
 

1 

EFFECTS OF DIETARY POLYUNSATURATED FATTY ACIDS ON LACTATION 

PERFORMANCE, TISSUE GENE EXPRESSION, AND REPRODUCTION IN DAIRY 

COWS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By 

 

LEANDRO FERREIRA GRECO 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 

OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

 

UNIVERSITY OF FLORIDA 

 

2014 



 

2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2014 Leandro Ferreira Greco 

 

 

 

  



 

3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In memory of my parents, for their endless support and love    

 

 

 

 



 

4 

ACKNOWLEDGMENTS 

First of all I thank God for all the blessings I have been receiving during my entire life, 

for all the strength needed and for always keeping me on the right path.  

I would like to express my profound gratitude to my major professor, Dr. José Eduardo P. 

Santos. I am very grateful for the opportunity of pursuing my PhD degree under his guidance. 

The interaction we had along these years of my graduate program allowed me to grow as a 

scientist. I admire his passion for science and his standards of high quality work. Finally, I would 

like to thank him for all the financial support he provided me with, which not only supported all 

my studies at University of Florida, but also covered my tuition and paid for my stay in the 

United States at the end of my program. I am proud to be part of his team. 

 I would like to extend gratefulness to my supervisory committee, Drs. Peter Hansen, 

William Thatcher, and Charles Staples for all the ideas, discussions and help conducting my 

experiments. It was a pleasure to work with Dr. Staples and I’m really thankful for all his 

guidance, wisdom, advices, and willingness to help. I am also really proud to have worked with 

one of the most recognized reproductive physiologist, Dr. William Thatcher, who always 

impressed and stimulated me with his endless hunger for learning. I am very thankful for his 

revisions and edits to this dissertation.  

I would like to thank other faculty members who directly or indirectly contributed to my 

education at the University of Florida. Drs. Lokenga Badinga and Geoffrey Dahl for allowing me 

to use their laboratories every time I needed; Dr. Sally Williams, who is one of the kindest 

person I ever met. She and her students helped me with the bacterial identification in my first 

study; Dr. Joel Yelich who helped me with the progesterone assays; Drs. Alan Ealy and Sally 

Johnson for the discussions we had and the advices she gave me about molecular biology, 

sample preparations and assays. 



 

5 

I don’t even have words to express my gratitude to my lab mates Achilles Vieira Neto, 

Dan Wang, Eduardo Ribeiro, Fábio Lima, Gabriel Gomes, Jae Shin, Letícia Sinedino, Marcos 

Zenobi, Milerky Perdomo, Miriam Garcia, Natalia Martinez-Patiño, and Rafael Bisinotto. We 

were a great team, and without them my I would not have this dissertation completed. I also 

would like to thank students from other laboratories which gave their contribution to for this 

work: Izabella Thompson, Sha Tao, Oscar Queiroz, Aline and Luciano Bonilla, Lilian Oliveira, 

Bárbara Loureiro and Belen Rabaglino. I would like to extend my acknowledgments to all 

interns and visiting students who visited our lab and provided us with their hard work and 

friendship, especially Rafael Marsola, Maurício Favoreto, Leonardo Martins, Henderson Ayres, 

Mariana Carvalho, Pedro Costa, Rodolfo Peixoto, Pedro Bueno, Lucas Barbosa, Bianca 

Libanori, Erika Ganda, José Tiago Neto, Angélica Pedrico, and Rodrigo Ferrazza. 

I would like to express my gratitude for the staff of the Department of Animal Sciences 

of the University of Florida for all their help and friendship, especially Sabrina Robinson, Jan 

Kivipelto, Joyce Hayen, Joann Fischer (in memoriam), Glenda Tucker, Debra Sykes, Shirley 

Levi, and Renee Parks-James. I owe very special thanks to Dr. Sergei Sennikov for all his 

friendship and help either in the farm, collecting milk samples, transporting blood samples to the 

laboratory, and helping me with laboratory procedures. 

I would like to thank the staff from the Dairy Unit at University of Florida, namely Eric 

Diepersloot and the parlor staff Grady Byers, Patty Best, and Jeff Tomilson; James Dunn and the 

feeding staff Carl Sapp and Shane Langford; Jerry Langford and Molly Gleason of the field staff; 

Thomas Orton and Jesse Hooten of the maintenance staff; Sherry Hay and the calf unit staff 

Nicole and Latasha Williams for all their help with my experiments, taking care of the cows and 

providing whatever was needed to conduct my research. 



 

6 

I would like to thank Dr. Elliot Block, from Church & Dwight Co. Inc. and Dr. Kevin 

Murphy, from Virtus Nutrition LLC for the discussions on the role of fatty acids on dairy cow 

metabolism and for the financial support for my studies. 

I would like to thank Rafael for the friendship and for being there when I most needed 

and for being an excellent lab mate and roommate. I also thank Fábio, Eduardo, Izabella, Oscar, 

Gabriel and Miriam for being people that I could count on anytime. Those friends who would go 

with me to grab a coffee after lunch, that would be available for me to call in the middle of the 

night when a cow calved in the dairy and I did not have enough help or were there for me when I 

just wanted to talk because I was homesick. 

Finally I would like to thank my family. I cannot express in words how grateful I am to 

my mom, Marlene (in memoriam), for her endless love, support and friendship. Without her I 

would not be able to come to the United States to pursue my PhD studies. I also would like to 

thank my brothers Frederico and Júnior for their friendship. Mostly important, I would like to 

thank them for taking care of my mom and for giving me the strength to continue my career. Last 

but not least I thank my niece, Júlia, and my nephews João Pedro and Antonio, for all the 

happiness they brought to our home.             

     

 



 

7 

TABLE OF CONTENTS 

 

 page 

ACKNOWLEDGMENTS ...............................................................................................................4 

LIST OF TABLES .........................................................................................................................11 

LIST OF FIGURES .......................................................................................................................14 

LIST OF ABBREVIATIONS ........................................................................................................16 

ABSTRACT ...................................................................................................................................21 

1 REVIEW OF LITERATURE .................................................................................................23 

Overview of the Long Chain Fatty Acid Metabolism ............................................................23 

Structure ..........................................................................................................................23 

Ruminal Metabolism .......................................................................................................26 

Digestion and Absorption ................................................................................................29 

Feeding Long Chain Fatty Acids to Dairy Cows: Lactational Performance ..........................31 

Effects on Milk Production .............................................................................................31 

Effects on Milk Composition ..........................................................................................33 

Effects on Energy Balance ..............................................................................................34 

Feeding Long Chain Fatty Acids to Dairy Cows: Reproductive Performance ......................35 

Effects on the Ovaries .....................................................................................................35 

Effects on Embryo and Pregnancy ..................................................................................37 

The Role of Fatty Acids on Immunity and Inflammation ......................................................38 

The Inflammation Process - A Brief Overview ...............................................................38 

Beyond the Prostaglandins ..............................................................................................39 

The Anti- and Pro-Inflammatory Effects of Prostaglandins and Other Intermediates ....41 

The Role of Fatty Acids on Gene Expression ........................................................................43 

The Splanchnic Axis ........................................................................................................43 

The Reproductive Axis ....................................................................................................45 

2 EFFECTS OF FATTY ACID SUPPLEMENTATION ON PERFORMANCE OF 

PERIPARTURIENT DAIRY COWS .....................................................................................53 

Introduction .............................................................................................................................54 

Materials and Methods ...........................................................................................................56 

Experiment 1 ...................................................................................................................57 

Study design, animals, housing and feeding ............................................................57 

Measurements of milk and yield and concentrations of milk components ..............58 

Body weight, body condition score, energy balance, and feed efficiency ...............58 

Blood sampling and analyses ...................................................................................59 

Fatty acid analysis of plasma, milk fat, and fat supplements ...................................60 

Experiment 2 ...................................................................................................................61 

Study design, animals, housing and feeding ............................................................61 



 

8 

Measurements of milk and milk components ..........................................................61 

Body weight, body condition score, energy balance, and feed efficiency ...............62 

Fatty acid analysis of milk fat and plasma ...............................................................62 

Linoleic and α-Linolenic Acid Absorption, Secretion and Balance ................................63 

Statistical Analyses ..........................................................................................................64 

Results.....................................................................................................................................65 

Experiment 1 ...................................................................................................................65 

Prepartum DM intake, body weight and body condition .........................................65 

Postpartum DM intake, body weight and body condition ........................................65 

Milk production and composition and feed efficiency .............................................66 

Fatty acid profile of milk and plasma .......................................................................67 

Plasma metabolites and hormones ...........................................................................69 

Linoleic and α-linolenic acid absorption, secretion, and balance ............................70 

Experiment 2 ...................................................................................................................70 

Lactational performance ...........................................................................................70 

Fatty acid profile of milk and plasma .......................................................................71 

Linoleic and linolenic acids absorption, secretion and balance ...............................72 

Discussion ...............................................................................................................................73 

Conclusion ..............................................................................................................................80 

3 EFFECTS OF FATTY ACID SUPPLEMENTATION TO PERIPARTURIENT DAIRY 

COW ON UTERINE HEALTH AND IMMUNE COMPETENCE EARLY 

POSTPARTUM ....................................................................................................................102 

Introduction ...........................................................................................................................103 

Materials and Methods .........................................................................................................105 

Study Design, Animals, Housing and Feeding ..............................................................105 

Immune Competence Markers ......................................................................................106 

Acute phase proteins and prostaglandin F metabolite ............................................106 

Neutrophil adhesion molecules, phagocytosis, and oxidative burst .......................107 

Peripheral blood mononuclear cells isolation and cytokine production ................108 

Antibody response against ovalbumin immunization ............................................109 

Uterine Health and Postpartum Ovarian Activity .........................................................111 

Uterine diseases ......................................................................................................111 

Postpartum uterine involution ................................................................................112 

Postpartum ovarian cyclicity and synchronization for first AI ..............................113 

Statistical Analysis ........................................................................................................114 

Results...................................................................................................................................115 

Markers of Immune Response .......................................................................................115 

Uterine Involution and Health .......................................................................................117 

Ovarian Responses and Pregnancy ................................................................................118 

Discussion .............................................................................................................................118 

Conclusion ............................................................................................................................123 

4 EFFECTS OF FATTY ACID SUPPLEMENTATION ON HEPATIC FATTY ACID 

PROFILE AND GENE EXPRESSION IN PERIPARTURIENT DAIRY COWS..............137 



 

9 

Introduction ...........................................................................................................................138 

Materials and Methods .........................................................................................................139 

Study Design, Animals, Housing and Feeding ..............................................................140 

Hepatic Tissue Collection for Biopsy ............................................................................141 

Hepatic Tissue Fatty Acid Profile and RNA Isolation ..................................................142 

Affymetrix Array Hybridization, Washing, Staining and Scanning .............................143 

Statistical Analyses ........................................................................................................143 

Affymetrix Array Data Analysis ...................................................................................144 

Results...................................................................................................................................145 

Performance on the First 14 d Postpartum ....................................................................145 

Gene Expression ............................................................................................................146 

Pathway Analysis ..........................................................................................................147 

Discussion .............................................................................................................................148 

Performance and Metabolic Responses .........................................................................148 

Hepatic Gene Expression ..............................................................................................150 

Conclusion ............................................................................................................................154 

5 EFFECTS OF ALTERING THE RATIO OF DIETARY n-6 TO n-3 FATTY ACIDS 

ON PERFORMANCE AND INFLAMMATORY RESPONSES TO A 

LIPOPOLYSACCHARIDE CHALLENGE IN LACTATING HOLSTEIN COWS ..........167 

Introduction ...........................................................................................................................168 

Materials and Methods .........................................................................................................170 

Study Design, Animals, Housing and Feeding ..............................................................170 

Measurements of Milk and Milk Components ..............................................................171 

Body Weight, Body Condition Score, Energy Balance, and Feed Efficiency ..............172 

Blood Metabolites and Hormones .................................................................................172 

Diet and Ingredient Sampling and Chemical Analyses .................................................173 

Blood and Milk Sampling and Fatty Acid Analyses of Plasma, Milk, and Diets .........174 

Acute Phase Responses to a Lipopolysaccharide Challenge .........................................175 

Statistical Analysis ........................................................................................................176 

Results...................................................................................................................................177 

Dry Matter Intake, Body Weight, and Body Condition ................................................177 

Milk Production and Composition, Energy Balance, and Feed Efficiency ...................178 

Metabolic and Hormonal Responses .............................................................................178 

Fatty Acid Profile of Plasma and Milk ..........................................................................179 

Intramammary Lipopolysaccharide Challenge ..............................................................180 

Discussion .............................................................................................................................181 

Conclusion ............................................................................................................................187 

6 EFFECTS OF ALTERING THE RATIO OF DIETARY n-6 TO n-3 FATTY ACIDS 

ON SPONTANEOUS LUTEOLYSIS IN DAIRY COWS ..................................................202 

Introduction ...........................................................................................................................203 

Materials and Methods .........................................................................................................205 

Study Design, Animals, Housing and Feeding ..............................................................205 

Estrous Cycle Synchronization to Characterize Spontaneous Luteolysis .....................206 



 

10 

Progesterone Clearance After an Injection of PGF2α ....................................................206 

Pharmacologically Induced Luteolysis ..........................................................................207 

Spontaneous Luteolysis and Endogenous Release of PGF2α Based on PGFM .............207 

Estrous Cycle Synchronization for Endometrial Tissue Collection for Biopsy ............209 

Endometrium Fatty Acid Profile and Gene Expression ................................................210 

Calculations ...................................................................................................................211 

Statistical Analysis ........................................................................................................212 

Results...................................................................................................................................213 

Concentrations of PGFM after PGF2α Injection ............................................................214 

Progesterone Clearance after PGF2α Injection ...............................................................214 

Luteolysis and Endogenous Release of PGFM .............................................................214 

Endometrium Fatty Acid Profile and Gene Expression ................................................216 

Discussion .............................................................................................................................218 

Conclusion ............................................................................................................................223 

7 SUMMARY AND GENERAL CONCLUSIONS ...............................................................242 

LIST OF REFERENCES .............................................................................................................247 

BIOGRAPHICAL SKETCH .......................................................................................................270 

 

 



 

11 

LIST OF TABLES 

Table  page 

 

2-1 Fatty acid (FA) profile of fat supplements (% of identified fatty acids) ...........................81 

2-2 Ingredient and chemical composition of experimental diets during pre- and 

postpartum periods fed to cows receiving no fat supplement (control), mostly 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) – 

Experiment 1 ......................................................................................................................82 

2-3 Ingredient and chemical composition of experimental diets fed postpartum to cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), 

or Ca salts containing essential fatty acids (EFA) – Experiment 2....................................84 

2-4 Dry matter (DM) intake, milk production and composition and feed conversion ratio, 

energy balance, body weight (BW), BW change, and body condition score of 

lactating Holstein cows receiving no fat supplementation (control), mostly saturated 

free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) – 

Experiment 1 ......................................................................................................................86 

2-5 Milk fatty acid profile of lactating Holstein cows receiving no fat supplementation 

(control), mostly saturated free fatty acids (SFA), or Ca salts containing essential 

fatty acids (EFA) – Experiment 1 ......................................................................................87 

2-6 Plasma fatty acid profile of lactating Holstein cows receiving no fat supplementation 

(control), saturated free fatty acids (SFA), or Ca salts containing essential fatty acids 

(EFA) – Experiment 1 ........................................................................................................89 

2-7 Plasma concentrations of nonesterified fatty acids, β-OH-butyric acid, glucose, urea 

nitrogen, insulin like growth factor 1 (IGF-1), and insulin of lactating Holstein cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), 

or Ca salts containing essential fatty acids (EFA)  - Experiment 1 ...................................90 

2-8 Estimated linoleic and α-linolenic acids intestinal absorption, milk secretion, and 

balance of lactating Holstein cows receiving no fat supplementation (control), mostly 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA)  - 

Experiments 1 and 2...........................................................................................................91 

3-1 Ingredient and chemical composition of experimental diets during pre- and 

postpartum periods fed to cows receiving no fat supplement (control), mostly 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) .......125 

3-2 Parameters of immune competence of periparturient Holstein cows receiving no fat 

supplementation (control), saturated free fatty acids (SFA), or Ca salts containing 

essential fatty acids (EFA) ...............................................................................................127 



 

12 

3-3 Uterine health, incidence of mastitis, morbidity of periparturient Holstein cows 

receiving no fat supplementation (control), saturated free fatty acids (SFA), or Ca 

salts containing essential fatty acids (EFA) .....................................................................128 

3-4 Ovarian responses during the first 40 DIM of periparturient Holstein cows receiving 

no fat supplementation (control), saturated free fatty acids (SFA), or Ca salts 

containing essential fatty acids (EFA) .............................................................................129 

4-1 Parameters of lactation performance and blood metabolites and hormones of 

lactating Holstein cows receiving no fat supplementation (control), mostly saturated 

free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) ......................155 

4-2 Liver fatty acid profile of lactating Holstein cows receiving no fat supplementation 

(control), mostly saturated free fatty acids (SFA), or Ca salts containing essential 

fatty acids (EFA) ..............................................................................................................157 

4-3 Number of differentially expressed genes on hepatic tissue of lactating Holstein cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), 

or Ca salts containing essential fatty acids (EFA) ...........................................................159 

4-4 List of the identified genes with respective names ..........................................................160 

4-5 Least squares means (± SEM) abundance expression of selected genes on hepatic 

tissue of lactating Holstein cows receiving no fat supplementation (control), mostly 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) .......161 

5-1 Dietary ingredients and nutrient composition of diets .....................................................189 

5-2 Fatty acid composition of diets (mean ±SD) ...................................................................191 

5-3 Effect of altering the dietary ratio of n-6 to n-3 fatty acids on intake, lactation 

performance, and energy balance ....................................................................................192 

5-4 Effect of altering the ratio of dietary n-6 to n-3 fatty acids (FA) on plasma FA profile .193 

5-5 Effect of altering the ratio of dietary n-6 to n-3 fatty acids (FA) on milk FA profile .....194 

5-6 Body temperature, plasma concentrations of hormones, metabolites, cytokines, and 

acute phase proteins, and blood neutrophil activity of lactating Holstein cows 

receiving diets varying in the ratio of n-6 to n-3 fatty acids after an intra-mammary 

challenge with lipopolysaccharide ...................................................................................196 

6-1 Dietary ingredients and nutrient composition of diets .....................................................225 

6-2 List of genes and primers used on real time PCR analysis ..............................................227 

6-3 Effect of altering the ratio of dietary n-6 to n-3 fatty acids on timing of luteolysis and 

PGFM concentrations and pulses of lactating Holstein cows ..........................................229 



 

13 

6-4 Measures of reliability of number of 13,14-dihydro-15-keto-PGF2α (PGFM)  pulses 

to elicit luteal regression ..................................................................................................230 

6-5 Effect of altering the ratio of dietary n-6 to n-3 fatty acids on endometrium fatty acid 

profile of lactating Holstein cows on day 8 of the estrous cycle .....................................231 

 

 



 

14 

LIST OF FIGURES 

Figure  page 

 

1-1 Overview of the structure of four different 18 carbon fatty acids .....................................49 

1-2 Biosynthesis of long-chain polyunsaturated fatty acids in mammals ................................50 

1-3 Overview of the mechanisms in which fatty acid can alter inflammatory cell function ...51 

1-4 Biosynthetic pathway of active lipid mediators .................................................................52 

2-1 Milk production of lactating Holstein cows.......................................................................96 

2-2 Concentrations of nonesterified fatty acids in plasma of lactating Holstein cows ............97 

2-3 Concentrations of β-hydroxybutyric acid in plasma of lactating Holstein cows ...............98 

2-4 Linoleic acid balance of lactating Holstein cows ..............................................................99 

2-5 Linolenic acid balance of lactating Holstein cows ..........................................................100 

2-6 Fat-corrected milk yield of lactating Holstein cows ........................................................101 

3-1 Concentrations of acid soluble protein and haptoglobin in plasma of Holstein cows .....130 

3-2 Leukocyte concentration, lymphocyte percentage, and neutrophil percentage in blood 

of lactating Holstein cows ................................................................................................132 

3-3 Proportions of neutrophils of cows fed no supplemental fat (control), saturated free 

fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) expressing L-

Selectin according to parity or disease, expressing β-integrin according to parity or 

disease, or undergoing phagocytosis and oxidative burst according to parity or 

disease ..............................................................................................................................133 

3-4 Immunoglobulin G titer in response to ovalbumin immunization of Holstein cows .......134 

3-5 Concentrations of 13,14-dihydro-15-keto-PGF2α in plasma, diameter of the 

previously pregnant and contralateral uterine horn of lactating Holstein cows ...............135 

3-6 Cumulative concentrations of progesterone according to day postpartum in cows that 

ovulated or remained anovular by 40 DIM ......................................................................136 

4-1 Dry matter intake, milk yield, and plasmatic concentrations of prostaglandin F 

metabolite of lactating Holstein cows ..............................................................................163 

4-2 Impact of differentially expressed genes between primiparous and multiparous cows ...164 

4-3 Pathways identified by the Dynamic Impact Approach in lactating Holstein cows ........165 



 

15 

4-4 Pathways identified by the Dynamic Impact Approach in lactating Holstein cows ........166 

5-1 Dry matter intake, 3.5% fat-corrected milk, feed conversion ratio of kg of 3.5% 

FCM/kg of DMI, energy balance, body condition score, and body weight of lactating 

Holstein cows ...................................................................................................................197 

5-2 Concentrations of glucose, urea N, nonesterified fatty acids, beta hydroxybutyrate, 

insulin, and insulin-like growth factor -1 in plasma of lactating Holstein cows .............198 

5-3 Somatic cell count in milk, and concentrations of insulin, haptoglobin, and 

interleukin-6 in plasma, dry matter intake, and milk yield of lactating Holstein cows ...200 

6-1 Diagram of estrous cycle synchronization and blood sampling ......................................232 

6-2 Concentrations of progesterone and 13,14,dihydro-15-keto-PGF2α metabolite 

(PGFM) in plasma of non-lactating, non-pregnant Holsteins cows bearing a 

functional corpus luteum..................................................................................................233 

6-3 Progesterone concentrations in plasma of lactating Holstein cows .................................234 

6-4 Progesterone and 13,14,dihydro-15-keto-PGF2α metabolite in plasma from d 16 to 23 

of the estrous cycle of a representative cow that underwent luteolysis and a cow that 

maintained the corpus luteum by day 23 .........................................................................235 

6-5 Concentrations of 13,14,dihydro-15-keto-PGF2α metabolite in plasma of lactating 

Holstein cows ...................................................................................................................236 

6-6 Concentrations of progesterone in plasma of lactating Holstein cows ............................238 

6-7 Expression of genes related to prostaglandin synthesis; cholesterol and fatty acid 

metabolism; and somatotropic axis in the endometrium of lactating Holstein cows ......239 

6-8 Expression of selected genes according to the concentration of n-6 to n-3 fatty acids 

in the endometrium of dairy cows ...................................................................................240 

6-9 Regression analyses between expression of selected genes and the ratio of n-6 to n-3 

fatty acids in the endometrium of dairy cows ..................................................................241 

 

 



 

16 

LIST OF ABBREVIATIONS 

AA Arachidonic acid  

ACC Acetyl CoA carboxylase 

ACE2 Angiotensin I converting enzyme (peptidyl-dipeptidase A) 2 

ACSS2 Acyl-CoA synthetase short-chain family member 2 

ADF Acid detergent fiber 

AI Artificial insemination 

ALA α-linolenic acid 

APO Apolipoproteins 

ASP Acid soluble protein 

BACE2 Beta-site APP-cleaving enzyme 2 

BCS Body condition score 

BOLA-DQA5 Major histocompatibility complex, class II, DQ alpha 5 

BOLA-DQB Major histocompatibility complex, class II, DQ beta 

BW Body weight 

C20H5orf49 Chromosome 20 open reading frame, human C5orf49 

C8H9orf152 Chromosome 8 open reading frame, human C9orf152 

CD18 β-integrin, adhesion molecule 

CD62L L-selectin, adhesion molecule 

CDHR5 Cadherin-related family member 5 

CLA Conjugated linoleic acid 

CLEC2D C-type lectin domain family 2, member D 

COX Cyclooxygenase enzymes 

CYP Cytochrome P450 

DEG Differentially expressed genes 



 

17 

DHA Docosahexaenoic acid 

DIA Dynamic impact approach 

DM Dry matter 

DMI Dry matter intake 

DPA Docosapentaenoic acid 

EDNRA Endothelin receptor type A 

EFA Essential fatty acids 

EPA Eicosapentaenoic acid 

FA Fatty acid 

FABP Fatty acid binding protein 

FADS2 Fatty acid desaturase 2 

FAME Fatty acid methyl esters 

FASN Fatty acid synthase 

FATP Fatty acid transport protein 

FC Fold change 

FE Feed efficiency (production/intake) 

FO Fish oil 

FOXA3 Forkhead box A3 

GCLC Glutamate-cysteine ligase, catalytic subunit 

GGT1 Gamma-glutamyltransferase 1 

GIMAP7 GTPase, IMAP family member 7 

GLA γ-linolenic acid 

GPNMB Glycoprotein (transmembrane) nmb 

GPX3 Glutathione peroxidase 3 (plasma) 

HAPLN3 Hyaluronan and proteoglycan link protein 3 



 

18 

HNF-4α Hepatonuclear factor 4α 

Hp Haptoglobin 

IFN- γ Interferon-gamma 

Ig Immunoglobulin 

IGF Insulin-like growth factor 

IGFBP IGF binding protein 

IL Interleukin 

KDELR3 Endoplasmic reticulum protein retention receptor 3 

KEGG  Kyoto encyclopedia of genes and genomes 

KIF23 Kinesin family member 23 

LA Linoleic acid 

LCFA Long chain fatty acids 

LOC505468 Cytochrome P450 family 2 subfamily C polypeptide 18-like 

LOC527068 Aldo-keto reductase family 1 member C3 -like 

LPS Lipopolysaccharide 

LT Leucotriene 

LXR Liver X receptor 

MBOAT2 Membrane bound O-acyltransferase domain containing 2 

MCFA Medium chain fatty acids 

MHC Major histocompatibility complex 

MUFA Monounsaturated fatty acids 

MYC V-myc myelocytomatosis viral oncogene homolog (avian) 

n-3 Omega-3 fatty acids 

n-6 Omega-6 fatty acids 

n-9 Omega-9 fatty acids 



 

19 

NDF Neutral detergent fiber 

NEFA Nonesterified fatty acids 

NFκB Nuclear factor κB 

NPV Negative predictive value 

NRC The National Research Council 

NT5C 5', 3'-nucleotidase, cytosolic 

PBMC Peripheral blood mononuclear cells 

PDZK1IP1 PDZK1 interacting protein 1 

PG Prostaglandin 

PIM1 Pim-1 oncogene 

PLEK Pleckstrin 

PPAR Peroxisome proliferator receptor 

PPP1R3B Protein phosphatase 1, regulatory subunit 3B 

PPP1R3C Protein phosphatase 1, regulatory subunit 3C 

PPV Positive predictive value 

PSPH Phosphoserine phosphatase 

PUFA Polyunsaturated fatty acids 

Rv Resolvin 

SCD Stearoyl-coa desaturase (delta-9-desaturase) 

Se Sensitivity 

SFA Saturated fatty acids 

SLC17A9 Solute carrier family 17, member 9 

Sp Specificity 

SREBP Sterol regulatory element binding protein 

TESC Tescalcin 



 

20 

Th T-helper cell 

TNF-α  Tumor necrosis factor alpha 

VFA Volatile fatty acids 

WFS1 Wolfram syndrome 1 (wolframin) 

 

 

 



 

21 

Abstract of Dissertation Presented to the Graduate School 

of the University of Florida in Partial Fulfillment of the 

Requirements for the Degree of Doctor of Philosophy 

 

EFFECTS OF DIETARY POLYUNSATURATED FATTY ACIDS ON LACTATION 

PERFORMANCE, TISSUE GENE EXPRESSION, AND REPRODUCTION IN DAIRY 

COWS 

By 

Leandro Ferreira Greco 

 

December 2014 

 

Chair: José E. P. Santos 

Major: Animal Molecular and Cellular Biology 

 

The overall objectives of the present dissertation were to investigate the biological effects 

of fatty acids (FA) in diets fed to lactating dairy cows. Two experiments evaluated the effects of 

supplementing diets containing low amounts of FA with fat sources of either saturated free FA 

(SFA) or Ca salts containing essential FA (EFA) during late gestation and early lactation on: 

performance and energy metabolism (Chapter 2); immunity and uterine health (Chapter 3); and 

hepatic FA profile and gene expression (Chapter 4). A third experiment evaluated effects of 

altered ratios of n-6 and n-3 FA (4, 5, or 6 parts of n-6 to 1 part of n-3 FA) in the diet of dairy 

cows on performance, metabolism, and inflammatory responses after a challenge with 

lipopolysaccharide (LPS; Chapter 5); FA profiles, expression of genes related to endometrial 

prostaglandin biosynthesis and spontaneous luteolysis (Chapter 6).   

In Chapter 2, cows fed no supplemental fat or SFA were in more severe negative linoleic 

acid balance, and supplementing diets with EFA improved yields of milk and milk components. 

Chapter 3 demonstrated that feeding dairy cows a low fat diet reduced markers of innate 

immunity in primiparous cows and those diagnosed with disease. Supplementation with fat 

overcame some of these effects and reduced the incidence of puerperal metritis. Chapter 4 
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revealed that dietary FA influenced hepatic FA profile and feeding fat influenced expression of 

genes associated with hepatic health. Chapter 5 demonstrated that feeding a diet containing a 

ratio of 4 parts of n-6 to 1 part of n-3 FA increased intake and yields of milk and milk 

components.  Diets containing more n-3 FA attenuated the inflammatory response after an 

intramammary LPS challenge. Finally, Chapter 6 documented that feeding more n-3 FA 

increased the incorporation of these FA into the endometrial tissue, which downregulated mRNA 

expression of ERS1, OTR, PGFS, PGES, COX2, and attenuated the amplitude of prostaglandin 

pulses. Collectively, the studies presented in this dissertation provide new insights on the role of 

dietary FA on dairy cow production, metabolism, and health. 
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CHAPTER 1 

REVIEW OF LITERATURE  

Overview of the Long Chain Fatty Acid Metabolism 

Structure 

Fatty acids (FA) are compounds containing a hydrocarbon chain with a carboxylic acid 

and a methyl group at each end of the acyl chain. As amino acids are the building blocks to form 

proteins, the FA exert a similar function in the composition of complex lipids (Fahy et al., 2005; 

Nelson and Cox, 2008).  

Fatty acids can be classified according to the acyl chain length, also known as the 

aliphatic tails, as short (≤ 6 carbons, C), medium (8 to 14 C), or long chain (≥ 16 C). The link 

between carbon atoms confers another classification for FA: as saturated, with no double bonds 

between carbon atoms; monounsaturated, one double bond present in the acyl chain; and 

polyunsaturated FA (PUFA), when two or more double bonds are present linking carbon atoms. 

Unsaturated FA are also classified according to the location of the first double bond relative to 

the methyl end of the acyl chain, the latter being called the omega carbon. Although counting the 

carbon number in the acyl chain starts from the carboxyl to the methyl group, the carbon atom 

where the first double bond appears relative to the omega carbon (methyl end) determines the 

family as omega 3 (n-3), 6 (n-6), or 9 (n-9; Holman, 1964; Figure 1-1). Therefore, if the first 

double bound is between the 3rd and 4th carbons from the methyl end, the FA will be classified as 

an n-3 FA (Nelson and Cox, 2008), as depicted on Figure 1-1, an example of four different 18 C 

FA with the different nominations.  Fatty acids are also classified according to the configuration 

of the double bond based on the location of the H in the acyl chain  as cis  or  trans. Cis FA, 

which is  the native form, have the H  in the  same  side of the  acyl  chain on a double  bond, 

whereas the  trans isomers,  which are produced during the process of hydrogenation, have the H 
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located in opposite sides of the acyl  chain on a double bond. The process of production of trans 

isomers is catalyzed by enzymes called isomerases.  

Another important classification of lipids is regarding the essentiality. In the late 1920’s it 

was discovered that some FA are essential for function of the mammalian organisms. McAmis et 

al. (1929) demonstrated that rats fed a fat free diet had growth compromised and presented health 

issues such as kidney and eye problems. These negative effects were reversed when the rats were 

supplemented with cod liver extract and/or peanut oil. In fact, the best growth rates were 

observed when the diet was supplemented with both cod liver extract and peanut oil. The authors 

attributed these negatives responses of the rats fed a fat free diet only to a lack of vitamin A in 

the diet (McAmis et al., 1929). Burr and Burr (1929) isolated the vitamin A effect in a fat-free 

diet and characterized a so called “fat disease”. Rats fed a fat-free diet had retarded growth, skin 

and kidney diseases, females stopped ovulating, and males decreased drastically the matting 

activity. Those negative effects were reversed when the diet was supplemented with either pure 

isolated linoleic acid (LA; C18:2n-6) or other oils which contained LA in their composition (Burr 

and Burr, 1930). However, the symptoms of the “fat disease” were not ablated by feeding 

saturated FA, clearly indicating that some specific FA are essential for animals and not only fat 

per se. Alpha-linolenic acid (ALA; C18:3n-3) was also demonstrated to be able to cure the “fat 

disease” and promote the growth of rats fed fat-free diet (Burr et al., 1932). The essentiality of 

the FA was later demonstrated in other species. 

The rationale for the essentiality of some FA such as LA and ALA is because they cannot 

be synthetized by some organisms. The analysis of 397 genomes (Hashimoto et al., 2006) 

demonstrated the lack of the Delta 12 and 15 desaturase enzymes because of absence of the 

respective genes, Δ12 and Δ15 FAD in the mammalian genome. In addition to mammals, birds, 
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amphibians, fish, and some species of insects, fungi and protists also do not have the gene that 

encodes for those desaturase enzymes. In fact, mammalian cells only possess desaturase enzymes 

up to carbon number 9 in the acyl chain, counting from the carboxyl end. The function of these 

enzymes is to remove two hydrogen atoms from the acyl chain, placing a double bond instead. 

For instance, the n-6 FA LA can be found in a variety of plant material, specially the seeds of 

soybeans, cottonseeds, sunflower and corn. Linolenic acid, however, is present on green leafs 

and linseed. Another important source n-3 FA are the fish products, especially fish meal and oil, 

which are rich in longer chain n-3 FA eicosapentaenoic acid (EPA; C20:5n-3) and 

docosahexaenoic acid (DHA; C22:6n-3). Even though LA and ALA are the truly essential FA, the 

most biologically active FA are the longer chain arachidonic acid (AA; C20:4n-6), EPA and 

DHA. Arachidonic acid can be formed through elongation and desaturation processes from LA, 

similarly EPA and DHA can be formed from ALA. 

The elongation and desaturation processes require the activity of several enzymes (Figure 

1-2; Leonard et al., 2004). Each of the elongation steps, with addition of two carbon atoms, 

requires four enzymatic reactions. The first reaction is the condensation of an acyl-CoA molecule 

and malonyl-CoA, resulting in β-ketoacyl-CoA, followed by a reduction, which requires 

NADPH, resulting in the conversion of β-ketoacyl-CoA to β-hydroxyacyl-CoA. The third step is 

a dehydration in which β-hydroxyacyl-CoA is converted to enoyl-CoA. Lastly, enoyl-reductase 

reduces enoyl-CoA, completing the cycle of the extending the acyl-chain (Cinti, et al., 1992; 

Leonard et al., 2004; Jakobsson et al., 2006). In mammals the elongation machinery for FA with 

18 carbons or more is regulated by genes belonging to the elongase family; ELOVL1(FA 

elongase), ELOVL2, ELOVL3, ELOVL4, ELOVL5, and ELOVL6. Each of these genes encode 

proteins responsible for elongation of specific FA, and they are clustered by the chain length, and 
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degree of saturation (Leonard et al., 2004; Jakobsson et al., 2006). In addition to elongation, 

another important process is the desaturation of FA. Delta 6 and delta 5 desaturases are the two 

enzymes responsible for inclusion of double bounds in the acyl chain of PUFA (Sprecher 2000; 

Guillou et al., 2010). The desaturation of LA and ALA by delta 6 desaturase (Figure 1-2) is the 

rate limiting reaction in the process of PUFA biosynthesis (Bernert et al., 1975), and the same 

enzyme is responsible for the desaturation of the 24 carbon FA, resulting in a competition among 

FA for this enzyme (Geiger et al., 1993). The 20 carbon FA of both n-3 and n-6 families are 

desaturated by the delta 5 desaturase (Sprecher, 2000). Delta 5 and 6 desaturases are encoded by 

FADS1 and 2 genes, respectively. The conversion of 18 C PUFA to longer-chain FA are greater 

in women than in men (Burdge, 2006). In females, the expression of the desaturases genes, 

particularly the FADS2, is up regulated by sex hormones. In both rat and human tissues, 

progesterone seems to be the most potent sex hormone capable of up regulation of FA 

desaturases genes (Childs et al., 2012; Sibbons et al., 2014). Even though this entire process of 

FA elongation has been well characterized, it appears that the extent in which LA and ALA are 

converted to the longer-chain is limited in humans (Burdge, 2006). Utilizing 13C-ALA, Burdge et 

al. (2003) demonstrated that only small portion of dietary ALA is be converted to EPA, 

docosapentaenoic (DPA; C22:5n-3), and DHA (2.80, 1.20, and 0.04 %, respectively). Therefore, 

it is suggested that longer chain PUFA should also be supplemented in the diet (Burdge et al., 

2006).       

Ruminal Metabolism  

Forage and grains are the major components of a ruminant diet. The most important lipid 

in cereal grains are the triglycerides, and the majority of lipids in leafs are galactolipids and 

phospholipids (Harfoot, 1978). The two major processes occurring to the lipids in the rumen are 

hydrolysis and hydrogenation (Van Soest, 1994; Doreau and Chilliard, 1997).     
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Hydrolysis, also called lipolysis, is the process of cleavage of the ester bonds of lipids 

leading to free FA and the remaining structural components such as glycerol and/or galactose 

and glycerolphosphate (Harfoot, 1978). Salivary lipase has low activity in ruminants and, as a 

result, the hydrolysis of triglycerides is mostly executed by the bacterial lipases, particularly in 

the rumen. Overall, the extent of hydrolysis of triglycerides in the rumen is high, reaching up to 

95% and its rate can be decreased by increasing fat content of the diet, reduced rumen pH, and 

presence of antibiotics inhibiting bacterial growth (Doreau and Ferlay, 1994; Doreau and 

Chilliard, 1997). The glycerol and galactose released are rapidly fermented by the ruminal 

bacteria, generating volatile FA (VFA), mainly propionate and butyrate. The end products of the 

ruminal hydrolysis of lipids are VFAs and free FA (Harfoot, 1978). 

