.110 

 

1.130 1.130 1.270 1.240  1.230 1.200 1.24 

 

1.360 1.240 1.350 1.380  1.350 1.450 1.610 

Phosphorus 

(%) 0.660 0.730 0.700 0.750 

 

0.720 0.730 0.760 

 

0.760 0.780 0.770 0.780  0.760 0.790 0.78 

 

0.770 0.790 0.780 0.820  0.800 0.800 0.740 
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1Provided per kilogram of diet, vitamin-mineral premix contained: 12,000 IU of vitamin A; 2,500 

IU of vitamin D3, 30 IU of vitamin E, 3 mg of vitamin K3 (as menadione), 0.03 mg of vitamin 

B12, 0.2 mg of biotin, 7 mg of riboflavin, 1 mg of folic acid, 12 mg of calcium pantothenate, 40 

mg of niacin, 2.5 mg of thiamine, 5 mg of pyridoxine, 1,000 mg of choline chloride, 125 mg 

antioxidant (ethoxyquin), 85 mg of manganese, 80 mg of zinc, 80 mg of iron, 10 mg of copper, 

0.3 mg of selenium, 1 mg of iodine. 
2Biophos, a feed grade monocalcium phosphate, contained 21% P and 18% Ca (Landmark Feeds, 

Winnipeg, Manitoba, Canada). 
3Flaxseed oil, obtained from Dyets, Inc. (Bethlehem, PA, USA). Specification provided (%): Fat, 

LA and ALA are 100, 16.0 and 57.0, respectively. 
4DHAgoldTM S17-B dried whole-cell algae product supplied by DSM Nutritional Products (North 

America, Parsippany, NJ, USA). Specification provided (%): Fat and DHA are 40 and 17, 

respectively.   
5LA, Linoleic acid; ALA, α-linolenic acid; DHA, Docosahexaenoic acid.
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Table 6.2. Analyzed FA composition of experimental diets for pullets including Starter (0-4 weeks), Grower (9-12 weeks) and Finisher (13-16 weeks) containing increasing levels of total omega-3 

PUFA1. 

Total omega-3 

fatty acids (% 

of diet)1 

Starter (week 0-8)  Grower (week 9-12)  Finisher (week 13-16) 

Control 

diet 

FSO diet  Algal DHA diets  Control 

diet 

FSO diet  Algal DHA diets  Control 

diet 

FSO diet  Algal DHA diets 

0.20 0.40 0.60 
 

0.20 0.40 0.60 
 

0.20 0.40 0.60 
 

0.20 0.40 0.60 
 

0.20 0.40 0.60 
 

0.20 0.40 0.60 

SFA 0.580 0.559 0.549 0.550  0.724 0.881 1.001  0.595 0.597 0.557 0.543  0.726 0.837 1.033  0.597 0.589 0.589 0.605  0.722 0.830 0.983 

MUFA 0.933 0.896 0.870 0.865  0.904 0.801 0.689  0.925 0.929 0.847 0.824  0.895 0.754 0.692  0.948 0.933 0.912 0.938  0.901 0.769 0.656 

LA (18:2n-6) 2.124 1.980 1.838 1.774  2.061 1.837 1.572  2.126 2.161 1.803 1.709  2.053 1.738 1.589  2.053 1.953 1.825 1.827  2.038 1.774 1.544 

GLA (18:3n-6) 0.000 0.000 0.000 0.000  0.001 0.002 0.003  0.000 0.000 0.000 0.000  0.001 0.002 0.003  0.000 0.000 0.000 0.000  0.001 0.002 0.003 

ARA (20:4n-6) 0.000 0.000 0.001 0.001  0.002 0.005 0.007  0.000 0.000 0.001 0.001  0.002 0.004 0.007  0.000 0.000 0.000 0.000  0.002 0.004 0.006 

ALA (18:3n-3) 0.096 0.230 0.446 0.648  0.100 0.097 0.088  0.099 0.102 0.414 0.573  0.099 0.091 0.088  0.100 0.237 0.411 0.611  0.100 0.091 0.086 

EPA (20:5n-3) 0.000 0.000 0.000 0.000  0.005 0.011 0.016  0.000 0.000 0.000 0.000  0.005 0.010 0.018  0.001 0.001 0.001 0.001  0.005 0.010 0.017 

DPA (22:5n-3) 0.001 0.000 0.000 0.000  0.001 0.003 0.004  0.000 0.000 0.000 0.000  0.001 0.002 0.005  0.000 0.000 0.000 0.000  0.001 0.003 0.004 

DHA (22:6n-3) 0.002 0.002 0.001 0.001  0.198 0.463 0.687  0.001 0.000 0.000 0.000  0.186 0.409 0.715  0.001 0.000 0.000 0.001  0.174 0.390 0.676 

Omega-3 

PUFA 0.099 0.232 0.448 0.650 

 

0.304 0.574 0.795 

 

0.101 0.103 0.415 0.575  0.292 0.512 0.825 

 

0.102 0.238 0.412 0.613  0.279 0.493 0.783 
1ARA, arachidonic acid; ALA, α-linolenic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; GLA, gamma-linolenic acid; LA, linoleic acid; TMUFA, total monounsaturated fatty acids 

(sum of palmitoleic acid and oleic acid); TSFA, total saturated fatty acids (sum of myristic acid, palmitic acid and stearic acid).  
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6.3.2 Sample collection and measurement  

The growth performance measurements, i.e., FI and BW were recorded weekly throughout the 

whole experiment. At termination (week 16), two birds from the same cage of seven cages in each 

treatment were randomly challenged with either Escherichia coli (E. coli)-derived LPS (8 mg/kg; 

i.v. injection; n = 7) or saline (n = 7). All birds were euthanized by CO2 asphyxiation 2-hour post-

injection, based on the protocol established in a pilot study from our lab (Jing et al., 2024). Tissue 

samples including liver, plasma and spleen were collected and stored at -80℃ for subsequent 

analyses. 

6.3.3 Fatty acid extraction and analysis 

Total lipids from all samples were extracted as described (200). The final methylated FA of the 

samples were extracted into iso-octane and determined using a Varian 450 GC with a flame 

ionization detector (FID) (GC-FID; Agilent Technologies Canada Inc., ON), equipped with a 

DB225MS column (30 m × 0.25 mm diameter and 0.25 mm film thickness; Agilent Technologies 

Canada Inc., Mississauga, Ontario). The equipment settings and the calculations for determining 

the FA contents have been previously described (31). 

6.3.4 Oxylipin extraction and analysis 

One mL of water (pH 3), 10 µL of antioxidant solution and 100 µL of deuterated internal standard 

(Cayman Chemical, Ann Arbor, MI) were added to 200 µL of plasma sample and then adjusted to 
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pH < 3 for oxylipin extraction. Samples were applied to Strata-X solid phase extraction columns 

(33u, 60 mg/3mL; Phenomenex, CA) before elution of free oxylipins with 10% methanol. All 

samples were dried under nitrogen and reconstituted in 100 µL of a mobile phase of water-

acetonitrile-formic acid (70:30:0.02, v/v/v, LC-MS grade). Oxylipins were determined using high-

performance liquid chromatography-mass spectrometry (HPLC-MS/MS; QTRAP 6500; Sciex, 

ON, Canada) as described (PMID 28826940 and 28667077) and quantified using the stable isotope 

dilution method (238).  

6.3.5 Total RNA extraction and reverse transcription 

Total RNA was isolated from spleen samples (10 ± 0.5 g) using the RNeasy Mini kit (Qiagen 

Canada Inc., Mississauga, ON, Canada), with genomic DNA contamination eliminated with 

DNase set kit (Qiagen Canada Inc., Mississauga, ON, Canada) according to the manufacturer’s 

protocol. Subsequently, 1 µg of RNA in a 20 µL reaction was performed for cDNA synthesis using 

the Superscript® VILO™ cDNA Synthesis Kit (Invitrogen Canada Inc., Burlington, ON, Canada). 

The cDNA samples were stored at –20°C for further quantitative real-time PCR analysis. 

6.3.6 qRT-PCR analysis  

The relative mRNA expression levels of studied genes including IL-1β, IL-2, IL-6, IL-8, IL-10, 

IFN-γ, TNF-α, and TLR4 were conducted using the OneStep Real-Time Detection System (Applied 

Biosystems, Canada). The levels of target mRNA were normalized to the expression of the 

housekeeping gene, β-actin, and relative mRNA expression was determined using the 2−ΔΔCT 
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method (157). The amplification conditions were followed according to previously described (31). 

PCR primers for studied genes are summarized in Table 6.3 and their specificity was confirmed 

using NCBI BLASTN (199).
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Table 6.3. Primer sequences for quantitative real-time PCR. 

Genes1 Primer sequences (5’ to 3’)2 Amplicon 

length (bp) 

GenBank access 

No. 