The next step in the ruminal metabolism of lipids is the hydrogenation of the unsaturated 

FA. One of the primary reasons why rumen bacteria hydrogenate unsaturated FA is because of 

the reductive environment of rumen with large quantities of H and lack of oxygen, and because 

FA with double bonds with an ionized carboxyl end are toxic to bacteria. Maczulak et al. (1981) 

cultured several strains of rumen bacteria in a media containing 0.01% (w/v) of either palmitic, 

stearic, or oleic acids. Several of those bacterial strains cultured in media containing the 

unsaturated FA oleic acid had reduced growth. Considering the media without FA as the 

reference, the percentages of growth relative to the media without FA were, respectively, for 

media containing 0.01% of palmitic, stearic, and oleic acids: Butyrivibrio fibrisolvens 80.6, 95.3 

and 66.7; Ruminococcus albus 90.2, 100.0, and 14.6; Ruminococcus flavefaciens 87.5, 88.9, and 

0. Growth rates of Selenomonas ruminantium, Bacteroides ruminicola and Lachnospira 

multiparus were not affected by the presence of oleic acid in the media showing growth rates 

above 100% relative to the control media without FA.  Maia et al. (2007) ranked some PUFA 
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according to their toxicity to rumen bacteria: EPA > DHA > ALA > LA. The same group (Maia 

et al., 2010), using propidium iodide, demonstrated that LA damaged the integrity of bacterial 

cell membrane at different extents for different species.   

The process of ruminal biohydrogenation is composed by two chemical reactions, 

isomerization and hydrogenation (Harfoot, 1978). Isomerization is the process in which the 

geometrical conformation of the chemical compound is changed from a cis to a trans 

configuration. An example of such conformational change is the isomers of butenedioic acid, 

maleic acid, which is a cis-isomer, and fumaric acid, which is a trans-isomer. Hydrogenation is a 

biochemical process in which a double bond between two carbon atoms is replaced by two 

hydrogen ions (Nelson and Cox, 2008). Biohydrogenation of dietary PUFA is generally 

extensive in the rumen, ranging from 70 to 95% for LA and 85 to 100% for ALA (Doreau and 

Ferlay, 1994; Lock et al., 2006). The quantitative significance of different bacterial species in the 

biohydrogenation of PUFA has been evaluated (Jenkins et al., 2008). From the twenty-six most 

common bacterial species in the rumen, 11 were capable to metabolize PUFA to a substantial 

extent. Three strains of Butyrivibrio and two strains of Clostridium produced trans-11-C18:1, 

whereas only Clostridium proteoclasticum produced C18:0 (Jenkins et al., 2008). Screening 

hundreds of sheep rumen, randomly, Wallace et al. (2006) found that the butyrate producer 

bacteria were responsible for the production of trans-11-C18:1, and cis-9,trans-11-conjugated 

LA (CLA). These two FA are the classic intermediates of the hydrogenation of the LA, which 

were depicted over time to characterize ruminal biohydrogenation of LA. However, wide range 

of isomers of these FA has been demonstrated in the literature (Jenkins et al., 2008).  

It has been demonstrated that low rumen pH selects certain strains of bacteria such as 

Megasphaera elsdenii which shift the ruminal biohydrogenation towards an alternative pathway 
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(Palmonari et al., 2010). This alternative pathway of PUFA biohydrogenation has as 

intermediates, among others, the trans-10,cis-12 CLA isomer, which is known as a potent 

antilipogenic FA, particularly in the mammary gland. Upon absorption in the gut, the trans-

10,cis-12 CLA have potent effects decreasing milk fat content by decreasing mRNA of genes 

encoding several enzymes (e.g. acetyl CoA carboxylase, FA synthase, among others) of the milk 

fat synthesis cascade (Baumgard et al., 2000; Baumgard et al., 2002).  

Digestion and Absorption 

Similarly to non-ruminant animals, the digestion of FA also occurs in the intestines. 

Nevertheless, because of the ruminal modifications of the dietary FA, ruminant animals will 

have greater proportion of saturated FA entering the small intestine, compared with ingested 

form the diet.  Approximately 90% of the lipids entering the ruminant small intestine are 

composed by free FA attached to feed particles and, to a lesser extent, phospholipids from 

microbes and monoglycerides or triglycerides from fats that escaped microbial digestion 

(Harrison and Leat, 1975; Bauchart, 1993; Doreau and Chilliard, 1997; Lock et al. 2006). On the 

other hand, in non-ruminants, most of the lipids entering the small intestine are composed of 

triglycerides because of lack of extensive enzymatic digestion before the duodenum. 

Pancreatic and intestinal lipases are responsible for the hydrolysis of the remaining 

triglycerides and phospholipids entering the small intestine (Doreau and Ferlay, 1994). These 

enzymes also convert lisolecithin secreted by the gallbladder into lecithin. Lecithin promotes 

desorption of FA from feed particles and bacteria. Together with the bile salts, lecithin promotes 

the micelle formation, which has polar characteristics facilitating the crossing of FA through the 

unstirred water layer into epithelial cells of the intestinal lumen (Harrison and Leat, 1975). The 

micelle, composed of free FA, monoglycerides, bile salts, phospholipids, and cholesterol, was 

thought to passively diffuse throughout the brush border membrane into the enterocyte; however, 
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today it is known that FA absorption is mediated by specific FA transport proteins (FATP) 

present in the apical plasma membrane of enterocytes. One of these FATP, FATP4 is thought to 

be the main long chain FA transporter present in enterocytes (Stahl et al., 1999). The fact that in 

ruminants the bile is rich in taurocholic acid, instead of glycocholate as in non-ruminants, 

increases FA solubility in acid conditions (Harrison and Leat, 1975), which grants greater 

digestibility of saturated FA to the ruminant animal compared with non-ruminants. In rodents 

and humans, researchers have demonstrated that bile acids exert functions above and beyond this 

detergent action (Hylemon et al., 2009; Zhou and Hylemon, 2014). Bile can activate nuclear 

receptors and cell signaling in the liver and gastrointestinal tract (Hylemon et al., 2009; Zhou and 

Hylemon, 2014). Although interesting, further details of these novel biliary acid functions are 

beyond the scope of this review and can be found elsewhere (Hylemon et al., 2009; Zhou and 

Hylemon, 2014). 

After crossing the plasma membrane of the enterocyte transported by FATP (Stahl et al., 

1999), the FA is released in the cytosol and a cytosolic FA binding protein binds to the FA and 

transfers it through the aqueous compartment of the enterocyte to the endoplasmic reticulum 

(Carlier et al., 1991). In ruminants, α-glycerophosphate pathway is the main pathway where FA 

are re-esterified into triglycerides (Bauchert, 1993; Palmquist and Jenkins 1980). The newly 

formed triglyceride is packed into lipoproteins called chylomicrons and transported to the 

lymphatic system and then to the blood stream (Bauchart, 1993). 

The intestinal digestibility of FA varies with the chain length and the degree of 

unsaturation in monogastric animals (Doreau and Chilliard, 1997). However, for ruminants there 

are only small differences on the digestibility of individual FA (Lock et al., 2006). Regarding the 

chain length, greater digestibility was observed for FA containing 18 or more carbon atoms 
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compared with FA containing 12 to 16 carbons in the acyl chain (Loor at al., 2005a). However, 

Doreau and Chilliard (1997) found a quadratic response with FA with 16 and 18 carbons having 

the greatest intestinal digestibility compared with FA containing 12, 14, 20, or 22 carbons in the 

acyl chain. The same authors showed a linear decrease in intestinal digestibility of FA in poultry 

and pre-ruminant calves as the carbon chain length increased. Lock et al. (2006) analyzed data 

from several studies in the literature and observed only numerically greater digestibility for 

unsaturated C18 FA compared with either C18:0 or C16:0. The digestibility coefficients were 

similar for C18 FA with one, two or three unsaturation points. Similar to the results of Lock et al. 

(2006), Loor et al. (2005a) also observed that degree of unsaturation of C18 unsaturated FA did 

not affect intestinal digestibility. 

Feeding Long Chain Fatty Acids to Dairy Cows: Lactational Performance 

Effects on Milk Production 

Nutritionists have incorporated supplemental fat to the diet of lactating dairy cows since 

the beginning of the twentieth century with the goal to improve milk production and composition 

(Palmquist and Jenkins, 1980). In an extensive review of the literature Palmquist and Jenkins 

(1980) concluded that feeding fat to lactating dairy cows has great potential to improve milk 

yield without compromising fiber digestibility and ruminal microbial growth if supplemented at 

3 to 5% of dietary DM. Research on fat feeding to dairy cows has greatly evolved during the 

period from the second half of the 20th century and the first 2 decades of the 21th.  

Feeding fat to lactating dairy cows commonly has positive effects on milk yield.  The 

range of this effect, however, can vary extensively. In a meta-analysis encompassing 38 

published studies, Rabiee et al. (2012) observed an overall increase in milk yield of 1.05 

kg/cow/d (95% confidence interval = 0.31 to 3.07) in cows fed fat compared with those that 

received no supplemental fat. However, this benefit depended on the type of supplemental FA 
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provided to the cows. The type of FA present in the supplemental fats, PUFA or MUFA or 

saturated FA, the form in which the supplement was fed, either as Ca salts, oils, tallow, prilled 

fat, or others, and the quantity of supplemental FA can interact with the other components of the 

diet and generates this diversity of results found in the literature. 

Simas et al. (1995) supplemented the diet of early lactation cows with 2.5 % of Ca salts 

of palm oil and found a numerical decrease in milk yield (1.85 kg/cow/d; P = 0.27). These 

authors attributed this decrease in milk to a smaller dry matter (DM) intake of cows fed the diets 

supplemented with Ca salts. This response was likely caused by a somewhat high fat content in 

the diet, as supplemental fat increase the dietary fat content from 5.7 to 7.5%. Evaluating the 

performance during the transition period, Petit et al. (2007) supplemented dairy cows’ diet with 

either saturated FA or flaxseed which is a source of PUFA rich in ALA. The milk production 

was greater for cows fed either the control diet with no supplemental fat or cows fed flaxseed 

than cows fed saturated FA. However, corrected for 4% fat content in milk, the yields were 

similar between the three dietary treatments. Several other studies detected no differences in milk 

production comparing different sources of FA: tallow and Ca salts of fish oil (Juchem et al., 

2008); saturated FA, Ca salts of trans-octadecenoic FA and Ca salts safflower oil (Caldari-Torres 

et al., 2011); Ca salts of n-6, n-3, tras-C18:1, linseed oil, or high oleic sunflower oil (Amaral, 

2008). Inside each experiment cows produced similar amount of milk regardless the type and 

source of FA supplemented. 

In general, the effect of fat feeding on performance of dairy cows is influenced by when 

supplementation is initiated. Fat supplementation starting in the beginning of lactation improves 

milk yield, whereas supplementation in mid to late lactation may not necessarily increase 

production (Onetti and Grummer, 2004). In some studies evaluating fat supplementation to early 
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postpartum cow fed diets with excessive concentration of supplemental FA (Grum et al., 1996), 

which is known to suppress intake. 

Effects on Milk Composition 

Fat is the milk component which is most altered by dietary manipulation, both the 

amount/proportion and the FA profile, followed by protein. Lactose is the least changeable 

component because it is the main osmotic component of milk responsible for moving water from 

the blood stream, which maintains a fairly constant concentration in milk. 

Milk fat is derived from two sources. Short- and medium-chain FA (respectively, 4 to 8 

and 10 to 14 carbons) are synthetized in the mammary gland by de novo synthesis, whereas long-

chain FA, those with > 18 carbons, are transferred to milk from the blood. The 16 carbon FA can 

be derived from either source (Bauman and Griinari, 2003). The foremost impact of dietary fats 

in the short- and medium-chain FA in milk is an inhibition caused a syndrome called milk fat 

depression. Briefly, during the process of biohydrogenation of unsaturated FA some 

intermediates of the biohydrogenation pathways, such as trans-10, cis-12 CLA, escape the rumen 

and are absorbed. These FA have potent inhibitory effects on gene expression and activity of key 

lipogenic enzymes in the mammary tissue (e.g. acetyl CoA carboxylase, FA synthase), resulting 

in less synthesis of milk fat (Baumgard et al., 2002; Bauman and Griinari, 2003). 

The long-chain FA can be incorporated into milk fat through the mobilization of body fat 

reserves, when cows are in negative energy balance and experience extensive weight loss, or 

from FA originated from the diet. Depression in milk fat synthesis is not uncommon when fat 

supplements rich in PUFA that are not protected against microbial metabolism are fed in dairy 

cow diets. The production and accumulation of trans intermediates during the biohydrogenation 

pathway, some of which with anti-lipogenic properties, end up depressing milk fat synthesis. 

However similarities between milk FA profile and supplemental FA is common observed 
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(Harvatine and Allen, 2006; Petit et al., 2007; Amaral, 2008; Caldari-Torres et al., 2011; 

O’Donnell-Megaro et al., 2012). 

Two negative effects of feeding fat to dairy cows, especially PUFA, are possible 

impairments in fiber digestibility, and decreases in DM intake. An additional effect observed in 

lactating cows is a possible depression in milk fat synthesis. Changes in fiber digestion and DM 

intake could result in less organic matter fermentation in the rumen, thereby compromising 

microbial production in the rumen (Allen, 2000; Onetti and Grummer, 2004). As consequence, a 

decreased production of protein in milk would be observed (Juchem et al., 2008). 

Effects on Energy Balance 

Early in lactation, the rapid increase in milk production, but the inability to compensate 

the nutrient needs with sufficient DM intake causes dairy cows to undergo a period of negative 

nutrient balance. A reasonable strategy to overcome this problem would be increase the energy 

density of the diet. In this manner the replacement of grain or forage by fat would be effective to 

increase the energy density of the diet, improving the energy balance. However, the 

improvement in energy balance is not always observed (Staples et al., 1998). First, it is 

frequently observed a slight decrease in DM intake when cows are fed fat and, second, an 

improvement in milk yield and/or fat corrected milk yield is often observed (Rabiee et al., 2012). 

In fact, in many cases, fat supplementation in early postpartum depresses energy balance of dairy 

cows (Staples et al., 1998). Amaral (2008) fed lactating dairy cows a control diet with no 

supplemental fat or diets supplemented with Ca salts of n-3 or n-6 FA was unable to detect 

differences in energy balance among treatments. Juchem et al. (2008) also found no treatment 

effect on energy balance when cows were fed either tallow or Ca salts of fish and palm oils. 

Moallem et al. (2007) found a negative effect on energy balance when cows were fed either 

saturated FA or Ca salts of PUFA pre- and postpartum. 
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Inducing milk fat depression, however, could be a strategic managerial decision to 

improve energy balance in the beginning of the lactation. Theoretically, because milk fat 

represents 50 to 60% of all calories in milk, a depression in milk fat synthesis would reduce the 

caloric cost of synthesizing milk, thereby contributing to ameliorating the energy balance of 

early lactation cows. Based on this concept, Odens et al. (2007) fed Holstein cows from 9 d 

before to 40 d after calving diets supplemented with either 578 g of palm FA distillate (control), 

600 g of a mixture of CLA and palm FA distillate for the entire period, or 600 g until 10 d in 

milk (DIM), and then decreased to 200 g of the mixture CLA and palm FA for the remaining 

days in the study. These authors found an improvement in energy balance, as well as decrease in 

circulating nonesterified FA (NEFA) in both groups fed CLA. The improvement in energy 

balance appears to be related to a reduced energetic need for milk synthesis, which decreased 

adipocyte FA mobilization. In fact, feeding CLA reduced energy-corrected milk, which 

minimizined the increase in NEFA concentrations immediately after calving (Schlegel et al., 

2012). Interestingly, although CLA has marked effects on milk fat synthesis, minor changes were 

observed in the hepatic transcriptome of dairy cows in the transition period (Schlegel et al., 

2012). Despite indications of reduced milk fat synthesis, feeding CLA to improve energy balance 

is not always observed (Selberg et al., 2004; Castañeda-Gutiérrez et al., 2005), in part because 

most of the  milk FA secreted in the first  few  weeks  of lactation originate from pre-formed FA  

and not de novo synthesized. The latter FA are those mostly affected by depression in milk fat 

synthesis caused by feeding trans FA.  

Feeding Long Chain Fatty Acids to Dairy Cows: Reproductive Performance 

Effects on the Ovaries 

It is consistently observed that lactating dairy cows supplemented with fat had greater 

follicle development and bigger follicles (Staples et al., 1998; Santos et al., 2008). Several 
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studies have shown no differential effect of follicle growth and size accounted by the type of FA 

(Hutchinson et al., 2012). Nevertheless, a differential follicular growth has been reported in some 

studies favoring diets enriched with PUFA against monounsaturated FA (Bilby et al., 2006a) or 

saturated FA (Oldick et al., 1997). The size of the ovulatory follicle appears to be similar among 

cows supplemented with either n-3 or n-6 FA (Petit et al., 2002; Petit et al., 2004; Bilby at al., 

2006a) only few studies have shown otherwise (Ambrose et al., 2006).  

An important role of FA in the ovaries is related to the follicular environment in which 

the oocyte develops. The formation of follicular fluid is believed to occur through a 

concentration gradient. Hyaluronan and versican, produced by granulosa cells, are the two main 

molecules responsible for dragging fluids from the capillaries to the follicle (Rodgers and Irving-

Rodgers, 2010). A relationship has been demonstrated between the metabolic status of the cow 

and the hormonal/metabolic profile of the follicular fluid (Leroy et al., 2011). Negative effects 

on oocyte quality have been observed with high concentrations of NEFA and low concentration 

of glucose in both follicular fluid and plasma (Leroy et al., 2006; Vanholder et al., 2005). In 

dairy cows, the major components of NEFA are the saturated FA palmitic (C16:0) and stearic 

(C18:0) acids, and the monounsaturated FA oleic acid (C18:1) (Leroy et al., 2005). Aardema et 

al. (2011) showed in vitro a negative effect on oocyte quality when either palmitic or stearic 

acids were supplemented to the culture media. However, when oleic acid was added to the 

media, oocyte development and quality was not impaired.  Furthermore, inclusion of oleic acid 

to the media ameliorates the negative effects of both afore mentioned saturated FA. 

Supplementation of dairy cattle ration with n-3 PUFA (Bilby et al., 2006a), n-6 (Bilby et al., 

2006a) or varying the ration between them (Zachut et al., 2010) has been used with the intention 

of improve follicular environment, and consequently oocyte quality. However, the positive 
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effects on oocyte quality caused by PUFA supplementation are not always observed (Bilby et al., 

2006a; Fouladi- Nashta et al., 2009). 

Effects on Embryo and Pregnancy 

A successful pregnancy is a result of an orchestrated synchrony of biological events that 

result in establishment and maintenance of gestation. Fatty acids play important roles in several 

aspects of reproduction, and some PUFA appear to have a combined effect on the embryo and 

uterine environment leading to a successful pregnancy. Cerri et al. (2009) found an improvement 

in embryo quality when cows were fed Ca salts of LA and trans-octadecenoic acid compared 

with cows fed Ca salts of palm oil. Juchem et al. (2010), utilizing the same dietary treatments, 

found an increase in pregnancy per insemination (35.5 vs. 25.8%) on day 41 after the artificial 

insemination for cows fed Ca salts of LA and tras-octadecenoic acid. Reis et al. (2012) found a 

decrease in pregnancy loss when cows were fed Ca salts of PUFA. However, these results are not 

always consitent, with several studies showing no difference of feeding PUFA on reproductive 

performance (Petit and Twagiramungu, 2006), likely caused by the lack of statistical power 

observed in many nutritional studies evaluating reproduction (Santos et al., 2008).  

It is believed that different types of PUFA can alter the uterine environment and also 

exert some uterine programing that would be favorable for embryo survival. One of these 

mechanisms goes towards the prostaglandin secretion. Dairy cows diet enriched with n-3 FA can 

alter the FA profile of the endometrial tissue (Bilby et al., 2006b), which might attenuate the 

secretion of prostaglandin F2α (Mattos et al., 2002), improve embryo survival, and decrease 

pregnancy loss (Ambrose et al., 2006). Strategically feeding a diet enriched with n-6 FA during 

the transition period is thought to favor a more robust immune system (Silvestre et al., 2011a). 

This might be important because during late gestation and, especially early lactation, many cows 

undergo a dysregulation of the immune system. Furthermore, a switch to a diet enriched in n-3 
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FA, which are known to have anti-inflammatory properties, after the first weeks postpartum, 

during the breeding period, favored reproduction (Silvestre et al., 2011b).          

The Role of Fatty Acids on Immunity and Inflammation 

The Inflammation Process - A Brief Overview  

The skin and mucosa represent the organism's first line of defense, acting as a 

physicochemical barrier against potentially harmful pathogens. Nevertheless, this barrier is often 

crossed by microorganisms and secondary mechanisms must be activated in order for the 

pathogen to be eliminated. Macrophages present in tissues are the sentinel cells of defense. 

Through receptors, these immune cells can recognize bacteria and react to them by two main 

pathways. Macrophages can engulf and kill bacteria in a process called phagocytosis and other 

processes trigged by macrophages is the production of chemokines and cytokines (Murphy, 

2011a). These proteins have the ability to attract neutrophils and monocytes to the local of 

injury, initiating the inflammatory process. The clinical hallmark signals of inflammation are 

heat, pain, redness, and swelling which were described by Celsus around 40 AD as ‘calor, dolor, 

rubor, tumor’, respectively (Nathan, 2002). These so called cardinal signals of inflammation are 

the result of the actions of cytokines and chemokines which provide physiological alterations in 

the vascular endothelium promoting extravasation of neutrophils and monocytes to the site of 

injury. Other important class of molecules playing pivotal role in the inflammation process are 

substances derived from FA such as prostaglandins, prostacyclins, leukotrienes, lipoxins, and 

thromboxanes (Sordillo et al., 2009). These molecules are very active during the inflammation 

process and, depending on the timing and the FA origin, the effect of their action can be either 

pro- or anti-inflammatory (Calder, 2006). It is undeniable that the inflammatory process is 

important and helpful to maintain body homeostasis. Inflammation triggers pathogen killing 

processes and tissue repair (Calder et al., 2009). However, soon enough the insult is controlled as 
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an anti-inflammatory process must initiate, otherwise, healthy tissue starts being damaged. The 

pathophysiology of several diseases entails characteristics for an uncontrolled inflammatory 

process (e.g. inflammatory bowel diseases, rheumatoid arthritis, asthma, etc.; Calder et al., 

2012). Because of the health relevance and the potential market for the medical industries, a lot 

of research has been focused in understanding, preventing and resolving the inflammatory 

process. The pathways by which FA interact with the immune system are summarized in Figure 

1-3.  

Beyond the Prostaglandins 

The most known and studied effect of PUFA influencing the immune system is through 

prostaglandin synthesis and modulation. Nevertheless, a series of other mechanisms could take 

place as an outcome of the immune system modulated by different FA as outlined in Figure 1-3. 

One of the mechanisms by which bacteria trigger inflammation is through lipopolysaccharide 

(LPS) activation of the transcription factor nuclear factor-kappa B (NFκB), which occurs by the 

phosphorylation of the inhibitory subunit IκB (Calder, 2012). The active NFκB up regulates the 

expression of several genes in which the final product are proteins that stimulates inflammation 

such as: cytokines (e.g. IL-1, TNF-α, IFN-γ), chemokines (e.g. T cell activation gene 3, 

cytokine-induced neutrophil chemoattractant 1, etc), proteins for the acute phase response such 

as serum amyloid A, and cell adhesion molecules such as intercellular adhesion molecule among 

others (Kumar et al., 2004). Some FA, especially the n-3 series, act by inhibiting activation of 

NFκB, shutting down further synthesis of those pro-inflammatory proteins (Calder et al., 2012). 

It has been shown that saturated FA such as lauric acid (C12:0) enhanced NFκB activation in 

macrophages and dendritic cells. However, unsaturated FA (e.g. oleic, LNA, AA, DHA) were 

capable to inhibit this activation by lauric acid (Weatherill et al., 2005; Lee et al., 2001).     
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Another mechanism by which long chain FA interferes in the inflammation process is by 

the activation of the peroxisome proliferator-activated receptors (PPAR). Compared to non-

ruminants, the effects of PPARs in ruminants are less studied; however, most of the actions of 

PPARs seem to follow the same direction in both ruminants and non-ruminants. The major 

functions of the PPARs are related to lipid metabolism. They promoting uptake of FA especially 

during fasting/ketogenesis (PPAR-α; Drackley et al., 2001; Loor et al., 2007; Brennan et al., 

2009), regulate glucose metabolism, lipogenesis and adipogenesis (PPAR-γ; Soret et al., 1999; 

Garcia-Rojas et al., 2010), or regulate FA oxidation in skeletal muscle, heart, and brown and 

white adipocytes (PPAR-βδ; Desvergne et al., 2006; Loor et al., 2007; Brennan et al., 2009). 

Regarding the immune system, the most acknowledged effects of PPARs are either enhancing 

the synthesis of anti-inflammatory molecules or decreasing the pro-inflammatory ones. 

Several studies have been conducted using cell culture and laboratory animals as model 

to understand how PPARs affect disease states (Varga et al., 2011). In animal models, PPAR-γ 

has been shown to ameliorate inflammatory bowel disease progression by suppressing the 

production of IL-12 and T-helper lymphocyte 1 (Th-1) cell differentiation. Peroxisome 

proliferator-activated receptor- γ suppressed nervous system inflammation in the experimental 

autoimmune encephalomyelitis as well as myocarditis (Varga et al., 2011).  In human 

macrophage cell culture, PPAR-α has been shown to induce apoptosis in those cells, and the 

results were even more profound when cells were previously treated with IFN-γ or TNF-α (Jones 

et al., 2002). Peroxisome proliferator-activated receptor-α also can be activated by leukotriene 

B4 which can modulate the arachidonic acid and its derivative molecules, regulating the course 

of inflammation as a feedback negative model, when triggered by either arachidonic acid or 

leukotriene B4 PPAR-α knockout mouse showed prolonged inflammation (Varga et al., 2011). 
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One other mechanism PPAR-α reduces inflammatory responses is through transrepression of the 

NFκB which leads, as described above, to diminished production or pro-inflammatory cytokines 

(Bougarne et al., 2009). Peroxisome proliferator-activated receptor-α has been shown to have a 

role in liver regulating the production of acute phase proteins (Gervois et al., 2004). Peroxisome 

proliferator-activated receptor- β/δ is the less studied of all PPAR in both ruminants and non-

ruminants; however, its effects controlling inflammation goes towards a reduction of pro-

inflammatory cytokines production (Varga et al., 2011). The alternatively activation of 

macrophages (M2 macrophage) and its subgroups (a, b, and c) promotes and regulates type 2 

immune response, promotes angiogenesis and tissue repair (Liu and Yang, 2013). The 

differentiation of these type 2 microphages is stimulated by PPAR-β/δ and PPAR-γ but not 

PPAR-α (Varga et al., 2011).         

The Anti- and Pro-Inflammatory Effects of Prostaglandins and Other Intermediates 

Prostaglandins are synthesized by several different tissues of the body, although copious 

amounts are produced by the uterus during specific stages of the estrous cycle or during the 

postpartum period. Prostaglandins and other intermediates of arachidonic acid metabolism have 

pivotal roles in the activation and resolution of the inflammatory response. The FA present in the 

cell membrane phospholipids are the substrates for synthesis of prostaglandins and other pro- 

and anti-inflammatory intermediates, as depicted in Figure 1-4. Long chain PUFA (e.g. LA, AA, 

ALA, EPA, and DHA) are the precursors for the synthesis of eicosanoids (Figure 1-4). 

Eicosanoids such as prostaglandins, thromboxanes, and leukotrienes are key regulator molecules 

for both acute and chronic inflammation (Calder et al., 2012).   

The release of arachidonic acid from the phospholipid of the cell membrane through 

action of the phospholipase (most common PLA2) will produce substrate for the cyclooxygenase 

enzymes (COX), resulting in 2-series prostaglandins and thromboxanes. These eicosanoids can 
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be produced by monocytes and macrophages (PGE2, PGF2α), neutrophils (PGE2), and mast cells 

(PGD2). Arachidonic acid can also be metabolized through the 5-lipoxygenase pathway which 

results in the formation of hydroxy and hydroperoxy derivatives (5-HETE and 5-HPETE, 

respectively), and the 4-series of leukotrienes, LTA4, B4, C4, D4 and E4. LTB4 are produced by 

neutrophils, monocytes and macrophages, and LTC4, D4 and E4 are produced by mast cells, 

basophils and eosinophils. These arachidonic acid derived eicosanoids are shown to co-exist with 

signals of inflammation, such as fever, pro-inflammatory cytokines, etc. However, prostaglandin 

E2 has been shown to suppress 5-LOX, consequently inhibiting the production of 4-series 

leukotrienes and enhancing an anti-inflammatory action (Gewirtz, et al., 2002; Serhan et al., 

2003) by inducing production of lipoxins (Vachier et al., 2002). 

The n-3 series of long chain FA have been known for its anti-inflammatory effects, which 

are through several mechanisms. First of all by simple competition, some of the n-3 LCFA 

compete with the n-6 for enzymes (e.g. LA competes with ALA for desaturases and elongases). 

Substrate availability, feeding animals with n-3 FA (e.g. fish oil rich in EPA and DHA) will 

change the FA profile of the membrane phospholipids. Consequently the pool of FA released 

from phospholipids would have greater proportion of n-3 FA, leading to a decreased availability 

of the n-6 series. These are nonspecific mechanisms of action of the n-3 FA. Specifically the 

most potent anti-inflammatory FA is the DHA. The metabolism of DHA leads to a two principal 

compounds: resolvin-D1 (RvD1) and protectin-D1 (PD1), as reviewed by Calder (2011). The 

resolvins and protectins act towards clearance of negative effects of inflammation, they induces 

neutrophil apoptosis, decrease vascular permeability, inhibit polymorphonuclear cells 

extravasation and stimulates macrophages to phagocyte apoptotic neutrophils (Serhan and Savill, 
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2005; Singer et al., 2008). The EPA through lipoxygenase pathway also produces resolvins 

(RvE1 and RvE2), which has similar effects of the D series of resolvins (Levy, 2010). 

The Role of Fatty Acids on Gene Expression 

The Splanchnic Axis 

The liver is the “mother organ” of the body’s metabolism, orchestrating the needs at all 

different stages of the life.  For ruminants it is not different, as an example, the liver deals with 

all propionic acid absorbed in the rumen and the gigantic amount of FA mobilized from the 

adipocytes in high producing dairy cows at the beginning of lactation. Adaptations are required 

depending upon the physiological state of the animal. Much of the temporal changes in liver 

befall through alterations of gene expression. Besides the physiological modulation of hepatic 

gene expression the diet can also prepossess a variety of changes in the pattern which hepatic 

genes are up or down regulated. Following this idea the essential FA can trigger several 

pathways by influencing hepatic gene expression.  

The major pathway in which FA affects the expression of genes is through nuclear 

receptors and transcription factors. In which PPAR, LxR (liver x receptor, HNF-4α [hepatocyte 

nuclear factor – 4 alpha], SREBP (sterol-regulatory element binding protein), and NFκB are the 

most noteworthy (Sampath and Ntambi, 2005). 

There are three subtypes of the nuclear receptor PPAR (α, γ, and β/δ) and they possess 

different functions regulating the metabolism, consequently are differently expressed throughout 

the body. As well as in non-ruminants, in ruminants, the subtype α is the one highly expressed in 

the liver. PPAR-α has a pivotal role in increasing the oxidation of LCFA in both non-ruminants 

(Desvergne et al., 2006) and ruminants (Loor et al., 2005b; Loor et al., 2007). In non-ruminants 

some of the PPAR-α targeted genes are: carnitine acyl CoA transferase-I, acyl CoA synthetase, 

Acyl CoA oxidase, FA transport protein, among others (Sampath and Ntambi, 2005). 
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In both ruminants (Thering et al., 2009) and non-ruminants (Bragt and Popeijus, 2008; 

Wahli and Michalik, 2012), long chain FA can modulate the activity of PPAR. Selberg et al. 

(2005) fed dairy cows during the peripartum period with either a diet devoid of supplemental FA 

that was labeled as control, a diet supplemented with CLA, mostly cis-9,cis-12 C18:2, or a diet 

supplemented with trans-11 octadecenoic acid. Hepatic tissue was collected for biopsy at 2, 14 

and 28 DIM. These authors found that PPAR-α mRNA was greater in cows fed trans-1-C18:1 

compared with all other treatments, and CLA supplementation was not able to alter the PPAR-α 

mRNA. 

Studies using bovine cell culture (Bionaz et al., 2012) demonstrated that the activation of 

PPAR-α by long chain FA followed a different pattern than that described in non-ruminants 

(Bragt and Popeijus, 2008; Wahli and Michalik, 2012). The culture of Madin Darby bovine 

kidney cells with several different long chain FA (C16:0; C18:0; cis9-C18:1; trans10-C18:1; LA; 

ALA; cis9,trans1-CLA; trans10,cis12-CLA; C20:0; EPA; and DHA) resulted in a greater 

activation of PPAR-α by saturated FA (C16:0, and C18:0), then EPA, C20:0 followed by the 

others MUFA and PUFA (Bionaz et al., 2012). 

Another important nuclear receptor acting to orchestrate the metabolism of FA in the 

body is the LxR. This nuclear receptor is responsible among other pathways in controlling the 

metabolism of cholesterol. Some of the intermediate compounds of the cholesterol degradation 

are the oxysterols, when in high levels these compounds can activate LxR. Activated LxR 

increases the production of bile acids avoiding cholesterol accumulation in the liver (Desvergne 

et al., 2006). Other genes having the transcription affected by LxR include LPL (lipoprotein 

lipase, FAS (FA synthase), ACC (Acetyl CoA carboxylase), SCD1 (stearoyl CoA dehydrogenase 

1), and the transcription factor SREBP1c (Sampath and Ntambi, 2005). Using HEK293 cell 
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culture as a model, Yoshikawa et al. (2002) demonstrated that several PUFA (arachidonic acid > 

EPA > DHA > ALA, in order of potency) were able to inhibit the SREBP1c promoter activity. 

However, saturated FA and monounsaturated FA had marginal effect. Those effects of PUFA on 

LxR and SREBP1c are directly linked to inhibition of FA synthesis (Sampath and Ntambi, 

2005). The end product would be the known effect of PUFAs inhibiting fat synthesis.  

The Reproductive Axis 

The reproductive performance is clearly influenced by nutrition, and it is thought that 

many of the reproductive responses observed when FA are fed to cows are mediated by 

regulation of the expression of key genes that influence the reproductive axis. In addition, FA 

can influence fertility as substrate for cholesterol synthesis and for synthesis of regulatory 

molecules such as prostaglandins. 

One of the most evident effects of PUFA altering gene expression in tissues of the 

reproductive system is related to the prostaglandin biosynthesis. Prostaglandin is derived from 

arachidonic acid incorporated into the phospholipids of plasmalema. The production of 

prostaglandin F2α by bovine endometrial cells cultured in the presence of CLA (Rodrigues-

Sallaberry et al., 2006) or EPA and LA (Caldari-Torres et al., 2006) stimulated by phorbol 12,13-

dibutyrate was suppressed by both CLA and EPA, without altering the mRNA expression of 

PPAR-δ and PGHS-2 (prostaglandin endoperoxidase synthase-2). When increasing doses of LA 

were co-incubated with EPA a stepwise type of response was found for both the production of 

prostaglandin F2α and PGHS-2 expression (Caldari-Torres et al., 2006). These authors suggest a 

substrate competition (LA vs. EPA) for PGSH-2, in which when more LA is available more 

prostaglandin F2α will be synthesized. 

      In a series of experiments evaluating the effects of dietary n-3 FA on uterine tissue 

gene expression (Coyne et al., 2008; Coyne et al., 2011; Waters et al., 2012), it was shown that 
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these group of FA are capable of regulating a multitude of genes. In cattle, the work from Childs 

et al. (2008) is noteworthy. They took different analytical approaches to understand how n-3 FA 

influence uterine and hepatic tissues. Briefly, crossbred beef heifers were blocked by body 

weight and body condition score and then assigned to one of four dietary treatments: control, 

with no fish oil supplementation, a low amount of fish oil supplementation to provide a total of 

65 g of combined EPA and DHA, a moderate amount of fish oil supplementation to provide a 

total of 84 g of combined EPA and DHA, and a high amount of fish oil to provide a total of 275 

g of combined EPA and DHA. It is important to indicate that most diets fed to dairy cows might 

provide up to 25 g of a combined EPA and DHA. Therefore, the amounts fed in the low 

treatment were well above those typically observed in dairy cattle rations. Fourteen days after the 

dietary treatments started, estrous cycles of heifers were synchronized with two injections of 

prostaglandin F2α 12 d apart. On day 15 of the new estrous cycle, heifers underwent an oxytocin 

challenge then they were slaughtered either on day 17 or 18 of the estrous cycle, and endometrial 

and liver samples were collected (Childs et al., 2008). Coyne et al. (2008) selected 7 heifers from 

each control and high groups and performed RT-PCR analysis to evaluate the expression of 

genes related to prostaglandin synthesis pathway on the endometrial tissue. From the eleven 

selected genes, four were differently expressed in response to n-3 dietary treatment.  

Prostaglandin E synthase, PPAR-α, and PPAR-δ were up regulated in heifers fed the high n-3 

diet compared to control. On the other hand phospholipase A2 were down regulated by n-3 diet. 