IL-1β F: TACACCCGCTCACAGTCCTT  

R: CAATGTTGAGCCTCACTTTCTG 

130 NM_204524 

IL-2 F: ACACCAACTGAGACCCAGGAGT 160 NM_204153 

 R: GACCCGTAAGACTCTTGAGGTTC   

IL-6  F: GCAGGACGAGATGTGCAAGA 176 NM_204628 

 R: GGTAGGTCTGAAAGGCGAACA   

IL-8  F: GATTGAACTCCGATGCCAGTG 197 NM_205018 

 R: TGTCCAGAATTGCCTTGATGAT   

IL-10  F: CAAGCAGATCAAGGAGACGTTC 104 NM_001004414 

 R: TCAGCAGGTACTCCTCGATGTAGT   

TNF-α F: GTCTGCTCCTAGTGGCTTTCCT 212 AY765397 

 R: CTACGGGTTGCTGCACATACA   

IFN-γ F: GCTGACGGTGGACCTATTATTGT 

R: ACGCCATCAGGAAGGTTGTT 

188 NM_205149 

TLR4 F: CCAAACACCACCCTGGACTTG 

R: TGTATGGATGTGGCACCTTGAA 

120 NM_001030693 

β-Actin F: CAACACAGTGCTGTCTGGTGGTA 

R: ATCGTACTCCTGCTTGCTGATCC 

205 NM_205518 

1IL-1β, interleukin 1β; IL-2, interleukin 2; IL-6, interleukin 6; IL-8, interleukin 8; IL-10, 

interleukin10; IFN-γ, interferon gamma; TNF-α, tumor necrosis factor alpha; TLR4, toll-like 

receptor 4. 
2F = forward; R = reverse.
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6.3.7 Statistical analysis 

The experiment was a completely randomized design with dietary treatment and 

experimental unit (cages with 5 birds per cage; 9 cages per treatment) regarded as the fixed 

and the random effects, respectively. All data were analyzed by the MIXED procedure of 

SAS (version 9.4; SAS Inst. Inc., Cary, NC, USA). For the repeated-measures analysis of 

performance data, the model is: yijk = µ + di + aij +wk +dwik +eijk, where yijk is an observation 

on a performance measure, including BW, FI, and EW; µ represents the population mean, 

di is the effect of the i’th diet (i = 1, 2, … 7), aij represents the effect of the j’th hen in the 

i’th dietary treatment, wk is the effect of the k’th week (k = 1, 2, … 16), dwik is the 

interaction of diet and week, and eijk is the residual error. Treatment, week, and their 

interaction are considered fixed effects, and hen and the residual error are considered 

random effects. For single-measure outcomes on hens (plasma biochemistry, FA, oxylipins 

and mRNA expressions) we used a two-factor factorial model (dietary treatment and LPS 

administration): yijk = µ + di + cj +dcij +eijk, where yijk is a single-measure observation on a 

hen, µ is the population mean, di is the effect of the i’th diet (i = 1, 2, … 7), cj is the effect 

of the j’th challenge level (either LPS or saline injection; j = 1, 2), dcij is the interaction of 

the two factors, and eijk is the residual error due to the k’th hen in the ij’th combination of 

diet and challenge. The Shapiro-Wilk test was used for assessing normal distribution. All 

data were presented as least squares means (LSM) ± SE, adjusted using Tukey’s post hoc 

test to compare for significant differences (P < 0.05). 
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6.4 Results  

6.4.1 Growth performance 

Overall, the growth performance of pullets was satisfactory, with no negative effects of the 

experimental diets on BW or FI. This was reflected in a significant main effect of age (week) 

on FI (P < 0.0001). Consequently, a significant diet × week interaction was observed on 

BW (P < 0.05; Table 6.4). 
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Table 6.4. Performance of pullets (from 20 to 28 weeks of age) consuming diets containing increasing levels of total omega-3 derived 

from either ALA diets (from FSO) or algal DHA diets1. 

  

Control 

 ALA diet  Algal DHA diet  P values 

  0.2 0.4 0.6  0.2 0.4 0.6  Diet Week Diet*Week 

BW           0.0820 <0.0001 0.0039 

Week 1 69.54  70.92 71.25 69.59  72.03 70.27 71.29     

Week 2 118.9  121.3 123.8 120.8  124.2 126.8 124.8     

Week 3 192.0  190.4 193.5 186.9  197.2 198.4 198.3     

Week 4 287.1  281.6 285.1 278.1  291.6 295.4 295.7     

Week 5 385.6  378.4 381.5 373.4  391.6 392.6 395.8     

Week 6 490.0  480.3 480.0 473.0  493.9 495.1 497.7     

Week 7 600.4  587.9 587.6 579.9  603.4 601.2 605.1     

Week 8 689.7  691.8 677.7 670.6  692.4 687.4 699.3     

Week 9 786.4  778.3 774.6 757.3  783.6 779.8 788.5     

Week 10 871.3  864.6 869.2 841.4  868.7 857.3 872.0     

Week 11 951.5  947.7 928.6 920.6  943.7 939.0 948.2     

Week 12 1019.9  1016.1 1006.8 988.8  1016.7 1010.6 1028.6     

Week 13 1093.6  1090.9 1080.1 1056.7  1086.4 1074.0 1100.0     

Week 14 1158.7  1156.5 1147.8 1118.9  1143.9 1130.3 1162.2     

Week 15 1214.8  1215.4 1201.6 1169.0  1208.1 1186.7 1222.9     

Week 16 1275.3  1276.8 1262.9 1243.8  1267.6 1228.6 1279.7     

SEM 8.090  8.168 8.090 8.491  8.092 8.657 8.136     

              

FI           0.1249 <0.0001 0.0514 

Week 1 11.80  12.70 12.17 13.12  12.78 12.25 12.11     

Week 2 19.18  19.08 19.87 19.18  20.31 20.04 19.79     

Week 3 20.32  21.20 20.49 19.82  20.40 19.58 20.21     

Week 4 31.59  32.21 31.96 30.26  32.17 32.42 31.36     

Week 5 40.64  40.08 39.06 38.66  39.95 40.09 39.56     
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Week 6 46.01  45.24 42.73 45.11  45.69 44.67 42.64     

Week 7 48.55  49.34 49.14 18.59  49.53 48.87 48.94     

Week 8 54.84  53.29 52.02 52.45  53.30 52.07 51.97     

Week 9 60.68  59.99 58.95 57.40  59.60 58.02 58.67     

Week 10 62.93  61.92 62.01 60.58  60.01 57.94 60.61     

Week 11 65.13  62.54 63.13 59.90  60.61 60.21 60.08     

Week 12 68.05  67.05 68.11 67.91  66.19 62.72 64.93     

Week 13 75.33  74.33 73.65 71.68  72.40 69.82 73.64     

Week 14 77.53  73.09 74.79 72.26  74.23 70.53 70.65     

Week 15 77.62  77.36 75.94 73.41  75.47 72.70 71.94     

Week 16 77.55  81.13 74.27 76.48  75.82 71.32 71.28     

SEM 1.236  1.278 1.248 1.281  1.253 1.248 1.252     
1Data are presented as least squares means and their SEM (n = 9). FI: feed intake; BW: body weight.
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6.4.2 Omega-3 PUFA composition in liver and plasma 

Increasing dietary omega-3 supplementation yielded similar responses in total and 

individual omega-3 PUFA in both liver and plasma. Compared with the control group, the 

level of ALA was increased in the liver and plasma from pullets fed diets containing 

increasing levels of ALA-rich FSO (P < 0.0001; Figure 6.1 A-B), but not those fed DHA-

-rich algal biomass. The levels of liver and plasma EPA and DPA were increased in both 

diets fed pullets (P < 0.0001; Figure 6.1 C-D; Table 6.5, 6.6). DHA levels were also 

increased in both diets fed pullets, with the DHA diet contributing more than the ALA diet 

(P < 0.0001) in both the liver and plasma (Figure 6.1 E-F). Furthermore, total omega-3 

PUFA levels in both liver and plasma were significantly increased (P < 0.0001; Figure 6.1 

G-H) in response to diets enriched with either ALA-rich FSO or DHA-rich algal biomass, 

compared to the control group. However, the DHA diet resulted in greater omega-3 PUFA 

accumulation in the liver than the ALA diet, whereas no such difference was observed in 

plasma.
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Figure 6.1. Individual and total omega-3 PUFA in liver (mg/g) and plasma (mg/mL) of 

pullets (16-week-old) fed the control diet and diets with increasing levels of total omega-3 

PUFA derived from either ALA or DHA following the LPS challenge.
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6.4.3 Omega-6 PUFA composition and ratios in liver and plasma  

In the liver, supplementation with either FSO rich in ALA or algal biomass rich in DHA- 

had minimal effect on omega-6 PUFA, except ARA (Table 6.2A). The levels of ARA and 

the ratio of omega-6 to omega-3 PUFA were decreased in the liver of pullets that received 

both diets compared to the control group, with the DHA diet having a more pronounced 

effect (P<0.0001). In plasma, ARA level decreased in pullets fed the DHA diet compared 

to those fed the control diet, but not in the group fed the ALA diet (P<0.0001; Table 6.2B). 

The omega-6 to omega-3 PUFA ratios were also decreased in the plasma from pullets that 

were fed both diets compared to the control group, again with the DHA diet showing the 

greater effect (P<0.0001). Additionally, an injection effect was observed in plasma ARA 

levels, with LPS resulting in higher levels (P<0.05; Table 6.6). No interaction effects of 

diet and injection were observed on omega-6 PUFA in either the liver or plasma.
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Figure 6.2. ARA in liver (mg/g) and plasma (mg/mL) of pullets (16-week-old) fed the 

control diet and diets with increasing levels of total omega-3 PUFA derived from either 

ALA or DHA following the LPS challenge.
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Table 6.5. Liver fatty acid composition (mg/g) of pullets (16-week-old) fed the control diet and diets with increasing levels of total omega-3 PUFA derived from either ALA or DHA following the LPS 

challenge1. 

1Data are presented as least squares means and their SEM (n = 7). Values with different superscripts within a row are significantly different at P < 0.05.  
2ARA, arachidonic acid; ALA, α-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; GLA, gamma-linolenic acid; LA, linoleic acid; TMUFA, total 

monounsaturated fatty acids (sum of palmitoleic acid and oleic acid); TSFA, total saturated fatty acids (sum of myristic acid, palmitic acid and stearic acid); Total n-6, total omega-6 polyunsaturated 

fatty acid (sum of LA, GLA and ARA); Total n-3, total omega-3 polyunsaturated fatty acid (sum of ALA, EPA, DPA and DHA).  