These authors speculated that the potential modulation in prostaglandin synthesis mediated by n-

3 FA could empower embryo survival, improving reproductive performance by dietary 

manipulations. The same authors evaluated genes related to the insulin-like growth factor (IGF) 

system in the endometrium and liver (Coyne et al., 2011). From the eleven genes researched in 
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the endometrium seven were differently expressed between the two dietary treatments. Insulin-

like growth factor-1, IGF binding protein 3, and IGFBP-6 genes were down regulated when 

cows were fed high n-3 diet, conversely IGF-2, IGF-1 receptor (IGF-1R), IGF-2R, and  IGBP-2 

were up regulated. In the hepatic tissue IGF-2R, IGFBP-1, and IGFBP-5 were up regulated when 

heifers receive the high n-3 diet, whereas the growth hormone receptor (GHR) 1A was down 

regulated. All other genes evaluated were not differently expressed. Interesting, the pattern of 

gene expression was not the same among the tissues, furthermore the concentrations of IGF-1 in 

plasma followed a different pattern with higher concentrations been found in heifers fed high n-3 

diet (Childs et al., 2008). Because the liver is the major tissue producing IGF-1 and the IGFBP-1 

and -5 were up regulated in the hepatic tissue, it could be speculated that binding proteins are 

increasing the half-life of the IGF-1 circulating in plasma (Jones and Clemmons, 1995). 

In a broader approach, Waters et al. (2012) conducted a microarray analysis in the 

endometrial tissue of beef heifers fed control or high n-3 diets. A total of 1,807 genes were 

differently expressed and 50 different networks were identified by the Ingenuity Pathway 

Analysis. As anticipated, lipid metabolism was highlighted in several of the pathways identified 

as influenced by n-3 FA. The prostaglandin synthesis was re-confirmed by the microarray 

analysis to be regulated by PUFA, with the n-3 family of FA inducing a down regulation of 

mRNA expression of the series 2 of prostaglandins. Other two pathways were also identified by 

the Ingenuity Pathway Analysis with several genes related to maternal immune response and 

tissue remodeling. Collectively, these alterations in the uterine transcriptome are thought to be 

more conducive to maintenance of pregnancy by influencing pregnancy recognition, 

implantation, and formation of the placenta. The molecular modifications occurring in the 

endometrium as a result of dietary supplementation with n-3 PUFA converges to a decrease in 
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prostaglandin F2α synthesis, which could give the embryo a better timing for appropriate cross-

talk with the endometrium and other maternal tissues. Furthermore, changes in the IGF system 

could promote enhanced embryo development for maintenance of the pregnancy.
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Figure 1-1. Overview of the structure of four different 18 carbon fatty acids. (A) Stearic acid an 

18 carbon saturated fatty acid; (B) Oleic acid, an 18 carbon monounsaturated FA and 

representing the omega 9 family; (C) Linoleic acid, an 18 carbon polyunsaturated 

fatty acid with two double bonds and representing the omega 6 family; and (D) α-

Linolenic acid, an 18 carbon polyunsaturated fatty acid with 3 double bonds and 

representing the omega 3 family. 
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Figure 1-2. Biosynthesis of long-chain polyunsaturated fatty acids in mammals (adapted from 

Leonard et al., 2004). 

 

 

18:2n-6

Linoleic

18:3n-6

γ-Linolenic

20:3n-6

Dihomo-γ-linolenic

20:4n-6

Arachidonic

22:4n-6

Adrenic

24:4n-6

ω6-Tetracosatetraenoic

24:5n-6

ω6-Tetracosapentaenoic

22:5n-6

ω6-Docosapentaenoic

18:3n-3

α-Linolenic

18:4n-3

Stearidonic

20:4n-3

Eicosatetraenoic

20:5n-3

Eicosapentaenoic

22:5n-3

ω3-Docosapentaenoic

24:5n-3

ω3-Tetracosapentaenoic

24:6n-3

ω3-Tetracosahexaenoic

22:6n-3

ω3-Docosahexaenoic

Δ6 

Desaturase

Elongase

Elongase

Elongase

Elongase

ElongaseElongase

Δ6 Desaturase

β-Oxidation

Δ6 Desaturase

β-Oxidation

Δ6 

Desaturase

Δ5 

Desaturase

Δ5 

Desaturase

Omega 6 pathway Omega 3 pathway



 

51 

 

 

Figure 1-3. Overview of the mechanisms in which fatty acid can alter inflammatory cell function 

(Adapted from Calder, 2011). 
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Figure 1-4. Biosynthetic pathway of active lipid mediators. Linoleic and α-linolenic acids are the 

ancient and less active fatty acids from the n-6 and n-3 families, respectively. These 

two essential fatty acids compete for enzymes desaturases and elongases which are 

essential for the formation of longer chain fatty acids, EPA and DHA (n-3), and 

arachidonic acid (n-6). These PUFA can be incorporated in the membranes and serve 

as substrates for the biosynthesis of eicosanoids through cyclooxygenase (COX) and 

lipoxygenase (LOX) pathways. PLA2, phospholipase A2; PGE2, prostaglandin E2; 

PGF2α, prostaglandin F2α; PGI2, prostaglandin I2; PGD2,  prostaglandin D2; 15d-PGJ2, 

cyclopentenone prostaglandin; TX, thromboxane; LX, lipoxin; LT, leukotriene; 

HPETE, hydroperoxy-eicosatetraenoic acid; HODE, hydroxyoctadecadienoic acid; 

HETE, hydroxyeicosatetraenoic acid; 17sHDHA, 17s-hydroxy-docosahexaenoic acid; 

17sHpDHA, 17s-hydroperoxy-DHA (Adapted from Sordillo et al., 2009).   
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CHAPTER 2 

EFFECTS OF FATTY ACID SUPPLEMENTATION ON PERFORMANCE OF 

PERIPARTURIENT DAIRY COWS 

Two experiments were conducted to evaluate the effects of supplementing diets 

containing low amounts of fatty acids (FA) with either mostly saturated free FA (SFA) or Ca 

salts containing essential FA (EFA) on lactation performance and metabolism during late 

gestation and early lactation. The overall hypothesis was that supplementing FA to diets with 

limited concentrations of essential FA, especially linoleic acid, would improve performance, but 

the benefits would be greater when the fat supplement contained EFA compared with only SFA. 

Fatty acid absorption was estimated based on FA intake, using the fat sub model of CPM-Dairy 

software and FA balance was calculated considered FA absorption, secretion in milk and a 

maintenance requirement. In experiment 1, 23 nulliparous and 53 parous Holstein cows were 

assigned to treatments 56 d before calving, and treatments were maintained until 90 d in milk. 

Feeding fat prepartum did not affect dry matter (DM) intake; however cows fed the EFA diet had 

less intake than cows fed SFA (control = 11.3 vs. SFA = 11.4 vs. EFA = 10.2 ± 0.6 kg/d), 

resulting in reduced positive energy balance (2.1, 2.8, and 0.9 ± 0.9 Mcal/d, respectively for 

control, SFA and EFA). Postpartum DM intake, body weight, and body condition score did not 

differ with feeding fat or type of supplemental FA fed; although cows fed SFA had the greatest 

energy balance. Milk production tended to be greater for cows fed the EFA diet and averaged 

28.1, 25.8, and 30.7 ± 1.5 kg/d for primiparous and 35.3, 37.8, and 37.5 ± 1.0 kg/d for 

multiparous cows fed control, SFA, and EFA diets, respectively. Cows fed EFA had increased 

concentrations of β-hydroxybutyric acid, whereas, cows fed SFA had increased concentrations of 

glucose and insulin. In experiment 2, 12 primiparous and 18 multiparous Holstein cows were 

assigned randomly to the same treatments at 15 d in milk and the study lasted 91 d. 

Supplementing the diet with fat tended to increase DM intake (22.5, 23.5 and 23.8 ± 0.6 kg/d, for 
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control, SFA and EFA, respectively). Yields of milk (37.7, 39.9 and 43.4 ± 0.8 kg/d), milk fat 

(1.31, 1.43 and 1.57 ± 0.04 kg/d), and true protein (1.09, 1.17 and 1.26 ± 0.02 kg/d) increased 

with feeding fat and with type of FA. Cows fed fat were more efficient in converting feed into 

3.5% fat-corrected milk, but no differences were observed between diets differing in type of 

supplemental FA. In both studies, cows fed EFA secreted more linoleic and α-linolenic acids in 

milk, and had greater estimated absorption and balance of linoleic and α-linolenic acids. 

Supplementing diets low in FA with Ca salts containing EFA improved essential FA balance and 

lactation performance of dairy cows. 

Introduction 

The transition period, characterized by a series of physiological adaptations to 

accommodate lactation, is the most challenging phase in the life of the modern dairy cow. 

Nutrient demands for final fetal development and for synthesis of colostrum and milk 

exponentially increase, with consequent metabolic and hormonal adaptations (Bell, 1995). 

Concurrent with the transition from nonlactating pregnant to nonpregnant lactating, many cows 

also experience declines in DM intake during late gestation that is not compatible with their 

nutrient needs (Bell, 1995; Drackley, 1999). Supplemental fat is used commonly in dairy cattle 

rations to increase energy intake, with attempts to reduce body fat mobilization and, when fed 

during transition, to minimize the incidence of early lactation disorders (Damgaard et al., 2013). 

Nevertheless, feeding supplemental FA to cows in late gestation and early lactation is 

controversial (Drackley, 1999). Criticism of feeding fat has been primarily because it can 

suppress DM intake (Allen, 2000), and cause further imbalance of supply of nutrients in early 

lactation (Drackley, 1999) with no benefits to energy balance. Linoleic (C18:2-cis9,cis12) and α-

linolenic acids (C18:3-cis9,cis12,cis15) are essential to mammals because they lack the delta 12 

and 15 desaturases (Hashimoto et al., 2006). Essential FA and other longer chain omega-6 and 3 
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FA are active molecules that not only provide calories, but also influence gene expression that 

affect metabolism (Jump, 2002) and immune responses (Calder et al., 2012), and have impacts 

on reproduction of dairy cows (Santos et al., 2008). 

Ruminal microbes extensively hydrogenate unsaturated FA fed to lactating dairy cattle 

(Jenkins et al., 2008), which limits the intestinal supply of the essential FA linoleic and α-

linolenic acids. Despite the limited intestinal flow of unsaturated FA, dairy cattle do not display 

any signs of essential FA deficiency, as observed in pre-ruminant calves fed fat-free diets 

(Cunningham and Loosli, 1954). Most likely, ruminants evolved conservation mechanisms to 

preserve and limit the disposal of essential FA to prevent deficiencies during periods of 

inadequate intake (Lindsay and Leat, 1977; Mattos and Palmquist, 1977). A major drain of 

essential FA is milk fat synthesis in lactating dairy cows, and estimates of duodenal supply 

relative to milk secretion indicate that, in many cases, milk secretion surpasses that of intestinal 

absorption (Avila et al., 2000). This is particularly the case for α-linolenic acid that is more 

extensively biohydrogenated (Avila et al., 2000). As other species, lactating dairy cows have a 

daily requirement for essential FA beyond milk fat synthesis. If secretion of essential FA is 

greater than intestinal absorption, then cows have to rely on stores of these essential nutrients. 

An important source of essential FA is blood plasma, but likely mobilization of lipid reserves 

from adipose tissue also contributes to meeting the needs for linoleic and α-linolenic acids for 

milk synthesis during periods of negative essential FA balance. As milk production declines, DM 

intake increases, and cows gain BW. It is possible that reserves of essential FA are replenished in 

blood plasma and body fat such that they can be mobilized to meet the needs in early lactation 

(Roche et al., 2006; Roche et al., 2009; Gross et al., 2011). If true, then it is possible that altering 
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dietary FA during the non-lactating period might influence tissue composition and the supply of 

essential FA mobilized during early lactation. 

The effect on performance of dairy cows fed fat is influenced by when supplementation is 

initiated. Cows supplemented with fat in early lactation have improved milk production, whereas 

supplementation in mid to late lactation may not necessarily increase production (Onetti and 

Grummer, 2004), but improve body fat reserves. Nevertheless, criticism of feeding fat prepartum 

exists, in part because experiments in the literature used diets with excessive amounts of 

supplemental FA (Grum et al., 1996). Limiting the dietary supply of essential FA might 

influence the response to feeding fat, particularly in early lactation when nutrient intake lags 

behind the needs for milk synthesis.  

It was hypothesized that cows fed diets with limited concentrations of essential FA, 

particularly linoleic acid, would have decreased performance compared with cows supplemented 

with essential FA. Furthermore, it was expected that supplementation with saturated FA would 

not have similar effects on lactation performance to those of supplementing essential FA. 

Therefore, the objectives of the present study were to evaluate the effects of supplementing diets 

containing low amounts of FA with either mostly saturated free FA or Ca salts containing 

essential FA during late gestation and early lactation on performance, energy metabolism, and 

metabolic status.   

Materials and Methods 

Two experiments were conducted at the University of Florida Dairy Unit (Hague, FL). 

Experiment 1 was conducted from October 2008 to early June 2009 and cows calved between 

December 2008 and March 2009. Experiment 2 was conducted from October 2011 to March 

2012 and cows calved between October and December 2011. All experimental cows were 
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managed according to the guidelines approved by the University of Florida Institute of Food and 

Agricultural Sciences Animal Research Committee.  

Experiment 1 

Study design, animals, housing and feeding  

The experiment was a completely randomized design with blocks. Weekly cohorts of 

cows were blocked by parity (nulliparous, n = 23 and parous, n = 53) and body condition and, 

within each block, randomly assigned to one of three treatments. Cows were allocated to 

treatments at 56 d before calving. Treatments for the pre- and postpartum periods were no fat 

supplementation pre- and postpartum (control, n = 26), fat supplementation of 1.7 and 2.0% of 

dietary DM, respectively, added as mostly saturated free FA (SFA; Energy Booster100, Milk 

Specialties, Dundee, IL; n = 25), and 2.0 and 2.4% of dietary DM, respectively, as Ca salts 

enriched with essential FA (EFA, Megalac-R; Church & Dwight, Princeton, NJ; n = 25). The FA 

composition of the supplemental fat sources is depicted in Table 2-1. The amounts of 

supplemental FA from SFA and EFA were based on the FA content of each supplement to 

ensure similar concentrations of supplemental FA in diets of cows supplemented with fat. 

The control diet fed pre- and postpartum was formulated to contain low concentrations of 

FA, particularly linoleic acid, but meet the metabolizable protein and energy of a prepartum cow 

weighing 680 kg and consuming 10 kg of DM/d and of a postpartum cow weighing 620 kg and 

producing 38 kg of milk/d when consuming 23 kg of DM/d (Table 2-2; NRC, 2001). The total 

FA content of rations in which fat was supplemented was moderate and the supplies of linoleic 

and α-linolenic acids were similar between control and SFA diets, but both differed from those 

of EFA diets. Because cows fed EFA received Ca salts of FA, the total Ca content of the pre- and 

postpartum diets differed from those of cows fed control and SFA (Table 2-2). 



 

58 

Cows were housed in sod-based pens and fed in groups during the first 32 d of the study. 

At 255 d of gestation, cows were moved to a pen equipped with individual feeding gates (Calan 

gates, America Calan Inc., Northwood, NH) for measurements of daily DM intake. Cows were 

fed the prepartum diets an average of 56 d, and measurements of prepartum DM intake averaged 

23.5 d per cow. Prepartum diets were offered once daily at 10:00 h to allow 5% orts. Postpartum 

cows were housed in a free-stall barn with sand-beds equipped with individual feeding gates. 

Postpartum diets were fed twice daily, at 07:00 and 13:00 h and amounts were adjusted daily to 

allow for 5% orts. Amounts offered and refused were measured daily pre- and postpartum. Dry 

matter intakes were calculated for the last 3 wk prepartum and the first 13 wk postpartum.  

Measurements of milk and yield and concentrations of milk components 

Cows were milked twice daily at 06:00 and 18:00 h, and milk production was recorded at 

each milking for individual cows (AfiFlo milk meters, S.A.E. Afikim, Israel). Samples of milk 

were collected once weekly in two sequential milkings, morning and afternoon, for 

measurements of concentrations of fat, true protein, lactose and somatic cells (SCC). Bronopol-

B-14 was used as a preservative and samples were sent to Southeast Milk laboratory (Belleview, 

FL) for analyses using a Bentley 2000 NIR analyzer. Milk yield from each sampling was taken 

into account to calculate the final concentration of milk components. Milk also was sampled on 

weeks 5, 6, and 7 postpartum and stored at -20oC without preservative for later analyses of FA. 

Yields of milk corrected for 3.5% fat content (3.5% FCM) and for total solids (SCM) were 

calculated as: 3.5% FCM = 0.4324 x milk kg + (16.218 x milk fat kg); SCM = milk kg x [(12.24 

x fat %) + (7.10 x protein %) + (6.35 x lactose %) – 0.0345], respectively. 

Body weight, body condition score, energy balance, and feed efficiency 

Cows were weighed, using a digital scale, twice prepartum, at 55 and 23 d before calving, 

at calving, and then weekly postpartum. Postpartum BW was measured immediately after the 
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morning milking. Concurrent with BW measurements, the body condition was scored using a 5-

point scale (from 1 = emaciated to 5 = obese) divided into 0.25 points according to Fergusson et 

al. (1994), as depicted in the Elanco BCS chart (Elanco Animal Health, 2009). The BCS was 

evaluated by the same person to minimize variation.  

Pre- and postpartum net energy (NE) balances were calculated as: prepartum, NE balance 

= NE intake – (NE for maintenance + NE for gestation); postpartum, NE balance = NE intake – 

(NE for maintenance + NE of milk).  

Net energy for maintenance was calculated using equations from NRC (2001) according 

to the BW of cows. The NE requirement for gestation was considered as 3.5 Mcal/d, based on 

the equation: NE (Mcal/d) = [(0.00318 x day of pregnancy – 0.0352) x (calf birth 

weight/45)]/0.218. The day of pregnancy was considered the average day of gestation during the 

last 14 d of pregnancy, and calf birth weight. According to concentrations of fat, true protein, and 

lactose, milk NEL (Mcal/kg) was calculated as follows: [(0.0929 x fat %) + (0.0563 x protein %) 

+ (0.0395 x lactose %)]. Gross feed efficiency was calculated considering 3.5% FCM and DM 

intake (3.5% FCM/DM intake). 

Blood sampling and analyses  

Blood was sampled weekly before calving and then thrice weekly postpartum through 40 

DIM. Blood was sampled by puncture of the coccygeal vein/artery into evacuated tubes 

containing K2EDTA (Vacutainer, Becton Dickinson, Franklin Lakes, NJ). Upon collection, tubes 

were placed immediately in ice and transported to the laboratory within 4 h. Plasma was 

separated by centrifugation (2095 x g for 15 min, Allegra X-15R Centrifuge) and aliquots stored 

at -20oC for later analyses. 

Plasma samples were analyzed for concentrations of NEFA according to Johnson and 

Peters (1993) using a commercial kit (NEFA-C Kit; Wako Fine Chemical Industries USA, Inc., 
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Dallas TX), and BHBA using a commercial kit (Autokit 3-HB Cyclic Enzymatic method; Wako 

Diagnostics, Richmond, VA) according to the manufacturer guidelines. Concentration of urea N 

in plasma was determined with a Technicon Autoanalyzer (Technicon Instruments Corp., 

Chauncey, NY) using a modification of Coulombe and Favreau (1963) and Marsh et al. (1965). 

The intra- and inter-assay CV were 1.9 and 4.3%, respectively. Glucose was analyzed using the 

autoanalyzer following a modification of the method by Gochman and Schmitz (1972), and the 

intra- and inter-assay CV were 1.6 and 3.2%, respectively. Concentration of insulin in plasma 

was measured using a double antibody radioimmunoassay (Badinga et al., 1991). The intra- and 

inter-assay CV were 8.0 and 8.5%, respectively. Insulin-like growth factor 1 concentration was 

determined using an enzymatically amplified two-step sandwich-type immunoassay (DSL-10-

2800 Active Non-Extraction IGF-1 Elisa; Diagnostic Systems Laboratories Inc., Webster, TX). 

The intra- and inter-assay CV were 4.7 and 8.4%, respectively. 

Fatty acid analysis of plasma, milk fat, and fat supplements  

Milk sampled on weeks 5, 6, and 7 postpartum were thawed and centrifuged (17,800 x g 

for 30 min at 8oC) to isolate the milk fat. Subsequently, milk fat was composited by cow based 

on the fat yield of each of the milkings sampled, and the FA profile was analyzed by gas 

chromatography as described by Caldari-Torres et al. (2011).   

Plasma samples collected thrice weekly during weeks 1, 3, and 5 postpartum were pooled 

on a weekly basis to generate a 1.5 mL sample, which was subsequently freeze-dried (Labconco, 

Kansas City, MO). The FA isolation and methylation of the fat supplements and freeze-dried 

plasma samples were performed according to Kramer et al. (1997). Fatty acid methyl esters were 

determined using a Varian CP-3800 gas chromatograph (Varian Inc., Palo Alto, CA) equipped 

with auto-sampler (Varian CP-8400), flame ionization detector, and a Varian capillary column 

(CP-Sil 88, 100 m x 0.25 mm x 0.2 μm). The carrier gas was He, the split ratio was 10:1, and the 
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injector and detector temperatures were maintained at 250oC. One microliter sample was injected 

via the auto-sampler into the column. The oven temperature was set initially at 120oC for 1 min, 

increased by 5oC/min up to 190oC, held at 190oC for 30 min, increased by 2oC/min up to 220oC, 

and held at 220oC for 15 min. The peak was identified and calculated based on the retention time 

and peak area of known standards. 

Experiment 2 

Study design, animals, housing and feeding 

The experiment was a complete randomized design with blocks. Cows were fed the 

control diet for the first 14 DIM. Cows were blocked by parity (primiparous [n=12] vs. 

multiparous [n=18]) and, within parity, by milk production from 6 to 10 DIM. Within each 

block, cows were assigned randomly to one of three dietary treatments as described in 

experiment 1. Treatments were administered for 90 d, from 15 to 105 DIM, and diets are 

depicted in Table 2-3. 

Measurements of milk and milk components 

Cows were milked twice daily at 0600 and 1800 h. Individual yield of milk (AfiFlo milk 

meters, S.A.E. Afikim, Israel) and concentrations of fat, true protein, and lactose (AfiLab on-line 

real-time milk analyzer, S.A.E. Afikim, Israel) were recorded by the Afikim milking system. The 

AfiLab system was calibrated each month, with data on milk composition from 480 cows 

analyzed by the Southeast DHIA laboratory in Bellview, FL. Concentrations of milk components 

from each milking were used to calculate the daily yields of fat, protein, and lactose after 

adjusting for milk production during each milking. The same equations described for experiment 

1 were used to calculate 3.5% FCM and SCM.  

Milk was sampled during four consecutive milkings in week 10 of the study, when cows 

were 81 ± 3 DIM, and stored at -20oC without preservative for later analysis for FA. 
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Body weight, body condition score, energy balance, and feed efficiency  

Cows were weighed immediately after each milking using a walk-through scale 

(AfiWeigh, S.A.E. Afikim, Israel), and BW was averaged daily. Body condition was scored 

weekly as described for experiment 1. The same equations described for experiment 1 were used 

to calculate energy balance and feed efficiency. 

Fatty acid analysis of milk fat and plasma 

Milk samples were thawed and composited based on the yield of fat at each milking 

sampled, and then centrifuged (17,800 x g for 30 min at 8oC) to isolate the milk fat. The “milk 

fat cake” was sent to Clemson University to determine the FA profile. The FA methyl esters 

were obtained following the procedures of O’Fallon et al. (2007). Individual FA were identified 

using a gas chromatograph (Shimadzu America, Inc., Columbia, MD). The carrier gas was H, the 

split ratio was 5:1, and the injector and detector temperatures were maintained at 240oC. One to 3 

μL of sample were injected into the column. The oven temperature was initially set to 125oC for 

2 min, increased by 0.5oC/min up to 155oC, increased by 2oC/min up to 235oC, and maintained 

for 13 min. The standards utilized to identify the peaks were GLC-603, GLC-484 and GLC-90 

(Nu-Check Prep, Inc., Elysian, MN).  

On week 5 of the study, blood was sampled by puncture of the coccygeal vein/artery into 

tubes containing K2DTA (Vacutainer, Becton Dickinson, Franklin Lakes, NJ) and placed 

immediately in ice. Plasma was separated by centrifugation (2,100 x g for 15 min, Allegra X-

15R Centrifuge) and then stored at -20oC. An aliquot of 2 mL was freeze-dried and the FA 

isolation and methylation was performed according to Kramer et al. (1997). Fatty acid methyl 

esters were determined using a Varian CP-3800 gas chromatograph (Varian Inc., Palo Alto, CA) 

equipped with auto-sampler (Varian CP-8400), flame ionization detector, and a Varian capillary 

column (CP-Sil 88, 100 m x 0.25 mm x 0.2 μm). The carrier gas was He, the split ratio was 10:1, 
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and the injector and detector temperatures were maintained at 250oC. One microliter sample was 

injected via the auto-sampler into the column. The oven temperature was set initially at 70oC for 

3 min, increased by 30oC/min up to 162oC, increased by 0.5oC/min up to 165oC, increased by 

0.6oC/min up to 195oC, held at 195oC for 20 min, increased by 3.5oC/min up to 220oC, and held 

at 220oC for 6 min. The peaks were identified and calculated based on the retention time and 

peak area of known standards. 

Linoleic and α-Linolenic Acid Absorption, Secretion and Balance 

Linoleic and linolenic acid absorption for experiments 1 and 2 was estimated based on 

FA intake, using the fat sub model of the CPM-Dairy software (CPM-Dairy ver. 3.0.10; 

www.cpmdairy.net). Weekly averages of DM intake of each cow were entered into the software. 

Secretion of linoleic and linolenic acid in milk were calculated based on the weekly average of 

milk fat yield and the proportion of linoleic and linolenic acids detected in milk fat. Milk fat was 

assumed to be all triacylglycerol and a 10% discount was applied to account for the glycerol 

weight. This is an intermediate value of a diverging calculation from two different laboratories. 

According to Glasser et al. (2007a) the glycerol weight should represent 6.7% of milk fat, 

whereas Schauff et al. (1992) calculated that 12.0% should be accounted for the glycerol weight. 

Therefore the amounts of FA secreted in milk were calculated as follows: FA secretion (g/d) = 

[milk fat (g/d) x 0.90)] x FA in milk fat (g/100 g of FA).  

To calculate linoleic and linolenic acids balance, a maintenance requirement of 183.5 and 

91.7 mg/kg of BW0.75 was considered for linoleic and linolenic acids, respectively. These 

requirements were based on human adequate intake of 2.0 and 1.0 % of the energy intake being 

linoleic and linolenic acid, respectively (Simopoulos, 2000). A standard 2,000 kcal diet for an 

average 70 kg human being was considered. The formula was as follows: FA balance (g/d) = 

{FA absorbed (g/d) – [FA secreted in milk (g/d) + FA needed for maintenance (g/d)]}. 
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Statistical Analyses 

Data were analyzed by the GLIMMIX procedure of SAS (SAS ver. 9.2, SAS Inst. Inc., 

Cary, NC) fitting either a Gaussian or Poisson distributions according to the type of data. Data 

with repeated measurements over time within the same experimental unit were analyzed with 

cow nested within treatment as the random error for testing the effects of treatment. Continuous 

data were tested for normality of residuals, and non-normally distributed data were transformed 

before statistical analyses.  

All statistical models included the effects of treatment, parity, time, and interactions 

between treatment and parity, treatment and time, parity and time, and treatment and parity and 

time. The time reference for the model was either day or week, relative to calving. The models 

used in experiment 2 were the same as in experiment 1; however, pre-treatment covariates 

measured when cows were fed a common diet were used for analyses of lactation performance 

for experiment 2. The time reference of experiment 2 was either day or week relative to calving. 

Orthogonal contrasts were performed to determine the effect of supplemental fat (control vs. 

SFA + EFA) and source of FA (SFA vs. EFA), and the interactions with parity. The covariance 

structure (compound symmetry, heterogeneous compound symmetry, autoregressive 1, 

heterogeneous autoregressive 1, toeplitz) that resulted in the lowest Akaike’s information 

criterion was used. For unequally spaced measurements, the spatial power covariance structure 

was used. The Kenward-Roger method was used to calculate the denominator degrees of 

freedom to approximate the F tests in the mixed models. When a single measurement was 

determined for each cow, then the model included the effects of treatment, parity, and interaction 

between treatment and parity.  

Significance of the differences was declared when P ≤ 0.05 and tendency was considered 

when 0.05 < P ≤ 0.10.  
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Results 

Experiment 1 

The duration of treatments prepartum did not differ (P = 0.67) among treatments and 

averaged 56 d. Additionally, BW (P = 0.41) and BCS (P = 0.12) did not differ among treatments 

at enrollment, which averaged 524 ± 19 and 699 ± 12 kg, and 3.35 ± 0.07 and 3.30 ± 0.04 for 

nulliparous and parous cows, respectively. 

Prepartum DM intake, body weight and body condition 

Prepartum DM intake was not affected by feeding fat; however, cows fed EFA consumed 

less DM (P = 0.03) compared with those fed SFA (control = 11.3, SFA = 11.4, and EFA = 10.2 

± 0.6 kg/d). Mean BW and BCS during the prepartum period were not influenced by diet and 

averaged 663 kg and 3.41, respectively. Although BW change was not affected by feeding fat, 

the reduced DM intake prepartum for cows fed EFA resulted in less (P = 0.05) BW gain than 

that of cows fed SFA. Body weight gains prepartum were 1.1, 1.4, and 1.0 ± 0.2 kg/d, for cows 

receiving control, SFA, and EFA diets, respectively. Feeding fat did not affect the calculated 

mean NE balance prepartum. Although cows in all treatments were in positive energy balance, 

which averaged 2.1, 2.8, and 0.9 ± 0.9 Mcal/d, for cows receiving control, SFA, and EFA diets, 

respectively, the lower DM intake by cows fed EFA compared with SFA resulted in a 1.9 Mcal/d 

reduction (P = 0.03) in NE balance. 

Postpartum DM intake, body weight and body condition 

Postpartum DM intake was not affected by either feeding fat or source of supplemental 

FA, but an interaction (P = 0.01) between FA and parity was detected. Primiparous cows fed 

EFA had the greatest postpartum DM intake followed by cows fed SFA and then control cows 

(15.1 vs. 16.5 vs. 17.5 ± 0.8 kg/d), whereas for multiparous cows, those fed EFA had the lowest 

intake followed by control and SFA cows (21.0 vs. 22.1 vs. 18.6 ± 0.8 kg/d).  
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Energy balance was influenced by feeding fat (P = 0.02) and by the type of FA fed (P < 

0.01). Control cows had the lowest balance of NE, whereas SFA cows had the highest, with EFA 

intermediate (-2.1 ± 1.0 vs. 2.3 ± 0.8 vs. -0.9 ± 0.8 Mcal/d). An interaction (P = 0.02) between 

feeding fat and parity was observed for NE balance because control primiparous cows had the 

lowest balance (-3.4 vs. 2.7 vs. 1.3 ± 0.9 Mcal/d), whereas for multiparous cows, those fed EFA 

had the lowest NE balance (-0.8 vs. 1.9 vs. -3.2 ± 0.9 Mcal/d). Despite the differences in energy 

balance, treatment did not influence the mean BW, the BW change, and the BCS of cows in the 

first 90 d postpartum (Table 2-4).  

Milk production and composition and feed efficiency 

Yield of milk in the first 90 d postpartum was not influenced by feeding fat, but it was 

affected (P = 0.06) by the type of FA fed because EFA cows produced more milk than cows fed 

SFA (Table 2-4; Figure 2-1). Yields of milk averaged 28.1, 25.8, and 30.7 ± 1.5 kg/d for 

primiparous and 35.3, 37.8, and 37.5 ± 1.0 kg/d for multiparous cows fed control, SFA and EFA, 

respectively. The positive effect of source of FA was observed primarily in the primiparous 

cows, in which the milk yield increased 4.9 kg/d for EFA compared with SFA (interaction FA by 

parity P = 0.03). No treatment effect was observed for production of milk corrected for the 

contents of fat and of solids, and they averaged, respectively, 32.6 ± 1.1 and 28.9 ± 1.0 kg/d for 

control, 30.8 ± 0.9 and 27.4 ± 0.8 kg/d for SFA, and 32.8 ± 1.0 and 29.2 ± 0.9 kg/d for EFA. 

The concentration of fat in milk was affected by feeding fat (P < 0.01), but there was no 

difference between sources of FA, and averaged 3.76 ± 0.10, 3.33 ± 0.08, and 3.32 ± 0.09 % for 

cows fed the control, SFA, and EFA diet, respectively (Table 2-4). Fat yield was not affected by 

feeding fat, but tended (P = 0.10) to be greater for cows fed EFA than SFA (control = 1.16 ± 

0.04 vs. SFA = 1.05 ± 0.04 vs. EFA = 1.12 ± 0.04 kg/d). Concentrations of true protein and 

lactose in milk were not influenced by treatment. Although protein yield was not affected by 
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feeding fat, it increased (P = 0.05) when cows were fed EFA compared with SFA (control = 0.87 

± 0.03 vs. SFA = 0.87 ± 0.03 vs. EFA = 0.94 ± 0.03 kg/d). An interaction (P = 0.04) between the 

type of FA and parity was observed for protein yield because most of the benefit from feeding 

EFA was observed in primiparous cows. The NE for lactation content of milk was less (P < 0.01) 

for cows supplemented with fat, but it did not differ between those fed SFA or EFA. The SCS 

was not influenced by dietary treatments and averaged 2.27. 

Cows fed fat tended (P = 0.09) to be more efficient converting feed into milk, and those 

fed EFA were more efficient (P < 0.01) than cows fed SFA. An interaction (P < 0.01) between 

feeding fat and parity was detected because for primiparous cows, those fed the control diet were 

more efficient than those fed fat (2.0 vs. 1.5 vs. 1.7 ± 0.1), whereas the opposite was observed 

for multiparous cows (1.8 vs. 1.8 vs. 2.1 ± 0.1). 

Fatty acid profile of milk and plasma 

Supplementation with fat, as well as the type of FA fed, had major impacts on the FA 

profile of milk fat (Table 2-5). Control cows had milk fat with greater proportions of short and 

medium chain FA (< 16 C) than cows fed fat. The opposite response was observed for FA with 

greater than 16 C. Within cows supplemented with fat, those fed EFA produced milk with 

greater proportion of pre-formed long chain FA than cows fed SFA. Supplementing the diets 

with fat reduced (P < 0.001) the proportion of saturated FA in milk fat, and this effect was more 

pronounced (P < 0.01) in those fed EFA than SFA. Conversely, cows fed fat, particularly those 

fed EFA produced milk with a greater (P < 0.001) proportion of polyunsaturated FA than cows 

fed either control or SFA (3.62 ± 0.21, 4.91 ± 0.17, and 6.35 ± 0.18 g/100g of FA). The positive 

effect of feeding fat, particularly EFA, on the polyunsaturated FA content was, in part, because 

of the increased (P < 0.001) proportions of the essential FA linoleic and linolenic acids in milk 

fat. The FA known to cause milk fat depression, C18:2-trans10,cis12, increased with feeding fat 
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(P < 0.001) and with the type of FA supplemented (P < 0.001). In fact, cows fed fat, particularly 

those fed EFA, had the greatest concentrations of total conjugated linoleic acid (CLA), 

monoenoic C18 trans FA, and total trans FA (Table 2-5). Because of the increased dietary 

supply of n-6 and n-3 FA with EFA supplementation, both feeding fat (P < 0.001) and type of 

FA (P < 0.001) altered the content of all n-6 and n-3 FA in milk fat. This resulted in a greater (P 

< 0.001) ratio of n-6 to n-3 FA in milk fat of cows fed fat, particularly those fed EFA.  

The transfer efficiency of dietary linoleic acid into milk fat was affected (P < 0.01) by the 

type of FA. Feeding fat did not influence (P = 0.76) the transfer efficiency of linoleic acid. Cows 

fed the control diet had intermediate transfer efficiency for linoleic acid transfer, and it was 

greatest for SFA and lowest for EFA (21.9 ± 1.4 vs. 25.4 ± 1.1% vs. 19.4 ± 1.2%). On the other 

hand, the transfer efficiency of dietary α-linolenic acid into milk fat was not affected by feeding 

either fat (P = 0.68) or source of FA (P = 0.69) and it averaged 9.5 ± 0.5, 9.9 ± 0.4, and 9.6 ± 

0.5% for control, SFA, and EFA, respectively.  

Plasma FA composition followed a similar pattern to that of milk FA (Table 2-6). The 

proportion of saturated FA in plasma decreased (P = 0.02) with feeding fat, particularly when 

cows received EFA compared with SFA (P < 0.01). The concentration of saturated FA in plasma 

was highest for control cows, followed by cows fed SFA, and then by cows fed EFA (33.3 ± 0.3 

vs. 33.1 ± 0.3 vs. 31.6 ± 0.3 g/100g of FA). The concentration of linoleic acid in plasma of cows 

increased (P < 0.001) with feeding fat and with type of FA. Cows fed EFA had the greatest 

concentration of linoleic acid in plasma, followed by those fed SFA and then control. On the 

other hand, feeding fat reduced (P = 0.02) the concentration of α-linolenic acid in plasma, 

particularly when EFA was fed compared with SFA (P < 0.001). Because linoleic acid was the 

predominant unsaturated FA in plasma of cows, feeding fat, particularly EFA increased (P < 
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0.001) the concentration of total polyunsaturated FA in plasma. The changes in concentrations of 

linoleic and α-linolenic acids altered the ratio of n6 to n3 FA in plasma of cows. Feeding fat 

tended (P = 0.09) to influence the ratio mostly because EFA increased (P < 0.001) the ratio 

compared with cows fed SFA. 

Plasma metabolites and hormones  

The concentrations of NEFA were affected (P = 0.01) by an interaction between feeding 

fat and parity. For primiparous cows, those fed fat had less NEFA than control cows (control = 

431.7 ± 39.7 vs. SFA = 316.7± 28.0 vs. EFA = 341.1 ± 31.3 µM), whereas for multiparous cows, 

feeding fat increased plasma NEFA (control = 467.7 ± 19.3 vs. SFA = 463.6 ± 22.8 vs. EFA = 

522.4 ± 21.4 µM). These differences in plasma NEFA according to feeding fat seem to have 

occurred only after 2 wk postpartum (Figure 2-2).  

The plasma concentrations of BHBA were not influenced (P = 0.45) by feeding fat. 