 Diet effect  Injection effect  P values 

 
Control 0.2%ALA 0.4%ALA 0.6%ALA 0.2%DHA 0.4%DHA 0.6%DHA  LPS Saline  Diet Injection 

Diet* 

Injection 

SFA, mg/g               

14:0 0.138±0.03b 0.160±0.04b 0.177±0.04ab 0.341±0.06ab 0.341±0.06ab 0.378±0.08a 0.417±0.10a  0.245±0.03 0.265±0.03  0.0026 0.3500 0.6067 

16:0 12.12±2.177 13.90±3.433 15.03±3.327 14.93±2.619 23.67±4.008 22.38±4.248 23.00±4.884  16.84±1.941 18.65±1.941  0.0488 0.2935 0.4084 

18:0 7.554±0758 7.719±0.932 8.647±1.021 8.025±0.807 11.02±1.065 11.36±1.363 11.39±1.509  9.13±0.602 9.64±0.602  0.0219 0.4269 0.3668 

MUFA, mg/g               

16:1 1.036±0.257 1.552±0.581 1.485±0.421 1.606±0.435 2.100±0.462 1.805±0.426 1.940±0.529  1.489±0.243 1.804±0.243  0.7151 0.2030 0.6484 

18:1 16.22±3.705 19.50±5.468 22.41±5.792 22.51±4.832 35.22±7.256 28.76±6.000 30.22±7.616  23.64±3.176 26.31±3.176  0.4178 0.3332 0.6640 

Omega-6 PUFA, mg/g              

LA (18:2n-6) 5.917±0.673 6.051±0.715 6.643±0.967 6.676±0.798 11.168±1.651 8.855±1.938 7.138±1.546  7.561±0.682 7.425±0.682  0.3755 0.8571 0.3758 

GLA (18:3n-6) 0.036±0.005 0.034±0.004 0.035±0.005 0.035±0.004 0.057±0.010 0.042±0.009 0.038±0.007  0.039±0.004 0.040±0.004  0.9191 0.5827 0.7317 

ARA (20:4n-6) 3.043±0.100a 2.654±0.075b 2.508±0.072b 2.154±0.044c 2.058±0.175c 1.615±0.075d 1.422±0.092d  2.232±0.052 2.182±0.052  <.0001 0.4860 0.3341 

Omega-3 PUFA, mg/g              

ALA (18:3n-3) 0.108±0.019c 0.274±0.054b 0.571±0.098a 0.826±0.122a 0.250±0.042b 0.234±0.068bc 0.214±0.089bc  0.353±0.039 0.355±0.039  <.0001 0.7731 0.4485 

EPA (20:5n-3) 0.022±0.003c 0.066±0.009b 0.164±0.021a 0.176±0.028a 0.128±0.033ab 0.221±0.025a 0.207±0.024a  0.133±0.012 0.148±0.012  <.0001 0.6981 0.5207 

DPA (22:5n-3) 0.049±0.004b 0.098±0.011a 0.148±0.015a 0.157±0.019a 0.104±0.024ab 0.156±0.015a 0.172±0.018a  0.130±0.009 0.122±0.009  <.0001 0.4136 0.1819 

DHA (22:6n-3) 0.858±0.046e 1.138±0.043d 1.468±0.072c 1.505±0.061c 2.725±0.326b 3.472±0.111ab 3.872±0.169a  2.203±0.081 2.094±0.081  <.0001 0.3190 0.2784 

Totals, mg/g              

SFA 19.003±2.933 21.78±4.380 23.852±4.382 23.130±3.445 35.028±5.255 34.116±5.662 34.801±6.469  26.21±2.559 28.56±2.559  0.0400 0.2021 0.4041 

MUFA 17.251±3.954 21.054±6.044 23.892±6.206 24.106±5.221 37.321±7.700 30.561±6.413 32.156±8.129  25.13±3.407 28.11±3.407  0.4345 0.3197 0.6648 

Omega-6 PUFA 8.994±0.654 8.740±0.685 9.186±0.930 8.862±0.777 13.283±1.619 10.512±1.880 8.598±1.499  9.831±0.663 9.647±0.663  0.3738 0.5885 0.8081 

Omega-3 PUFA 1.037±0.047d 1.575±0.059c 2.350±0.115b 2.665±0.114b 3.207±0.380b 4.084±0.145a 4.465±0.200a  2.820±0.098 2.719±0.098  <.0001 0.515 0.1960 

Omega-6/3 PUFA 8.737±0.539a 5.482±0.253b 3.842±0.249c 3.270±0.146cd 4.543±0.652bcd 2.527±0.386de 1.935±0.293e  4.273±0.212 4.395±0.212  <.0001 0.8865 0.9738 



145 

 

Table 6.6. Plasma fatty acid composition (mg/mL) of pullets (16-week-old) fed control diet and diets with increasing levels of total omega-3 PUFA derived from either ALA or DHA following the LPS 

challenge1.  

1Data are presented as least squares means and their SEM (n = 7). Values with different superscripts within a row are significantly different at P < 0.05.  
2ARA, arachidonic acid; ALA, α-linolenic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; GLA, gamma-linolenic acid; LA, linoleic acid; TMUFA, total 

monounsaturated fatty acids (sum of palmitoleic acid and oleic acid); TSFA, total saturated fatty acids (sum of myristic acid, palmitic acid and stearic acid); Total n-6, total omega-6 polyunsaturated 

fatty acid (sum of LA, GLA and ARA); Total n-3, total omega-3 polyunsaturated fatty acid (sum of ALA, EPA, DPA and DHA).

 Diet effect  Injection effect  P values 

 
Control 0.2%ALA 0.4%ALA 0.6%ALA 0.2%DHA 0.4%DHA 0.6%DHA  LPS Saline  Diet Injection 

Diet* 

Injection 

SFA, mg/g               

14:0 0.019±0.003 0.023±0.006 0.024±0.008 0.031±0.006 0.039±0.011 0.023±0.006 0.028±0.005  0.026±0.004 0.027±0.004  0.6485 0.4778 0.3643 

16:0 1.798±0.355 2.286±0.713 2.403±0.907 3.193±0.700 3.382±0.976 1.695±0.485 1.920±0.605  2.311±0.378 2.454±0.378  0.6318 0.2739 0.3558 

18:0 1.132±0.150 1.203±0.230 1.273±0.298 1.537±0.252 1.540±0.353 0.840±0.148 0.927±0.223  1.118±0.132 1.297±0.132  0.2679 0.3381 0.4785 

MUFA, mg/g               

16:1 0.125±0.026 0.198±0.068 0.132±0.039 0.270±0.058 0.245±0.077 0.112±0.046 0.117±0.042  0.161±0.029 0.182±0.029  0.2789 0.3246 0.2333 

18:1 2.609±0.617 3.390±1.173 3.553±1.447 5.178±1.300 4.920±1.478 1.949±0.640 2.342±0.922  3.351±0.606 3.490±0.606  0.4230 0.4624 0.3763 

Omega-6 PUFA, mg/g            

LA (18:2n-6) 1.273±0.226ab 1.613±0.526ab 1.503±0.553ab 1.930±0.369a 1.940±0.563a 0.878±0.234ab 0.761±0.215b  1.409±0.220 1.419±0.220  0.0359 0.2353 0.2493 

GLA (18:3n-6) 0.010±0.002ab 0.011±0.003ab 0.009±0.003ab 0.012±0.002a 0.012±0.004ab 0.005±0.001b 0.005±0.001b  0.009±0.001 0.010±0.001  0.0131 0.2376 0.3379 

ARA (20:4n-6) 0.494±0.045a 0.432±0.059a 0.403±0.067a 0.409±0.051a 0.374±0.071ab 0.188±0.024b 0.182±0.024b  0.321±0.031b 0.388±0.031a  <.0001 0.0406 0.5825 

Omega-3 PUFA, mg/g            

ALA (18:3n-3) 0.024±0.005cd 0.080±0.031bc 0.137±0.063ab 0.249±0.051a 0.023±0.008cd 0.018±0.006d 0.018±0.005d  0.083±0.017 0.074±0.017  <.0001 0.5464 0.2293 

EPA (20:5n-3) 0.004±0.0004d 0.013±0.001c 0.028±0.003ab 0.036±0.003ab 0.025±0.003b 0.036±0.003ab 0.040±0.003a  0.022±0.030 0.030±0.001  <.0001 0.0510 0.4201 

DPA (22:5n-3) 0.009±0.0008c 0.0186±0.002b 0.028±0.003ab 0.039±0.004a 0.022±0.004b 0.022±0.003b 0.025±0.004ab  0.021±0.002 0.026±0.002  <.0001 0.1369 0.8785 

DHA (22:6n-3) 0.125±0.019c 0.185±0.038bc 0.240±0.064bc 0.333±0.061ab 0.430±0.112ab 0.476±0.081a 0.564±0.101a  0.321±0.037 0.351±0.037  <.0001 0.3111 0.4029 

Totals, mg/g               

SFA 2.949±0.500 3.512±0.943 3.700±1.209 4.761±0.956 4.961±1.335 2.557±0.632 2.875±0.834  3.455±0.511 3.778±0.511  0.5407 0.2564 0.3938 

MUFA 2.734±0.643 3.589±1.240 3.685±1.476 5.448±1.356 5.165±1.544 2.061±0.685 2.459±0.963  3.512±0.632 3.671±0.632  0.4148 0.4559 0.3681 

Omega-6 PUFA 1.777±0.264ab 2.056±0.580ab 1.915±0.620ab 2.350±0.419a 2.325±0.633ab 1.071±0.252ab 0.948±0.239b  1.739±0.289 1.816±0.289  0.0113 0.2061 0.2969 

Omega-3 PUFA 0.162±0.024c 0.297±0.070bc 0.434±0.129ab 0.657±0.112a 0.455±0.084ab 0.552±0.090ab 0.648±0.112a  0.436±0.050 0.479±0.050  <.0001 0.2326 0.4299 

Omega-6/3 PUFA 10.772±0.280a 6.593±0.185b 4.316±0.177c 3.525±0.060c 3.198±0.228c 1.807±0.108d 1.378±0.090e  4.396±0.095 4.630±0.095  <.0001 0.5785 0.1509 
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6.4.4 Supplementation of ALA and DHA effects on omega-3 oxylipins 

Compared to the control group, ALA- and DHA-derived oxylipins, as well as their totals, 

were significantly increased in the plasma from pullets fed diets enriched with their 

respective PUFA precursor. These increases were observed as either main effects (Table 

6.7) or interaction effects (Table 6.8), where diets enriched with ALA or DHA elevated 

their respective oxylipin derivatives in both saline- and LPS-treated groups (Figure 6.3, 

6.5). In addition, individual EPA-derived oxylipins and their totals were significantly 

increased with both precursor PUFA-enriched diets compared to the control group. 