However, cows fed EFA had greater (P < 0.001) BHBA concentrations than those fed SFA 

(Table 2-7). Furthermore, an interaction (P < 0.001) between type of FA and parity was detected 

because the increase in BHBA for cows fed EFA was observed only in multiparous cows (Figure 

2-3).  

Feeding fat did not affect the concentrations of glucose in plasma, but the latter were 

greater (P < 0.001) for cows fed SFA than EFA (Table 2-7). Similar to glucose, feeding fat did 

not affect the concentrations of insulin; however, cows fed SFA had greater (P < 0.001) insulin 

concentrations in plasma than cows fed the EFA. An interaction (P = 0.05) between feeding fat 

and parity was observed for plasma concentrations of IGF-1. For primiparous cows, feeding 

supplemental fat increased concentrations of IGF-1 (control = 58.4 ± 10.7 vs. SFA = 74.5 ± 7.5 

vs. EFA = 77.2 ± 8.4 ng/mL), whereas no difference was observed for multiparous cows (control 

= 39.3 ± 5.2 vs. SFA = 36.2 ± 6.2 vs. EFA = 22.7 ± 5.9 ng/mL). An interaction (P = 0.02) 
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between feeding fat and parity was also detected for plasma urea N. For primiparous cows, 

feeding fat reduced urea N (control = 13.2 ± 0.5 vs. SFA = 12.2 ± 0.4 vs. EFA = 12.2 ± 0.4 

mg/dL), whereas for multiparous cows feeding fat had no effect on concentrations of urea N in 

plasma (control = 11.3 ± 0.3 vs. SFA = 12.0 ± 0.3 vs. EFA = 11.9 ± 0.3 mg/dL). 

Linoleic and α-linolenic acid absorption, secretion, and balance  

The estimated intestinal absorption of linoleic acid increased (P < 0.001) with fat 

supplementation, and this increase was greater (P < 0.001) in cows fed EFA than SFA cows 

(Table 2-8). The secretion of linoleic acid in milk fat followed the same pattern as the estimated 

intestinal absorption. It increased (P < 0.001) with feeding fat and the increase was greater (P < 

0.001) for EFA than SFA. The resulting balance of linoleic acid was negative throughout the 

study for cows fed control and SFA (Table 2-8; Figure 2-4), but it became positive in EFA cows 

after week 5 postpartum.  

For α-linolenic acid, the estimated intestinal absorption, milk secretion, and balance 

followed similar patterns as those for linoleic acid. Cows fed the EFA diet had increased (P < 

0.001) estimated intestinal absorption and milk secretion, and the least negative mean α-linolenic 

acid balance (Table 2-8). Cows fed EFA reached a positive α-linolenic acid balance after 8 wk 

postpartum, whereas control and SFA cows remained in negative balance throughout the study 

(Figure 2-5).  

Experiment 2 

Lactational performance 

Experiment 2 utilized cows only during the early postpartum period, and the DM intake 

was not affected by either feeding fat or by the type of supplemental FA fed (Table 2-9). Cows 

fed fat had greater (P < 0.001) yields of milk, 3.5% FCM and SCM than control cows. In 

addition, the type of FA supplemented to cows also influenced production. Cows fed EFA 



 

71 

produced more (P < 0.01) milk and 3.5% FCM and tended (P = 0.07) to produce more SCM than 

cows fed SFA. Concentration of fat in milk tended (P = 0.08) to increase with feeding fat, but no 

difference was observed between SFA and EFA. Because both milk yield and fat content 

increased with feeding fat, the milk fat yield was also greater (P < 0.001) for SFA and EFA than 

controls, and that of EFA was greater (P = 0.02) than SFA. Concentrations of protein and lactose 

did not differ between treatments; however, as a consequence of the greater milk production, 

both protein and lactose yields increased (P < 0.001) with feeding fat, and they were greater (P < 

0.01) for cows fed EFA than SFA. The numerical differences in milk composition resulted in a 

tendency (P = 0.09) for increased NE content of milk when cows were fed fat, but no difference 

was observed between the two sources of supplemental FA. 

The efficiency of feed conversion into 3.5% FCM increased (P = 0.04) with feeding fat, 

but there was no difference between type of FA fed (Table 2-9). The NE balance did not differ 

between control and fat-supplemented cows, but it tended (P = 0.10) to be more positive for SFA 

than EFA. After discounting the NE required for maintenance from the caloric intake, the NE 

available for milk synthesis was greater (P < 0.05) with feeding fat and averaged 27.0 ± 1.1, 29.8 

± 1.1 and 29.8 ± 1.1 Mcal/d for control, SFA, and EFA cows. No difference was observed for 

NE available for milk synthesis between the two types of supplemental FA. The mean BW, BW 

changes, and BCS were similar among the three treatments.  

Fatty acid profile of milk and plasma  

As in experiment 1, the FA profile of milk fat was markedly altered by feeding fat and by 

the type of FA supplemented to cows (Table 2-10). The concentration of short and medium chain 

FA was less (P = 0.03) for cows supplemented with fat compared with controls. On the other 

hand, feeding fat increased (P = 0.01) the concentrations of FA with more than 16 C. Cows 

supplemented with EFA had less (P = 0.01) saturated FA in milk than those fed SFA. In fact, the 
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milk of cows fed EFA contained more (P < 0.001) polyunsaturated FA because of increased 

proportion of n-6 FA. The increase in n-6 FA, with little change in total n-3 FA, resulted in milk 

of cows fed fat containing a greater (P = 0.02) ratio of n-6 to n-3 FA, particularly those 

supplemented with EFA compared with SFA. The concentrations of most C18:1-trans increased 

with feeding EFA, whereas minor effects of dietary treatments were observed for the 

concentrations of FA with 20 or more C.  

Feeding EFA to lactating dairy cows increased (P = 0.02) the concentration of linoleic 

acid in plasma compared with cows fed SFA, but decreased (P < 0.001) those of α-linolenic and 

total n-3 FA in plasma (Table 2-11). The total concentration of n-6 FA tended (P = 0.08) to be 

greater for cows fed EFA than for cows fed SFA, with no overall effect of feeding fat. Cows fed 

fat had greater (P = 0.02) ratio of n-6 to n-3 FA than controls, and this effect was observed 

primarily because of feeding EFA.  

In general, the transfer efficiency of dietary essential FA into milk fat was not affected by 

either feeding fat or type of supplemental FA in experiment 2. For linoleic acid, the transfer 

efficiencies were 13.38 ± 0.72, 13.88 ± 0.72, and 13.89 ± 0.72% for control, SFA, and EFA, 

respectively, and neither feeding fat (P = 0.57) nor type of FA (P = 0.99) affected them. For α-

linolenic acid, the transfer efficiencies were not altered by feeding fat (P = 0.48) or by the source 

of FA fed (P = 0.12) and averaged 9.15 ± 0.34, 9.24 ± 0.34 and 8.48 ± 0.34% for control, SFA 

and EFA. 

Linoleic and linolenic acids absorption, secretion and balance  

Similar to the results of experiment 1, the estimated intestinal absorption of linoleic and 

α-linolenic acids increased (P < 0.01) with feeding fat primarily because of supplementation with 

EFA. Cows fed EFA had greater (P < 0.001) estimated intestinal absorption of the two essential 

FA than cows fed SFA (Table 2-8). Milk secretion of linoleic and α-linolenic acids was similar 
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between control and SFA, but increased (P < 0.02) with feeding EFA. Cows fed control and SFA 

were in negative balance of essential FA throughout the study, whereas those fed EFA reached a 

positive balance of linoleic acid after week 5 postpartum and of α-linolenic acid after week 12 

postpartum.   

Discussion 

Feeding fat, particularly EFA, improved lactation performance of dairy cows fed diets 

containing small concentrations of FA. The benefits of supplementing diets with EFA were more 

apparent in primiparous cows in experiment 1 but occurred in all cows in experiment 2. 

Supplementing diets of dairy cows with FA during late gestation and early lactation has been 

controversial. When fat is fed in excess, particularly with sources of unsaturated FA, it can 

suppress appetite and reduce DM intake (Allen, 2000). In the current study, feeding diets 

supplemented with EFA reduced DM intake prepartum despite the limited amounts of total FA 

fed. However, feeding fat or altering the type of FA of the supplemental fat source had no effect 

on DM intake postpartum in both experiments.  

One of the proposed mechanisms involved in reduction of DM intake by supplemental 

FA is the increased secretion of gut peptides that signal satiety (Choi et al., 2000; Bradford et al. 

2008). This has been suggested because of the observed increases in concentrations of 

cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1) when cows are fed fat (Choi et al., 

2000; Bradford et al. 2008). Nevertheless, when wethers were infused intravenously with 

increasing amounts of either CCK or GLP-1, DM intake did not decrease (Relling et al., 2011), 

therefore, suggesting that changes in individual gut peptides with feeding fat might not be the 

causative signals or simply insufficient to induce satiety. Excessive amounts of unsaturated FA 

might also influence intake by affecting diet acceptability, the rumen microflora and 

fermentation, gastrointestinal motility, supply of substrate for hepatic oxidation, or simply by 
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meeting the caloric needs of the cow. Collectively, it is possible that multiple mechanisms 

explain the reduced DM intake of transition cows when supplemented with FA. Although an 

overall decrease in DM intake is expected with feeding fat (Onetti and Grummer, 2004; Rabiee 

et al., 2012), the magnitude of depression in intake depends on the type and amounts of 

supplemental fat fed. In general, abomasal infusion of large quantities of fat, particularly those 

containing large proportion of unsaturated FA suppress intake (Bremmer et al., 1998). In many 

cases, the amounts of supplemental fat fed that reduced DM intake were either excessive or at 

least in the upper limit of those recommended for dairy cows (Allen, 2000), particularly in 

studies with prepartum cows (Grum et al., 1996; Damgaard et al., 2013).  

An increase in milk production is one of the most recognizable effects of feeding 

supplemental fat. Two systematic reviews of the literature documented the beneficial effects of 

feeding FA to dairy cows on production performance and efficiency of milk production (Onetti 

and Grummer, 2004; Rabiee et al., 2012). In both cases, milk production responses to feeding 

supplemental FA averaged approximately 1 kg/d, and a large portion of the variation in 

production responses were caused by interactions between the source of FA and the composition 

of the basal diet offered. Onetti and Grummer (2004) documented an increased response to FA 

supplementation when feeding started at the beginning of the lactation. The authors also 

observed that cows on high corn silage diets respond better to fat sources that are more rumen 

inert such as those in the form of Ca salts or saturated free fatty acids. In both experiments 

presented herein, cows were fed control diets with limited amounts of FA, particularly 

unsaturated FA. In experiment 2, special attention was made to formulate diets with sufficient 

total and forage NDF to avoid negative associative effects between dietary fat and highly 

fermentable carbohydrates.  
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Two different presentations of fat supplements were used in the experiments reported in 

this study, Ca salts and prilled saturated free FA. The two choices were based on the FA profile 

and the fact that others have evaluated the responses of dairy cattle when fed supplemental fat 

with the goal of increasing the caloric density of the diet. In recent systematic reviews of the 

literature, the use of Ca salts of FA in large quantities were more detrimental to intake, 

particularly when made of unsaturated FA, than feeding saturated free FA (Allen, 2000; Rabiee 

et al., 2012). Minor differences in production were observed when cows were fed either saturated 

free FA or Ca salts of FA (Rabiee et al., 2012). Therefore, it is unlikely that presentation of the 

FA supplemented either as Ca salts or a prilled FA influenced responses of cows, particularly 

with the low total dietary FA content and the low inclusion of supplemental fats in SFA and 

EFA.  

In experiment 1, supplementing diets with EFA starting prepartum improved milk yield, 

and most of the benefit was observed in primiparous cows. When balance of essential FA was 

estimated, it was observed that cows fed control and SFA were in negative balance of linoleic 

and α-linolenic acids longer than cows fed EFA. Even when no specific requirement for 

maintenance was used, the amounts of linoleic and α-linolenic acids secreted in milk surpassed 

those of estimated intestinal absorption for cows fed control and SFA. These results corroborate 

with those of the published literature that demonstrated greater milk secretion of essential fatty 

acids than intestinal absorption in mid-lactation cows (Christensen et al., 1998; Avila et al., 

2000). Therefore, it is plausible to suggest that early lactation dairy cows, when fed diets with 

limited amounts of polyunsaturated FA, undergo periods of negative balance of essential FA and 

have to draw on tissue reserves to maintain milk fat secretion and tissue needs of these FA. It is 

suggested that the benefits of supplementing EFA to early lactation cows, particularly when 
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compared with SFA, might have been caused by supplying additional essential FA for intestinal 

absorption that are needed for tissue metabolism and milk synthesis. In experiment 2, the greater 

magnitude of milk response when cows were fed EFA, suggests that increasing the supply of 

essential FA results in partition of more calories toward milk synthesis, resulting in less positive 

NE balance. Therefore, it is possible that, when essential FA are limiting, supplementing diets 

with fat sources containing linoleic and α-linolenic acids will increase availability of FA for milk 

synthesis and may improve partition of nutrients for milk synthesis.  

Feeding fat generally results in small increases in the plasmatic concentration of NEFA in 

dairy cows (Drackley, 1999). This increase in plasma NEFA, combined with supply of more 

lipogenic compounds during the period in which blood lipids are already high has been prone to 

criticism. However, the extent of increase in NEFA because of feeding fat is usually small and of 

lesser magnitude than the rise in NEFA concentrations observed with the onset of lactation 

(Grummer, 1993). Homeorhetic adaptations with lactation associated with inadequate DM intake 

result in extensive lipolysis in the first weeks postpartum (Grummer, 1993; Drackley, 1999). 

Nevertheless, the increases in NEFA and BHBA in the first weeks postpartum seem to be 

influenced more by unbalances between DM intake and milk yield, than by specific dietary 

components. In the present study, the patterns of NEFA concentrations in plasma seemed to 

follow the NE balance of cows. Cows that produced more milk with similar or less intake were 

in more negative NE balance and had increased plasma concentrations of NEFA. In experiment 

1, treatments that resulted in increased plasma NEFA also caused reduced concentrations of 

insulin in plasma. Insulin is known to affect rates of lipolysis (Ahmadian et al., 2010), and 

reduced insulin likely explains the increased NEFA in plasma of cows fed EFA. Feeding EFA 

increased BHBA concentrations in plasma of multiparous cows in the postpartum period. Others 
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have shown that feeding diets with high fat content stimulated hepatic oxidation of FA and 

resulted in elevated plasma BHBA (Grum et al., 1996). Therefore, the increments in plasma 

BHBA of multiparous cows fed EFA were likely the result increased hepatic uptake of NEFA 

consequent to more pronounced negative NE balance and reduced concentrations of insulin in 

plasma.  

One of the concerns with feeding unsaturated FA is the risk of milk fat depression. 

Supplementing diets with polyunsaturated FA, mainly to those with low forage or high starch, 

favors changes in the pattern of rumen biohydrogenation that result in accumulation of FA 

isomers that suppress mammary lipogenesis (Bauman et al., 2011). Diet-induced milk fat 

depression is typically characterized by a decrease in total FA, mostly those synthesized de novo, 

which are of short and medium C chain length (Chilliard et al., 2007). In experiment 1, feeding 

fat reduced milk fat content regardless of the type of FA fed. In that experiment, postpartum diets 

had approximately 30% total NDF, which is thought to be adequate for lactating dairy cows 

(NRC, 2001), but was substantially less than what was present in the diets in experiment 2. In 

experiment 2, a portion of the non-fibrous carbohydrates was replaced with NDF from soybean 

hulls, which might have minimized potential changes in rumen pH and avoided depression in 

milk fat. In fact, in experiment 2, milk fat content and yield were either unchanged or improved 

in cows fed fat, mostly in those fed EFA. One of the CLA isomers that induce milk fat 

depression is the trans-10 cis-12 (Baumgard et al., 2000). It depresses milk fat synthesis by 

inhibiting gene expression and enzymatic activity of key lipogenic enzymes important for de 

novo synthesis of FA (Baumgard et al., 2002). In experiment 1, diets that resulted in reduced 

milk fat content also had increased concentrations of C18:2 trans-10 cis-12 and total trans FA. In 

general, feeding Ca salts of unsaturated FA decreases milk fat content (Rabiee et al., 2012), and 
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this effect is likely mediated by the release of unsaturated FA with increased amount of substrate 

for synthesis of CLA. However, the same mechanism is unlikely when cows were fed SFA, 

which also depressed milk fat content in experiment 1. Perhaps, addition of fat to a diet with 

moderate forage and total NDF resulted in negative associative effects that altered patterns of 

biohydrogenation of unsaturated FA from the basal dietary ingredients. Interestingly, when cows 

were fed more dietary NDF in experiment 2, feeding fat or EFA did not influence milk fat 

content or affect the concentrations of CLA in milk fat.  

The transfer efficiency of long chain FA from absorption to the mammary gland varies 

considerably between studies (Chilliard et al., 2007; Moate et al., 2008). However, it is observed 

consistently that feeding more polyunsaturated FA increases the concentrations of these FA in 

milk fat (Harvatine and Allen, 2006; Caldari-Torres et al., 2011). The extent to which dietary FA 

influences milk FA composition varies largely with diet, type of forage, grain to concentrate 

ratio, type of grain, and the source of supplemental FA fed (Chilliard et al., 2007). In general, the 

transfer of the absorbed linoleic acid to milk ranges from 40 to 60% (Chilliard et al., 2007; 

Moate et al., 2008). In the current study, transfer efficiency of essential FA was calculated based 

on the intake of these FA, and not based on the amounts absorbed, which were not quantified. 

Therefore, because of biohydrogenation, it is expected that transfer efficiency of ingested 

unsaturated FA would be less than transfer efficiency of absorbed unsaturated FA (Chilliard et 

al., 2007). For dietary linoleic acid, the transfer efficiency ranged from 22% in experiment 1 to 

13% in experiment 2, whereas for α-linolenic, the transfer efficiencies averaged 9.7 and 8.8% for 

experiments 1 and 2, respectively. The larger difference in transfer efficiency for linoleic acid 

between experiments 1 and 2 was likely caused by the greater content and intake of linoleic acid 

from the basal diet.  If the transfer efficiencies of intestinally absorbed FA of 40 to 60% were 
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applied to the cows in the current study, with the expected intestinal supply of polyunsaturated 

FA (Avila et al., 2000), cows fed control and SFA diets would have to mobilize substantial 

amounts of linoleic and α-linolenic acids to meet the needs of the mammary gland for the 

corresponding amounts of these FA secreted in milk fat. 

The FA profile of the plasma followed the same pattern observed for milk FA. Feeding 

EFA was effective in changing the FA profile of the plasma with increased concentration of 

linoleic acid. Conversely, feeding the control diet increased the plasmatic concentration of 

saturated FA. In general, the proportion of essential FA in plasma is always greater than the 

proportion observed in the duodenal chime (Doreau et al., 2009). A high correlation between 

plasma and chime was observed for linoleic acid, but not for α-linolenic acid (Glasser et al., 

2007b; Chilliard et al., 2007). Plasma seems to be the major reservoir of essential FA, and this 

high proportion of essential FA might be related to differential extraction and metabolism 

between essential and non-essential FA by peripheral tissues, such that linoleic and α-linolenic 

acids are spared for more critical biological functions (Chilliard et al., 2007). 

It is well known that lactose is the milk component that regulates milk volume (Bines and 

Hart, 1982). However, it is possible that essential FA could exert some influence in milk 

synthesis by affecting mammary gland metabolism and milk fat synthesis. In diets without any 

supplemental FA, linoleic acid typically represents 2 to 3.2 % of the milk FA (Avila et al., 2000; 

Chilliard et al., 2007). It is known that a certain amount of unsaturated FA and branched chain 

FA, and the ratio of short to long chain FA are needed to maintain fluidity of cell membranes and 

for proper assembly of the milk fat globule during secretion of triglycerides in milk (Keenan et 

al., 1970; Keenan and Patton, 1970). Therefore, it is plausible to hypothesize that limiting the 

supply of essential FA might have some impact on lactation performance and could explain some 
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of the positive effects of feeding EFA on milk synthesis in the current experiments. In rats, 

lactation success, represented by litter weight and survival, was profoundly compromised when 

fat-free diet or low amounts of essential FA were fed to the dams (Deuel et al., 1954). Even 

though there are many reasons for the impaired growth of the offspring, low milk production by 

the dams cannot be ruled out. Because newborns are susceptible to essential FA deficiency, an 

assumption from the evolutionary point of view is that a minimum amount of unsaturated FA are 

needed in milk to supply essential FA to the newborn. Therefore, although speculative, under a 

limited supply of essential FA, mammary cells of a cow might have synthesis of milk reduced, 

which would preserve linoleic and α-linolenic acids for the cow’s own body functions beyond 

milk synthesis. This concept could help explain the increments in milk production when cows 

fed diets with limited amounts of unsaturated FA were supplemented with EFA. 

Conclusion 

Dairy cows in late gestation and early lactation fed diets with limited concentrations of 

essential FA, particularly linoleic acid, had reduced performance compared with cows fed diets 

supplemented with fat. When feeding fat was initiated prepartum, the benefits were observed for 

primarily in primiparous cows fed EFA. When feeding fat started in early lactation, the benefits 

to feeding fat were observed for both primiparous and multiparous cows supplemented with SFA 

and EFA. Nevertheless, greater improvements in lactation performance occurred when EFA was 

supplemented to a diet containing limited amounts of FA. Feeding fat altered milk and plasma 

FA composition, and resulted in cows fed EFA secreting more linoleic and α-linolenic acids in 

milk, but also having a greater estimated absorption and balance of these essential FA. 

Supplementing diets low in FA with Ca salts containing EFA improved essential FA balance and 

lactation performance of dairy cows.
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Table 2-1.  Fatty acid (FA) profile of fat supplements (% of identified fatty acids) 

 SFA EFA 

Ash, % of DM 0.2 14.5 

Fatty acids, % of DM 94.0 84.1 

Fatty acids, g/100 g of FA   

C8:0 0.77  ± 0.00 ND 

C10:0 0.36  ± 0.00 ND 

C12:0 0.68 ± 0.01 0.30 ± 0.01 

C14:0 4.61 ± 0.00 0.75 ± 0.03 

C15:0 0.61 ± 0.00 ND 

C16:0 36.23 ± 0.0.06 34.26 ± 0.31 

C16:1-cis9 ND 0.14 ± 0.01 

C17:0 1.79 ± 0.00 0.13 ± 0.01 

C18:0 49.91 ± 0.05 4.54 ± 0.01 

C18:1-cis9 ND 27.10 ± 0.02 

C18:2-cis9, cis12 ND 27.39 ± 0.17 

C18:3-cis9, cis12, cis15 ND 2.27 ± 0.00 

C20:0 0.78 ± 0.00 0.32 ± 0.00 

Other FA 4.26 ± 0.01 2.81 ± 0.20 
1 SFA = mostly saturated free fatty acids (Energy Booster100; Milk Specialties, Dundee, IL); EFA 

= Ca salts containing essential fatty acids (Megalac-R; Church & Dwight, Princeton, NJ); ND = 

Not detected. 
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Table 2-2.  Ingredient and chemical composition of experimental diets during pre- and postpartum periods fed to cows receiving no fat 

supplement (control), mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) – 

Experiment 1 

 Prepartum  Postpartum 

 Control SFA EFA  Control SFA EFA 

Ingredient, % of DM        

Bermuda silage 56.0 56.0 56.0  10.8 10.8 10.8 

Alfalfa hay - - - - - - - - -  34.4 34.4 34.4 

Ground barley 8.0 8.0 8.0  27.7 27.6 27.6 

Peanut meal 10.0 10.0 10.0  7.5 7.4 7.4 

Citrus pulp 21.9 20.2 19.9  14.9 13.1 12.7 

Saturated free fatty acids1 - - - 1.7 - - -  - - - 1.9 - - - 

Ca salts of fatty acids2 - - - - - - 2.0  - - - - - - 2.4 

Mineral mix3 4.1 4.1 4.1  4.7 4.7 4.7 

Nutrient composition, DM basis        

NE for lactation,4 Mcal/kg 1.42 1.49 1.50  1.59 1.67 1.67 

Crude protein, % 14.0 ± 1.5 13.9 ± 1.4 14.1 ± 1.3  16.7 ± 1.0 16.3 ± 1.0 16.4 ± 1.3 

Starch, % 6.7 6.8 6.8  16.4 16.4 16.4 

Non-fibrous carbohydrates,5 % 28.2 ± 2.8 25.2 ± 3.1 25.6 ± 1.5  42.0 ± 2.3 41.9 ± 2.9 39.8 ± 2.4 

NDF,5 % 47.0 ± 2.6 48.2 ± 2.4 47.4 ± 1.6  29.5 ± 1.9 29.1 ± 2.5 29.9 ± 1.9 

NDF from forage, % 37.6 ± 1.4 37.6 ± 1.4 37.6 ± 1.4  19.0 ± 1.5 19.0 ± 1.5 19.0 ± 1.5 

ADF,5 % 25.6 ± 2.6 25.3 ± 2.5 25.5 ± 2.3  16.8 ± 1.6 16.2 ± 1.9 16.8 ± 2.1 

Fatty acids,6 %        

Total 1.99 3.62 3.65  1.98 3.79 3.96 

C18:2-cis9,cis12 0.49 0.48 0.94  0.60 0.59 1.14 

Ca, % 1.41 1.47 1.67  1.36 1.29 1.60 

P, % 0.29 0.28 0.30  0.34 0.34 0.32 

Mg, % 0.38 0.38 0.41  0.38 0.35 0.37 

K, % 1.35 1.34 1.34  1.45 1.42 1.40 

Cl, % 0.76 0.76 0.80  0.47 0.43 0.52 

Na, % 0.17 0.17 0.20  0.62 0.50 0.50 
1Energy Booster 100 (Milk Specialties, Dundee, IL). 
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2 Megalac-R (Church & Dwight, Princeton, NJ). 
3 Prepartum, contains (DM basis) 34.5% corn meal, 12.0% ammonium chloride 5.0% dicalcium phosphate, 16.0 calcium carbonate, 

10% calcium sulfate, 5% magnesium oxide, 10% magnesium sulfate, 4% sodium chloride, 1.7% Zinpro 4-plex (Zinpro, Eden Prairie, 

MN), 0.4% Rumensin 80 (Elanco Animal Health, Greenfield, IN), 0.35% Sel-Plex 2000 (Alltech Biotechnology, Nicholasville, KY), 

0.002% Ca iodate, and a vitamin premix. Each kg contains 24.5% CP, 9.8% Ca, 1.5% P, 4.2% Mg, 3.2% S, 1.7% Na, 10.7 % Cl, 475 

mg Zn, 160 mg of Cu, 456 mg of Mn, 7.4 mg of Se, 37.4 mg of Co, 13.2 mg of I, 118,000 IU of vitamin A, 27,500 IU of vitamin D, 

2,600 IU of vitamin E, and 770 mg of monensin.  
3 Postpartum, contains (DM basis) 30.8% blood meal, 30.5% sodium bicarbonate, 12.0% dicalcium phosphate, 6.0% magnesium oxide, 

4.8% magnesium sulfate heptahydrate, 2.9% sodium chloride, 0.12% manganese sulfate monohydrate, 0.06% zinc sulfate, 2.9%,  

MetaSmart (Adisseo, Atlanta, GA), 0.25% Zinpro 4-Plex (Zinpro Co., Eden Prairie, MN), 0.45% Sel-Plex 2000 (Alltech Biotechnology, 

Nicholasville, KY), 0.25% Rumensin 80 (Elanco Animal Health, Greenfield, IN), and vitamin and iodine premix. Each kg contains 

28.5% of CP, 6.3% of Ca, 1.2% of P, 3.9% of Mg, 10.5% of Na, 3.1% of Cl, 587 mg of Zn, 124 mg of Cu, 654 mg of Mn, 9.6 mg of Se, 

25 mg of Co, 13 mg of I, 131,000 IU of vitamin A, 36,000 IU of vitamin D, 1,200 IU of vitamin E, and 470 mg of monensin. 
4 Net energy of diets considering 12 and 21 kg/d of DM intake for the pre- and postpartum periods, respectively, (CPM dairy). 
5 Nonfibrous carbohydrates calculated as: 100 – (NDF + CP + EE + Ash); NDF = neutral detergent fiber; ADF = acid detergent fiber. 
6 Calculated based on FA analysis.  
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Table 2-3.  Ingredient and chemical composition of experimental diets fed postpartum to cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), or 

Ca salts containing essential fatty acids (EFA) – Experiment 2 

 Control SFA EFA 

Ingredient, % DM    

Bermuda silage 8.9 8.9 8.9 

Alfalfa hay 6.1 6.1 6.1 

Corn silage 20.4 20.4 20.4 

Citrus pulp 9.8 9.8 9.8 

Corn grain, finely ground 14.3 12.5 12.1 

Soybean hulls 20.4 20.4 20.4 

Soybean meal, cooker-processing1 5.3 5.3 5.3 

Soybean meal, solvent extract 9.9 10.1 10.3 

Molasses 1.6 1.6 1.6 

Saturated free fatty acids2 - - - 1.6 - - - 

Ca salts of fatty acids3 - - - - - - 1.8 

Mineral mix4 3.3 3.3 3.3 

Nutrient composition, DM basis    

NE for lactation,5 Mcal/kg 1.63 1.68 1.68 

Crude protein, % 16.6 ± 0.8 16.6 ± 0.8 16.5  ± 0.8 

Starch, % 17.6 16.3 16.0 

Non-fibrous carbohydrates, 6% 35.9 ± 2.0 34.5 ± 1.9 35.3 ± 1.9 

NDF,6 % 38.5 ± 2.4 38.3 ± 2.3 38.3 ± 2.4 

NDF from forage, % 17.8 ± 0.8 17.8 ± 0.8 17.8 ± 0.8 

ADF,6 % 15.9 ± 1.0 15.9 ± 1.1 15.8 ± 1.0 

Fatty acids,7 %    

Total 2.66 ± 0.10 3.99 ± 0.14 4.14 ± 0.13 

C18:2-cis9,cis12 1.17 ± 0.07 1.11 ± 0.07 1.53 ± 0.08 

Ca, % 0.76 ± 0.07 0.76 ± 0.07 0.92 ± 0.08 

P, % 0.33 ± 0.03 0.33 ± 0.03 0.33 ± 0.03 

Mg, % 0.31 ± 0.02 0.31 ± 0.03 0.31 ± 0.02 

K, % 1.49 ± 0.05 1.48 ± 0.05 1.49 ± 0.05 

Cl, % 0.29 ± 0.03 0.29 ± 0.04 0.29 ± 0.03 

Na, % 0.31 ± 0.01 0.31 ± 0.01 0.32 ± 0.01 
1 AminoPlus (Ag Processing Inc., Omaha, NE). 
2Energy Booster 100 (Milk Specialties, Dundee, IL). 
3 Megalac-R (Church & Dwight, Princeton, NJ). 
4 Contains (DM basis) 30.8% blood meal, 30.5% sodium bicarbonate, 12.0% dicalcium phosphate, 

6.0% magnesium oxide, 4.8% magnesium sulfate heptahydrate, 2.9% sodium chloride, 0.12% 

manganese sulfate monohydrate, 0.06% zinc sulfate, 2.9%,  MetaSmart (Adisseo, Atlanta, GA), 

0.25% Zinpro 4-Plex (Zinpro Co., Eden Prairie, MN), 0.45% Sel-Plex 2000 (Alltech 

Biotechnology, Nicholasville, KY), 0.25% Rumensin 80 (Elanco Animal Health, Greenfield, IN), 

and vitamin and iodine premix. Each kg contains 28.5% CP, 6.3% Ca, 1.2% P, 3.9% Mg, 10.5% 

Na, 3.1% Cl, 587 mg of Zn, 124 mg of Cu, 654 mg of Mn, 9.6 mg of Se, 25 mg of Co, 13 mg of I, 

131,000 IU of vitamin A, 36,000 IU of vitamin D, 1,200 IU of vitamin E, and 470 mg of monensin. 
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5 Net energy of diets considering 24.5 kg/d of DM intake (CPM dairy). 
6 Nonfibrous carbohydrates calculated as: 100 – (NDF + CP + EE + Ash). 
7 Calculated based on fatty acid analysis of TMR.  
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Table 2-4.  Dry matter (DM) intake, milk production and composition and feed conversion ratio, 

energy balance, body weight (BW), BW change, and body condition score of 

lactating Holstein cows receiving no fat supplementation (control), mostly saturated 

free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) – Experiment 

1 

 Control SFA EFA SEM1 Fat1 FA1 

DM intake, kg/d 18.0 19.3 18.0 0.6 0.42 0.12 

Milk, kg/d 31.7 31.8 34.1 0.9 0.27 0.06 

3.5% FCM2, kg/d 32.6 30.8 32.8 1.0 0.54 0.14 

SCM2, kg/d 28.9 27.4 29.2 0.9 0.61 0.14 

Milk/DM intake 1.9 1.7 1.9 0.1 0.09 <0.01 

Milk fat       

% 3.75 3.34 3.32 0.07 <0.01 0.84 

Yield, kg/d 1.16 1.05 1.11 0.04 0.10 0.23 

Milk true protein       

% 2.81 2.77 2.80 0.05 0.69 0.65 

kg/d 0.87 0.87 0.94 0.04 0.40 0.05 

Milk lactose       

% 4.76 4.70 4.68 0.03 0.12 0.65 

kg/d 1.51 1.50 1.60 0.04 0.48 0.11 

SCC, x 1,000/mL 162.1 217.7 286.7 57.1 --- --- 

SCS4 1.9 2.4 2.5 0.3 0.17 0.79 

Milk NEL
2, Mcal/kg 0.69 0.65 0.65 0.01 <0.01 0.94 

Energy balance, Mcal/d -2.1 2.3 -0.9 0.9 0.02 <0.01 

Body weight, kg 568 586 572 14 0.55 0.45 

BW change, kg/d -0.89 -0.63 -0.69 0.17 0.14 0.71 

Body condition (1 to 5) 3.11 3.19 3.17 0.04 0.21 0.68 
1 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA. 
2 3.5% fat-corrected milk (FCM) = 0.4324 x milk yield (kg) + [16.218 x milk fat yield (kg)]; 

Solids-corrected milk (SCM) = milk yield (kg) x [(12.24 x % fat) + (7.10 x % protein) + (6.35 x 

% lactose) – 0.0345]; Milk NEL = [(0.0929 x % fat) + (0.0563 x % protein) + (0.0395 x % lactose)]; 

SCC = somatic cell count; Somatic cell score (SCS) = [log10 (SCC/12.5)]/log10 2. 
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Table 2-5.  Milk fatty acid profile of lactating Holstein cows receiving no fat supplementation 

(control), mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty 

acids (EFA) – Experiment 1 

 Control SFA EFA SEM1 Fat1 FA1 

 g/100 g of FA    

C4:0 3.91 3.72 3.53 0.09 0.02 0.13 

C6:0 2.14 1.78 1.52 0.05 <0.001 <0.001 

C8:0 1.12 0.86 0.70 0.04 <0.001 <0.01 

C10:0 2.28 1.76 1.41 0.10 <0.001 0.01 

C12:0 2.45 1.99 1.65 0.10 <0.001 0.02 

C14:0 9.06 7.82 6.82 0.29 <0.001 0.01 

C14:1-cis9 0.61 0.46 0.40 0.03 <0.001 0.12 

C16:0 27.97 26.84 25.93 0.33 0.001 0.06 

C16:1-cis9 1.52 1.14 1.11 0.08 <0.001 0.79 

C18:0 10.49 12.29 12.14 0.24 <0.001 0.64 

C18:1-trans4 0.02 0.04 0.04 0.02 <0.001 0.02 

C18:1-trans5 0.014 0.027 0.033 0.02 <0.001 <0.01 

C18:1-trans6-8 0.26 0.41 0.45 0.01 <0.001 0.02 

C18:1-trans9 0.23 0.31 0.33 0.01 <0.001 0.01 

C18:1-trans10 0.31 0.64 0.67 0.07 0.06 0.67 

C18:1-trans11 0.97 1.18 1.38 0.05 <0.001 0.001 

C18:1-trans12 0.28 0.42 0.49 0.01 <0.001 <0.001 

C18:1-cis9 24.85 25.19 26.87 0.77 0.24 0.11 

C18:2-cis9,cis12 2.26 3.29 4.47 0.15 <0.001 <0.001 

C18:3-cis6, cis9, cis12 0.02 0.02 0.02 0.002 0.39 0.79 

C18:3-cis9, cis12, cis15 0.48 0.60 0.71 0.02 <0.001 0.001 

C18:2-cis9,trans11 0.43 0.53 0.66 0.02 <0.001 <0.001 

C18:2-trans10,cis12 0.002 0.039 0.066 0.004 <0.001 <0.001 

C20:2-cis11,cis14 0.03 0.03 0.04 0.002 0.001 0.003 

C20:3-cis5,cis8,cis11 0.026 0.028 0.031 0.002 0.17 0.21 

C20:3-cis8,cis11,cis14 0.08 0.08 0.08 0.004 0.92 0.52 

C20:3-cis11,cis14, cis17 0.02 0.03 0.03 0.001 0.05 0.61 

C20:4-cis5,cis8, cis11,cis14 0.14 0.14 0.13 0.004 0.11 0.09 

C20:5-cis5,cis8, cis11,cis14,cis 17 0.03 0.03 0.03 0.002 0.15 0.10 

C22:0 0.11 0.11 0.10 0.004 0.70 0.49 

C24:0 0.06 0.06 0.05 0.003 0.07 0.56 

C22:4-cis7,cis10, cis13,cis16 0.021 0.020 0.021 0.001 0.84 0.54 

C22:5-cis7, cis10,cis13,cis16,cis19 0.061 0.063 0.056 0.004 0.65 0.05 

Others FA 7.69 8.00 7.95 0.11 0.05 0.71 

Total < C16:0 23.65 20.40 17.79 0.64 <0.001 <0.01 

Total C16 29.49 27.98 27.06 0.35 <0.001 0.05 

Total > C16:0 46.85 51.61 55.15 0.87 <0.001 <0.01 

Total C18:1 trans 2.09 3.01 3.40 0.11 <0.001 0.01 

Total CLA 0.47 0.66 0.83 0.03 <0.001 <0.001 

Total saturated FA 59.61 57.22 53.86 0.85 <0.001 <0.01 
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Table 2-5.  Continued. 