However, the DHA diet contributed more substantially to these increases than the ALA 

diet (Figure 6.4).
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Precursor 

FA 
Oxylipin Control 0.2% ALA 0.4% ALA 0.6% ALA 0.2% DHA 0.4% DHA 0.6% DHA 

  - + - + - + - + - + - + - + 

ALA 9-HOTrE     ↑       

ALA 13-HOTrE     ↑ ↑ ↑ ↑       

ALA 9 oxo OTrE   ↑ ↑ ↑       

ALA 

12,13 

EpODE   ↑  ↑  ↑ ↑       

  Total ALA oxylipins       ↑ ↑ ↑ ↑             

↑: higher compared to control as main effect  

↑: higher in saline-treated dietary treatment group compared to control as interaction effect 

↑: higher in LPS-treated dietary treatment group compared to control as interaction effect 

Figure 6.3. Changes of individual and total ALA oxylipins in plasma of pullets (16-week-old) fed the control diet and diets with 

increasing levels of total omega-3 PUFA derived from ALA or DHA following either LPS or Saline injection. 
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Precursor 

FA 
Oxylipin Control 0.2% ALA 0.4% ALA 0.6% ALA 0.2% DHA 0.4% DHA 0.6% DHA 

  - + - + - + - + - + - + - + 

EPA 5-HETE   ↑ ↑ ↑ ↑↑ ↑ ↑ 

EPA 8-HEPE     ↑  ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑↑ 

EPA 11-HEPE     ↑  ↑  ↑  ↑  ↑  
EPA 12-HEPE     ↑  ↑  ↑↑ ↑↑ ↑ ↑↑ ↑ ↑↑ 

EPA 15-HEPE     ↑  ↑  ↑  ↑  ↑  
EPA 18-HEPE     ↑ ↑ ↑↑ ↑↑ ↑↑ 

EPA 14, 15 DiHETE  ↑  ↑ ↑ ↑ ↑ ↑ ↑↑ ↑↑ ↑ ↑ ↑↑ 

  Total EPA oxylipins ↑   ↑ ↑ ↑ ↑ ↑ ↑↑ ↑ ↑ ↑ ↑↑ 

↑: increased compared to control as main effect  

↑↑: significantly higher between different sources under same concentration 

↑: higher in saline-treated dietary treatment group compared to control as interaction effect 

↑: higher in LPS-treated dietary treatment group compared to control as interaction effect  

         : increased with the graded level of omega-3 PUFA 

Figure 6.4. Changes of individual and total EPA oxylipins in plasma of pullets (16-week-old) fed the control diet and diets with 

increasing levels of total omega-3 PUFA derived from ALA or DHA following either LPS or Saline injection.
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Precursor 

FA 
Oxylipin Control 0.2% ALA 0.4% ALA 0.6% ALA 0.2% DHA 0.4% DHA 0.6% DHA 

  - + - + - + - + - + - + - + 

DHA 10-HDoHE         ↑ ↑ ↑ ↑ ↑ ↑ 

DHA 14-HDoHE       ↑ ↑↑ ↑↑ ↑↑ 

DHA 16-HDoHE         ↑ ↑ ↑ ↑ ↑ ↑ 

DHA 17-HDoHE         ↑ ↑ ↑ ↑ ↑ ↑ 

DHA 16, 17 EpDPE         ↑ ↑ ↑ 

DHA 16, 17 DiHDoPE         ↑ ↑ ↑ 

DHA 19,20 EpDPE       ↑ ↑↑ ↑↑ ↑↑ 

DHA 19,20 DiHDoPE     ↑ ↑ ↑↑ ↑↑ ↑↑ 

  Total DHA oxylipins                ↑ ↑ ↑ ↑ ↑ ↑ 

↑: increased compared to control as main effect  

↑↑: significantly higher between different sources under same concentration 

↑: higher in saline-treated dietary treatment group compared to control as interaction effect 

↑: higher in LPS-treated dietary treatment group compared to control as interaction effect  

         : increased with the graded level of omega-3 PUFA 

Figure 6.5. Changes of individual and total DHA oxylipins in plasma of pullets (16-week-old) fed the control diet and diets with 

increasing levels of total omega-3 PUFA derived from ALA or DHA following either LPS or Saline injection.
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6.4.5 Supplementation of ALA and DHA effects on omega-6 oxylipins 

Nine LA-derived oxylipins were detected in plasma, of which eight individual oxylipins 

and total LA oxylipins were significantly increased following the LPS challenge. A diet 

effect was observed for five individual oxylipins and total LA oxylipins, with their levels 

significantly reduced in pullets fed the DHA diet (Figure 6.6; Table 6.7).  

Twenty-four ARA-derived oxylipins were identified, of which 10 individual oxylipins and 

total ARA oxylipins increased, while two individual oxylipins decreased in response to the 

LPS challenge. A significant dietary effect was observed for 14 individual ARA oxylipins 

and their totals. Plasma ARA oxylipin levels were significantly lower in pullets fed the 

DHA diet compared to the control group. In contrast, the ALA diet had minimal impact on 

omega-6 oxylipins (Figure 6.6; Table 6.7). 
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Precursor  
FA Oxylipin   Control 0.2% ALA 0.4% ALA 0.6% ALA 0.2% DHA 0.4% DHA 0.6% DHA 

LA 9-HODE      ↓  ↓ 
LA 9 oxo ODE       ↓  
LA 13 oxo ODE       ↓  ↓ 
LA 9, 12, 13 triHOME       ↓   ↓  

 Total LA oxylipins       ↓  ↓ 
ARA PGE2  

      ↓  ↓ 
ARA 15k PGE2       ↓  ↓ 
ARA 12-HHTrE  

      ↓  
ARA 5-HETE  

    ↓   ↓  ↓ 
ARA 8-HETE      ↓    
ARA 12-HETE     ↓   ↓  
ARA 15-HETE     ↓  ↓  ↓ ↓ 
ARA 5 oxo ETE       ↓ ↓ 
ARA 15 oxo ETE      ↓  ↓ ↓ 
ARA 14, 15 DiHETrE     ↓   ↓ ↓ 
ARA 20cooh AA       ↓ ↓ 

  Total ARA oxylipins          ↓ ↓ 

Figure 6.6. Changes of individual and total omega-6 oxylipins in plasma of pullets (16-week-old) fed the control diet and diets with 

increasing levels of total omega-3 PUFA derived from ALA or DHA following either LPS or Saline injection.
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Table 6.7. The composition of plasma oxylipins derived from omega-3 and omega-6 PUFA (ng/mL) of pullets (16-week-old) fed the control diet and diets with increasing levels of total omega-3 PUFA 

derived from ALA or DHA following the LPS challenge1.  

 Diet effect  Challenge effect  P values 

 Control  0.2%ALA 0.4%ALA 0.6%ALA 0.2%DHA 0.4%DHA 0.6%DHA  LPS Saline  Diet Injection Diet* 

Injection 

LA, ng/mL               

9-HODE 117.9±15.95a 94.94±12.81ab 76.83±9.128ab 68.12±7.127abc 95.22±11.22ab 57.38±5.499bc 50.51±5.589c  103.9±5.496a 56.32±5.496b  0.0019 <.0001 0.0512 

9 oxo ODE 66.03±14.67a 41.86±7.025ab 48.60±14.28ab 43.99±15.11ab 36.56±4.046ab 22.19±3.283b 24.81±4.847ab  53.68±5.222a 27.47±5.222b  0.0161 <.0001 0.2967 

13-HODE 132.4±17.47 121.3±15.37 99.05±11.23 80.67±8.317 126.0±13.24 78.72±6.977 72.64±9.892  131.6±6.572a 71.49±6.572b  0.0080 <.0001 0.2091 

9,10 EpOME 12.95±1.959 12.75±1.948 8.937±1.564 6.567±1.047 11.57±1.630 10.32±1.227 10.59±1.755  12.22±0.867a 8.830±0.867b  0.0536 0.0075 0.0549 

9,10 diHOME 4.823±0.692 4.136±0.450 3.838±0.366 3.331±0.366 5.484±0.701 4.486±0.424 4.662±1.016  6.261±0.332a 2.528±0.332b  0.1781 <.0001 0.2277 

12, 13 EpOME 23.70±3.365 23.12±3.343 16.93±2.860 13.59±2.260 21.06±2.544 17.87±2.021 18.85±2.892  20.77±1.494 17.85±1.494  0.1982 0.1722 0.0188 

12, 13 diHOME 10.88±1.253 10.54±1.199 10.99±1.474 9.152±1.057 13.49±1.807 12.37±1.094 14.19±2.719  17.10±0.861a 6.220±0.861b  0.2271 <.0001 0.1297 

13 oxo ODE 35.09±6.035a 30.86±7.969ab 22.97±6.151ab 24.74±8.090ab 22.68±2.423ab 13.53±2.793b 13.19±3.148b  32.78±3.029a 13.81±3.029b  0.0109 <.0001 0.3142 

9,12,13 

triHOME 

43.21±6.051a 37.82±3.421a 33.82±3.353ab 25.97±2.584abc 39.28±4.777a 21.36±1.418c 21.55±2.593bc  38.09±1.998a 25.63±1.998b  0.0006 <.0001 0.1680 

Total LA 512.9±67.04a 431.0±48.28ab 381.8±43.92ab 313.41±40.49a

b 

432.3±43.29ab 270.5±22.76b 267.09±32.61b  477.7±23.78 267.7±23.77  0.0033 <.0001 0.2462 

DGLA, ng/mL               

8-HETrE 0.541±0.081 0.512±0.064 0.507±0.100 0.397±0.036 0.470±0.057 0.371±0.040 0.440±0.040  0.503±0.034 0.422±0.034  0.6068 0.1096 0.0616 

15-HETrE 1.210±0.216 1.113±0.136 1.167±0.214 0.692±0.080 0.914±0.130 0.858±0.086 0.980±0.140  1.058±0.081 0.923±0.081  0.1053 0.2463 0.2776 

ARA, ng/mL               

PGE2 0.580±0.077ab 0.581±0.072a 0.482±0.046ab 0.300±0.023bc 0.359±0.043abc 0.263±0.023c 0.261±0.034c  0.432±0.027a 0.375±0.027b  0.0001 0.0150 0.5625 

11b PGE2 10.83±1.416ab 11.34±1.392a 8.638±0.824ab 5.821±0.584b 7.298±0.839ab 4.996±0.492b 5.294±0.652b  8.254±0.509a 7.238±0.509b  0.0006 0.0497 0.6261 

15k PGE2 2.242±0.339a 2.176±0.364a 1.591±0.180ab 1.410±0.180abc 1.533±0.184abc 0.917±0.109bc 0.870±0.148c  1.601±0.125 1.467±0.125  0.0018 0.1855 0.6223 

dhk PGF2a 1.730±0.188 1.606±0.261 1.330±0.238 1.311±0.195 1.311±0.195 0.539±0.047 0.406±0.029  1.944±0.092a 0.242±0.092b  0.0098 <.0001 0.1948 

TXB2 1.710±0.285 1.858±0.419 1.667±0.269 1.639±0.398 1.029±0.215 0.737±0.128 0.630±0.149  1.935±0.153a 0.714±0.153b  0.0135 <.0001 0.3311 

5,6 EpETrE 0.787±0.124 0.846±0.143 0.759±0.085 0.525±0.094 0.673±0.115 0.689±0.064 0.686±0.100  0.583±0.057b 0.835±0.056a  0.5607 0.0026 0.1042 

5,6 DiHETrE 0.157±0.021 0.133±0.014 0.130±0.017 0.109±0.010 0.159±0.020 0.128±0.011 0.143±0.011  0.134±0.008 0.140±0.008  0.2331 0.6440 0.0671 

11, 12 DiHETrE 0.301±0.041 0.263±0.036 0.235±0.025 0.190±0.022 0.320±0.050 0.222±0.029 0.204±0.036  0.300±0.019a 0.195±0.018b  0.1796 0.0003 0.3495 

12 HHTrE 0.725±0.208a 0.836±0.322a 0.593±0.114a 0.544±0.177ab 0.882±0.565ab 0.215±0.030b 0.294±0.074ab  0.771±0.145a 0.391±0.145b  0.0008 0.0007 0.2561 

12 oxo ETE 8.385±1.340 7.225±1.316 7.598±1.444 5.940±0.861 6.701±0.849 7.139±1.058 8.054±1.126  7.854±0.621 6.730±0.621  0.7545 0.2055 0.1713 

8,9 EpETrE 0.308±0.045 0.345±0.053 0.308±0.052 0.208±0.029 0.279±0.067 0.237±0.027 0.247±0.037  0.257±0.025 0.295±0.025  0.3021 0.2917 0.2998 

8,9 DiHETrE 0.230±0.029 0.209±0.028 0.190±0.017 0.184±0.030 0.251±0.033 0.178±0.026 0.192±0.031  0.252±0.015a 0.158±0.015b  0.6158 <.0001 0.1136 

14, 15 EpETrE 0.270±0.044 0.252±0.042 0.244±0.032 0.154±0.027 0.230±0.0508 0.178±0.021 0.209±0.035  0.171±0.020b 0.268±0.020a  0.1915 0.0009 0.1747 

14, 15 DiHETrE 0.598±0.049a 0.569±0.049ab 0.496±0.032ab 0.417±0.025b 0.525±0.046ab 0.409±0.032b 0.390±0.028b  0.547±0.021a 0.426±0.021b  0.0048 0.0001 0.3154 

5-HETE 4.523±0.639a 2.953±0.325ab

c 

3.000±0.289ab 2.239±0.193bc 2.950±0.318abc 2.023±0.184c 2.232±0.231bc  2.881±0.183 2.810±0.183  0.0050 0.6812 0.0513 

5 oxo ETE 3.449±0.576a 2.542±0.290a 2.328±0.248ab 1.654±0.164ab 2.127±0.311ab 1.362±0.162b 1.390±0.213b  1.846±0.166b 2.397±0.166a  0.0010 0.0635 0.0800 

8-HETE 3.545±0.418a 2.359±0.232ab 2.525±0.246ab 1.839±0.199b 1.994±0.310ab 1.821±0.261b 2.426±0.379ab  2.480±0.162 2.237±0.162  0.0303 0.2920 0.0867 

9-HETE 2.649±0.386 1.555±0.162 1.874±0.206 1.464±0.190 1.455±0.224 1.346±0.211 1.618±0.237  1.830±0.129 1.587±0.129  0.1520 0.1869 0.2755 

11-HETE 1.443±0.139a 1.218±0.116a 1.181±0.108a 0.906±0.086ab 1.024±0.229ab 0.692±0.087b 0.781±0.096b  1.066±0.070 1.004±0.070  0.0003 0.2129 0.0047 

12-HETE 1.454±0.177a 0.929±0.102ab 1.482±0.206a 0.759±0.083b 0.919±0.149ab 0.740±0.104b 0.933±0.111ab  1.039±0.075 1.023±0.075  0.0082 0.7790 0.1686 
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1Data are presented as least squares means and their SEM (n = 6). Values with different superscripts within a row are significantly different at P < 0.05. 
2ARA, arachidonic acid; ALA, α-linolenic acid; COX, cyclooxygenase; CYP-e, cytochrome P450 epoxygenase; CYP-h, cytochrome P450 hydrolase; DHA, docosahexaenoic acid; DiHDoPE, dihydroxy-

docosapentaenoic acid; DiHETrE, dihydroxy-eicosatrienoic acid; DiHOME, dihydroxy-octadecenoic acid; EPA, eicosapentaenoic acid; EpDoPE, epoxy-eicosadocosapentaenoic acid; EpOME, epoxy-

octadecenoic acid; HDoHE, hydroxy-docosahexaenoic acid; HEPE, hydroxy-eicosapentaenoic acid; HETE, hydroxy eicosatetraenoic acid; HODE, hydroxy-octadecadienoic acid; HOTrE, hydroxy-

octadecatrienoic acid; LA, linoleic acid; LOX, lipoxygenase; oxoETE, oxo-eicosatetraenoic acid; oxoODE, oxo-octadecadienoic acid; oxoOTrE , oxo-octadecatrienoic acid; PG, prostaglandin; 

TriHOME, trihydroxy-octadecenoic acid; TX, thromboxane.

tetranor 12-

HETE 

0.264±0.144 0.139±0.047 0.238±0.062 0.140±0.044 0.239±0.048 0.134±0.025 0.206±0.078  0.304±0.039a 0.085±0.039b  0.4372 <.0001 0.9708 

15-HETE 4.343±0.513a 3.060±0.334ab 3.397±0.432ab 2.250±0.115bc 2.406±0.241bc 1.629±0.166c 1.693±0.231c  2.686±0.170 2.679±0.170  <.0001 0.4889 0.0795 

15 oxo ETE 2.199±0.293a 1.568±0.242ab 1.612±0.260ab 1.307±0.155ab 1.104±0.118bc 0.684±0.084cd 0.627±0.109d  1.372±0.105 1.228±0.105  <.0001 0.1374 0.3917 

20cooh AA 69.68±16.89a 30.70±10.33ab

c 

14.77±3.749ab

c 

18.65±5.632abc 28.84±6.608ab 11.30±1.465bc 11.17±2.251c  37.62±4.466a 9.556±4.466b  0.0033 <.0001 0.2447 

Total ARA 102.4±18.81a 75.26±10.50ab 56.66±5.900ab

c 

49.96±6.011bc 64.03±7.263ab 38.57±2.629c 40.95±4.006c  78.15±4.994a 44.09±4.994b  0.0002 <.0001 0.0597 

ALA, ng/mL               

9 oxo OTrE 4.187±1.112b 8.429±0.942a 23.38±7.693a 24.34±10.69a 3.384±0.415b 1.943±0.281b 2.756±0.418b  14.55±2.681a 4.995±2.681b  <.0001 <.0001 0.0979 

12, 13EpODE 0.693±0.064 1.777±0.300 2.257±0.387 2.927±0.523 0.666±0.106 0.674±0.073 0.855±0.105  1.526±0.149 1.288±0.149  <.0001 0.0025 0.0062 

9-HOTrE 3.629±0.787bc 7.351±1.210ab 10.53±1.966ab 16.13±6.065a 3.471±0.558c 2.227±0.215c 2.389±0.262c  8.824±0.889a 4.756±0.889b  <.0001 0.0061 0.1374 

13-HOTrE 3.925±0.805bc 7.571±1507b 15.95±2.615a 19.68±6.713a 3.821±0.664bc 2.800±0.278c 3.170±0.255c  11.20±1.504a 5.066±1.504b  <.0001 <.0001 0.0112 

Total ALA 12.43±2.690 25.13±3.071 52.12±11.40 63.08±20.91 11.34±1.591 7.644±0.732 9.169±0.881  36.10±4.897 15.59±4.897  <.0001 <.0001 0.0479 

EPA, ng/mL               

5-HEPE 0.078±0.023c 0.202±0.022b 0.493±0.103ab 0.507±0.123a 0.464±0.065a 0.810±0.100 a 1.028±0.099a  0.581±0.045 0.442±0.045  <.0001 0.7491 0.0580 

8-HEPE 0.122±0.017 0.223±0.026 0.461±0.076 0.553±0.187 0.488±0.069 0.789±0.113 1.065±0.072  0.576±0.051 0.481±0.051  <.0001 0.6892 0.0069 

15-HEPE 0.343±0.081 0.546±0.095 1.337±0.212 1.217±0.264 1.311±0.180a 2.137±0.313 3.005±0.247  1.500±0.115 1.328±0.115  <.0001 0.7945 0.0205 

14, 15 DiHETE 0.814±0.118 1.942±0.146 3.458±0.270 3.978±0.200 5.143±0.735 6.761±0.588 10.23±1.330  5.617±0.338 3.618±0.338  <.0001 <.0001 0.0155 

11-HEPE 0.258±0.098 0.333±0.068 0.561±0.089 0.567±0.117 0.608±0.104 0.823±0.141 1.017±0.099  0.632±0.056 0.559±0.056  0.0002 0.2985 0.0136 

12-HEPE 0.092±0.013 0.206±0.034 0.412±0.051 0.523±0.068 0.523±0.068 0.749±0.094 1.074±0.046  0.472±0.033 0.527±0.033  <.0001 0.0605 0.0003 

18-HEPE 0.323±0.058d 0.576±0.100d 1.710±0.298bc 1.456±0.296c 1.566±0.217c 2.682±0.301ab 3.827±0.274a  1.875±0.128 1.584±0.128  <.0001 0.3301 0.1177 