 Control SFA EFA SEM1 Fat1 FA1 

Total monounsaturated FA 29.08 29.85 31.81 0.80 0.10 0.07 

Total polyunsaturated FA 3.62 4.91 6.35 0.19 <0.001 <0.001 

Total branched chain FA 1.88 1.93 1.77 0.04 0.62 0.01 

Total n-6 FA 2.56 3.59 4.77 0.15 <0.001 <0.001 

Total n-3 FA 0.60 0.72 0.82 0.03 <0.001 0.01 

Ratio n-6 to n-3 FA 4.40 4.98 5.89 0.19 <0.001 <0.001 
1 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA.  
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Table 2-6.  Plasma fatty acid profile of lactating Holstein cows receiving no fat supplementation 

(control), saturated free fatty acids (SFA), or Ca salts containing essential fatty acids 

(EFA) – Experiment 1 

 Control SFA EFA SEM1 Fat1 FA1 

 g/100 g of FA    

C14:0 0.74 0.72 0.63 0.02 0.03 <0.01 

C14:1  0.41 0.41 0.36 0.01 0.18 <0.01 

C15:0 0.20 0.18 0.16 0.01 0.16 0.35 

C16:0 16.80 16.42 15.97 0.25 0.06 0.18 

C16:1  1.12 0.81 0.69 0.05 <0.001 0.10 

C17:0 0.53 0.54 0.46 0.01 0.05 <0.001 

C17:1 0.44 0.36 0.28 0.01 <0.001 <0.001 

C18:0 14.81 14.96 14.15 0.17 0.28 <0.01 

C18:1 14.88 12.82 10.81 0.37 <0.001 <0.01 

C18:2-cis9,cis12 34.92 37.43 42.58 0.43 <0.001 <0.001 

C18:3-cis6,cis9, cis12 0.57 0.53 0.40 0.04 0.07 0.04 

C18:3-cis9, cis12,cis15 3.29 3.22 2.58 0.12 0.02 <0.001 

C20:2-cis11, cis14 0.17 0.20 0.28 0.01 <0.001 <0.001 

C20:3-cis8, cis11, cis14 1.21 1.17 0.96 0.06 0.07 0.01 

C20:4-cis5, cis8,cis11,cis14 2.50 2.41 2.34 0.05 0.13 0.37 

C20:5-cis5,cis8,cis11,cis14,cis17 0.45 0.51 0.36 0.02 0.62 <0.001 

C22:4-cis7,cis10,cis13,cis16 0.10 0.10 0.11 0.01 0.47 0.52 

C22:5-cis7,cis10,cis13,cis16,cis19 0.34 0.42 0.35 0.02 0.05 <0.01 

C22:6-cis4,cis7,cis10,cis13,cis16,cis19 0.62 0.68 0.65 0.06 0.53 0.71 

C24:0 0.23 0.25 0.25 0.02 0.69 0.99 

Others FA 5.58 6.02 5.62 0.37 0.62 0.42 

Total saturated FA 33.29 33.07 31.63 0.30 0.02 0.001 

Total polyunsaturated FA  44.12 46.55 50.57 0.49 <0.001 <0.001 

Total n-6 FA 39.21 41.48 46.51 0.44 <0.001 <0.001 

Total n-3 FA 4.70 4.83 3.94 0.17 0.16 <0.001 

Ratio n-6 to n-3 FA 9.05 9.02 12.59 0.67 0.09 <0.001 
1 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA.  
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Table 2-7.  Plasma concentrations of nonesterified fatty acids, β-OH-butyric acid, glucose, urea 

nitrogen, insulin like growth factor 1 (IGF-1), and insulin of lactating Holstein cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), or 

Ca salts containing essential fatty acids (EFA)  - Experiment 1 

 Control SFA EFA SEM1 Fat1 FA1 

Nonesterified FA, µM 449.7 390.1 431.7 19.8 0.13 0.11 

β-OH-butyrate, mg/dL 7.38 6.59 9.06 0.46 0.45 <0.001 

Glucose, mg/dL 61.56 63.76 60.72 0.68 0.44 <0.001 

Insulin, ng/mL 0.61 0.82 0.59 0.05 0.19 <0.01 

IGF-1, ng/mL 48.41 53.60 45.95 5.30 0.85 0.30 

Plasma urea N, mg/dL 12.26 12.13 12.03 0.26 0.60 0.77 
1 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA.  
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Table 2-8.  Estimated linoleic and α-linolenic acids intestinal absorption, milk secretion, and 

balance of lactating Holstein cows receiving no fat supplementation (control), mostly 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA)  - 

Experiments 1 and 2 

 Control SFA EFA SEM1 Fat1 FA1 

Experiment 1       

Linoleic acid       

Intestinal absorption2 11.17 15.42 63.54 1.92 <0.001 <0.001 

Milk secretion 23.64 30.49 43.73 1.46 <0.001 <0.001 

Balance3 -33.31 -36.65 -0.98 1.89 <0.001 <0.001 

α-Linolenic acid       

Intestinal absorption 3.13 3.01 15.74 0.50 <0.001 <0.001 

Milk secretion 5.02 5.53 6.90 0.24 <0.001 <0.001 

Balance -12.32 -13.29 -1.61 0.42 <0.001 <0.001 

       

Experiment 2       

Linoleic acid       

Intestinal absorption 24.64 23.35 96.47 2.75 <0.001 <0.001 

Milk secretion 34.08 34.98 49.32 2.10 0.01 <0.001 

Balance -30.92 -33.45 24.58 2.53 <0.001 <0.001 

α-Linolenic acid       

Intestinal absorption 2.88 2.73 15.71 0.52 <0.001 <0.001 

Milk secretion 5.30 5.52 6.60 0.24 0.02 <0.01 

Balance -12.90 -13.36 -1.44 0.31 <0.001 <0.001 
1 SEM = Standard error of mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA.  
2 Calculated based on individual cow DM intake, diet composition and estimated flow of linoleic 

and α-linolenic acids to the intestine of cows using the fat sub model of the CPM-Dairy software 

(CPM-Dairy ver. 3.0.10; www.cpmdairy.net). 
3 FA balance was calculated using a maintenance requirement of 183.5 and 91.7 mg/kg of BW0.75 

for Linoleic acid and α-Linolenic acid, respectively from human literature (Simopoulos, 2000). 

FA balance (g/d) = {FA absorbed (g/d) – [FA secreted in milk (g/d) + FA needed for maintenance 

(g/d)]}. 

 

 

 

http://www.cpmdairy.net/
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Table 2-9.  Dry matter (DM) intake, milk yield and composition, feed conversion ratio, energy 

balance, body weight (BW), BW change, and body condition score of lactating 

Holstein cows receiving no fat supplementation (control), mostly saturated free fatty 

acids (SFA), or Ca salts containing essential fatty acids (EFA) – Experiment 2   

 Control SFA EFA SEM1 Fat1 FA1 

DM intake, kg/d 22.5 23.5 23.8 0.6 0.11 0.76 

Milk, kg/d 37.7 39.9 43.4 0.8 <0.001 <0.001 

3.5% FCM2, kg/d 37.8 40.4 44.1 0.9 <0.001 0.01 

SCM2, kg/d 34.4 37.3 39.7 0.9 0.001 0.07 

Milk fat       

% 3.46 3.57 3.67 0.07 0.08 0.35 

kg/d 1.31 1.43 1.57 0.04 <0.001 0.02 

Milk true protein       

% 2.88 2.94 2.91 0.03 0.27 0.60 

kg/d 1.09 1.17 1.26 0.02 <0.001 0.01 

Milk lactose       

% 4.89 4.91 4.90 0.01 0.42 0.55 

kg/d 1.84 1.96 2.12 0.04 <0.001 0.01 

Milk NEL
2, Mcal/kg 0.68 0.69 0.70 0.01 0.09 0.55 

3.5% FCM/DM intake 1.69 1.76 1.85 0.04 0.04 0.16 

Energy balance, Mcal/d 1.24 1.82 0.08 0.72 0.75 0.10 

Body weight, kg 574.6 575.3 572.4 7.2 0.93 0.78 

BW change, kg/d 0.28 0.19 0.05 0.11 0.23 0.38 

Body condition (1 to 5) 3.01 3.03 2.95 0.04 0.74 0.20 
1 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA.  
2 3.5% fat-corrected milk (FCM) = 0.4324 x milk yield (kg) + [16.218 x milk fat yield (kg)]; 

Solids-corrected milk (SCM) = milk yield (kg) x [(12.24 x % fat) + (7.10 x % protein) + (6.35 x 

% lactose) – 0.0345]; Milk NEL = [(0.0929 x % fat) + (0.0563 x % protein) + (0.0395 x % lactose)]. 
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Table 2-10.  Milk fatty acid profile of lactating Holstein cows receiving no fat supplementation 

(control), mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty 

acids (EFA) – Experiment 2 

 Control SFA EFA SEM1 Fat1 FA1 

 g/100 g of FA    

C6:0 2.27 2.23 2.18 0.75 0.94 0.96 

C8:0 1.16 1.17 1.13 0.08 0.91 0.72 

C10:0 2.92 2.82 2.41 0.15 0.11 0.06 

C11:0 0.07 0.05 0.03 0.01 0.02 0.20 

C12:0 3.64 3.35 2.85 0.18 0.02 0.06 

C14:0 13.03 11.10 12.75 0.36 0.02 <0.01 

C14:1-trans 0.14 0.14 0.21 0.03 0.43 0.12 

C14:1-cis 0.88 0.71 0.65 0.04 0.001 0.38 

C15:0 1.27 1.11 0.97 0.05 <0.01 0.08 

C15:1-trans 0.22 0.21 0.20 0.01 0.07 0.59 

C16:0 36.90 36.86 35.13 0.66 0.27 0.07 

C16:1-trans 0.03 0.04 0.04 0.01 0.15 0.99 

C16:1-cis 1.33 1.21 1.14 0.09 0.17 0.56 

C17:0 0.71 0.75 0.64 0.02 0.42 0.001 

C18:0 8.27 10.24 10.49 0.34 <0.001 0.60 

C18:1-trans8 0.13 0.12 0.20 0.01 0.06 <0.001 

C18:1-trans9 0.15 0.15 0.20 0.01 0.01 0.01 

C18:1-trans10 0.35 0.32 0.44 0.02 0.41 <0.01 

C18:1-trans11 0.82 0.72 1.00 0.08 0.66 0.02 

C18:1-cis9 11.90 11.42 8.07 2.43 0.47 0.34 

C18:1-cis10 7.75 7.90 14.23 2.52 0.29 0.09 

C18:1-cis11 0.55 0.45 0.53 0.03 0.07 0.06 

C18:1-cis12 0.23 0.22 0.32 0.02 0.12 0.001 

C18:2-cis9,cis12 2.96 2.69 3.57 0.14 0.33 <0.001 

C18:2, conjugated 0.08 0.08 0.09 0.01 0.47 0.32 

C18:3-cis6,cis9,cis12 0.01 0.01 0.01 0.01 0.89 0.45 

C18:3-cis9,cis12,cis15 0.46 0.42 0.48 0.02 0.73 0.04 

C20:0 0.10 0.13 0.12 0.01 0.001 0.28 

C20:1-trans11 0.41 0.33 0.48 0.03 0.83 0.001 

C20:4-cis5,cis8,cis11,cis14 0.17 0.15 0.16 0.01 0.31 0.22 

C20:5-cis5,cis8,cis11,cis14,cis17 0.04 0.02 0.01 0.01 0.18 0.50 

C22:0 0.08 0.07 0.06 0.01 0.46 0.59 

C22:1 0.002 0.04 0.01 0.01 0.10 0.12 

C22:5-cis7,cis10,cis13,cis16,cis19 0.06 0.04 0.04 0.01 0.06 0.72 

C22:6-cis4,cis7,cis10,cis13,cis16,cis19 0.03 0.03 0.01 0.01 0.52 0.03 

C23:0 0.03 0.01 0.01 0.01 0.13 0.82 

C24:0 0.01 0.04 0.02 0.01 0.25 0.11 

C24:1 0.48 0.65 0.14 0.12 0.58 0.01 

Total < C16 25.97 24.87 22.43 0.84 0.03 0.05 

Total C16 38.27 38.12 36.31 0.65 0.20 0.06 
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Table 2-10.  Continued. 

 Control SFA EFA SEM1 Fat1 FA1 

Total > C16 35.77 36.99 41.26 0.98 0.01 0.01 

Total saturated FA 70.83 71.90 67.83 0.96 0.42 0.01 

Total monounsaturated FA 25.38 24.65 27.81 0.92 0.46 0.02 

Total polyunsatured FA 3.79 3.44 4.36 0.17 0.59 0.001 

Total n-6 3.21 2.93 3.83 0.14 0.35 <0.001 

Total n-3 0.58 0.52 0.54 0.03 0.18 0.66 

Ratio n-6 to n-3 FA 5.69 5.72 7.17 0.24 0.02 <0.001 
1 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA.  
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Table 2-11.  Plasma fatty acid profile of lactating Holstein cows receiving no fat 

supplementation (control), mostly saturated free fatty acids (SFA), or Ca salts 

containing essential fatty acids (EFA) – Experiment 2 

 Control SFA EFA SEM1 Fat1 FA1 

 g/100 g of FA    

C10:0 0.01 0.01 0.00 0.01 0.92 0.56 

C12:0 0.01 0.01 0.01 0.01 0.73 0.99 

C14:0 0.57 0.58 0.43 0.03 0.09 <0.01 

C15:0 0.61 0.57 0.51 0.02 <0.01 0.02 

C16:0 11.08 11.58 11.94 0.33 0.10 0.43 

C16:1  1.38 1.28 1.01 0.13 0.14 0.15 

C17:0 0.66 0.65 0.62 0.02 0.38 0.41 

C18:0 14.23 14.72 14.04 0.23 0.58 0.05 

C18:1 6.19 6.29 6.38 0.40 0.77 0.88 

C18:2-cis9,cis12 46.49 46.49 48.90 0.70 0.17 0.02 

C18:3-cis6,cis9,cis12 0.89 0.93 0.59 0.07 0.12 <0.01 

C18:3-cis9,cis12,cis15 2.91 3.47 2.46 0.08 0.62 <0.001 

C20:0 0.01 0.02 0.02 0.01 0.46 0.72 

C20:2-cis11,cis14 0.01 0.03 0.04 0.01 0.13 0.84 

C20:3-cis8,cis11,cis14 2.24 2.00 1.76 0.18 0.13 0.37 

C20:4-cis5,cis8,cis11,cis14 1.87 1.78 2.06 0.14 0.75 0.18 

C20:5-cis5,cis8,cis11,cis14,cis17 0.35 0.35 0.27 0.04 0.40 0.17 

C22:5-cis7,cis10,cis13,cis16,cis19 0.76 0.43 0.30 0.18 0.09 0.63 

C24:1 0.14 0.11 0.12 0.02 0.26 0.71 

Others FA 9.57 8.70 8.52 0.54 0.15 0.81 

Total saturated FA 27.18 28.14 27.59 0.38 0.16 0.32 

Total polyunsaturated FA 55.52 55.48 56.38 0.81 0.68 0.43 

Total n-6 FA 51.50 51.23 53.36 0.82 0.43 0.08 

Total n-3 FA 4.02 4.25 3.03 0.19 0.11 <0.001 

Ratio n-6 to n-3 FA 13.15 12.20 17.93 0.60 0.02 <0.001 
1 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA 
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Figure 2-1.  Milk production of multiparous (A) and primiparous (B) lactating Holstein cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), or 

Ca salts containing essential fatty acids (EFA) – Experiment 1. Effect of treatment (P 

= 0.09), parity (P < 0.001), and week (P <0.001). Interaction between treatment and 

parity (P = 0.07), and treatment and week (P = 0.59). Effect of fat supplementation 

(control vs. EFA + SFA) (P = 0.27), and type of fatty acid (EFA vs. SFA) (P = 0.06). 

Interaction between parity and fat supplementation (P = 0.36), and parity and the type 

of fatty acid (P = 0.03). Mean yields of milk during the study were 31.7 ± 1.0, 31.8 ± 

0.8, and 34.1 ± 0.9 kg/d, respectively, for cows receiving control, SFA, and EFA.  
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Figure 2-2.  Concentrations of nonesterified fatty acids (NEFA) in plasma of multiparous (A) 

and primiparous (B) Holstein cows receiving no fat supplementation (control), mostly 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) – 

Experiment 1. Effect of treatment (P = 0.08), parity (P < 0.001), and day (P <0.001). 

Interaction between treatment and parity (P = 0.04), and treatment and day (P = 

0.80). Effect of fat supplementation (control vs. EFA + SFA) (P = 0.13), and type of 

fatty acid (EFA vs. SFA) (P = 0.11). Interaction between parity and fat 

supplementation (P = 0.01), and parity and the type of fatty acid (P = 0.51).Mean 

plasma NEFA concentrations during the study were 449.7 ± 22.1, 390.1 ± 18.0, and 

431.7 ± 19.0 µM, respectively, for cows receiving control, SFA, and EFA. 
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Figure 2-3. Concentrations of β-hydroxybutyric acid (BHBA) in plasma of multiparous (A) and 

primiparous (B) lactating Holstein cows receiving no fat supplementation (control), 

mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty acids 

(EFA) - Experiment 1. Effect of treatment (P < 0.001), parity (P < 0.001), and day (P 

<0.001). Interaction between treatment and parity (P < 0.001), and treatment and day 

(P = 0.78). Effect of fat supplementation (control vs. EFA + SFA) (P = 0.45), and 

type of fatty acid (EFA vs. SFA) (P < 0.001). Interaction between parity and fat 

supplementation (P = 0.06), and parity and the type of fatty acid (P = < 0.001). Mean 

plasma concentrations of BHBA during the study were 6.38 ± 0.94, 5.61 ± 0.66, and 

5.78 ± 0.74 mg/dL for primiparous cows, and 8.36 ± 0.46, 7.57 ± 0.54, and 12.35 ± 

0.51 mg/dL for multiparous cows receiving control, SFA, and EFA diets, 

respectively. 
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Figure 2-4.  Linoleic acid balance of lactating Holstein cows receiving no fat supplementation 

(control), saturated free fatty acids (SFA), or Ca salts containing essential fatty acids 

(EFA). Experiment 1 – Effect of treatment (P < 0.001), parity (P < 0.01), and week 

(P <0.001). Interaction between treatment and parity (P = 0.61), and treatment and 

week (P < 0.001). Effect of fat supplementation (control vs. EFA + SFA) (P < 0.001), 

and type of FA (EFA vs. SFA) (P < 0.001). Interaction between parity and fat 

supplementation (P = 0.45), and parity and the type of fatty acid (P = 0.52). Mean 

linoleic acid in milk during the study were -33.31 ± 2.12, -36.65 ± 1.74, and -0.98 ± 

1.82 g/d, respectively, for cows receiving control, SFA, and EFA. 
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Figure 2-5.  Linolenic acid balance of lactating Holstein cows receiving no fat supplementation 

(control), saturated free fatty acids (SFA), or Ca salts containing essential fatty acids 

(EFA). Experiment 1 – Effect of treatment (P < 0.001), parity (P = 0.01), and week 

(P <0.001). Interaction between treatment and parity (P = 0.10), and treatment and 

week (P < 0.001). Effect of fat supplementation (control vs. EFA + SFA) (P < 0.001), 

and type of FA (EFA vs. SFA) (P < 0.001). Interaction between parity and fat 

supplementation (P = 0.82), and parity and the type of fatty acid (P = 0.03). Mean 

linolenic acid in milk during the study were -12.32 ± 0.47, -13.29 ± 0.39, and -1.61 ± 

0.41 g/d, respectively, for cows receiving control, SFA, and EFA. 
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Figure 2-6.  Fat-corrected milk yield of lactating Holstein cows receiving no fat supplementation 

(control), saturated free fatty acids (SFA), or Ca salts containing essential fatty acids 

(EFA) - Experiment 2. Cov = covariate value. Effect of treatment (P < 0.001), parity 

(P < 0.001), and week postpartum (P = 0.04). Interaction between treatment and 

parity (P = 0.86), and treatment and Week (P = 0.23). Effect of fat supplementation 

(control vs. EFA + SFA) (P < 0.001), and type of fatty acid (EFA vs. SFA) (P = 

0.01). Interaction between parity and fat supplementation (P = 0.63), and parity and 

the type of fatty acid (P = 0.80). Mean yields of 3.5% fat-corrected milk during the 

study were 37.8 ± 0.9, 40.4 ± 0.9, and 44.1 ± 0.9 kg/d, respectively, for cows 

receiving control, SFA, and EFA.
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CHAPTER 3 

EFFECTS OF FATTY ACID SUPPLEMENTATION TO PERIPARTURIENT DAIRY COW 

ON UTERINE HEALTH AND IMMUNE COMPETENCE EARLY POSTPARTUM 

The objectives were to evaluate the effects of supplementing diets containing low 

amounts of fatty acids (FA) with either mostly saturated free FA or Ca salts containing essential 

FA on measures of immune response and uterine health in early postpartum dairy cows. Twenty 

three nulliparous and 53 parous Holstein cows were assigned to treatments 56 d before calving, 

and treatments were maintained until 90 d in milk. Cows were randomly assigned to receive a 

control diet with 2.0% FA pre- and postpartum, or diets supplemented with mostly saturated free 

FA (SFA) or Ca salts enriched with essential FA (EFA) to increase the FA content to 3.7% 

prepartum and to 4.0% postpartum. Intake of FA increased with supplementing fat pre- (control 

= 225 ± 22; SFA = 412 ± 18; EFA = 371 ± 19 g/d) and postpartum (control = 332 ± 23; SFA = 

717 ± 19; EFA = 687 ± 20 g/d). Feeding EFA increased the intake of linoleic acid pre- (control = 

68 ± 5; SFA = 67 ± 4; EFA = 116 ± 4 g/d) and postpartum (control = 107 ± 6; SFA = 119 ± 4; 

EFA = 220 ± 5 g/d). Concentrations of acid soluble protein and haptoglobin increased for 2 wk 

after calving and were not affected by treatment among multiparous cows, but were lowest for 

primiparous fed EFA than those fed control or SFA. Feeding fat increased the proportion of 

neutrophils (control = 25.8 ± 3.7, SFA = 35.8 ± 2.8; EFA = 35.7 ± 2.7%) and decreased that of 

lymphocytes in blood (control = 65.4 ± 4.1; SFA = 55.2 ± 3.1; EFA = 55.1 ± 3.0%). Feeding fat 

increased the proportion of neutrophils expressing L-selectin and β-integrin, and these responses 

were more remarkable in primiparous cows. The percentage of neutrophils phagocytizing and 

killing Escherichia coli in vitro increased with feeding fat (control = 88.5 ± 1.3; SFA = 91.1 ± 

1.0; EFA = 92.4 ± 0.9%), and the benefit of fat feeding was greater in primiparous cows (control 

= 87.3 ± 2.4; SFA = 93.3 ± 1.5; EFA = 93.7 ± 1.5%). Disease suppressed neutrophil function, 

but feeding fat lessen the depression in neutrophil function associated with disease. Morbidity 
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did not differ among treatments, but cows fed fat had reduced incidence of puerperal metritis 

(control = 26.9; SFA = 4.0; EFA = 8.0%) and fever (control = 46.2; SFA = 28.0; EFA = 32.0%). 

Cows fed fat had less prevalence of isolation of utero-pathogenic bacteria from uterine flush at 

36 d postpartum (control = 32.0; SFA + EFA = 6.0%). The concentrations of prostaglandin F2α 

metabolite in plasma were greater for cows fed EFA than those fed control or SFA only on the 

day of calving and d 1 postpartum. Ovarian activity and pregnancy at first AI did not differ 

among treatments. Collectively, these results suggest that increasing the dietary FA content of 

diets fed to transition cows from 2.0 to 3.7 or 4.0% with either SFA or EFA improved some 

measures of immune function, particularly in primiparous cows, and reduced the incidence of 

puerperal metritis.  

Introduction 

The transition period, characterized by a series of physiological adaptations to 

accommodate lactation, is the most challenging phase in the life of a dairy cow. Nutrient 

demands during late gestation and early lactation increase substantially, in part because of fetal 

development, but mostly because of synthesis of colostrum and milk (Bell, 1995). Concurrent 

with the transition from nonlactating pregnant to nonpregnant lactating, most cows experience 

some decline in DMI during the last few days of gestation that further complicates the supply of 

nutrients to meet the increasing needs with the onset of lactation (Bell, 1995; Drackley, 1999). 

This negative nutrient balance, coupled with adaptive endocrine changes, induces cows to 

increase body tissue mobilization resulting in increased concentrations of NEFA and BHBA, 

which have been associated with decreased humoral and innate immune responses (Mallard et 

al., 1998), and increased risk of uterine (Hammon et al., 2006; Chapinal et al., 2011) and other 

postpartum diseases (Chapinal et al., 2011).  
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Supplemental fat is used commonly in dairy cattle rations to increase energy intake, with 

attempts to reduce body fat mobilization and, when fed during transition, to minimize the 

incidence of early lactation disorders (Damgaard et al., 2013). Linoleic (C18:2-cis9,cis12) and α-

linolenic acids (C18:3-cis9,cis12,cis15) are essential fatty acids (FA) to mammals because 

mammalian cells lack the delta 12 and 15 desaturases (Hashimoto et al., 2006). Essential FA and 

their derivative longer chain FA and eicosanoids are active molecules that not only provide 

calories, but also influence gene expression resulting in changes in metabolism (Jump, 2002) and 

immune responses (Calder et al., 2012), which can ultimately have impacts on health and 

reproduction of dairy cows (Santos et al., 2008). One of the well described pathways by which 

FA affect immunity is by modulating immune cell function and inflammatory responses through 

the balance of pro- and anti-inflammatory molecules. For instance, FA of the omega-6 family 

activate LPS-induced prostaglandin synthesis and the transcription factor nuclear factor (NF) κB 

(Calder 2012). The active NF-κB up regulates the expression of cytokines, chemokines, proteins 

involved in the acute phase response, and cell adhesion molecules (Kumar et al., 2004) which, 

collectively, facilitate inflammation and immune responses. In addition, omega-6 FA are 

precursors for the synthesis of prostaglandins, especially PGF2α, which is an important regulator 

of reproductive cycle in cattle and synthesized in copious amounts by the uterus during the early 

postpartum period (Guilbault et al., 1984). Prostaglandins and other intermediates of arachidonic 

acid metabolism have pivotal roles in the activation and resolution of the inflammatory response 

(Khanapure et al., 2007), and PGF2α has been shown to be a neutrophil chemoattractant as well 

as stimulate phagocytosis of bacteria (Hoedemaker et al., 1992).  

It was hypothesized that supplementing FA to diets containing low concentrations of fat, 

particularly linoleic acid, would stimulate measures of immune responses and improve uterine 
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health in dairy cows. Based on previous work (Silvestre et al., 2011a), it was anticipated that the 

benefits of fat supplementation would be greater with the addition of linoleic acid. Therefore, the 

objectives were to evaluate the effects of supplementing diets containing low amounts of FA 

with either mostly saturated free FA or Ca salts containing essential FA during late gestation and 

early lactation on immunity and uterine health during the early postpartum period. 

Materials and Methods 

The experiment was conducted at the University of Florida Dairy Unit (Hague, FL) from 

October 2008 to early June 2009 and cows calved between December 2008 and March 2009. All 

experimental cows were managed according to the guidelines approved by the University of 

Florida Institute of Food and Agricultural Sciences Animal Research Committee. 

  Study Design, Animals, Housing and Feeding 

Detailed information on management of cows is presented in Chapter 2. Briefly, the 

experiment was a completely randomized design with blocks. Weekly cohorts of cows were 

blocked by parity as nulliparous (n = 23) and parous (n = 53) and body condition and, within 

each block, randomly assigned to one of three treatments. Cows were allocated to the study and 

treatments initiated at 56 d before the expected date of calving. Treatments were no fat 

supplementation pre- and postpartum (control, n = 26), supplementation with 1.7 and 2.0% FA 

pre- and postpartum, respectively, with either mostly saturated free FA (SFA; Energy 

Booster100, Milk Specialties, Dundee, IL; n = 25) or Ca salts enriched with essential FA (EFA, 

Megalac-R; Church & Dwight, Princeton, NJ; n = 25). Description of the diets is depicted in 

Table 3-1. Because the concentration of FA differed between the supplements used, the amounts 

of each supplement added to the ration were adjusted to ensure the same 1.7 and 2.0% 

supplemental FA fed pre- and postpartum, respectively, of SFA and EFA.  
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Immune Competence Markers 

All laboratory assays were performed in duplicate or triplicate, and samples or assays 

with CV > 15% were repeated. 

Acute phase proteins and prostaglandin F metabolite 

Blood was sampled weekly before calving and then thrice weekly postpartum through 40 

DIM. Blood was sampled by puncture of the coccygeal vessels into evacuated tubes containing 

K2EDTA (Vacutainer, Becton Dickinson, Franklin Lakes, NJ). Upon collection, tubes were 

placed immediately in ice and processed within 4 h. Plasma was separated by centrifugation at 

2,095 x g for 15 min (Allegra X-15R Centrifuge) and aliquots stored at -20oC for later analyses. 

The concentrations of the acute phase proteins, haptoglobin and acid soluble protein, 

were measured in plasma. Haptoglobin concentrations were determined by measuring the 

differences in peroxidase activity within the haptoglobin/hemoglobin complex as described by 

Makimura and Suzuki (1982). Samples were analyzed in duplicates and the intra- and inter-assay 

CV were, respectively, 3.2 and 11.4%. Haptoglobin was expressed in arbitrary units. Acid 

soluble protein was determined by extracting with 0.6 M perchloric acid (Fisher Scientific, 

Hampton, NH, USA) diluted in distilled water (66 mL of perchloric acid in 1 L of water). Plasma 

samples (50 µL) were incubated with perchloric acid solution (1 mL) for 20 minutes at room 

temperature. At the end of the incubation period, samples were centrifuged (2,095 x g for 30 

min, Allegra X-15R Centrifuge, Beckman Coulter Inc., Brea, CA). Bicinchoninic acid kit 

(Sigma-Aldrich, Saint Louis, Mo) was used to analyze the protein concentration. The intra- and 

inter-assays CV were 4.4 and 9.1%, respectively.  

During the first 10 DIM, blood was collected daily and plasma harvested as described 

above. Concentrations of PGF2α metabolite 13,14-dihydro-15-keto-PGF2α (PGFM) were 
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measured in plasma using an ELISA described by Ginther et al. (2010). The intra- and inter-

assays CV were 8.6 and 10.9%, respectively. 

Neutrophil adhesion molecules, phagocytosis, and oxidative burst 

On d -14, 0, 4, 7, and 14 relative to parturition, neutrophil phagocytic and oxidative burst 

activities (pHrodo E.coli BioParticles) and expression of adhesion molecules, L-selectin and β-

integrin (Silvestre et al., 2011a), were quantified. Blood was collected from coccygeal vessels 

into two 10 mL evacuated tubes containing sodium heparin as anticoagulant (Vacutainer, Becton 

Dickinson). Samples were kept at room temperature, protected from direct sun light and 

processed within 2 h of collection.   

The first tube was assayed at the University of Florida Clinical Pathology Laboratory to 

quantify the complete blood cell count using a Bayer Advia 120 hematology analyzer (Siemens 

Corporation, Washington, DC). Phagocytosis concurrent with oxidative burst was measured by 

incubating 100 µL of blood adjusted to contain 5 x 103 neutrophils/µL with 40 µL of 

reconstituted pHrodo E. coli BioParticles conjugate (Molecular Probes, Invitrogen, Life 

Technologies, Carlsbad, CA). Samples were then incubated for 2 h at 37oC, rotating. After 

incubation, samples were immediately placed in ice to stop neutrophil activity. Red blood cells 

were then lysed with 2.5 mL of lysis buffer (449.4 mg NH4Cl + 50.0 mg KHCO3 + 1.86 mg 

EDTA, diluted in 50 mL of double distilled water), the remaining white blood cells were then re-

suspended in 2.5 mL of FACS buffer (Becton Dickinson Biosciences, San Jose, CA), centrifuged 

and the pellet re-suspended in 200 µL of FACSFlow sheath fluid (Becton Dickinson 

Biosciences). For each tube, optical features of 50,000 neutrophils were acquired using a Facsort 

flow cytometer equipped with a 488-nm argon ion laser for excitation at 15 mW equipped with 

CellQuest software (Becton Dickinson Biosciences). Neutrophils exhibiting fluorescence were 

those undergoing phagocytosis concurrent with oxidative burst that result in bacterial killing, 
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whereas the geometric mean fluorescence intensity (GMFI) represents a proxy for the mean 

number of E. coli phagocytized and killed per neutrophil.     

Neutrophils expressing adhesion molecules L-selectin and β-integrin were assayed as 

described by Silvestre at al. (2011a). Briefly, monoclonal mouse anti-bovine L-selectin (CD62L, 

IgG isotype, Serotec, Raleigh, NC) and mouse anti-canine β2-integrin (CD18, IgG1 isotype, 

Serotec, Raleigh, NC) with cross reactivity with bovine CD18 were used. Nonspecific binding of 

the antibodies with cells was corrected by using an isotype mouse control antibody (IgG1 

isotype, Serotec). The flow cytometer procedures occurred as described for neutrophil function.  

Density cytograms were generated by linear amplification of the signals in forward (cell 

diameter) and side (membrane irregularity) scatters. Percentages of neutrophils positively for L-

selectin or β-integrin were determined based upon gated cells. The GMFI of the labeling kit, an 

indicator of the number of L-selectin or β-integrin on the surface of each neutrophil cell, was 

obtained in the histogram for the gated cell population. 

Peripheral blood mononuclear cells isolation and cytokine production 

Isolation of peripheral blood mononuclear cells (PBMC) was performed at 15 ± 2 and 30 

± 2 DIM, according to Padua and Hansen (2008) with some modifications. Briefly, 50 mL of 

blood was sampled from the coccygeal vessels in 10-mL evacuated tubes containing heparin 

(Vacutainer, Becton Dickinson) from each cow. Blood was transported to the laboratory at 

ambient temperature and the isolation was initiated within 2 h of collection. Tubes were 

centrifuged for 15 min at 931 x g at room temperature (Allegra X-15R centrifuge, Beckman 

Coulter Inc.). The buffy coat, containing most of the white blood cells, was transferred using 

sterile transfer pipettes to a 13 mL tube (Sarstedt Inc., Newton, NC) containing 2 mL of medium 

199 (M-199, Sigma-Aldrich). The buffy coat and M-199 medium were mixed by pipetting up 

and down several times. This cell suspension was transferred slowly on top of 2 mL of Fico/Lite 
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LymphoH (Atlanta Biologicals, Lawrenceville, GA). The cell suspension/Fico/Lite LymphoH 

solution was centrifuged for 30 min at 524 x g at room temperature. Mononuclear cells were 

collected from the Fico/Lite interface and transferred to pre-labeled 13 mL culture tubes 

containing 2 mL of red blood cell lysing buffer (Sigma-Aldrich). Twenty seconds after 

transferring, the solution was neutralized with 8 mL of 1X DPBS (Sigma-Aldrich). The solution 

was centrifuged at 524 x g for 15 min at room temperature. The supernatant was removed by 

aspiration with a sterile glass pipette attached to a vacuum pump and the pellet containing the 

PBMC was re-suspended in 4 mL of modified M-199. The M-199 media was supplemented with 

5% horse serum, 500 U/mL of penicillin, 0.2 mg/mL of streptomycin, 2 mM of glutamine, and 

10-5 M β-mercaptoethanol, all reagents from Sigma-Aldrich. 

The PBMC were counted using the Trypan blue dye (Sigma-Aldrich) by exclusion 

method. The suspension was adjusted to 2 x 106 cells/mL. Cell suspension in a total volume of 2 

mL was plated in triplicate with modified M-199 media and stimulated or not stimulated with 10 

μg/mL of concanavalin A (Sigma-Aldrich) on a 6-well plate (Corning Inc., Corning, NY). Plates 

were incubated for 48 h at 37oC at 5% CO2. After incubation, plates were centrifuged for 10 min 

at 524 x g and the supernatant was stored at -80°C for analysis of cytokine production. 

Quantification of IFN-γ concentration was performed using the bovine IFN-γ Duoset ELISA 

development kit (R&D systems, Minneapolis, MN). Stimulated and non-stimulated samples 

were run in triplicate with an intra-assay CV of 9.8%. 

Antibody response against ovalbumin immunization 

Cows were immunized with 1 mg of ovalbumin (Sigma Aldrich) diluted in Quil A 

adjuvant solution (0.5 mg of Quil A in 1 mL of PBS – Accurate Chemical & Scientific Corp., 

Westbury, NY) on study enrollment (-60 d relative to expected calving date), again 30 days after 

the first immunization and lastly at calving. Blood samples were collected at each vaccination 
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and once a week for the first 5 wk postpartum. Samples were collected from coccygeal vessels in 

a tube without anti-coagulant (Vacutainer, Becton Dickinson), and serum was separated at room 

temperature. Tubes were centrifuged (2,095 x g for 15 min, Allegra X-15R centrifuge), harvested 

serum was stored at -20oC for further analyses. An ELISA was performed to measure serum IgG 

concentration. A 96-well flat bottom plate (Immulon 2, Dynex Tech., Chantilly, VA) was coated 

for 48 h at 4oC using a coating solution of 1.4 mg of ovalbumin diluted in 1 mL of carbonate-

bicarbonate buffer. After coating, plates were washed four times with 200 µL/well of washing 

solution (0.5 mL of Tween 20 diluted in 1 L of PBS). Plates were blocked adding 200 µL/well of 

block solution (30 mL of Tween 20 plus 10 g of bovine serum albumin, diluted in 1 L of PBS) 

and incubated at room temperature for 1 h. After incubation, plates were washed as described 

before. Serum from a cow never immunized with ovalbumin, and from a cow sampled 21 d after 

the third immunization were used as negative and positive controls, respectively. Samples, as 

well as negative and positive controls, were diluted (1/50 and 1/200), and 100 µL/well were 

added in duplicate. Plates were incubated for 2 h at room temperature and then washed. Alkaline 

phosphatase conjugate rabbit anti-bovine IgG whole molecule (Sigma Chemical, St. Louis, MO) 

was diluted in TBS (Tris base, Sigma Chemical, St. Louis, MO; dilution was 0.026 µL of 

antibody/1 mL of TBS), and 100 µL/well added and incubated for 1 h. Plates were washed and 

80 µL/well of substrate (P-Nitrophenyl Phosphate Disodium, Sigma Chemical, St. Louis, MO) 

was added. Plates were incubated for 30 min and read immediately after the incubation time 

ended. An automatic ELISA plate reader (MRX Revelation; Dynex Technologies Inc., Chantilly, 

VA) was used and the optical density was recorded at 405 nm and the reference at 650 nm. 