Total EPA 2.030±0.219 4.028±0.335 8.432±0.922 8.719±1.021 10.10±1.080 14.75±1.259 21.24±1.724  11.25±0.563 8.548±0.563  <.0001 0.0033 0.0125 

DPA, ng/mL               

17k DPA 4.558±0.775c 8.893±1.164bc 21.50±4.779bc 17.10±3.398b 27.57±7.120b 58.36±6.789a 63.42±8.958a  29.95±2.951 27.60±2.951  <.0001 0.3760 0.2926 

DHA, ng/mL               

10-HDoHE 1.373±0.169d 1.672±0.143cd 2.288±0.174c 2.361±0.221c 5.252±0.566b 8.242±1.071ab 13.20±1.557a  5.314±0.405 4.510±0.405  <.0001 0.2630 0.0012 

14-HDoHE 3.077±0.387d 3.536±0.334cd 4.796±0.449cd 5.110±0.552c 10.80±1.228b 21.00±2.443a 34.61±4.521a  12.92±2.108 13.808±2.108  <.0001 0.5789 0.5053 

16-HDoHE 2.396±0.254d 2.787±0.239cd 3.961±0.310cd 3.930±0.412d 8.193±0.886bc 12.66±1.640b 18.43±1.943a  7.981±0.558 6.977±0.558  <.0001 0.4173 0.0009 

17-HDoHE 10.42±1.146b 11.49±1.004b 16.45±1.228b 15.69±1.886b 33.53±3.730b 48.90±5.640b 64.61±6.878a  30.09±2.025 27.36±2.025  0.0001 0.2048 0.0009 

16, 17EpDPE 4.272±0.507c 6.691±0.854c 7.319±0.879c 6.596±1.193c 18.90±2.703b 38.59±3.783a 55.36±8.779a  18.65±2.039b 20.70±2.039a  <.0001 0.0025 0.0665 

16, 17DiHDoPE 0.112±0.020c 0.205±0.021c 0.212±0.028c 0.234±0.022c 0.848±0.097b 1.184±0.140ab 1.771±0.300a  0.810±0.070a 0.495±0.810b  <.0001 <.0001 0.3170 

19, 20EpDPE 0.989±0.104d 1.670±0.178cd 1.878±0.214cd 1.628±0.173c 4.307±0.532b 8.341±0.851a 12.32±1.643a  4.237±0.395b 4.658±0.395a  <.0001 0.0076 0.2653 

19, 20DiHoPE 0.248±0.026d 0.382±0.038cd 0.487±0.029c 0.502±0.056c 1.264±0.177b 1.868±0.197ab 2.470±0.336a  1.242±0.088a 0.821±0.088b  <.0001 0.0003 0.2873 

Total DHA 25.93±2.421 31.98±2.680 42.33±2.945 41.44±3.410 94.08±9.475 162.0±15.95 234.0±25.16  94.26±6.423 88.24±6.423  <.0001 0.1231 0.0026 
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Table 6.8. Interaction effects oxylipins derived from omega-3 and omega-6 PUFA (ng/mL) of pullets (16-week-old) fed the control diet and diets with increasing levels of total omega-3 

PUFA derived from ALA or DHA following the LPS challenge. 

  Control  0.2% ALA 0.4% ALA 0.6% ALA 0.2% DHA 0.4% DHA 0.6% DHA  P Values 

Diet  Injection Diet*Injection 

ALA oxylipins            

13-EpODE Saline 0.526±0.099b 1.632±0.300a 3.023±0.648a 2.439±0.879a 0.589±0.118b 0.470±0.089b 0.341±0.071b  <.0001 0.0025 0.0062 

 LPS 0.860±0.082b 1.923±0.519ab 1.493±0.425b 3.416±0.568a 0.742±0.177b 0.879±0.117b 1.370±0.198ab     

13-HOTrE Saline 2.831±0.536b 5.343±1.004ab 11.89±1.684a 10.11±1.441a 2.220±0.313b 2.164±0.466bc 0.908±0.213c  <.0001 <.0001 0.0112 

 LPS 5.018±1.518b 9.798±2.843ab 20.02±4.952a 29.25±13.35a 5.421±1.029b 3.436±0.303b 5.432±0.463b     

Total ALA Saline 8.921±1.772bc 18.75±3.580ab 36.65±6.294a 29.34±3.766a 6.782±2.962c 5.859±1.270cd 2.828±0.707d  <.0001 <.0001 0.0479 

 LPS 15.95±5.081bc 31.50±4.990ab 67.59±21.91a 96.82±41.64a 15.90±2.962bc 9.430±0.732c 15.51±1.614bc     

EPA oxylipins            

11-HEPE Saline 0.133±0.027c 0.301±0.055bc 0.730±0.127ab 0.499±0.132ab 0.576±0.147ab 1.046±0.271a 0.627±0.150ab  0.0002 0.2985 0.0136 

 LPS 0.329±0.193b 0.364±0.124b 0.393±0.124b 0.634±0.194ab 0.641±0.146ab 0.600±0.078ab 1.407±0.131a     

12-HEPE Saline 0.089±0.016c 0.235±0.053bc 0.610±0.096a 0.470±0.118ab 0.518±0.092a 0.887±0.159a 0.882±0.068a  <.0001 0.0605 0.0003 

 LPS 0.094±0.019e 0.178±0.044de 0.215±0.035cde 0.413±0.127bcd 0.528±0.100bc 0.610±0.101ab 1.267±0.615a     

14,15 DiHETE Saline 0.565±0.121d 1.799±0.211c 3.145±0.436bc 2.793±0.258bc 3.807±0.879abc 7.206±0.787a 6.008±1.063ab  <.0001 <.0001 0.0155 

 LPS 1.063±0.203d 2.085±0.201cd 3.771±0.318bc 5.163±0.305b 6.479±1.178b 6.315±0.874b 14.44±2.437a     

15-HEPE Saline 0.287±0.064c 0.639±0.176bc 1.463±0.214ab 1.225±0.392ab 1.239±0.209ab 2.604±0.600a 1.837±0.391a  <.0001 0.7945 0.0205 

 LPS 0.399±0.149d 0.453±0.069cd 1.211±0.366bc 1.211±0.354bc 1.383±0.294bc 1.670±0.180ab 4.173±0.302a     

8-HEPE Saline 0.128±0.022c 0.256±0.042bc 0.545±0.071ab 0.391±0.066ab 0.456±0.081ab 0.926±0.194a 0.669±0.126ab  <.0001 0.6892 0.0069 

 LPS 0.116±0.026d 0.192±0.030cd 0.377±0.135bcd 0.716±0.369bc 0.520±0.113bc 0.652±0.115ab 1.462±0.071a     

Total EPA Saline 1.564±0.214e 4.142±0.645d 8.581±1.209bc 6.946±1.036cd 8.484±1.279bc 16.70±2.126a 13.52±2.189ab  <.0001 0.0033 0.0125 

 LPS 2.496±0.383c 3.915±0.13c 8.283±1.391b 10.59±1.760b 11.72±1.741b 12.80±1.350b 28.96±2.663a     

DHA oxylipins            

10-HDoHE Saline  1.467±0.238d 1.725±0.264cd 3.144±0.279bc 2.855±0.416bcd 5.281±0.748ab 9.458±1.930a 7.642±1.617a  <.0001 0.2630 0.0012 

 LPS 1.280±0.240c 1.618±0.110c 1.433±0.209c 1.868±0.147c 5.223±0.851b 7.026±0.930b 18.75±2.662a     

16-HDoHE Saline  2.629±0.361e 2.860±0.454de 5.151±0.544bcd 4.832±0.793cde 8.424±1.330abc 10.26±2.211ab 14.69±3.003a  <.0001 0.4173 0.0009 

 LPS 2.162±0356c 2.713±0.151c 2.771±0.296c 3.027±0.226c 7.959±1.171b 10.63±1.320b 26.60±3.196a     
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17-HDoHE Saline  11.78±1.743c 12.02±1.788c 21.59±2.085bc 20.42±3.674bc 35.11±5.585ab 54.72±9.427a 35.90±8.334ab  0.0001 0.2048 0.0009 

 LPS 3.055±1.489c 10.96±0.913c 11.31±1.300c 10.96±0.856c 31.96±4.944b 43.08±6.193b 93.32±10.94a     

Total DHA Saline  27.92±3.804d 33.83±4.993cd 56.11±4.850bc 50.67±6.593cd 101.9±14.52ab 181.2±26.00a 152.1±34.46a  <.0001 0.1231 0.0026 

 LPS 23.95±2.995c 30.13±1.946c 28.55±3.342c 32.22±1.745c 86.30±12.17b 142.7±18.50b 316.0±36.68a     
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6.4.6 Relative splenic mRNA expressions of cytokines 

The LPS challenge significantly increased the mRNA expression of all measured splenic 

cytokines, either as an overall main effect or through interaction effects (Table 6.9). 

Interaction effects were specifically observed for splenic mRNA expressions of IL-8 

(Figure 6.1A) and IL-10 (Figure 6.1B). Pullets fed the 0.6% DHA diet showed 

significantly lower IL-8 expression, while those on the 0.4% DHA diet exhibited 

significantly lower IL-10 expression after the LPS challenge, compared to other treatments.
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Figure 6.7. Relative mRNA expression of IL-8 (A) and IL-10 (B) in the spleen of laying 

hens fed diets containing increasing levels of total omega-3 derived from either ALA or 

DHA diets following LPS challenge.
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Table 6.9. Relative mRNA expression of pro- and anti-inflammatory cytokines in the spleen of laying hens fed the control diet and diets with increasing levels of total omega-3 derived 

from ALA or DHA following LPS challenge1. 

1Data are presented as the least squares means and their SE based on 2-ΔΔCt method (n = 6). Beta-actin is used as an internal control for gene expression normalization. Values with 

different superscripts within a row are significantly different at P < 0.05. 
2IL-1β, interleukin 1β; IL-2, interleukin 2; IL-6, interleukin 6; IL-8, interleukin 8; IL-10, interleukin10; IFN-γ, interferon gamma; TNF-α, tumor necrosis factor alpha; TLR4, toll-like 

receptor 4. 

 Diet effect  Injection effect  P values 

Genes2 Control 0.2%ALA 0.4%ALA 0.6%ALA 0.2%DHA 0.4%DHA 0.6%DHA  LPS Saline  Diet Injection Diet* 

Injection 

IL-1β 32.15±6.660 29.74±2.381 41.43±7.918 33.55±7.455 49.46±6.568 44.65±12.35 47.84±5.108  78.43±5.721a 1.233±0.125b  0.0886 <.0001 0.0522 

IL-2 15.47±2.172 15.96±5.787 14.74±2.580 9.843±0.929 22.10±3.677 18.40±5.012 16.46±4.704  31.39±2.889a 0.886±0.054b  0.1464 <.0001 0.1486 

IL-6 353.7±45.18ab 412.9±54.50a 420.0±56.84a 358.6±49.97a 420.2±46.68a 200.6±33.44b 216.4±48.24b  679.6±39.00a 1.074±0.200b  0.7694 <.0001 0.2059 

IL-8 14.64±0.412 12.97±3.599 10.90±1.327 10.64±1.518 14.96±2.315 8.491±1.013 7.092±1.351  21.39±1.388a 1.379±0.170b  0.2638 <.0001 0.0208 

IL-10 56.85±7.865a 78.57±18.13a 63.43±9.927a 55.45±6.882ab 75.08±11.18a 29.78±1.122c 34.58±8.000bc  111.8±7.464a 0.693±0.050b  0.0115 <.0001 <.0001 

TNF-α 2.935±0.154 3.202±0.357 2.977±0.246 2.875±0.191 3.088±0.243 3.260±0.241 2.789±0.411  5.025±0.148a 1.011±0.148b  0.8905 <.0001 0.8536 

IFN-γ 59.49±6.73 56.28±8.94 56.74±8.10 41.50±5.33 89.30±12.57 83.91±9.112 68.82±13.81  129.02±5.09a 1.274±5.09b  0.0316 <.0001 0.7076 

TLR4 1.225±0.063 1.131±0.072 1.145±0.051 1.193±0.063 1.351±0.087 1.121±0.051 1.204±0.080  1.497±0.036a 0.895±0.036b  0.2483 <.0001 0.0039 
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6.5 Discussion 

This study investigated the effects of dietary supplementation with ALA-rich FSO and 

DHA-rich algal biomass on performance, omega-3 and omega-6 PUFA profiles, oxylipin 

levels, and immune responses in pullets, with a particular focus on their response to an LPS 

challenge. The results provide critical insights into how dietary omega-3 PUFA sources 

influence FA metabolism, inflammatory mediator production, and immune gene 

expression. 

Dietary omega-3 PUFA supplementation did not affect pullet growth performance under 

standard management conditions. However, the significant interaction between diet and 

week regarding BW may indicate gradual adaptation to dietary changes, particularly in 

diets enriched with omega-3 PUFA. Notably, FI increased overtime, stabilizing after week 

13, which aligns with the natural growth trajectory of pullets as they reached the growth 

target according to the guidebook management. 

In this study, supplementation with both ALA- and DHA-enriched diets significantly 

increased omega-3 PUFA concentrations in the liver and plasma. This finding supports 

previous research from our lab (13, 178) and confirms that dietary omega-3 PUFA are 

efficiently incorporated into tissues. This is consistent with the competitive enzymatic 

pathways shared by omega-3 and omega-6 PUFA (80). Additionally, the significant 

reduction in ARA in the liver and plasma, with a more pronounced effect in the DHA-rich 

algal biomass group, reflects the inhibitory effect of dietary DHA on ARA metabolism, 
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likely through the suppression of Δ-6 desaturase activity (239). The LPS-induced increase 

in plasma ARA suggests an acute inflammatory response, as ARA serves as a precursor 

for pro-inflammatory eicosanoids (231). However, the FA deposition in the liver does not 

always reflect the effects plasma levels, especially regarding the feeding of ALA (194). 

Thus, this study confirms previous findings on the relationship between dietary omega-3 

supplementation and omega-3 accumulation patterns in the tissues of laying hens, 

including egg yolk. While most of the past research has focused on egg yolk enrichment, 

this study now turns attention to the potential benefits of omega-3 supplementation on bird 

health and inflammatory responses when faced with an inflammatory challenge. 

Dietary omega-3 PUFA intake has been shown to significantly influence the lipidome in 

various species (76, 178, 224, 240). In the current study, we provided a comprehensive and 

novel characterization of the plasma oxylipin profile in laying hens, focusing on oxylipins 

derived from LA, ARA, ALA, EPA, and DHA. As expected, dietary supplementation with 

ALA resulted in higher plasma concentrations of ALA and a corresponding increase in 

total ALA-derived oxylipins, including individual oxylipins, compared to supplementation 

with DHA. Although information on the effects of FSO supplementation on ALA oxylipin 

accumulation in layers is limited, findings from human studies align with our results. For 

instance, studies have demonstrated that higher doses of FSO and/or longer 

supplementation periods lead to increased levels of ALA-derived oxylipins in humans (207, 

241). Furthermore, although the functional roles of ALA-derived oxylipins in poultry are 
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not well-documented, recent evidence suggests that increased ALA oxylipins, such as 9- 

and 13-HOTrE, in THP-1 macrophages treated with ALA and LPS, are associated with 

suppressed production of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 

(180). Our study confirmed that dietary ALA supplementation had minimal effects on 

DHA-derived oxylipins, which is consistent with our previous study in laying hens (31), 

underscoring the limited metabolic conversion of ALA to DHA in avian species.  

On the other hand, supplementation with increasing levels of DHA, but not ALA, resulted 

in higher concentrations of DHA in both the liver and plasma, along with increased levels 

of DHA-derived oxylipins. These findings are consistent with previous studies (194). 

Interestingly, the DHA diet also elevated EPA-derived oxylipins. While a study by 

Metherel et al. (242) where the compound-specific isotope analysis was used, reported that 

retro-conversion of DHA to EPA is a minor contributor to EPA levels in rats, limited 

evidence of such retro-conversion has been observed in chickens. Neijat et al. (178) further 

confirmed the absence of DHA-to-EPA retro-conversion, even with elevated dietary 

omega-3 PUFA levels in both ALA- and DHA-fed groups. The increased concentration of 

EPA in the DHA diet was likely due to its direct presence in the algal biomass rather than 

metabolic retro-conversion. This dietary EPA contributed to the observed increases in 

plasma and liver EPA levels, which subsequently led to elevated EPA-derived oxylipins. 

The increases in omega-3-derived oxylipins, particularly those derived from EPA and 

DHA, are noteworthy because these mediators play critical roles in resolving inflammation 
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and promoting tissue repair (243, 244) (100). Their elevation in both saline- and LPS-

treated groups suggests that dietary omega-3 supplementation provides a baseline anti-

inflammatory reservoir that can be mobilized during immune challenges. 

Our study demonstrated that dietary supplementation with DHA-rich algal biomass 

significantly reduced the levels of omega-6 oxylipins, particularly those derived from ARA. 

This observation aligns with findings from previous studies, which show that the inclusion 

of omega-3 PUFA in the diet decreases both ARA and AA-derived oxylipins in plasma 

and liver in rats, with DHA exerting a greater effect compared to ALA (194). The stronger 

potency of DHA compared to ALA in reducing ARA-derived oxylipins suggests that DHA 

plays a more prominent role in this process. This effect has been previously observed in 

various tissues, including rat myocardium, where DHA-rich fish oil feeding significantly 

reduced ARA-derived oxylipins (245, 246). These findings further showcased the distinct 

influence of DHA on modulating the omega-6 oxylipin profile and its potential to mitigate 

inflammatory processes. In our study, the LPS challenge significantly induced the 

production of some LA-derived and ARA-derived oxylipins, despite no observable effect 

on their precursor PUFA levels in either the liver or plasma. These findings align with 

previous studies, which have shown that LPS stimulates the innate immune response by 

activating monocytes and macrophages. This activation includes the upregulation of COX-

2, a key enzyme involved in the production of pro-inflammatory eicosanoids (234, 247, 

248). These results highlight the role of LPS in triggering inflammatory pathways through 
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enhanced oxylipin biosynthesis, regardless of changes in precursor PUFA concentrations. 

However, the mechanisms underlying these processes, particularly in chickens, including 

pullets, remain underexplored and warrant further investigation to clarify species-specific 

inflammatory responses. 

The LPS challenge significantly increased splenic cytokine expression, confirming the 

expected immune response (142, 249). Lower expressions of IL-8 and IL-10 in specific 

DHA treatments suggest a dose-dependent effect of DHA on modulating cytokine 

expression, as DHA has been shown to downregulate pro-inflammatory cytokines while 

maintaining or enhancing anti-inflammatory cytokine responses (250, 251). This finding 

highlights the immunomodulatory potential of DHA-enriched diets. 

6.6 Conclusion 

This study demonstrates that the differential effects of ALA- and DHA-enriched diets on 

oxylipin profiles have important implications for the health and productivity of pullets. 

DHA-rich algal biomass appears to be more effective than ALA-rich FSO in enhancing the 

production of anti-inflammatory omega-3 oxylipins while suppressing pro-inflammatory 

omega-6 oxylipins. This suggests that DHA diets could be a valuable strategy for 

mitigating inflammation-related challenges in poultry, such as those induced by 

environmental stressors or pathogenic infections. In addition, dietary supplementation with 

DHA by using algal biomass was more effective than ALA from FSO in modulating 

cytokine expression in response to LPS challenge, particularly at dietary DHA 
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concentrations of 0.4% or higher. The findings highlight the need for further exploration 

of the functional consequences of changes in oxylipin profiles, particularly in relation to 

immune cell function, tissue repair, and systemic inflammatory responses. Additionally, 

investigating the temporal dynamics of oxylipin production and their interactions with 

cytokines during immune challenges could provide a deeper understanding of the 

mechanisms behind the anti-inflammatory effects of dietary omega-3 PUFA. 
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CHAPTER 7 GENERAL DISCUSSION AND CONCLUSION 

7.1 General discussion 

Essential fatty acids, such as LA (precursor of omega-6 PUFA) and ALA (precursor of 

omega-3 PUFA), are integral components of poultry feeding systems (54). These FA are 

considered essential because hens lack the necessary desaturase enzymes to insert double 

bonds beyond the Δ-9 carbon, a process that can only occur in plants. Once a double bond 

is introduced at the 3rd or 6th carbon (from the CH₃ end), hens can elongate the carbon 

chain and add further double bonds to produce LC-PUFA of 20 or 22 carbons. This 

synthesis primarily occurs in the liver and involves three key steps: Δ-6 desaturation, chain 

elongation, and Δ-5 desaturation. Through this pathway, ALA is converted into EPA, 

which is further elongated to DPA and finally converted to DHA via Δ-6 desaturation, 

chain elongation, and peroxisomal β-oxidation of DPA (252). Similarly, LA undergoes the 

same pathway, with ARA being the primary metabolite produced. 