Results were corrected by dividing the experimental sample by the positive control at the same 

specific dilution. Results of each dilution were averaged and the average of 2 dilutions was 
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reported. Inter- and intra-assay coefficients of variation based on the positive control were 9.7 

and 9.2%, respectively. 

Uterine Health and Postpartum Ovarian Activity 

Uterine diseases 

Cows were diagnosed as having retained placenta when the fetal membranes were not 

expelled within 24 h of calving. Cows were palpated per rectum to evaluate the uterine discharge 

on d 4, 7 and 12 after calving. Metritis was characterized by the presence of fetid red-brown 

watery uterine discharge. Puerperal metritis was considered when metritis was present 

concurrent with fever (Sheldon et al., 2006). 

Clinical endometritis was evaluated using the Metricheck device (Metricheck, Simcro, 

New Zealand) at 25 ± 2 DIM. The vulva was cleansed with chlorhexidine solution (Novalsan 

Solution, Zoetis Animal Health, Florham Park, NJ) and then dried with a paper towel. The 

Metricheck device was inserted into the vagina towards the cervix and pulled out bringing 

vaginal fluid. Discharge was classified as clear, mucopurulent, or purulent. Clinical endometritis 

was considered when at least 50% of the vaginal discharge was pus. 

Uterine cytology was performed at 36 ± 2 DIM to evaluate the incidence of cytological 

endometritis and to perform microbiologic analyses. Briefly, the vagina was cleansed with 

chlorhexidine solution and sanitized with alcohol. A sterile Foley catheter (18 French, 56 cm) 

covered with a plastic sheet was introduced into the vagina and the protection sheet removed 

after the catheter was placed into the entrance of the cervix. The catheter was directed to the 

previously pregnancy horn and placed 3 to 4 cm past the uterine bifurcation. The balloon of the 

catheter was inflated with 10 to 15 mL of air to keep the catheter in stable position. 

Subsequently, 30 mL of a 0.9% sterile saline solution (Aqualite System, Abbott Laboratories, 

North Chicago, IL) was infused into the horn, with subsequent recovery of the solution. The 
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flush solution was placed immediately in ice and transported to the laboratory within 2 h of 

collection.  

The uterine flush solution was homogenized and an aliquot of 100 µL was streaked with 

a sterile glass swab onto blood and MacConkey agar plates. Plates were incubated for 48 h at 

35oC. Colonies of bacteria were characterized by morphology and Gram staining (BD Gram 

Stain Kits and Reagents, Becton Dickinson).  Biochemical tests were performed to identify 

bacteria species.  

Immediately after the uterine flush, a sample for uterine cytology was collected using the 

cytobrush technique (Cytobrush Plus GT, Cooper Surgical, Trumbull, CT). The cytobrush was 

inserted into an adapted gun and covered with protective plastic (Continental Plastics, Delavan, 

WI). The gun was passed through the cervix and directed to the previously pregnant horn. The 

cytobrush was exposed and gently rotated against the uterine mucosa and then retrieved into the 

gun. The brush was immediately smeared onto a glass slide. The slide was air-dried and 

subsequently stained using Romanowski stain (Diff-Quick, differential quick stain kit, Imeb Inc. 

San Marcos, CA). Total leukocytes, neutrophils, and endometrial cells were counted using an 

optical microscope to complete 200 cells per slide. Cows were considered to have cytological 

endometritis when more than 10% of the total cells were identified as neutrophils (Martinez et 

al., 2012). 

Postpartum uterine involution 

The reproductive tract of cows was scanned by ultrasound using a 5.0 MHz transrectal 

probe (Aloka 500, Hitachi Aloka America, Wallingford, CT) thrice weekly from 10 to 40 DIM. 

Uterine horns were measured as described by Silvestre at al. (2009) to characterize involution. 
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Postpartum ovarian cyclicity and synchronization for first AI 

Cows were scanned by ultrasound equipped with a 7.5 MHz transrectal probe (Aloka 

500, Hitachi Aloka America) thrice weekly, starting at 5 d postpartum through 40 DIM. Ovarian 

follicles and corpus luteum (CL) were mapped. Follicles were measured at the greatest diameter, 

and the diameters of the CL at a 90o angle were measured to calculate the area and volume. 

Ovulatory follicle diameter was considered as the last measurement before the disappearance of 

the follicle followed by appearance of a CL. Ovulation was considered following the 

disappearance of a follicle and subsequent formation of CL in the same ovary.  

Blood was sampled thrice weekly by puncture of coccygeal vessels into evacuated tubes 

containing K2 EDTA (Vacutainer; Becton Dickinson) from 12 to 40 DIM  to quantify 

progesterone concentrations in plasma. Blood tubes were placed in ice immediately after 

collection and centrifuged at 2,000 x g for 15 min for plasma separation within 8 h of collection. 

Plasma samples were frozen at -20 ºC until assayed. Concentrations of progesterone were 

evaluated in plasma by RIA using a commercial kit (Coat-a-Count, Siemens Healthcare 

Diagnostics, Los Angeles, CA). The sensitivity of the assay was 0.02 ng/mL, calculated as 2 SD 

below the mean counts per minute at maximum binding. Plasma harvested from cows on d 4 (~ 

1.5 ng/mL) and 10 (~ 5.5 ng/mL) of the estrous cycle was incorporated into each assay and used 

to calculate the CV. The intra- and inter-assay CV were 6.0 and 9.0%, respectively. 

Estrous cycle were synchronized with the Ovsynch-56 (d 0 GnRH [100 μg of 

gonadorelin], d 7 PGF2α [25 mg], d 9.5 GnRH [100 μg of gonadorelin], d 10 AI) concurrent with 

the use of a controlled internal drug-release insert (CIDR) containing 1.38 g of progesterone 

(EAZI-BREED CIDR, Zoetis) administered on the day of the first GnRH and removed on the 

day of the PGF2α injection. Pregnancy was evaluated by transrectal ultrasonography with a 



 

114 

portable ultrasound equipped with a 7.5 MHz transrectal probe (Easi-Scan, BCF technology, 

Rochester, MN) on d 32 after AI.  

Statistical Analysis 

Continuous data were tested for normality of residuals with the Shapiro-Wilk test, and 

non-normally distributed data were transformed before statistical analyses. Data with repeated 

measurements within the same experimental unit were analyzed with cow nested within 

treatment as the random error for testing the effects of treatment. Data were analyzed by the 

GLIMMIX procedure of SAS (SAS ver. 9.2, SAS Inst. Inc., Cary, NC) fitting either a Gaussian, 

Poisson, or binomial distribution according to the type of data. Intervals postpartum to first 

ovulation or to complete uterine involution were analyzed by the Cox’s proportional hazard 

model using the PHREG procedure of SAS.  

All statistical models included the effects of treatment, parity, and the interaction between 

treatment and parity. For models with repeated measurements within the same experimental unit, 

time and the interactions between treatment and time, parity and time, and treatment and parity 

and time were also included. A covariate was included on the analysis of the immunoglobulin G 

titers. The time reference for the models was either day or week relative to calving. Orthogonal 

contrasts were performed to determine the effect of supplemental fat (control vs. SFA + EFA) or 

source of FA (SFA vs. EFA), and the interactions between supplemental fat and parity and 

source of FA and parity. The covariance structure (compound symmetry, heterogeneous 

compound symmetry, autoregressive 1, heterogeneous autoregressive 1, toeplitz) that resulted in 

the lowest Akaike’s information criterion was selected as best fit. For unequally spaced 

measurements, the spatial power covariance structure was used. The Kenward-Roger method 

was used to calculate the denominator degrees of freedom to approximate the F tests in the 

mixed models. 
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Significance of the differences was declared when P ≤ 0.05 and tendency was considered 

when 0.05 < P ≤ 0.10. 

Results 

Markers of Immune Response 

Mean plasma concentrations of acid soluble protein did not differ with fat feeding, but 

cows fed EFA tended (P = 0.09) to have less acid soluble protein than those fed SFA (Table 3-2). 

The concentrations of acid soluble protein increased (P < 0.01) around calving in primiparous 

and multiparous cows in all three treatments (Figure 3-1, panels A and B). Nevertheless an 

interaction (P = 0.04) between fat feeding and parity was detected because concentrations in 

primiparous cows fed control were greater than those fed fat, particularly those fed EFA, and 

there was no difference among the multiparous cows. Concentrations of haptoglobin followed a 

similar pattern to those of acid soluble protein; they increased (P < 0.01) around calving in 

primiparous and multiparous cows in all three treatments (Figure 3-1, panels C and D), but a FA 

by parity interaction (P = 0.08) was detected because for primiparous, those fed EFA had lower 

concentrations than those fed SFA, and there was no difference among the multiparous cows. 

The total concentration of leukocytes in blood during the transition period was not altered 

by treatments (Table 3-2; Figure 3-2). On the other hand, the differential count of lymphocytes 

and neutrophils differed with feeding fat. The proportion of lymphocytes decreased (P = 0.02), 

whereas that of neutrophils increased (P = 0.01) in blood of cows fed fat. Source of FA or 

interactions of fat feeding or FA source with parity did not affect the proportions of different 

leukocytes in blood of cows. 

The proportion of neutrophils expressing L-selectin increased (P < 0.01) with fat feeding 

(Table 3-2), and this increase was greater (P < 0.01) in primiparous than multiparous cows 

(Figure 3-3A). Similar to the proportion of neutrophils expressing L-selectin, the GMFI for L-
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selectin, a proxy for the abundance of this adhesion molecule per neutrophil, increased (P = 0.04) 

with fat supplementation, and the increase occurred solely (P = 0.01) in primiparous (control = 

280.7 ± 107.1 vs. SFA = 533.9 ± 65.6 vs. 633.7 ± 64.6) but not multiparous cows (control = 

319.8 ± 45.0 vs. SFA = 245.4 ± 56.1 vs. 326.3 ± 47.9). Fat feeding also increased (P = 0.02) the 

proportion of neutrophils expressing β-integrin, from primiparous but not multiparous cows (P = 

0.04; Figure 3-3B). No effect of fat feeding or source of FA was detected for the GMFI for β-

integrin in neutrophils. The ability of neutrophils to kill E. coli by phagocytizing and undergoing 

oxidative burst increased with feeding fat (P = 0.03) and this increase was only (P = 0.05) in 

primiparous cows (Figure 3-3C). The GMFI for bacterial killing tended (P = 0.07) to be greater 

for EFA than SFA (Table 3-2). Interestingly, cows that developed disease after calving had 

neutrophils with reduced (P < 0.05) expression of L-selectin and ability to undergo phagocytosis 

and oxidative burst (Figures 3-3D and 3-3F), but this depression was prevented (P < 0.05) in 

cows fed fat. Expression of β-integrin in neutrophils did not differ between healthy and diseased 

cows when fed fat, but tended to be less (P = 0.09) in diseased than healthy cows when fed the 

control diet (Figure 3-3E).  

Production of IFN-γ by isolated lymphocytes was not altered by fat feeding or type of FA 

fed (Table 3-2), and averaged 136.5 ± 58.2 and 115.9 ± 44.7 pg in the cell cultures on d 15 and 

30 postpartum, respectively.  

Serum IgG titers against ovalbumin were not affected by treatments (Table 3-2); however 

a tendency (P = 0.09) for an interaction between type of FA and parity was detected because diet 

had no effect on anti-ovalbumin IgG titers in multiparous cows, but primiparous fed SFA had 

greater IgG titers than primiparous cows fed EFA (Figure 3-4). Anti-ovalbumin IgG titers 
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followed the typical immunization response, with increased (P < 0.01) titers after each 

subsequent vaccination. 

Uterine Involution and Health 

Prostaglandin F metabolite concentrations in plasma during the first 10 DIM were high 

and declined (P < 0.01) rapidly with day postpartum (Figure 3-5A). Cows fed EFA had greater 

(P < 0.05) PGFM concentrations than controls on the day of calving and also greater (P < 0.05) 

concentrations than SFA on the first 2 d postpartum. No treatment effects were detected for 

concentrations of PGFM on and after 2 DIM.  

Diseases affected 32.9% of the cows in the first 13 wk of lactation (Table 3-3). Feeding 

fat or source of fatty acid fed did not influence the risks of retained placenta, metritis, 

endometritis or mastitis. However, feeding fat tended (P = 0.07) to decrease the incidence of 

cows with fever and reduced (P = 0.01) the incidence of puerperal metritis. The rate of uterine 

involutions did not differ with dietary treatments (Table 3-3; Figures 3-5B and 3-5C). Cows 

completed the involution of the uterus with a median of 33 to 36 d postpartum. By 39 DIM, the 

mean diameter of the previously gravid horn equalized with the mean diameter of the 

contralateral horn. A similar pattern was observed for involution of the previously gravid horn 

and the decline in concentrations of PGFM in plasma (Figure 3-5).  

On d 36 postpartum, 8% of the cows fed control (2 in 25) and SFA (2 in 25) had uterine 

flush containing Trueperella pyogenes, but none of the cows fed EFA had uterus positive for the 

same bacterium. Escherichia coli was isolated in 24% of the control cows, but in none of the 

SFA cows and only 4.0% of the EFA cows. Overall, a larger (P < 0.05) proportion of control 

cows had either T. pyogenes or E. coli isolated from the uterus than cows fed fat (32.0 vs. 6.0%). 
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Ovarian Responses and Pregnancy  

The days postpartum to detect the first dominant follicle of at least 10 mm in diameter 

was 13.4 d, and this interval postpartum was not influenced by feeding fat or by the type of FA 

fed (Table 3-4). The proportion of estrous cyclic cows based on ovulation before 40 DIM was 

not affected by fat feeding, but an interaction (P = 0.03) between fat feeding and parity was 

detected because for controls, the proportion of cyclic cows was smaller for primiparous than 

multiparous (40.0 and 85.7%), whereas for cows fed fat the opposite was observed (SFA, 70.0 

and 53.3%; EFA, 62.5 and 47.1%). The median d postpartum at first ovulation did not differ 

among treatments. The first ovulatory follicle ovulated with a mean diameter of 18.0 mm, and 

the resulting CL had similar calculated area and volume among treatments. The lack of 

differences in rate of ovulation and size of the CL resulted in no overall effect in the cumulative 

concentrations of progesterone up to 40 DIM (Figure 3-6). However, for ovulated cows, those 

receiving the SFA diet had greater (P < 0.05) concentrations of progesterone after 30 DIM 

compared with cows either control or EFA. The pregnancy at first AI was not affected by 

feeding fat or by source of FA fed and averaged 41.3% (Table 3-4).  

Discussion 

Diets of dairy cows are supplemented with fat in an attempt to increase the caloric 

density of the ration and improve lactation performance; however, diets of transition dairy cows 

usually contain low concentrations of dietary fat because of the potential negative effects on DM 

intake (Allen, 2000). Nevertheless, dietary FA can have effects beyond the supply of calories and 

can influence immunity and metabolism (Silvestre et al., 2011a; 2011b). In fact, primiparous 

cows supplemented with fat in the current study had reduced concentrations of acute phase 

proteins, improved measures of neutrophil function, and reduced incidences of fever and 

puerperal metritis. Furthermore, supplementing the diet with fat starting prepartum attenuated the 
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reduction observed in neutrophil function when cows became ill. For many of the responses, no 

difference was observed between the sources of FA fed.  

One of the goals of transition cow rations is to minimize depression in immune function 

observed around calving and improve peripartum health. Cows fed the control diet had a more 

sustained elevation in acute phase proteins postpartum, particularly the primiparous cows 

compared with primiparous fed EFA. These proteins are produced by the liver when an 

inflammatory process takes place and they might be interpreted as a sensor of inflammation 

which would lead to an anti-inflammatory coordinated response in order to maintain homeostasis 

(Hochepied et al., 2003). Feeding EFA improved milk yield and efficiency of milk production 

(Chapter 2) and this improvement might be related to changes in immune competence and 

reduced severity of diseases. Haptoglobin in plasma acts as a scavenger molecule for free 

hemoglobin (Lim et al., 2000) and concentrations of acute phase proteins increase in 

inflammatory conditions such as metritis (Sheldon et al., 2001). The fact that puerperal metritis 

and fever were reduced in cows fed fat might explain the attenuation in acute phase protein 

response with DIM compared with cows not fed fat.  

More control cows were affected by puerperal metritis. This disease is a more severe 

form of metritis with presentation of systemic signs such as fever, anorexia, and depressed 

attitude (Sheldon et al., 2006). Innate immunity is critical for the defense of the uterus against 

bacterial colonization and elimination of infection in the early postpartum period (Sheldon et al., 

2001). Cows fed fat were either less susceptible or more efficient in eliminating bacterial 

contamination that causes disease. Cows fed fat had improved measures of innate immunity, 

particularly neutrophil function, and those measures were less depressed during a disease state. 

Cows with depressed innate immunity either because of negative energy balance or poor Ca 
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status are usually more susceptible to uterine diseases (Hammon et al., 2006; Martinez et al., 

2012), and improvements in innate immune function are likely to have increased ability to clear 

bacterial contamination from the uterus (Sheldon et al., 2014). In fact, cow fed fat had less 

prevalence of utero-pathogenic bacteria in uterine flush, suggesting improved bacterial 

elimination. Together E. coli and T. pyogenes are the most common pathogens responsible for 

uterine diseases in dairy cows and they have synergistic effects in establishing uterine disease 

(Sheldon et al., 2006; Bicalho et al., 2012). The reduction in prevalence of these bacteria in the 

uterus of cows fed fat might be related to the improved measures of innate immunity observed in 

cows, even when cows were diagnosed with disease. It has been shown that feeding fat, 

particularly sources of FA rich in linoleic acid, during the transition period improves measures of 

innate immunity (Silvestre et al., 2011a) and reduces the severity of metritis in dairy cows 

(Juchem et al., 2010), which corroborates with the findings of the current study. 

Concentrations of neutrophil in blood were greater for cows fed fat, and an increased 

proportion of these cells expressed adhesion molecules that facilitate cell extravasation by 

diapedesis (Ley, 2007). The process of neutrophil rolling on the vascular endothelium is 

mediated by L-selectin and it is a primordial event for the process of neutrophil extravasation 

from the blood stream to injured tissue (Ley, 2007). After parturition, the expression of L-

selectin by neutrophils is decreased (Weber et al., 2001; Burton et al., 2005), which might impair 

neutrophil migration to infected tissues such as the uterus or mammary gland. An inverse 

relationship between L-selectin expression and neutrophil concentration has been indicated in the 

literature (Weber et al., 2001), and cows fed fat had increased proportion of neutrophils in blood 

and more of those cells expressed L-selectin with increased intensity. Similar to L-selectin, 

neutrophils also need to express β-integrins to be able to firmly attach to the intercellular 
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adhesion molecules on the endothelial surface before extravasation to a tissue. Expression of β-

integrins also was enhanced by feeding fat, and this response was greater in primiparous cows. 

Collectively, these results suggest that increasing the dietary FA content of diets fed in late 

gestation and early lactation to up to 4.0% improves neutrophil function as it was reported when 

feeding a Ca salts rich in linoleic acid (Silvestre et al., 2011a). 

Incubation of lymphocytes with different polyunsaturated FA increased the proportion of 

those FA in the phospholipid fraction of these cells (Calder et al., 1994). In vivo, feeding diets 

that differ in FA profile influenced the FA profile of neutrophils (Silvestre et al., 2011a) and 

PBMC (Watts et al., 2013), suggesting that despite extensive rumen biohydrogenation of 

unsaturated FA, the profile observed in immune cells resemble that of the ingested FA. The FA 

profile of plasma of cows in the present study was altered by treatments (Chapter 2), suggesting 

that a similar change also occurred in the immune cells. In humans, in vitro production of IFN-γ 

by stimulated PBMC was correlated with concentrations of stearic acid (Kew et al., 2003). 

Garcia et al. (2014) also reported increased IFN-γ by calves fed linoleic acid. However, the 

present study was unable to show any effect of altering the dietary lipid content of the ration or 

feeding supplements with differing FA profile on in vitro production of IFN-γ by PBMC in dairy 

cows.    

Immediately after calving and in the first few weeks postpartum, the main site of PGF2α 

synthesis is the uterus (Guilbault et al., 1984). It is well known that arachidonic acid, which is 

present in the phospholipid fraction of endometrial cells (Mattos et al., 2000), is the precursor for 

the 2 series of PG, which are known to have pro-inflammatory actions (Calder et al., 2012). It 

has been shown that upregulating the innate immune system by feeding a diet enriched with 

linoleic acid was beneficial during the transition period (Silvestre et al., 2011a; 2011b), a time 
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when the immune system is typically compromised (Mallard et al., 1998). Prostaglandins, 

thromboxanes, and leukotrienes originated from n-6 FA are key regulatory molecules during an 

inflammatory response and they typically are elevated in concentration in blood during the 

process of calving and uterine involution. Feeding diets enriched in linoleic acid starting 

prepartum increased plasmatic concentrations of PGFM at 1 (Juchem et al., 2010), 4 (Cullens, 

2006), and up to 7 DIM (Silvestre et al., 2011a). Concentrations of PGFM increased with feeding 

EFA only on the day of calving and the following day in the present study. It is possible that 

slight elevations in uterine PGF2α synthesis might enhance uterine defense mechanisms (Seals et 

al., 2002). Healthy cows had increased concentrations of PGFM after calving compared with the 

counterparts that developed metritis (Seals et al., 2002). Furthermore, it has been demonstrated 

that PGF2α is a neutrophil chemoattractant that stimulates phagocytosis of bacteria (Hoedemaker 

et al., 1992). Although arachidonic acid is seldom detected in the caruncles of cows immediately 

after calving (Silvestre et al., 2011a), its precursor, linoleic acid, increases in concentration in 

reproductive tissues with dietary supplementation (Scholljegerdes et al., 2007; Silvestre et al., 

2011a). This increased concentration might prime the cow to enhance PGF2α and other 

inflammatory mediators important for immune defense. 

Feeding fat or altering the FA profile of the supplemental fat during late gestation and 

early lactation did not have major effects on ovarian physiology in the first 40 DIM. Two of the 

most consistent responses to feeding fat are increased ovulatory follicle diameter and subsequent 

concentrations of progesterone in plasma (Staples at al., 1998; Santos at al., 2008). The current 

study showed no effect of fat feeding or source of FA fed on interval postpartum to first 

ovulation, diameter of the ovulatory follicle, and dimensions of the CL. However, the cumulative 

concentrations of progesterone increased after 30 DIM in controls compared with cows fed fat. 
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An interaction between fat feeding and ovulation was detected and this might be explained by 

the differences in energy balance observed between primiparous and multiparous cows fed the 

different diets (Chapter 2). Primiparous cows fed fat had improved energy balance and smaller 

NEFA concentrations in plasma; however, multiparous cows had greater NEFA concentrations 

and smaller energy balance, especially those fed the EFA diet (Chapter 2). Estrous cyclicity by 

40 DIM was greater for primiparous cows fed fat compared with control primiparous, but the 

opposite was observed for multiparous cows. The role of energy balance in early lactation 

influencing ovarian function have been well characterized, and cows that suffer from more 

pronounced negative energy balance have a delay in first estrous cyclicity postpartum (Butler, 

2003). In fact, Santos et al. (2009) reported an increase in the proportion of estrous cyclic cows 

by 65 DIM as the loss of BCS was attenuated, therefore, indicating better energy status. 

Pregnancy at first AI was only numerically improved by feeding EFA compared with control or 

SFA, and the lack of effect is explained by inadequate power to detect pregnancy responses to fat 

feeding (Santos et al., 2008).     

Conclusion 

Supplementing fat to the diets of pre- and postpartum dairy cows to increase the dietary 

fat content from 2.0 to 3.7% prepartum and to 4.0% postpartum doubled the intake of FA, which 

enhanced measures for neutrophils function, reduced the incidence of puerperal metritis, and the 

prevalence of utero-pathogenic bacteria isolated from the uterus of cows.  The benefit of fat 

feeding seemed to be greater in primiparous than multiparous cows. Feeding fat attenuated the 

depression in neutrophil function observed in cows that developed disease postpartum. Despite 

the improvements in uterine health, the rate of uterine involution and resumption of ovarian 

cyclicity did not differ with fat feeding. Results from the current study suggest that increasing the 

dietary FA content of diets fed to transition cows from 2.0 to 3.7 or 4.0% with either SFA or 
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EFA has the potential to improve peripartum health by influencing innate immune function and 

reducing the incidence of uterine disease.  
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Table 3-1.  Ingredient and chemical composition of experimental diets during pre- and postpartum periods fed to cows receiving no fat 

supplement (control), mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) 

 Prepartum  Postpartum 

 Control SFA EFA  Control SFA EFA 

Ingredient, % of DM        

Bermuda silage 56.0 56.0 56.0  10.8 10.8 10.8 

Alfalfa hay - - - - - - - - -  34.4 34.4 34.4 

Ground barley 8.0 8.0 8.0  27.7 27.6 27.6 

Peanut meal 10.0 10.0 10.0  7.5 7.4 7.4 

Citrus pulp 21.9 20.2 19.9  14.9 13.1 12.7 

Saturated free fatty acids1 - - - 1.7 - - -  - - - 1.9 - - - 

Ca salts of fatty acids2 - - - - - - 2.0  - - - - - - 2.4 

Mineral mix3 4.1 4.1 4.1  4.7 4.7 4.7 

Nutrient composition, DM basis        

NE for lactation,4 Mcal/kg 1.42 1.49 1.50  1.59 1.67 1.67 

Crude protein, % 14.0 ± 1.5 13.9 ± 1.4 14.1 ± 1.3  16.7 ± 1.0 16.3 ± 1.0 16.4 ± 1.3 

Starch, % 6.7 6.8 6.8  16.4 16.4 16.4 

Non-fibrous carbohydrates,5 % 28.2 ± 2.8 25.2 ± 3.1 25.6 ± 1.5  42.0 ± 2.3 41.9 ± 2.9 39.8 ± 2.4 

NDF, % 47.0 ± 2.6 48.2 ± 2.4 47.4 ± 1.6  29.5 ± 1.9 29.1 ± 2.5 29.9 ± 1.9 

NDF from forage, % 37.6 ± 1.4 37.6 ± 1.4 37.6 ± 1.4  19.0 ± 1.5 19.0 ± 1.5 19.0 ± 1.5 

ADF, % 25.6 ± 2.6 25.3 ± 2.5 25.5 ± 2.3  16.8 ± 1.6 16.2 ± 1.9 16.8 ± 2.1 

Fatty acids,6 %        

Total 1.99 3.62 3.65  1.98 3.79 3.96 

C18:2-cis9,cis12 0.49 0.48 0.94  0.60 0.59 1.14 

Ca, % 1.41 1.47 1.67  1.36 1.29 1.60 

P, % 0.29 0.28 0.30  0.34 0.34 0.32 

Mg, % 0.38 0.38 0.41  0.38 0.35 0.37 

K, % 1.35 1.34 1.34  1.45 1.42 1.40 

Cl, % 0.76 0.76 0.80  0.47 0.43 0.52 

Na, % 0.17 0.17 0.20  0.62 0.50 0.50 
1Energy Booster 100 (Milk Specialties, Dundee, IL). 
2 Megalac-R (Church & Dwight, Princeton, NJ). 



 

126 

3 Prepartum, contains (DM basis) 34.5% corn meal, 12.0% ammonium chloride 5.0% dicalcium phosphate, 16.0 calcium carbonate, 

10% calcium sulfate, 5% magnesium oxide, 10% magnesium sulfate, 4% sodium chloride, 1.7% Zinpro 4-plex (Zinpro, Eden Prairie, 

MN), 0.4% Rumensin 80 (Elanco Animal Health, Greenfield, IN), 0.35% Sel-Plex 2000 (Alltech Biotechnology, Nicholasville, KY), 

0.002% Ca iodate, and a vitamin premix. Each kg contains 24.5% CP, 9.8% Ca, 1.5% P, 4.2% Mg, 3.2% S, 1.7% Na, 10.7 % Cl, 475 

mg Zn, 160 mg of Cu, 456 mg of Mn, 7.4 mg of Se, 37.4 mg of Co, 13.2 mg of I, 118,000 IU of vitamin A, 27,500 IU of vitamin D, 

2,600 IU of vitamin E, and 770 mg of monensin.  
3 Postpartum, contains (DM basis) 30.8% blood meal, 30.5% sodium bicarbonate, 12.0% dicalcium phosphate, 6.0% magnesium oxide, 

4.8% magnesium sulfate heptahydrate, 2.9% sodium chloride, 0.12% manganese sulfate monohydrate, 0.06% zinc sulfate, 2.9%,  

MetaSmart (Adisseo, Atlanta, GA), 0.25% Zinpro 4-Plex (Zinpro Co., Eden Prairie, MN), 0.45% Sel-Plex 2000 (Alltech Biotechnology, 

Nicholasville, KY), 0.25% Rumensin 80 (Elanco Animal Health, Greenfield, IN), and vitamin and iodine premix. Each kg contains 

28.5% of CP, 6.3% of Ca, 1.2% of P, 3.9% of Mg, 10.5% of Na, 3.1% of Cl, 587 mg of Zn, 124 mg of Cu, 654 mg of Mn, 9.6 mg of Se, 

25 mg of Co, 13 mg of I, 131,000 IU of vitamin A, 36,000 IU of vitamin D, 1,200 IU of vitamin E, and 470 mg of monensin. 
4 Net energy of diets considering 12 and 21 kg/d of DM intake for the pre- and postpartum periods, respectively (NRC, 2001). 
5 Nonfibrous carbohydrates calculated as: 100 – (NDF + CP + EE + Ash). 
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Table 3-2.  Parameters of immune competence of periparturient Holstein cows receiving no fat supplementation (control), saturated 

free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) 

 Control SFA EFA SEM1 Fat1 FA1 FatxP1 FAxP1 

Acid soluble protein, μg/mL 44.6 44.1 39.8 1.9 0.29 0.09 0.04 0.26 

Haptoglobin, optical density x 1,000 1.67 1.67 1.61 0.12 0.84 0.72 0.36 0.08 

Leukocytes         

Total, 1,000/μL of blood 13.6 12.4 11.1 1.9 0.47 0.57 0.33 0.89 

Lymphocytes, %  65.4 55.2 55.1 3.4 0.02 0.95 0.22 0.90 

Neutrophils, % 25.8 35.8 35.7 3.1 0.01 0.98 0.38 0.74 

L-selectin         

Percentage of neutrophils 90.8 95.9 96.8 1.1 <0.01 0.50 <0.01 0.55 

GMFI2 300.3 399.6 480.0 47.1 0.04 0.18 0.01 0.99 

β-integrin         

Percentage of neutrophils 89.5 93.1 94.4 1.3 0.02 0.44 0.04 0.17 

GMFI 105.8 97.1 95.5 20.8 0.73 0.95 0.87 0.59 

Phagocytosis with oxidative burst         

Percentage of neutrophils 88.5 91.1 92.4 1.1 0.03 0.36 0.05 0.58 

GMFI 105.1 98.6 111.9 5.2 0.98 0.07 0.86 0.76 

Lymphocyte IFNγ production, pg 131.1 146.7 100.6 51.4 0.89 0.43 0.84 0.98 

IgG, optical density 0.769 0.816 0.747 0.038 0.80 0.20 0.29 0.09 
1 SEM = Standard error of the mean; Fat = control vs. (SFA + EFA); FA = SFA vs. EFA; Fat x P = interaction between Fat and parity; 

FA x P = interaction between FA and parity.  
2 GMFI = Geometric mean fluorescence intensity. 
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Table 3-3.  Uterine health, incidence of mastitis, morbidity of periparturient Holstein cows receiving no fat supplementation (control), 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) 

 Control SFA EFA  Fat1 FA1 Fat x P1 FA x P1 

 % (no./no)      

Morbidity,2 % 38.5 (10/26) 28.0 (7/25) 32.0 (8/25)  0.60 0.83 --- --- 

Retained placenta 3.9 (1/26) 16.0 (4/25) 0  0.27 0.22 --- --- 

Fever3 46.2 (12/26) 28.0 (7/25) 32.0 (8/25)  0.07 0.71 0.24 0.88 

Metritis 26.9 (7/26) 12.0 (3/25) 16.0 (4/25)  0.17 0.68 --- --- 

Puerperal metritis4 26.9 (7/26) 4.0 (1/25) 8.0 (2/25)  0.01 0.52 --- --- 

Endometritis5         

Clinical 53.9 (14/26) 56.0 (14/25) 44.0 (11/25)  0.79 0.38 0.76 0.61 

Cytological 30.8 (8/26) 32.0 (8/25) 36.0 (9/25)  0.96 0.81 0.89 0.68 

Mastitis, % 15.4 (4/26) 16.0 (4/25) 16.0 (4/25)  0.70 0.89 --- --- 

Uterine involution by 40 DIM         

% (n/n) 76.9 (20/26) 78.3 (18/23) 72.0 (18/25)  0.88 0.79 0.45 0.98 

Adjusted HR (95% CI) Referent 0.94 (0.50-1.79) 1.06 (0.56-2.00)  0.14 0.46 --- --- 

Median d (95% CI) 33 (30 to 36) 36 (30 to 36) 33 (24 to 39)      
1 Fat = control vs. SFA + EFA; FA = EFA vs. SFA; Fat x P = interaction between Fat and parity; FA x P = interaction between FA and 

parity. Some contrasts were not estimated because of separation of data points. 
2 Cows diagnosed with at least one clinical disease that included retained placenta, metritis, displaced abomasum, or mastitis.  
3 Rectal temperature > 39.5oC on d 4, 7 or 12 postpartum.  
4 Cows with metritis concurrent with fever or systemic signs of illness. 
5 Clinical = mucus score > 2; Subclinical = endometrial cytology with ≥ 10% polymorphonuclear cells. 
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Table 3-4.  Ovarian responses during the first 40 DIM of periparturient Holstein cows receiving no fat supplementation (control), 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) 

 Control SFA EFA SEMa Fata FAa Fat x Pa FA x Pa 

Days to first follicle ≥ 10 mm 13.5 13.3 13.3 0.9 0.89 0.98 0.92 0.86 

Rate of ovulation by 40 DIM         

Ovulated, % (n/n) 76.9 (20/26) 60.0 (15/25) 52.0 (13/25) --- 0.58 0.63 0.03 0.95 

Adjusted HRb (95% CI) Referent 0.75 (0.38-1.48) 0.56 (0.27-1.12) --- 0.14 0.46 --- --- 

Median (mean ± SEM), d 27 (26.4 ± 1.6) 30 (28.1 ± 2.4) 38 (30.3 ± 2.0) --- --- --- --- --- 

Ovulatory follicle diameter, mm 18.6 16.8 18.6 1.2 0.58 0.22 0.31 0.92 

Corpus luteum area, cm2 3.7 4.8 4.2 0.5 0.30 0.39 0.92 0.24 

Corpus luteum volume, cm3 5.5 7.8 6.5 1.2 0.33 0.38 0.97 0.22 

Pregnant 1st AI, % (n) 35.5 (25) 37.6 (25) 50.0 (25) --- 0.62 0.42 0.47 0.11 
a SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA; Fat x P = interaction between Fat and parity; 

FA x P = interaction between FA and parity.  
b HR = hazard ratio. 
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Figure 3-1.  Concentrations of acid soluble protein (A, primiparous; B, multiparous) and of haptoglobin (C, primiparous; D, 

multiparous) in plasma of Holstein cows receiving no fat supplementation (control), mostly saturated free fatty acids 

(SFA), or Ca salts containing essential fatty acids (EFA).  
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Figure 3-2.  Leukocyte concentration (A), lymphocyte percentage (B), and neutrophil percentage 

(C) in blood of lactating Holstein cows receiving no fat supplementation (control), 

mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty acids 

(EFA). In panel A, effect of feeding fat (P = 0.47), source of FA (P = 0.57), and DIM 

(P = 0.90). In panel B, effect of feeding fat (P = 0.02), source of FA (P = 0.95), and 

DIM (P < 0.001). In panel C, effect of feeding fat (P = 0.01), source of FA (P = 

0.98), and DIM (P < 0.001). 
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Figure 3-3.  Proportions of neutrophils of cows fed no supplemental fat (control), saturated free fatty acids (SFA), or Ca salts 

containing essential fatty acids (EFA) expressing L-Selectin according to parity (A) or disease (D), expressing β-integrin 

according to parity (B) or disease (E), or undergoing phagocytosis and oxidative burst according to parity (C) or disease 

(F). Statistical effects of panels A, B, and C are depicted in Table 3-2. In panel D, effect of disease (P < 0.01) and 

interactions between feeding fat and disease (P < 0.01) and source of FA and disease (P = 85). In panel E, effect of disease 

(P = 0.27) and interactions between fat and disease (P = 0.09) and FA and disease (P = 0.31). In panel F, effect of disease 

(P = 0.03) and interactions between feeding fat and disease (P < 0.01) and source of FA and disease (P = 0.45). 
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Figure 3-4.  Immunoglobulin G titer in response to ovalbumin immunization of primiparous (A) 

and multiparous (B) Holstein cows receiving no fat supplementation (control), mostly 

saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA). 

For statistical effects refer to Table 3-2. 
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Figure 3-5.  Concentrations of 13,14-dihydro-15-keto-PGF2α (PGFM) in plasma (A), diameter of 

the previously pregnant (B) and contralateral uterine horn (C) of lactating Holstein 

cows receiving no fat supplementation (control), mostly saturated free fatty acids 

(SFA), or Ca salts containing essential fatty acids (EFA). In panel A, effect of feeding 

fat (P = 0.79), source of FA (P = 0.22), DIM (P < 0.001). On average concentrations 

of PGFM were control = 1,658 ± 350, SFA = 1,522 ± 271, and EFA 2,013 ± 289 

pg/mL. In panel B, effect of feeding fat (P = 0.50), source of FA (P = 0.47), and DIM 

(P < 0.001). The average diameters of the previously pregnant uterine horn were: 

control = 26.9 ± 0.7, SFA = 26.1 ± 0.6, and EFA = 26.7 ± 0.6 mm. In panel C, effect 

of feeding fat (P = 0.61), source of FA (P = 0.68), and DIM (P < 0.001). The average 

diameters of the contralateral uterine horn were: control = 22.7 ± 0.6, SFA = 22.2 ± 

0.5, and EFA = 22.5 ± 0.5 mm. Within a day, pairwise differences (P < 0.05) are 

represented as follow: # (EFA vs. control) or * (EFA vs. SFA). 
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Figure 3-6.  Cumulative concentrations of progesterone according to day postpartum in cows that 

ovulated (A) or remained anovular by 40 DIM (B). Effect of feeding fat (P = 0.51), 

source of FA (P = 0.48), interactions between ovulation and fat feeding (P = 0.48) 

and ovulation and source of FA (P = 0.43). Within cows that ovulated, an interaction 

between fat feeding and DIM was detected (P < 0.05). Within a day, * denote 

pairwise differences between control cows and cows fed SFA and EFA (P < 0.05). 
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CHAPTER 4 

EFFECTS OF FATTY ACID SUPPLEMENTATION ON HEPATIC FATTY ACID PROFILE 

AND GENE EXPRESSION IN PERIPARTURIENT DAIRY COWS 

The objectives were to evaluate the effects of supplementing diets containing low 

amounts of fatty acids (FA) with either mostly saturated free FA or Ca salts containing essential 

FA during the transition period on hepatic FA profile and gene expression. Fifteen nulliparous 

and 15 parous Holstein cows were assigned to treatments 56 d before calving and treatments 

were maintained until 14 d in milk. Cows were randomly assigned to receive a control diet with 

2.0% FA pre- and postpartum, or diets supplemented with mostly saturated free FA (SFA) or Ca 

salts enriched with essential FA (EFA) to increase the FA content to 3.7% prepartum and to 

4.0%. Hepatic tissue was collected for biopsy at 14 ± 1 d in milk and FA profile and global gene 

expression were measured. The total FA content of hepatic tissue was not affected by fat feeding 

or by the source of FA fed and averaged 17.6 and 27.1 ± 4.7 % of DM for primiparous and 

multiparous cows, respectively. Hepatic tissue of cows fed control diet had greater proportion of 

the cis isomers of C18:1, whereas the trans isomers were greater on cows fed EFA. 

Concentrations of linoleic (control = 8.0 ± 0.5; SFA = 8.7 ± 0.5; EFA = 11.2 % of FA) and 

conjugated linoleic (CLA; control = 0.28 ± 0.03; SFA = 0.21 ± 0.03; EFA = 0.40 ± 0.03 % of 

FA) acids were greater on hepatic tissue of cows fed EFA diet. Feeding fat differently regulated 

22 genes on hepatic tissue and it was more pronounced within the primiparous (273 genes) than 

in multiparous (32 genes) cows. The different source of FA influenced the expression of 27 

genes and was also more prominent within primiparous (68 genes) than multiparous (28 genes) 

cows. The lack of FA on control cows up regulated pathways related to immune system, with 

genes markers of impaired health (BOLA-DQA5; BOLA-DQB; GGT1). Whereas cows fed fat 

had up regulation of the renin-angiotensin system, with emphasis on the control and prevention 

of fibrosis (ACE2). Feeding different sources of FA differently regulated several pathways 
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related to lipid metabolism. Cows fed SFA had markedly increased the expression of desaturases 

enzymes (FADS2 and SCD) and Acyl-CoA synthetase (ACSS2). Feeding EFA up regulated 

pathways related to vitamin and fat absorption (APOA4). Collectively, these results suggest that 

increasing dietary FA content of diets fed to transition cows with different sources of FA 

influenced hepatic FA profile and gene expression, especially genes related to immune system 

and lipid metabolism. 

Introduction  

The modern dairy cow undergoes an extensive challenge when transitioning from non-

lactation to lactation that entails partitioning of nutrients as part of a homeorhetic process to meet 

the needs of the mammary gland to secrete milk (Bell and Bauman, 1997). During this transition 

period, intense physiological adaptations occur to accommodate the increasing demand of 

nutrients for final fetal development and colostrum synthesis (Bell, 1995). Besides this increased 

demand for nutrients, it is common that DM intake decreases in late gestation and early lactation 

(Bell, 1995; Drackley, 1999). In the early postpartum period of transition, DM intake increases 

but not sufficiently to meet the energy and nutrient needs of the cow because of the copious 

secretion of milk. Consequently, cows undergo a prolonged period of negative energy balance 

that enhances the risk for metabolic diseases, diseases of the mammary gland and uterus, and 

compromised reproductive function. Attempting to increase dietary energy density via dietary 

supplementation of fats is a commonly practiced nutritional management strategy for dairy cows 

(Damgaard et al., 2013). Ideally increasing the energy intake, during the transition period, 

decreases body fat mobilization thereby minimizing the incidence of postpartum metabolic 

disorders (Damgaard et al., 2013). Although supplementing diets with FA have potential effects 

on energy metabolism, the type of FA utilized may also be important. Linoleic (C18:2-

cis9,cis12) and α-linolenic (C18:3-cis9,cis12,cis15) acids are essential to all mammals because 
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they lack the delta 12 and 15 desaturases (Hashimoto et al., 2006). Essential FA and other longer 

chain omega-6 (n-6) and 3 (n-3) FA are active molecules that not only provide calories, but also 

influence the expression of genes affecting metabolism (Jump, 2002) and immune responses 

(Calder et al., 2012). 

The liver is one of the key organs in which severe adaptations occur during the transition 

period (Loor, 2010). Besides the normal physiological modulations of hepatic gene expression 

during the periparturient period, the specific nutrients in the diet may differentially regulate the 

array of hepatic genes being expressed that influence productivity and well-being of the dairy 

cow. These factors in the diet that specifically influence health are referred to as nutraceuticals. 

Specific FA can regulate gene expression through specific PPAR receptors that control 

transcription of specific proteins regulating enzymatic pathways, metabolism, immune function 

etc. (Sampath and Ntambi, 2005; Thering et al., 2009). 

The hypothesis of this investigation was that cows fed diets with limited concentrations 

of essential FA, particularly linoleic acid, would negatively influence liver FA profile and gene 

expression. Furthermore, it was expected that supplementation with saturated FA would not have 

similar effects on liver FA profile and gene expression as supplementing with essential FA. 

Therefore, the objective were to evaluate the effects of supplementing diets containing low 

amounts of FA with either mostly saturated free FA or Ca salts containing essential FA during 

late gestation and early lactation on hepatic FA profile and gene expression. 

Materials and Methods  

The experiment was conducted at University of Florida Dairy Unit (Hague, FL) from 

October 2008 to March 2009. All experimental cows were managed according to the guidelines 

approved by the University of Florida Institute of Food and Agricultural Sciences Animal 

Research Committee.  
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Study Design, Animals, Housing and Feeding 

The present study is complimentary to a large experiment (study 1; Chapter 2); 

consequently details referring to animals, facilities, chemical composition of the diets and FA 

profiles were described in detail elsewhere (Chapter 2). 

Nulliparous (n = 15) and parous (n = 15) Holstein cows were selected randomly as a 

subset for this experiment.  Cows were allocated to treatments at 56 ± 5 d before calving, until 90 

postpartum. Treatments for the pre- and postpartum periods were no fat supplementation pre- 

and postpartum (control, n = 10), fat supplementation of 1.7 and 2.0% of dietary DM, 

respectively, added as mostly saturated free FA (SFA; Energy Booster100, Milk Specialties, 

Dundee, IL; n = 10), and 2.0 and 2.4% of dietary DM, respectively, as Ca salts enriched with 

essential FA (EFA, Megalac-R; Church & Dwight, Princeton, NJ; n = 10). The FA compositions 

of the supplements as well as the diets are depicted in Chapter 2. The amounts of supplemental 

FA from SFA and EFA were based on the FA content of each supplement to ensure similar 

concentrations of supplemental FA in diets of cows supplemented with fat. 

The control diet fed pre- and postpartum was formulated to contain low concentrations of 

FA, particularly linoleic acid, but meet the metabolizable protein and energy of a prepartum cow 

weighing 680 kg and consuming 10 kg of DM/d and of a postpartum cow weighing 620 kg and 

producing 38 kg of milk/d when consuming 23 kg of DM/d (Chapter 2; NRC, 2001). The total 

FA content of rations in which fat was supplemented was moderate and the supplies of linoleic 

and α-linolenic acids were similar between control and SFA diets, but both differed from those 

of EFA diets. Because cows fed EFA received Ca salts of FA, the total Ca content of the pre- and 

postpartum diets differed from those of cows fed control and SFA (Chapter 2). 

Cows were housed in sod-based pens and fed in groups during the first 32 d of the study. 

At 255 d of gestation, cows were moved to a pen equipped with individual feeding gates (Calan 
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gates, America Calan Inc., Northwood, NH) for measurements of daily DM intake. On average 

cows lasted 56 ± 5 d on prepartum treatments, and there was no difference among treatments 

regarding days on dietary treatments. Prepartum diets were offered once daily at 10:00 h to allow 

5% orts. Postpartum cows were housed in a free-stall barn with sand-beds equipped with 

individual feeding gates sprinklers (Rain Bird Manufacturing, Glendale, CA) and fans (J & D 

Manufacturing, Eau Claire, WI). Postpartum diets were fed twice daily, at 07:00 and 13:00 h and 

amounts were adjusted daily to allow for 5% orts. Amounts offered and refused were measured 

daily pre- and postpartum. Dry matter intakes were calculated for the last 3 wk prepartum and 

the first 14 d postpartum.  

Blood samples were taken thrice weekly after calving to evaluate the concentrations of 

metabolites, hormones and acute phase proteins as described elsewhere (Chapter 2; Chapter 3). 

Samples for prostaglandin F metabolite analysis were collected daily up to 10 DIM. Only the 30 

cows selected for this experiment were included in the statistical analysis, and the dataset 

truncated at 14 DIM, when the liver tissue was collected for biopsy. 

Hepatic Tissue Collection for Biopsy 

 On 14 ± 1 d postpartum cows underwent a procedure to collect liver tissue for biopsy. 

Briefly, the cow was restrained in a chute and an imaginary line was drawn between the ileum 

and the olecranon on the right side of the cow. The point where this imaginary line crossed the 

11th intercostal space was marked, and a 30 cm of edge square around this point was marked. 

The hair was shaved and the area scanned by ultrasound (Aloka 500 equipped with a 3.5 MHz 

convex transducer, Hitachi Aloka America, Wallingford, CT) to locate the liver. The skin was 

thoroughly cleansed and disinfected with a 7.5% povidone-iodine soap scrub (Povidone Iodine 

Scrub, First Priority, Inc, Elgin, IL) and rinsed with 70% alcohol. A 3 cm line block with 10 mL 

of lidocaine hydrochloride 2% solution (Lidocaine Hydrochloride Injection 2%, Agrilabs, St. 
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Joseph, MO) was injected into the subcutaneous and intercostal muscle layers. The area was 

scrubbed with povidone-iodine soap and rinsed multiple times with 70% alcohol. A 2 cm skin 

incision was made using a scalpel. A percutaneous liver biopsy needle (Aires Surgical, Davis, 

CA) was inserted in the incised skin penetrating the muscle layer at a 45o angle directed to the 

liver aiming toward the olecranon of the left front leg. Upon penetration into the liver, the 

hepatic tissue was sampled by negative pressure such that a specimen of 300 to 500 mg of tissue 

was recovered. Upon removal of the biopsy needle, the recovered tissue was removed from the 

needle using a forceps, placed on filter paper and rinsed with sterile PBS to remove any blood. 

The specimen was split into two pieces, placed into RNAse free tubes (Nalgene, Thermo 

Scientific, Rockford, IL), and plunged into liquid N2.  The skin incision was closed with a 

surgical disposable sterile skin stapler (Oasis Medical Inc., Mettawa, IL). Tubes containing 

samples were transported to the laboratory and stored at -80oC for subsequent analyses.  

Hepatic Tissue Fatty Acid Profile and RNA Isolation 

 Approximately 300 mg of hepatic tissue was freeze dried for 48 h (Labconco, Kansas 

City, MO). Dried samples were sent to the Department of Animal Sciences of Michigan State 

University where FA profile was analyzed following the protocol described by Caldari-Torres et 

al. (2011).  

Total RNA was extracted from hepatic tissue using Qiazol reagent (Qiagen, Valencia, 

CA) and purified (RNA MIDI isolation kit, Qiagen) according to instructions provided by the 

manufacturer. Subsequently, concentration and purity of isolated RNA were assessed using a 

NanoDrop 2000 spectrophotometer (Thermo Scientific). RNA was considered of good quality 

when samples had a ratio of 260/280 between 1.8 and 2.0. 
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Affymetrix Array Hybridization, Washing, Staining and Scanning 

The microarray analysis was performed at the Genomics core division of the 

Interdisciplinary Center for Biotechnology Research – ICBR at University of Florida. An initial 

200 ng of RNA was utilized for amplification and biotin labeling throughout with MessageAMP 

III (Applied Biosystems Inc., Foster City, CA) following the guidelines of the manufacturer. The 

quality of the samples was assessed in the Bioanalyzer (Agilent Technologies, Santa Clara, CA) 

to assure RNA quality (i.e., RNA integrity number > 7.5), samples were fragmented and 

hybridized according to the Affymetrix protocol (Affymetrix GeneChip Bovine Genome Array, 

Affymetrix Inc., Santa Clara, CA) with the hybridization wash and stain kit from Affymetrix. 

Fluorescent signals were measured with the Affymetrix GeneChip scanner 3000 7G. 

Statistical Analyses  

 Data associated with repeated measurements of performance, metabolites, hormones and 

acute phase proteins were analyzed by the GLIMMIX procedure of SAS (SAS ver. 9.2, SAS 

Inst. Inc., Cary, NC) fitting either a Gaussian or Poisson distributions according to the type of 

data. Data with repeated measurements over time within the same experimental unit were 

analyzed with cow nested within treatment as the random error for testing the effects of 

treatment. Continuous data were tested for normality of residuals, and non-normally distributed 

data were transformed before statistical analyses.  

All statistical models included the effects of treatment, parity, time, and interactions 

between treatment and parity, treatment and time, parity and time, and treatment and parity and 

time. The time reference for the model was the day relative to an event. Orthogonal contrasts 

were performed to determine the effect of supplemental fat (control vs. SFA + EFA) and source 

of FA (SFA vs. EFA). The covariance structure (compound symmetry, heterogeneous compound 

symmetry, autoregressive 1, heterogeneous autoregressive 1, toeplitz) that resulted in the lowest 
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Akaike’s information criterion was used. For unequally spaced measurements, the spatial power 

covariance structure was used. The Kenward-Roger method was used to calculate the 

denominator degrees of freedom to approximate the F tests in the mixed models. When a single 

measurement was determined for each cow, then the model included the effects of treatment, 

parity, and interaction between treatment and parity.  

Significance of the differences was declared when P ≤ 0.05 and tendency was considered 

when 0.05 < P ≤ 0.10. 

Affymetrix Array Data Analysis  

 Array quality control analysis was performed using a web-based analysis (Eijssen, et al., 

2013; available at http://arrayanalysis.org). All arrays had good quality analytical responses such 

that statistical analyses could be performed.  

The Affymetrix GeneChip Bovine Genome array contains 24,072 probe sets 

corresponding to approximately 23,000 transcripts including assemblies from approximately 

19,000 UniGene clusters. The Affymetrix CEL files, originated after the fluorescence signal 

measure of each Affymetrix chip, were loaded into an AffyBatch object using R Bioconductor 

environment (Gentleman et al., 2004). 

Data normalization and background correction were performed using Lowess and Robust 

Multichip Average (RMA) function. Differently expressed genes (DEG) were identified using 

Proc Mixed (SAS ver. 9.2, SAS Inst. Inc., Cary, NC). The statistical model for analysis of 

transcriptome abundance included the effect of treatment, parity and interactions between 

treatment and parity. The significant probability values were adjusted using the method of 

Benjamini and Hoechberg to adjust for multiple tests and control for false discovery rate (FDR) 

using an adjusted P ≤ 0.05 as cut off.  

http://arrayanalysis.org/
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The Dynamic Impact Approach (DIA; Bionaz et al., 2012) was utilized to determine the 

impact of treatments on pathways by calculating the overall impact and the direction of the 

impact (flux) caused by the expression changes in genes coding for proteins involved in those 

pathways. The impact and direction of the impact for KEGG pathways were calculated only for 

those pathways that were represented by at least 30% in the microarray compared with the entire 

bovine genome and with at least four annotated bovine genes within those pathways. 

Results 

Performance on the First 14 d Postpartum 

Detailed results of animal performance from the complete number of cows to evaluate 

lactational performance are presented in details in Chapters 2 and 3.   

Feeding fat or altering the source of FA fed did not affect DM inake of cows in the first 

14 d postpartum (Table 4-1). However, a tendency (P = 0.10) for an interaction between fat 

feeding and parity was detected. Feeding fat increased DM intake of primiparous cows, whereas 

for multiparous feeding fat had no effect on intake (Figure 4-1, panels A and B). Milk yield was 

not affected by feeding fat, but cows fed EFA had greater (P = 0.02) milk yield than those fed 

SFA (Figure 4-1, panels C and D). Similarly, cows fed EFA also had greater 3.5% FCM than 

those SFA or control (Table 4-1). Concentrations of fat, true protein and lactose in milk were not 

influenced by feeding fat or the source of FA fed (Table 4-1). Although feeding fat did not 

increase the yield of milk components, the greater milk yield for EFA compared with SFA also 

resulted in increased yields of milk components (Table 4-1). Feeding fat did not affect the energy 

balance of cows; however, cows fed SFA had a less pronounced period of negative energy 

balance then those fed EFA. Furthermore, an interaction (P = 0.04) between fat feeding and 

parity was detected, and primiparous cows fed SFA had less negative energy balance than 

primiparous cows fed control or EFA.  
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There were no treatment effects on concentrations of glucose, NEFA, IGF-1, acid soluble 

protein, and haptoglobin (Table 4-1). Concentrations of BHBA in plasma tended (P = 0.06; 

Table 4-1) to be greater in cows fed EFA compared with cows fed SFA. Interactions between fat 

feeding and parity (P = 0.09) and the source of FA and parity (P = 0.08) were also detected. 

Multiparous cows fed EFA had greater concentrations of BHBA in plasma than those fed either 

control or SFA diets. However, there were no treatment effects among the primiparous cows. An 

effect of feeding fat (P = 0.04) and the source of FA (P = 0.04) was detected for the 

concentrations of insulin in plasma. Both primiparous and multiparous cows fed SFA had 

increased plasma concentrations of insulin compared with cows fed either control or EFA (Table 

4-1).  Concentrations of PGFM were greater for multiparous cows compared with primiparous; 

however, they were not influenced by feeding fat or the source of FA fed (Figure 4-1). 

Gene Expression 

The DEG are depicted on Table 4-3. Feeding fat affected the expression of 883 genes and 

the different source of FA altered the expression of 243 genes. When a fold change cut-off (FC ≥ 

1.4) was applied the number of DEG genes decreased to 22 and 27, for the fat feeding and source 

of FA, respectively. The treatments had greater effects on primiparous compared with 

multiparous cows. The fat effect on primiparous resulted in 1038 DEG of which 273 had a FC ≥ 

1.4 whereas 100 DEG were present in multiparous of which 32 had a FC ≥ 1.4. The different 

source of FA resulted on 119 and 42 DEG without the FC cut-off and 68 and 28 DEG with FC ≥ 

1.4 for primiparous and multiparous cows, respectively. The effect of parity, regardless of 

treatments had the greatest effect on DEG with 4,898 and 842 DEG without and with FC ≥ 1.4, 

respectively. The list of genes with P < 0.05, FC ≥ 1.4, and abundance expression of at least 40 is 

depicted on Table 4-4, with the respective gene names. 
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Pathway Analysis 

The overall effects of feeding fat or source of FA on DEG that influence the categories of 

KEGG pathways are presented on Figure 4-2. It is clear that fat feeding had a major impact on 

pathways that encompass metabolism and diseases. Overall, feeding fat had a greater impact 

influencing the expression of different pathaways than the source of FA fed. The source of FA 

fed influenced pathways related to lipid and amino acid metabolism.   

The specific categorization of pathways and the specific clusters of DEG influenced by 

fat feeding are depicted in Figure 4-3. Several pathways related to the immune system were 

influenced by fat feeding. Within these pathways two genes of the major histocompatibility 

complex class II (MHC-II; e.g., BOLA-DQA5 and BOLA-DQB), were identified as being 

differentially expressed in an inhibitory manner in response to fat feeding compared to control. 

Conversely, expression of these two MHC-II genes was greater in the liver of control compared 

with cows fed fat. Expressions of BOLA-DQA5 and BOLA-DQB were greatest in multiparous 

cows, but fat feeding basically shut down expression of both genes (Figure 4-3; Table 4-5). 

Differential expression of genes associated with metabolic pathways that influence metabolism 

of amino acids and arachidonic acid were down regulated in the liver of cows fed fat. These 

genes included GGT1 (gamma-glutamyltransferase 1), GPX3 (glutathione peroxidase 3), NT5C 

(5', 3'-nucleotidase, cytosolic), PSPH (phosphoserine phosphatase), and WFS1 (Wolfram 

syndrome 1). Primiparous cows fed the control diet had the greatest expression of GPX3 and 

WFS1 (Table 4-5). Feeding fat up regulated the renin-angiotensin system based on increased 

expression of ACE2 (angiotensin I converting enzyme [peptidyl-dipeptidase A] 2; Table 4-5).  

The comparison of hepatic gene expression between cows fed SFA and those fed EFA, 

10 pathways were identified by the DIA analysis relative to DEG values with FC ≥ 1.4 (P < 

0.05), and gene abundance expression of 40 (Figure 4-4). Most of these pathways are related to 
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FA, amino acid, and carbohydrate metabolism. Two of these pathways were down regulated in 

liver of cows fed SFA compared to EFA and both are related to digestion and absorption of fat 

and vitamins. This effect is driven by primiparous cows fed SFA, which had marked suppression 

of gene abundance of the APOA4 (apolipoprotein A-IV) gene than those fed EFA (Table 4-5). 

Two FA desaturases (e.g., FADS2 and SCD) were up regulated in the liver of cows fed SFA 

compared to cows fed EFA. The delta nine desaturase (SCD) had greater expression on liver of 

primiparous cows fed SFA compared to either the control or EFA fed primiparous; whereas 

treatments did not alter SCD gene expression in multiparous cows. Expression of FADS2 (fatty 

acid desaturase 2) was increased by SFA feeding in both primiparous and multiparous cows. 

These two desaturase genes were present in three of the 10 differently expressed pathways. 

Primiparous cows fed SFA had a greater expression of the ACSS2 (acyl-CoA synthetase short-

chain family member 2) gene, and this gene was present in two pathways (propanoate and 

pyruvate metabolism) related to FA oxidation. No treatment effect on the ACDD2 expression 

was detected among the multiparous cows. 

Discussion  

The major overarching findings of the experiment is that feeding supplemental saturated 

FA and/or unsaturated FA enriched in linoleic FA to transition dairy cows alters hepatic gene 

expression in a manner that may benefit metabolic and health status of the dairy cows.  

Furthermore, there are apparent differences in responses to dietary Fat depending upon parity of 

the cow. 

Performance and Metabolic Responses  

Neither feeding fat nor different source of FA throughout the transition period influenced 

the total FA content of the liver at 14 DIM. As previously reported (Douglas et al., 2004), fat 

feeding per se does not increase lipid accumulation in the liver during the transition period. 
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Accumulation of lipids in the liver is more related to decreases in the DM intake around 

parturition, which causes a homeorhetic mobilization of body fat (Douglas et al., 2004). The FA 

profile of hepatic tissue resembles those found in adipocytes and plasma. The reason for this 

similarity is likely the influence that diet has on all pools of body FA. Nevertheless, some bovine 

tissues are capable of desaturating FA (Rezamand et al., 2014), which would alter the 

composition of lipids relative to the profile absorbed in the small intestine. Nevertheless, onset of 

lactation results in massive amounts of body fat rapidly mobilized, and many of these FA are 

readly taken up and incorporated into the hepatic parenchyma as resterified triacylglycerols 

(Rukkwamsuk et al., 2000; Douglas et al., 2007). 

In general, the proportion of linoleic acid in the triacylglycerol fraction of the liver of 

cows increases after calving. Akbar et al. (2013) showed that regardless of fat feeding or the type 

of FA supplemented, the linoleic acid concentration of hepatic triacylglycerol increased more 

than 40%, from 4.2 to 7.2% from 21 before to 11 d after calving. This increase in linoleic acid 

likely reflects a differential uptake of of unsaturated FA by the hepatic tissue (Mashek et al., 

2002) or an increased mobilization of unsaturated FA from body fat depots in early lactation. In 

spite of the natural increase in linoleic acid after calving, cows fed EFA in the present study had 

greater proportion of linoleic acid in the FA of liver; therefore, confirming that manipulating the 

diet provides a mean to alter tissue FA composition. The magnitude of the increase in hepatic 

linoleic acid as a percentage of the total FA between cows fed SFA and EFA was of 28.7%, from 

8.7 in SFA to 11.2% in EFA, and the increment in linoleic acid incorporation into the hepatic 

tissue with feeding EFA was more pronounced in multiparous, which had an increment of 

59.5%, than in primiparous cows, which had only a 5.3% increment. Incubatin of hepatic cells 

with linoleic acid increased linoleic acid concentration in hepatocytes, but reduced ketogenesis 
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and total FA metabolism compared with other PUFA (Mashek et al., 2002). In the current study, 

multiparous cows consuming EFA had increased concentrations of BHBA in plasma compared 

with multiparous fed control or SFA (Table 4-1 and Chapter 2). Therefore, the changes in 

hepatic ketogenesis observed in multiparous fed EFA are unlikely to be mediated by the changes 

in hepatic FA composition, but likely the result of a greater influx of NEFA from tissue 

mobilization. Nevertheless, cows fed EFA had the greatest production of milk and 3.5% FCM, 

perhaps suggesting that feeding EFA starting prepartum might have primed the liver to 

accommodate the metabolic challenge of increased early lactation performance.  

Cows fed EFA had greater concentrations of hepatic C18:1-trans isomers and CLA 

compared with those fed control or SFA, and these trans FA are typical of ruminal metabolism 

of linoleic acid (Jenkins et al., 2008), suggesting increased ruminal production and subsequent 

absorption by the cows fed EFA than the other diets. Conjugated linoleic acid is known to alter 

gene expression in the mammary gland and decrease milk fat synthesis (Baumgard et al., 2002). 

However, the amounts of CLA fed in the diet capable to alter gene expression in the liver surpass 

the amounts capable to alter milk fat synthesis (Schlegel et al., 2012). Schlegel fed dairy cows 

with 172 g of of a fat supplement that supplied 4.3 g of C18:2-cis-9,trans-11 and 3.8 g of C18:2-

trans-10,cis-12 per cow per day. Feeding this blend of CLA reduced milk fat synthesis, but did 

not alter hepatic gene expression. Because no changes in milk fat content were observed by 14 

DIM in cows in the current study with the different treatments, it is therefore reasonable to 

speculate the amouts of CLA and trans FA present on hepatic tissue cows fed EFA were not 

enough to alter hepatic gene expression.   

Hepatic Gene Expression 

Dietary FA caused a differential expression of genes and inferred alterations in cellular 

pathways of hepatic tissue in early lactation. Feeding fat altered several pathways related to the 
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immune system. Cows fed the control diet containing a minimal level of FA expressed a high 

abundance of two genes from the MHC-II complex, bovine leukocyte antigen (BOLA)-DQA5 

and -DQB. In contrast, the expression of these genes on hepatic tissue of cows fed either SFA of 

EFA was almost absent.  The BOLA-DQA5 and -DQB proteins are present on antigen-

presenting cells such as macrophages and dendritic cells that are responsible for recognizing and 

presenting intra- and extravesicular pathogens and toxins to CD4 T-cells (Murphy, 2011b). Rams 

chronically infected with Brucella ovis had up regulation of several genes of the MHC complex 

(Antunes, 2012), indicating that these genes are upregulated in inflammatory conditions. The 

changes in hepatic expression of BOLA-DQA5 and -DQB might indicate that cows fed control 

had increased hepatic inflammatory response, which would justify enhanced infiltration of 

antigen presenting cells into the hepatic tissue and the subsequent upregulation BOLA-DQA5 and 

-DQB mRNA. It is known that increased triacylglycerol infiltration that occurs in early lactation 

can induce hepatic inflammation, and many cows in early lactation respond to diseases by 

upregulating the acute phase response by the liver (Bobe et al., 2004). It is possible that feeding 

fat, which altered the FA profile of the heapatic tissue, influenced the response of the liver to 

subclinical conditions providing some degree of protection to the liver, which reduced 

expression of genes linked to inflammatory or infectious processes.   

Additional noteworthy pathways that were up regulated in cows fed control diet are 

related to metabolism of amino acids and arachidonic acid. One of the important genes up 

regulated that control several of these pathways is GGT1, which encodes the enzyme gamma-

glutamyltransferase. This enzyme is widely used as a marker for hepatocyte integrity and hepatic 

health because inflammation and destruction of hepatocytes increases the enzyme activity in 

plasma (Djavaheri-Mergny et al., 2002; Sarentonglaga et al., 2013). Gamma-glutamyltransferase 
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is present on the plasmalemma of hepatocytes and other cells and catalyzes the transfer gamma-

glutamyl functional groups to glutathione to produce glutamate. Hepatocyte damage or biliary 

duct inflammation or obstruction increases the concentration of the enzyme in plasma. The 

increase in mRNA abundance for GGT1 of cows fed control might indicate changes in hepatic 

tissue integrity and suggest improved hepatic health when cows were fed fat.  

A component of the renin-angiotensin system was up regulated in hepatic tissue of cows 

fed fat, based upon an increased abundance of the gene encoding for the angiotensin-converting-

enzyme 2 (ACE2). The enzyme ACE2 efficiently hydrolyses the potent vasoconstrictor 

angiotensin II to angiotensin (1-7). Using the mice model, ACE2 has been shown to limit liver 

fibrosis and has the potential therapeutic effect of reducing fibrosis (Österreicher et al., 2009). 

Collectively, these effects indicate that perhaps a reduction of FA in the control diet might 

enhance inflammation with resulting proliferation of connective tissue in the hepatic parenchyma 

because of a reduction in ACE2 gene expression that can be remediated by addition of fat (i.e., 

either SFA or EFA) to the diet. This warrants further investigation as to fat acting as a 

nutraceutical supplement to improve hepatic health and metabolism.  

Several pathways related to lipid metabolism were differently regulated when cows were 

fed SFA vs EFA diets. Feeding EFA up regulated vitamin and fat digestion and absorption 

pathways, and these pathways were driven by the up regulation of the apolipoproteins A4 gene 

(APOA4). Apolipoprotein A4 was detected in the heavy high-density lipoprotein and is mostly 

synthetized in the intestines (Bauchart, 1993). Apolipoprotein A4 concentrations in plasma have 

been shown to be greater in lactating than non-lactating cows, and concentrations reduced with 

fasting (Tahahashi et al., 2004). A pivotal role of the APOA4 is the activation of the 

lecithin:cholesterol acyl transferase, the enzyme responsible for catalytic esterification of 
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cholesterol, converting cholesterol to cholesteryl ester which would increase the reverse 

cholesterol transport from periphery to liver (Bauchart, 1993; Quintão, 1995). Apolipoprotein A4 

gene was highly expressed in transition cows on day 14 postpartum across the control, SFA and 

EFA diets.  However, primiparous cows had a profound reduction in hepatic APOA4 gene 

expression that was not evident when fed EFA. In contrast multiparous cows had high expression 

of APOA4 regardless of the diets fed. The primiparous cows appeared to be more sensitive to 

feeding of saturated fatty acids, and the changes in hepatic gene expression might have 

implications to cholesterol metabolism.  

Liver of cows fed SFA had up regulated mRNA expression of two desaturase enzymes 

FADS2 and SCD. Stearoyl-CoA desaturase is responsible for the inclusion of a cis-9 double bond 

in carbon 9 of stearic and palmitic acids, which form oleic and palmitoleic acids, respectively. 

This enzyme is present in liver (St. John et al., 1991), intestine and mammary gland (Rezamand 

et al., 2014), and subcutaneous adipocytes (Chang et al., 1992). The ratio of stearic acid to oleic 

acid has been implicated in the regulation of cell growth and differentiation through effects on 

cell membrane fluidity and signal transduction. Gene expression of SCD was elevated 

substantially in primiparous cows fed SFA but not in multiparous cows. The FADS2 gene 

encodes for the Δ-6 desaturase enzyme, which acts on the desaturation of linoleic and α-linolenic 

acid in the process of formation of longer chain PUFA (Leonard at al., 2004). Hepatic gene 

expression of FADS2 was highly expressed in lactating dairy cows on day 14 postpartum. 

However, expression was greater in SFA than EFA fed cows. This response is in agreement with 

Hiller et al. (2013) whereby cows fed saturated FA had greater expression of desaturases 

enzymes in liver compared with cows fed diet enriched with either n-3 or n-6 PUFA.    
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Conclusion  

Supplementing diets of transition cows with either saturated free FA or Ca salts 

containing PUFA increased the intake of FA, which influenced the FA composition of the 

hepatic tissue and altered gene expression. Feeding a diet with low FA concentration up 

regulated gene pathways associated with immune system, many of which associated with 

impaired hepatic health. On the other hand, increasing the dietary FA intake by supplementing 

transition cows with either saturated free FA or Ca salts containing PUFA upregulated genes 

associated with the renin-angiotensin system, with emphasis on the control and prevention of 

hepatic fibrosis. Within the cows supplemented with fat, those receiving saturated free FA had a 

marked increase in expression of genes encoding desaturases enzymes, whereas supplementing 

PUFA upregulated pathways related to vitamin and fat absorption.  Supplementing diets with 

EFA resulted in improved yields of milk, 3.5% fat-corrected milk, and milk components in the 

first 14 d postpartum compared with cows supplemented with saturated FA. Collectively, these 

results indicate that fat supplementation during the late gestation and early lactation improves 

markers of hepatic health, which might have implications to animal performance and well being. 
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Table 4-1.  Parameters of lactation performance and blood metabolites and hormones of lactating Holstein cows receiving no fat 

supplementation (control), mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty acids (EFA) 

 Control SFA EFA      

 Prim1 Multi1 Prim Multi Prim Multi SEM2 Fat2 FA2 Fat*P2 FA*P2 

DM intake, kg/d 10.9 16.6 14.5 15.6 13.2 15.1 1.4 0.51 0.53 0.10 0.76 

Milk, kg/d 21.6 28.3 19.9 30.0 24.9 31.7 1.3 0.16 0.02 0.46 0.22 

3.5% FCM2, kg/d 27.6 34.9 22.1 36.5 30.4 39.1 2.2 0.68 0.02 0.28 0.20 

FCM/DM intake 2.7 2.2 1.6 2.5 2.4 2.7 0.3 0.44 0.12 0.04 0.35 

Milk fat            

% 5.25 5.08 4.13 4.91 4.84 4.98 0.36 0.15 0.29 0.32 0.39 

Kg/d 1.12 1.40 0.83 1.15 1.21 1.57 0.11 0.83 0.07 0.22 0.15 

Milk true protein            

% 4.00 3.40 3.53 3.45 4.06 3.62 0.29 0.91 0.24 0.52 0.54 

Kg/d 0.86 0.94 0.70 1.03 1.01 1.13 0.09 0.38 0.03 0.34 0.25 

Milk lactose            

% 4.61 4.66 4.69 4.55 4.50 4.48 0.08 0.29 0.14 0.37 0.48 

Kg/d 1.00 1.32 0.94 1.39 1.12 1.42 0.06 0.25 0.07 0.61 0.21 

Energy balance, Mcal/d -10.6 -7.2 -0.2 -9.1 -8.4 -11.6 2.6 0.49 0.05 0.04 0.29 
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Table 4-1.  Continued.  

 Control SFA EFA      

 Prim1 Multi1 Prim Multi Prim Multi SEM2 Fat2 FA2 Fat*P2 FA*P2 

Plasma concentrations            

Glucose 68.6 61.8 69.4 59.9 67.2 60.8 2.2 0.62 0.75 0.77 0.48 

Nonesterified FA, μM 494.0 519.2 361.4 600.3 476.5 703.3 82.2 0.69 0.19 0.15 0.94 

BHBA, mg/dL 7.2 6.5 6.2 6.7 6.3 10.7 1.1 0.50 0.06 0.09 0.08 

IGF-1, ng/mL 48.7 34.7 68.2 21.5 58.4 26.3 9.5 0.82 0.79 0.14 0.45 

Insulin, ng/mL 0.43 0.53 0.77 0.77 0.45 0.67 0.10 0.04 0.04 0.99 0.25 

Haptoglobin, OD x 100 2.31 1.70 1.91 1.40 2.17 1.36 0.26 0.19 0.67 0.90 0.55 

Acid soluble protein, μg/mL 58.8 37.9 51.3 39.9 51.4 37.7 3.5 0.28 0.76 0.18 0.75 

PGFM, pg/mL 1070 2343 1437 2147 1725 2047 332 0.66 0.77 0.21 0.55 
1 Prim = primiparous cows; Multi = multiparous cows. 
2 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA; Fat*P = interaction between Fat and parity; 

FA*P = interaction between FA and parity. 
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Table 4-2.  Liver fatty acid profile of lactating Holstein cows receiving no fat supplementation (control), mostly saturated free fatty 

acids (SFA), or Ca salts containing essential fatty acids (EFA) 

 Control SFA EFA      

 Prim1 Multi1 Prim Multi Prim Multi SEM2 Fat2 FA2 Fat*P2 FA*P2 

Total FA, % DM 21.96 26.74 12.99 28.50 17.85 26.08 4.65 0.46 0.79 0.39 0.44 

 g/100g of total FA      

C14:0 2.13 2.60 1.26 3.21 1.83 2.38 0.36 0.54 0.71 0.22 0.06 

C16:0 27.26 29.81 18.23 34.51 25.52 28.57 2.86 0.47 0.82 0.16 0.03 

C16:1-cis9 2.16 2.86 1.56 3.20 1.83 2.55 0.35 0.47 0.59 0.43 0.21 

C18:0 15.34 12.98 22.80 11.21 16.99 13.04 2.23 0.35 0.38 0.17 0.10 

C18:1-cis2 23.89 24.59 16.87 24.59 18.69 23.38 1.87 0.05 0.87 0.10 0.43 

C18:1-trans2 1.46 1.04 1.54 0.87 1.78 1.51 0.10 0.05 <0.01 0.80 0.05 

C18:2-cis9,cis12 7.56 8.45 10.07 7.36 10.61 11.74 0.65 <0.01 <0.01 0.15 0.01 

CLA2  0.34 0.21 0.24 0.17 0.40 0.39 0.05 0.55 <0.01 0.31 0.46 

C18:3-cis6,cis9,cis12 0.11 0.28 0.21 0.36 0.26 0.23 0.05 0.14 0.48 0.23 0.10 

C18:3-cis9,cis12,cis15 1.00 0.82 0.91 0.62 0.93 0.88 0.07 0.22 0.07 0.92 0.10 

C20:2-cis11,cis14 0.06 0.05 0.11 0.03 0.08 0.06 0.02 0.32 0.91 0.19 0.12 

C20:3-cis8,cis11,cis14 2.08 2.27 3.79 1.99 2.63 1.66 0.61 0.53 0.23 0.15 0.50 

C20:4-cis5,cis8,cis11,cis14 5.31 4.96 8.18 3.86 7.01 5.06 1.05 0.34 0.99 0.14 0.27 

C20:5-cis5,cis8,cis11,cis14,cis17 0.68 0.56 1.35 0.46 0.94 0.44 0.22 0.37 0.34 0.14 0.38 

C22:4-cis7,cis10,cis13,cis16 0.63 0.60 1.07 0.34 0.70 0.50 0.17 0.80 0.54 0.14 0.13 
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Table 4-2.  Continued. 