In typical breeder hen diets, LA constitutes over 50% of TFA, while ALA makes up only 

~3–3.5%, reflecting the predominance of corn and other omega-6 PUFA-rich dietary fat 

sources. This imbalance in dietary omega-6 and omega-3 PUFA results in a lack of LC-

PUFA in commercial hatching eggs (253). Oils from corn, sunflower, and safflower are 

major sources of LA, while limited economical and practical sources of omega-3-rich oils 

are available for poultry feeding. 
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Common plant-based sources of omega-3 PUFA include flaxseed, canola, and chia. 

Flaxseed and FSO, due to their high fat (>38%) and ALA (>50%) content, along with other 

nutritional benefits (e.g., metabolizable energy, protein), are the most extensively studied 

ingredients for their ability to enhance the omega-3 PUFA content in eggs (254, 255). Hens 

that are fed flaxseed primarily incorporate ALA into eggs, while marine sources, such as 

FO, are more effective at enriching eggs with LC- omega-3 PUFA, such as EPA, DPA, and 

DHA. Previous studies conducted in our lab using hempseed (7% ALA) and hempseed oil 

(18% ALA) showed low conversion efficiencies of ALA to DHA in egg yolk (3.5% and 

12.5%, respectively). However, the use of FSO improved this conversion efficiency, 

resulting in 11% DHA and 29% total omega-3 PUFA content in eggs (32). Despite this 

improvement, the low conversion rate of ALA to DHA indicates the need for long-chain 

PUFA-enriched sources, such as FO and marine products, in poultry diets. Consequently, 

our research utilized FSO (high in ALA), EPA- and DHA-rich FO, and DHA-rich algal 

biomass in pullet and laying hen diets to investigate their effects on omega-3 PUFA 

deposition and immune responses. 

Based on previous studies conducted in our lab with hempseed products (13, 59, 178), an 

optimal daily intake of 500–600 mg of total omega-3 PUFA per hen, primarily ALA, was 

identified as the ideal range to achieve the highest DHA enrichment in eggs. This intake 

level was determined for hens consuming approximately 100 g of feed per day. Although 

flaxseed and FSO result in greater DHA incorporation into egg yolk (up to 90 mg/yolk; 
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(58, 256), compared to hempseed products (~50 mg/yolk) (13, 59), the efficiency of DHA 

deposition from flaxseed-based diets begins to decline within a similar ALA intake range 

as observed with hempseed ingredients (256, 257). For the current study, a daily omega-3 

PUFA intake of 600 mg/hen was used as a reference to determine the highest 

supplementation level in laying hen diets. In study 2, diets were formulated to provide 0.4% 

total omega-3 PUFA, primarily from EPA- and DHA-rich FO. In study 3, pullet diets 

included four levels of total omega-3 PUFA supplementation (ranging from 0.03% to 0.6%) 

derived from either ALA-rich FSO or DHA-rich algal biomass. 

The digestive, immune, and integumentary (skin and feathers) systems undergo rapid 

growth and development during the first six weeks of a modern pullet's life (258). Pullets 

experiencing higher levels of stress during this critical growth phase are more likely to 

exhibit poor body uniformity, which can negatively impact their lifetime EP (237). 

Common stressors during the rearing period include vaccination, handling, heat exposure, 

and feed changes, which may occur individually or simultaneously. These stressors can 

activate stress responses, impair immunity, and adversely affect growth and overall well-

being (259). In addition, laying hens reared in intensive commercial conditions are 

frequently exposed to pathogen-associated molecular patterns, such as LPS from gram-

negative bacteria and lipoteichoic acid from gram-positive bacteria. The inhalation of 

endotoxins from environmental gram-negative bacteria has been identified as a significant 

health issue in poultry. The administration of LPS in chickens is known to stimulate the 
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immune system by activating NFκB, triggering the release of acute-phase proteins and 

proinflammatory cytokines, upregulating TLR2 and TLR4 expression, and modulating 

antibody responses (260). Clinical symptoms commonly observed include fever, anorexia, 

and reduced growth (260, 261). 

Given these challenges, this project employed LPS as a model for bacterial infection to 

experimentally challenge pullets and laying hens. In this study, laying hens received an 

intravenous injection of E. coli LPS at 8 mg/kg BW. Chickens are known to be more 

resistant to endotoxins from gram-negative bacteria (151), and this LPS dosage is sufficient 

to induce an acute-phase response, as demonstrated in our previous studies (28-30). 

Previous research has shown that LPS induces the release of proinflammatory cytokines 

such as IFN-γ, IL-1β, and IL-6 (but not TNF-α), with peak levels occurring 3–4 hours post-

LPS injection at both the mRNA expression level in the spleen and the protein expression 

level in plasma (151, 153, 154, 156). However, Li et al. (31) reported no significant effects 

of diet or diet-LPS interaction on IFN-γ expression. In this project, a time-course study was 

conducted, revealing that most cytokine expressions peaked at 2 hours post-LPS challenge. 

Therefore, the 2-hour time point was selected as the sample collection time for subsequent 

studies (Study 2 and Study 3). 

While omega-3 and omega-6 PUFA share the same metabolic pathway, each family 

exhibits distinctly different and sometimes opposing biological effects. Plasma 

concentrations, though commonly measured, serve only as a proxy for biological changes 
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occurring in tissues (31, 218). Importantly, blood oxylipin profiles do not necessarily 

reflect those in tissues, as highlighted by Leng et al. (201). Future research should consider 

analyzing other tissues, such as the liver, to gain a more comprehensive understanding of 

oxylipin dynamics. Additionally, it is important to note that free oxylipins represent only a 

fraction of the total oxylipins present in tissues. Although free oxylipins are often 

considered the most active form and are frequently studied, esterified oxylipins also exhibit 

biological functions, as reported by O’Donnell and Murphy (262). The presence of 

esterified oxylipins, especially in tissues like the heart, may influence the interpretation of 

data. However, evidence from Schebb et al. (263) suggests that dietary modulation affects 

both free and esterified oxylipins in a similar manner. 

Moreover, EPA- and DHA-derived eicosanoids and docosanoids, including resolvins (E-

series and D-series), protectins, and maresins, play protective, anti-inflammatory, and pro-

resolving roles in various inflammatory disease models (232, 233). These compounds may 

not be detectable in sufficient quantities at a single time point, such as 2 hours post-LPS 

challenge, underscoring the need for multi-timepoint studies to capture their temporal 

dynamics during the inflammatory response (264). 

In addition to modulating the profile of lipid mediators involved in inflammatory processes, 

omega-3 PUFA influences the production of proinflammatory cytokines (265). Numerous 

studies have demonstrated that omega-3 PUFA, particularly EPA and DHA, can attenuate 

classic proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 in both in vivo and in 
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vitro models in response to LPS (228, 266, 267). Our study only reported splenic gene 

expression of cytokines, which might not provide a comprehensive view of the effects of 

dietary FO interventions. Other factors, such as leukocyte function and circulating cytokine 

levels, should also be considered (26). Another limitation is the use of a single time-point 

approach. Michaeli, et al. (268) reported that the response times for plasma cytokines, 

including TNF-α and IL-6, differed between the control and FO treatments in healthy men 

following an LPS challenge. Therefore, assessing multiple time points during the acute 

phase of inflammation might reveal temporal changes between lipid mediators and 

cytokine biomarkers.  

Overall, this study confirmed that dietary DHA and the combination of EPA+DHA 

suppressed inflammation through the production of LC-PUFA-derived oxylipins and 

cytokines in response to an LPS challenge. Additionally, omega-3 PUFA have been shown 

to exert immunomodulatory effects, influencing the activation of cellular and humoral 

immunity (269). Therefore, future research should investigate the effects of different types 

of omega-3 PUFA on cellular and humoral immune responses using an alternative immune 

challenge, such as vaccination. 
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7.2 General conclusion 

Overall, omega-3 PUFA plays protective and anti-inflammatory roles by regulating 

oxylipin biosynthesis and influencing the production of receptors and cytokines, 

particularly under LPS-induced immune challenges, with LC-PUFA showing notable 

efficacy. Including omega-3 PUFA in the diet represents a promising strategy to enhance 

the overall health and immune function of laying hens. A deeper understanding of the 

relationship between dietary omega-3 PUFA intake and its effects on immunological 

responses could help reduce disease risks in the poultry industry. 
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CHAPTER 8 FUTURE DIRECTIONS 

Future directions include: 

To compare the impact of a control diet, modeled on commercial nutrition guidelines for 

both pullets, laying hens and breeding hens, against diets that contain three different types 

of omega-3 PUFA diets on:  

1). Overall health and productivity in pullets and laying hens. In conjunction with 

performance parameters (EW, EP, BW, FI and feed efficiency) in both pullets and layers, 

serum antibodies will be measured, with blood samples obtained on before the vaccination 

as a baseline. 

2). Cell-mediated and humoral immune response after vaccination. The proliferative 

responses, lymphocyte phenotypes will be measured in plasma and cytokine production 

will be detected in spleen in pullets and laying hens. Antibody titer responses and levels of 

certain virus induced by vaccine will be detected in serum and tissues respectively in 

pullets and laying hens. 

3). Total antibodies in progeny/offspring. Total IgA levels will be measured in egg yolk.  
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