 Control SFA EFA      

 Prim1 Multi1 Prim Multi Prim Multi SEM2 Fat2 FA2 Fat*P2 FA*P2 

C22:5-cis7,cis10,cis13,cis16,cis19 2.77 1.59 4.33 1.09 3.19 1.30 0.49 0.49 0.36 0.12 0.18 

C22:6-cis4,cis7,cis10,cis13,cis16,cis19 0.58 0.16 0.95 0.13 0.58 0.12 0.10 0.40 0.08 0.23 0.09 

Others FA 6.63 6.17 6.52 6.00 6.03 6.18 0.27 0.36 0.57 0.56 0.23 

Total saturated FA 44.73 45.40 42.30 48.94 44.35 44.00 1.15 0.87 0.22 0.23 0.01 

Total monounsaturated FA 27.52 28.42 19.97 28.66 22.30 27.45 2.19 0.08 0.80 0.13 0.43 

Total polyunsaturated FA 21.13 19.95 31.21 16.39 27.33 22.38 3.08 0.17 0.76 0.12 0.12 

Total n-3 FA 5.04 3.13 7.54 2.29 5.64 2.75 0.80 0.50 0.38 0.13 0.15 

Total n-6 FA 15.74 16.61 23.43 13.94 21.29 19.24 2.33 0.12 0.50 0.11 0.12 
1 Prim = primiparous cows; Multi = multiparous cows. 
2 SEM = Standard error of the mean; Fat = control vs. SFA + EFA; FA = EFA vs. SFA; Fat*P = interaction between Fat and parity; 

FA*P = interaction between FA and parity. 
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Table 4-3.  Number of differentially expressed genes on hepatic tissue of lactating Holstein cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), or 

Ca salts containing essential fatty acids (EFA)1   

    Primiparous  Multiparous 

 Fat2 FA2 Parity3 Fat FA  Fat FA 

No FC4 cut-off         

Up-regulated 267 108 2399 330 50  52 16 

Down-regulated 616 135 2499 708 69  48 26 

Total 883 243 4898 1038 119  100 42 

With FC ≥ 1.4         

Up-regulated 3 13 500 102 27  13 12 

Down-regulated 19 14 428 171 41  19 16 

Total 22 27 928 273 68  32 28 
1 Significance was declared when P-value < 0.05. 
2 Fat = control vs. SFA + EFA; FA = SFA vs. EFA 
3 Primiparous are the reference. 
4 FC = Fold change. 
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Table 4-4.  List of the identified genes with respective names1 

Symbol Name 

ACE2 angiotensin I converting enzyme (peptidyl-dipeptidase A) 2 

ACSS2 acyl-CoA synthetase short-chain family member 2 

APOA4 apolipoprotein A-IV 

BACE2 beta-site APP-cleaving enzyme 2 

BOLA-DQA5 major histocompatibility complex, class II, DQ alpha 5 

BOLA-DQB major histocompatibility complex, class II, DQ beta 

C20H5orf49 chromosome 20 open reading frame, human C5orf49 

C8H9orf152 chromosome 8 open reading frame, human C9orf152 

CDHR5 cadherin-related family member 5 

CLEC2D C-type lectin domain family 2, member D 

EDNRA endothelin receptor type A 

FADS2 fatty acid desaturase 2 

FOXA3 forkhead box A3 

GCLC glutamate-cysteine ligase, catalytic subunit 

GGT1 gamma-glutamyltransferase 1 

GIMAP7 GTPase, IMAP family member 7 

GPNMB glycoprotein (transmembrane) nmb 

GPX3 glutathione peroxidase 3 (plasma) 

HAPLN3 hyaluronan and proteoglycan link protein 3 

IGFBP1 insulin-like growth factor binding protein 1 

KDELR3 endoplasmic reticulum protein retention receptor 3 

KIF23 kinesin family member 23 

LOC505468 cytochrome P450 family 2 subfamily C polypeptide 18-like 

LOC527068 aldo-keto reductase family 1 member C3 -like 

MBOAT2 membrane bound O-acyltransferase domain containing 2 

MYC v-myc myelocytomatosis viral oncogene homolog (avian) 

NT5C 5', 3'-nucleotidase, cytosolic 

PDZK1IP1 PDZK1 interacting protein 1 

PIM1 pim-1 oncogene 

PLEK pleckstrin 

PPP1R3B protein phosphatase 1, regulatory subunit 3B 

PPP1R3C protein phosphatase 1, regulatory subunit 3C 

PSPH phosphoserine phosphatase 

SCD stearoyl-CoA desaturase (delta-9-desaturase) 

SLC17A9 solute carrier family 17, member 9 

TESC tescalcin 

WFS1 Wolfram syndrome 1 (wolframin) 
1 Genes were selected based on the following criteria: p-value for the contrast (Fat or FA) ≤ 0.05, 

FC ≥ 1.4, and abundance ≥ 40 in at least one of the groups (Cerri et al., 2012). 

 

 

 



 

161 

Table 4-5.  Least squares means (± SEM) abundance expression of selected genes on hepatic tissue of lactating Holstein cows 

receiving no fat supplementation (control), mostly saturated free fatty acids (SFA), or Ca salts containing essential fatty 

acids (EFA)1   

 Control  SFA  EFA   

Gene Prim2 Multi2 Prim Multi Prim Multi P-value3 

Fat contrast       All Prim Multi 

ACE2 87.7 ± 44.2 93.3 ± 75.5 184.8 ± 26.3 186.8 ± 61.2 164.5 ± 21.3 112.3 ± 50.4 0.05 0.08 0.26 

BACE2 210.8 ± 22.3 225.8 ± 138.8 112.2 ± 26.7 108.4 ± 110.6 113.5 ± 26.2 194.6 ± 57.3 0.03 0.08 0.20 

BOLA-DQA5 11.1 ± 0.001 44.4 ± 111.4 6.1 ± 0.001 5.2 ± 0.01 5.7 ± 0.001 4.9 ± 0.001 0.01 0.23 0.01 

BOLA-DQB 17.2 ± 0.001 43.8 ± 31.8 11.0 ± 0.001 9.6 ± 0.01 10.2 ± 0.001 8.2 ± 0.001 0.01 0.21 0.01 

C20H5orf49 26.4 ± 1.9 41.0 ± 11.0 20.5 ± 0.7 15.1 ± 9.0 24.3 ± 1.8 14.9 ± 9.9 0.02 0.61 0.01 

CLEC2D 51.1 ± 8.5 48.9 ± 18.3 68.1 ± 7.4 68.9 ± 66.0 83.3 ± 13.0 63.1 ± 38.0 0.02 0.05 0.13 

GGT1 88.3 ± 6.1 70.3 ± 9.1 65.6 ± 3.1 49.4 ± 5.9 59.5 ± 4.2 54.6 ± 9.2 0.01 0.02 0.04 

GPX3 98.8 ± 35.2 29.0 ± 39.4 11.4 ± 2.2 19.6 ± 28.0 26.6 ± 10.6 17.4 ± 14.3 0.01 0.01 0.43 

HAPLN3 66.3 ± 1.4 48.2 ± 5.5 42.1 ± 0.4 32.9 ± 3.0 37.4 ± 2.4 34.8 ± 5.3 0.01 0.02 0.11 

KIF23 88.9 ± 9.8 68.3 ± 38.3 51.2 ± 3.4 61.3 ± 14.8 49.9 ± 5.2 59.4 ± 15.9 0.02 0.01 0.52 

NT5C 42.8 ± 1.3 61.5 ± 27.4 29.4 ± 2.3 56.7 ± 16.7 29.9 ± 1.6 37.0 ± 29.6 0.03 0.23 0.05 

PDZK1IP1 62.6 ± 9.2 25.1 ± 22.5 22.4 ± 2.2 16.6 ± 3.0 23.1 ± 5.0 25.8 ± 19.1 0.03 0.88 0.01 

PSPH 56.6 ± 24.0 48.9 ± 74.2 29.2 ± 4.1 32.7 ± 23.5 30.8 ± 9.4 33.5 ± 24.5 0.02 0.07 0.14 

SLC17A9 106.6 ± 4.7 80.8 ± 7.1 57.2 ± 5.6 48.5 ± 11.4 61.3 ± 3.6 71.5 ± 8.1 0.04 0.02 0.64 

TESC 58.8 ± 6.4 51.5 ± 8.2 31.1 ± 1.8 40.7 ± 8.4 26.6 ± 0.9 51.9 ± 3.2 0.01 0.03 0.12 

WFS1 60.5 ± 0.8 39.7 ± 2.0 35.4 ± 0.1 37.2 ± 0.5 38.8 ± 1.7 28.9 ± 0.7 0.01 0.01 0.57 

LOC505468 34.3 ± 2.3 16.9 ± 4.0 46.0 ± 3.3 24.9 ± 7.0 45.8 ± 5.1 30.5 ± 14.0 0.01 0.01 0.26 
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Table 4-5.  Continued 

 Control SFA  EFA   

Gene Prim2 Multi2 Prim Multi Prim Multi P-value3 

FA contrast          

ACSS2 197.6 ± 28.4 288.1 ± 240.2 475.8 ± 85.0 231.5 ± 64.5 206.2 ± 52.8 183.5 ± 128.2 0.04 0.03 0.52 

APOA4 457.7 ± 45.2 534.4 ± 173.1 170.6 ± 28.8 637.2 ± 404.4 575.8 ± 59.3 624.1 ± 227.6 0.01 0.01 0.94 

C8H9orf152 35.4 ± 2.3 20.5 ± 1.6 40.2 ± 2.2 19.2 ± 2.2 27.1 ± 1.2 13.9 ± 1.5 0.02 0.07 0.13 

CDHR5 130.1 ± 12.4 128.7 ± 33.1 160.5 ± 23.7 106.2 ± 34.7 56.8 ± 12.5 48.2 ± 51.5 0.01 0.02 0.08 

EDNRA 37.9 ± 1.9 42.7 ± 11.8 39.9 ± 0.8 22.1 ± 9.0 35.9 ± 1.7 51.6 ± 8.0 0.01 0.56 0.01 

FADS2 801.3 ± 151.2 912.8 ± 998.1 1822 ± 393.7 1191 ± 983.7 1117 ± 357.9 698.9 ± 491.6 0.01 0.06 0.04 

FOXA3 150.9 ± 19.5 93.2 ± 24.5 109.8 ± 10.9 110.9 ± 29.3 72.2 ± 10.7 55.3 ± 9.9 0.02 0.19 0.04 

GCLC 26.7 ± 5.6 24.6 ± 6.1 40.8 ± 2.5 34.0 ± 9.1 27.5 ± 3.6 26 ± 7.6 0.03 0.06 0.19 

GIMAP7 92.1 ± 0.01 73.4 ± 0.02 77.3 ± 1.9 90.0 ± 1.2 63.5 ± 0.01 70.1 ± 0.1 0.04 0.04 0.36 

GPNMB 63.8 ± 2.0 217.1 ± 35.8 66.5 ± 1.6 123.7 ± 93.5 105.7 ± 5.8 313.2 ± 151.1 0.02 0.29 0.03 

IGFBP1 733.2 ± 127.1 467.5 ± 534.7 371.6 ± 54.2 371.5 ± 554.7 781.2 ± 261.0 779.8 ± 519.0 0.02 0.10 0.10 

KDELR3 282.7 ± 17.4 269.3 ± 62.9 130.4 ± 14.5 233.7 ± 18.3 244.5 ± 22.9 254.4 ± 64.3 0.01 0.01 0.59 

LOC527068 40.6 ± 4.0 50 ± 48.2 28.6 ± 3.0 26.2 ± 10.0 40 ± 4.2 47.8 ± 39.1 0.01 0.17 0.02 

MBOAT2 40 ± 4.2 85.1 ± 82.0 113.4 ± 19.0 80.6 ± 22.5 46.7 ± 9.3 58.6 ± 28.2 0.04 0.04 0.43 

MYC 69.4 ± 9.3 65.6 ± 26.1 42.7 ± 4.5 61.5 ± 50.9 55.8 ± 10.7 98.1 ± 85.7 0.04 0.28 0.07 

PIM1 76.7 ± 2.5 58.6 ± 23.9 50.6 ± 3.8 61.4 ± 8.7 86.5 ± 11.1 70.4 ± 21.5 0.02 0.01 0.48 

PLEK 54.7 ± 19.9 95.3 ± 14.6 64.5 ± 27.7 90.9 ± 164.5 110.2 ± 36.7 111.5 ± 126.9 0.05 0.05 0.40 

PPP1R3B 75.4 ± 9.0 84.8 ± 39.9 116.7 ± 10.7 79 ± 45.2 71.9 ± 12.4 68.9 ± 47.0 0.01 0.01 0.43 

PPP1R3C 203.8 ± 107.6 195.8 ± 120.9 310.7 ± 101.8 180.8 ± 93.8 162.7 ± 87.4 181.2 ± 118.2 0.04 0.01 0.92 

SCD 215.9 ± 21.6 337.8 ± 242.3 660 ± 159.9 355.1 ± 116.1 244.8 ± 69.9 281.4 ± 193.2 0.01 0.01 0.47 
1 Genes were selected based on the following criteria: p-value for the contrast (Fat or FA) ≤ 0.05, FC ≥ 1.4, and abundance ≥ 40 in at 

least one of the groups (Cerri et al., 2012). 
2 Prim = primiparous cows; Multi = multiparous cows. 
3 All = Fat contrast (Control vs. SFA + EFA) or FA contrast (SFA vs. EFA); Prim = Fat or FA contrast within primiparous cows; 

Multi = Fat or FA contrast within multiparous cows.  
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Figure 4-1.  Dry matter intake (A, primiparous; B, multiparous), milk yield (C, primiparous; D, 

multiparous), and plasmatic concentrations of prostaglandin F metabolite (E, 

primiparous; F, multiparous) of lactating Holstein cows receiving no fat 

supplementation (control), mostly saturated free fatty acids (SFA), or Ca salts 

containing essential fatty acids (EFA). 
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Figure 4-2.  Impact of differentially expressed genes (DEG) between primiparous and 

multiparous cows on categories and subcategories of pathways as calculated by the 

Dynamic Impact Approach. Solid filled bars denote the “impact” (i.e., overall effect 

of the DEG on the category of pathways) and the gradient-filled bars denote “flux” 

(or direction of the impact due to the effect of the DEG on categories of pathways). 
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Figure 4-3.  Pathways identified by the Dynamic Impact Approach in lactating Holstein cows 

receiving no fat supplementation (control) compared with cows fed fat (mostly 

saturated free FA – SFA or Ca salts containing essential FA – EFA). KEGG pathways 

are ranked on their impact with their flux indicated as inhibited (to the left) or 

activated (to the right) by feeding fat. Differentially expressed genes we considered 

when P-value < 0.05 and FC ≥ 1.4. 

 

 

 

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

GGT1

BOLA-DQA5; BOLA-DQB

GGT1

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

GGT1; GPX3

GGT1; GPX3

BOLA-DQA5; BOLA-DQB

ACE2

PSPH

BOLA-DQA5; BOLA-DQB

BOLA-DQA5; BOLA-DQB

NT5C

NT5C

NT5C

WFS1

PSPH; NT5C

Pathway FluxImpact Differentially Expressed Genes

Asthma

Graft-versus-host disease

Cyanoamino acid metabolism

Allograft rejection

Taurine and hypotaurine metabolism

Autoimmune thyroid disease

Type I diabetes mellitus

Staphylococcus aureus infection

Intestinal immune network for IgA production

Viral myocarditis

Antigen processing and presentation

Leishmaniasis

Glutathione metabolism

Arachidonic acid metabolism

Rheumatoid arthritis

Renin-angiotensin system

Glycine, serine and threonine metabolism

Cell adhesion molecules (CAMs)

Phagosome

Nicotinate and nicotinamide metabolism

Pyrimidine metabolism

Purine metabolism

Protein processing in endoplasmic reticulum

Metabolic pathways



 

166 

 
Figure 4-4.  Pathways identified by the Dynamic Impact Approach in lactating Holstein cows 

receiving fat supplementation with mostly saturated free FA (SFA) compared with Ca 

salts containing essential FA (EFA). KEGG pathways are ranked on their impact with 

their flux indicated as inhibited (to the left) or activated (to the right) by SFA. 

Differentially expressed genes we considered when P-value < 0.05 and FC ≥ 1.4. 
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CHAPTER 5 

EFFECTS OF ALTERING THE RATIO OF DIETARY n-6 TO n-3 FATTY ACIDS ON 

PERFORMANCE AND INFLAMMATORY RESPONSES TO A LIPOPOLYSACCHARIDE 

CHALLENGE IN LACTATING HOLSTEIN COWS 

The study was designed to evaluate the effects of altering the ratio between omega-6 (n-

6) and omega-3 (n-3) fatty acids (FA) in the diet and the intake of these FA by lactating dairy 

cows on lactation performance and inflammatory acute phase responses to a challenge with 

lipopolysaccharide (LPS). Multiparous Holstein cows (n = 45) were blocked based on milk yield 

during days 6 to 10 postpartum and, within each block, assigned randomly to 1 of 3 dietary 

treatments at 14 d postpartum, which lasted for 90 d. Diets were supplemented with a mixture of 

Ca salts of fish, safflower, and palm oils to create 3 different ratios of n-6 to n-3 FA, namely 3.9, 

4.9, or 5.9  parts of n-6 to 1 part of n-3 FA (R4, R5, and R6, respectively). During the first 5 wk 

of the study, blood was sampled weekly and analyzed for concentrations of metabolites and 

hormones. On d 75 postpartum, cows received an infusion of 10 µg of LPS into one quarter of 

the mammary gland to evaluate inflammatory acute phase responses. Altering the ratio of dietary 

n-6 to n-3 FA was reflected in changes in the FA composition of plasma and milk fat. Reducing 

the ratio of n-6 to n-3 FA from R6 to R4 increased dry matter intake (R6 = 24.7, R5 = 24.6, and 

R4 = 26.1 ± 0.5 kg/d), with concurrent increases in yields of 3.5% fat corrected milk (43.4, 45.4, 

and 48.0 ± 0.8 kg/d), milk fat (1.53, 1.60, and 1.71 ± 0.03 kg/d), milk true protein (1.24, 1.28, 

and 1.32 ± 0.02 kg/d), and milk lactose (2.12, 2.19, and 2.29 ± 0.04 kg/d). After the LPS 

challenge, concentrations of IL-6 in plasma increased as the ratio of n-6 to n-3 FA increased 

(112.5, 353.4, and 365.1 ± 86.6 pg/mL for R4, R5, and R6, respectively). Elevation of body 

temperature and somatic cell count was greater for cows fed R5 compared with those fed R4 or 

R6 (41.3, 40.8, and 40.8 ± 0.2oC; 4.33, 3.68, and 3.58 ± 0.25 × 106/mL, for R5, R4,  and R6, 

respectively). Haptoglobin concentration was greatest at 24 h after LPS challenge for cows fed 
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R6. Phagocytosis and oxidative burst by neutrophils collected from circulation were unaffected 

by dietary treatment in the first 48 h after intramammary LPS infusion. In conclusion, supplying 

the same quantity of FA in the diet of early lactation dairy cows, but altering the ratio of the 

polyunsaturated FA of the n-6 to n-3 families influenced lactation performance and the 

inflammatory responses to a LPS challenge.  

Introduction 

Feeding fat to lactating dairy cows commonly has a positive effect on milk yield. In a 

recent systematic review of the literature encompassing 38 previously published studies, Rabiee 

et al. (2012) reported an overall increase in milk yield of approximately 1 kg/cow/d in cows fed 

supplemental fat compared with those fed diets without supplemental fat. Furthermore, an 

extensive review of the literature on fat feeding to dairy cows showed that the benefits of fat 

supplementation are dependent on the type and amounts of FA provided, when supplementation 

was initiated, the proportion of forage fed, and other associative effects with the basal dietary 

ingredients (Onetti and Grummer, 2004). 

The effects of supplementing dairy cow diets with either n-6 (Harvatine and Allen, 2006; 

Amaral, 2008) or n-3 FA (Petit et al., 2007; Juchem et al., 2008) on lactational performance has 

been investigated. However, concurrent supplementation with n-6 and n-3 FA to markedly affect 

the intake of both FA has not been performed. From the human literature it often is stated that 

intake of PUFA should be manipulated such that specific amounts of n-6 and n-3 FA are 

consumed to maintain a “balance” between them (Papadopoulos et al., 2009). However, amounts 

of n-6 and n-3 as well as the ratio between both groups of FA which would optimize lactation 

and health of dairy cows remain unknown. Increased intake of n-6 FA has the potential to alter 

the FA profile of the phospholipids of cell membranes with increased proportions of linoleic and 

arachidonic acids, which in turn, might alter gene expression and eicosanoid synthesis towards a 
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pro-inflammatory state (Calder, 2012). On the other hand, increased intake of n-3 FA, especially 

eicosapentaenoic acid (EPA; C20:5 n-3) and docosahexaenoic acid (DHA; C22:6 n-3), would 

increase the proportion of these FA in the membrane phospholipids, which are expected to 

attenuate inflammatory responses (Calder, 2012). The metabolic cost of a clinical inflammation 

event has been investigated (Colditz, 2002), although data from cattle are scarce. In poultry, 

activation of inflammation with Escherichia coli LPS increased the estimated lysine utilization 

by the immune system from 1.2% to 6.7% of the total intake (Klasing and Calvert, 1999). 

Oxygen consumption and glucose utilization by sheep lymphocytes doubled during the peak of 

immune response (Cheung and Morris, 1984). When steers were feed-restricted for 72 h, the 

induction of inflammatory response by intratracheal bacterial challenge increased the splanchnic 

tissue utilization of amino acids by 2.67 moles/d (Burciaga-Robles, 2009), illustrating the shift in 

nutrient utilization upon initiation of an inflammatory response. Therefore, it would be 

reasonable to speculate that animals fed an n-6 enriched diet could have increased nutrient 

partitioning for an immune response if the inflammatory challenge is exacerbated, whereas the 

nutrient expenditure would be reduced if an n-3 enriched diet attenuated the inflammatory 

responses (Gifford et al., 2012).  

Fatty acids play important roles influencing the immune system of dairy cows as they can 

modulate immune cell function and inflammatory responses through various mechanisms. For 

instance, n-6 FA activate LPS-induced prostaglandin synthesis and activation of the 

inflammatory transcription factor, nuclear factor (NF) κB (Calder 2012). The active NFκB 

upregulates the expression of proteins that stimulate inflammation such as cytokines, 

chemokines, proteins involved in the acute phase response, and cell adhesion molecules (Kumar 

et al. 2004). On the other hand, FA of n-3 series inhibit activation of NFκB, which further 
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inhibits synthesis of pro-inflammatory proteins (Calder et al. 2012). Therefore, it is clear that 

both n-6 and n-3 FA are essential for maintaining body physiological functions. It is suggested 

that beyond the quantities, the balance between these two groups of FA appears to be important 

(Papadopoulos et al., 2009) and affects the pro- and anti-inflammatory responses, which also 

might be important for lactational performance.    

The hypotheses were that diets containing different ratios of n-6 to n-3 FA would 

influence milk production and inflammatory responses of lactating dairy cows. Specifically, 

increasing the n-6 to n-3 ratio in the diet would enhance the inflammatory response in the 

mammary gland after a challenge with LPS, whereas decreasing production. Therefore, the 

objectives were to determine the effect of altering the ratio of n-6 to n-3 FA in the diet of 

Holstein cows on lactation performance, metabolic status, and acute phase responses after an 

intramammary challenge with LPS. 

Materials and Methods 

The experiment was conducted at University of Florida Dairy Unit, in Hague, FL. 

Procedures for animal handling and care were approved by the University of Florida Animal 

Research Committee (ARC # 014-11ANS). 

  Study Design, Animals, Housing and Feeding 

The experimental design was a randomized complete block design. Weekly cohorts of 

cows in their second (n = 23) or greater lactation (n = 22) were blocked by parity (2 vs. > 2) and 

milk yield from days 6 to 10 postpartum and, within each block, randomly assigned to 1 of 3 

dietary treatments at 14 d postpartum (n = 15/treatment). Only clinically healthy cows (e.g. no 

metritis, ketosis, displacement of abomasum, or milk fever) during the first 13 DIM were 

eligible.  
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Cows were housed in a free-stall barn with sand-beds and equipped with automatic 

feeding gates (America Calan Inc., Northwood, NH). The diet was offered as a TMR twice daily 

at 07:30 a.m. and 01:00 p.m. to assure at least 5% orts daily, and DMI was recorded for 

individual cows throughout the study. Four days were allowed for cows to adapt to the individual 

feeding gates before the treatments started. Treatments were mixed as part of the TMR and fed 

for 90 d. 

Three ratios of n-6 to n-3 were designed by altering the supplemental fat added to the diet 

to influence the intake and estimated duodenal flow of PUFA (Table 5-1). The first ratio was of 

3.9 parts of n-6 to 1 part of n-3 FA in the diet (R4). This ratio was expected to result in a 2 to 1 

ratio of n-6 to n-3 in the duodenal content based on estimates of duodenal flow of FA (CPM-

Dairy ver. 3.0.8 software, www.cpmdairy.net). The second ratio was of 4.9 parts of n-6 to 1 part 

of n-3 in the diet (R5). This ratio was expected to result in a 4 to 1 ratio of n-6 to n-3 in the 

duodenal contents. The final ratio was of 5.9 parts of n-6 to 1 part of n-3 in the diet (R6). This 

ratio was expected to result in an 8 to 1 ratio of n-6 to n-3 in the duodenal contents. All diets 

were isocaloric and isonitrogenous and contained the same total FA concentration, and were 

formulated to minimize the difference in concentrations of total PUFA. The FA composition of 

diets was manipulated by altering the mixture of Ca salts that were enriched in palm oil FA, 

safflower oil FA, or fish oil FA (Table 5-1). These Ca salts were blended such that the amount 

incorporated into the diets, 1.43% of the dietary DM, would alter the dietary FA composition and 

result in the proposed ratios (Table 5-2). Lactation number averaged 2.7, 2.9, and 2.5 ± 0.3 for 

cows fed R4, R5, and R6, respectively.  

Measurements of Milk and Milk Components 

Cows were milked twice daily at 06:00 a.m. and 06:00 p.m., and yields of milk were 

recorded automatically (AfiFlo milk meters, S.A.E. Afikim, Israel). Concentrations of fat, true 
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protein, and lactose (AfiLab on-line real-time milk analyzer, S.A.E. Afikim, Israel) were 

recorded. Milk yield and composition from each milking were taken into account to calculate the 

final concentration of milk components. The calibration of the AfiLab system was performed 

monthly using data from milk composition of 500 University of Florida cows analyzed by the 

Southeast DHI laboratory in Belleview, FL. Milk corrected for 3.5% fat was calculated as FCM 

= 0.4324 × kg of milk + (16.218 × kg of milk fat). 

Body Weight, Body Condition Score, Energy Balance, and Feed Efficiency 

 Cows were weighed twice daily, immediately after each milking, using a walk-through 

scale (AfiWeigh, S.A.E. Afikim, Israel) and BW was averaged daily. Once a week, body 

condition of cows was scored using a 5 point scale (1: thin to 5: obese) divided into 0.25 points 

according to Ferguson at al. (1994), as depicted in the Elanco BCS chart (Elanco Animal Health, 

2009). The same person throughout the study evaluated BCS to minimize nuisance variation. 

Energy balance was calculated using the formula of caloric intake (DM intake x NEL of 

diet) minus the calories required for maintenance and the calories required for milk production 

using the equations from NRC (2001). Requirements for NEL of maintenance were based on 

BW (0.08 × BW0.75), and those for milk synthesis were according to milk yield and the 

concentrations of fat, protein, and lactose in milk using the following formula: NEL milk = 

(0.0929 × % milk fat) + (0.0563 × % milk true protein) + (0.0395 × % lactose). Gross feed 

efficiency was calculated considering 3.5% FCM yield and DMI (3.5% FCM/DMI). 

Blood Metabolites and Hormones 

 Blood was sampled on the same day each week during the first 5 wk of the study. 

Samples were collected from the coccygeal vessels using evacuated tubes containing K2EDTA 

(Vacutainer, Becton Dickinson, Franklin Lakes, NJ) and placed immediately in ice. Plasma was 
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separated by centrifugation at 2,095 × g (Allegra X-15R centrifuge, Beckman Coulter Inc., Brea, 

CA) for 15 min and then stored at -20oC for further analyses. 

Plasma was analyzed for concentrations of NEFA according to Johnson and Peters (1993) 

using a commercial kit (NEFA-C kit; Wako Fine Chemical Industries, Inc., Dallas TX), and 

BHBA (Autokit 3-HB cyclic enzymatic method – Wako Diagnostics Richmond, VA). The intra- 

and inter-assay CV were 4.6 and 8.0% for NEFA, and 3.2 and 6.4% for BHBA, respectively.  

Urea N in plasma was analyzed with a Technicon Autoanalyzer (Technicon Autoanalyzer 

Instruments Corp., Chauncey, NY) using a modification of Coulombe and Favreau (1963) and 

Marsh et al. (1965). Glucose was analyzed using a Technicon Autoanalyzer following a 

modification of the method by Gochman and Schmitz (1972). The intra- and inter-assay CV 

were 6.8 and 7.5% for plasma urea N and 2.1 and 2.6% for glucose, respectively. Insulin 

concentration in plasma was measured using a double antibody radioimmunoassay following the 

assay protocol described by Badinga et al. (1991); the intra- and inter-assay CV were 13.2 and 

16.1%, respectively. Insulin-like growth factor was assayed using a commercial kit 

(Quantikine® Elisa; Human IGF-1 Immunoassay; R&D Systems, Inc. Minneapolis, MN), 

according to the manufacturer’s instructions; the intra- and inter-assay CV were 5.4 and 6.9%, 

respectively. 

Diet and Ingredient Sampling and Chemical Analyses 

Samples of forages, concentrate mixtures, and fat supplements were collected weekly, 

dried at 55oC and moisture loss recorded. Dried samples were composited monthly and ground to 

pass a 1 mm screen of a Wiley mill (Thomas Scientific, Swedesboro, NJ). Samples were then 

analyzed for DM (105°C for 12 h), OM (512°C for 8 h), sequential analysis of NDF using a heat 

stable α-amylase and ADF (Van Soest et al., 1991) with the Ankom Fiber Analyzer system 

(Ankom Technology, Macedon, NY), and N using an automated quantitative combustion 
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digestion method (Elementar Analysensysteme, Elementar Americas, Inc., Mt. Laurel, NJ). The 

energy density of the diet was estimated using chemical analysis of dietary components and 

calculated for 24 kg of DMI using the NRC (2001) model (Table 5-1).  

Blood and Milk Sampling and Fatty Acid Analyses of Plasma, Milk, and Diets  

Blood was sampled at approximately 60 DIM by puncture of the coccygeal vessels into 

evacuated tubes containing K2EDTA (Vacutainer, Becton Dickinson) and placed immediately in 

ice. Plasma was separated by centrifugation at 2,095 × g for 15 min (Allegra X-15R Centrifuge) 

and then stored at -20oC. An aliquot of 2.0 mL was freeze-dried (Labconco, Kansas City, MO).  

The FA isolation and methylation of the concentrates, forages, fat supplements, and 

freeze-dried plasma samples were performed according to Kramer et al. (1997). Fatty acid 

methyl esters were determined using a Varian CP-3800 gas chromatograph (Varian Inc., Palo 

Alto, CA) equipped with auto-sampler (Varian CP-8400), flame ionization detector, and a Varian 

capillary column (CP-Sil 88, 100 m x 0.25 mm x 0.2 μm). The carrier gas was He, the split ratio 

was 10:1, and the injector and detector temperatures were maintained at 250oC. One μl of sample 

was injected via the auto-sampler into the column. The oven temperature was set initially at 70oC 

for 3 min, increased by 30oC/min up to 162oC, increased by 0.5oC/min up to 165oC, increased by 

0.6oC/min up to 195oC, held at 195oC for 20 min, increased by 3.5oC/min up to 220oC, and held 

at 220oC for 6 min. The peak was identified and calculated based on the retention time and peak 

area of known standards. 

Milk samples from 4 consecutive milkings at wk 10 of the study were collected and 

stored at -20oC without preservative for analysis of FA. Samples were thawed and composited 

based on the yield of each milking sampled, and then centrifuged at 17,800 × g for 30 min at 8oC 

to isolate the milk fat. The “milk fat cake” was analyzed for FA profile at Clemson University. 

The FA methyl esters were obtained following the procedures of O’Fallon et al. (2007). 
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Individual FA were identified using a Shimadzu 2010 plus gas chromatograph (Shimadzu 

America, Inc., Columbia, MD). The carrier gas was H, the split ratio was 5:1, and the injector 

and detector temperatures were maintained at 240oC. One to 3 μL of sample was injected in the 

column. The oven temperature was initially set to 125oC for 2 min, increased by 0.5oC/min up to 

155oC, increased by 2oC/min up to 235oC, and maintained for 13 min. The standards utilized to 

identify the peaks were GLC-603, GLC-484, and GLC-90 (Nu-Check Prep, Inc., Elysian, MN). 

The apparent transfer efficiency of dietary FA to milk was calculated by dividing the amount of 

the selected FA in milk fat by the amount the FA ingested during wk 10 of the study. 

Acute Phase Responses to a Lipopolysaccharide Challenge  

 On d 75 postpartum, cows with SCC < 300,000/mL in the preceding 10 d were eligible 

to undergo an intramammary challenge with LPS. Of the 45 cows, 39 were selected, 13 per 

dietary treatment. On the day of infusion, mammary quarters had milk evaluated for SCC after 

the morning milking using the California mastitis test reaction (CMT kit; ImmuCell Corporation, 

Portland, ME). Only negative CMT quarters were used for infusion and for controls. 

Approximately 3 h after the morning milking, 10 µg of LPS (E. coli O111:B4; Sigma L2630, 

Sigma Aldrich, Saint Louis, MO) diluted in 10 mL of sterile PBS was infused intramammary in 

one quarter selected randomly via teat canal. Milk samples were collected at 0, 2, 4, 6, 8, 14, 24, 

48, 72, and 96 h after the infusion. Milk was sampled from the infused quarter separately from 

others. Milk from the non-infused quarters was composited. Samples were preserved with 

bronopol-B-14 and analyzed for SCC by the Southeast Milk Laboratory (Belleview, FL) using a 

Bentley 2000 mid-infrared spectrophotometer analyzer (Bentley Instruments Inc., Chaska, MN). 

Blood was collected from the coccygeal vessels at 0, 2, 4, 8, 14, 24, and 48 h after the 

LPS infusion. Harvested plasma (2,095 × g × 15 min, Allegra X-15R Centrifuge) was frozen and 

later analyzed for concentrations of the acute phase proteins haptoglobin (Mikamura and Suzuki, 
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1982) and acid soluble protein (ASP). Briefly, ASP was extracted with 0.6 M perchloric acid 

(Fisher Scientific, Hampton, NH) diluted in distilled water (66 mL perchloric acid in 1 L water). 

Plasma samples (50 µL) were incubated with perchloric acid solution (1 mL) for 20 min at room 

temperature. Samples were then centrifuged (2,095 g × 30 min, Allegra X-15R Centrifuge). 

Bicinchonimic acid kit (Sigma-Aldrich, Saint Louis, MO) was used to analyze the protein 

concentration in the supernatant. The concentrations of cytokines IFN-γ and IL-6 were measured 

in plasma using a multiplex chemiluminescent assay following the manufacturer’s procedures 

(CiraplexTM Chemiluminescent Assay Kit 29-038-1-AB; Aushon BioSystems, Billerica, MA). 

Concurrent samples were collected at 4, 14, 24, and 48 h after the challenge to evaluate 

neutrophil phagocytic and oxidative burst activities, using methodology adapted from Smits et al. 

(1997) using a dual color flow cytometry assay as described by Martinez et al. (2012). Rectal 

temperature was measured at 0, 2, 4, 8, 14, 24, and 48 h after the LPS infusion.  

Statistical Analysis 

Data were analyzed using the GLIMMIX procedure of SAS (SAS ver. 9.2, SAS Inst. Inc., 

Cary, NC) fitting either a normal or Poisson distribution according to the type of data. 

Continuous data were analyzed for normality of residuals before statistical analyses. When 

residuals were not normally distributed, transformation was applied and evaluated to determine if 

model fit was improved. Daily results were averaged into weekly means before analyses. Data 

for milk production and composition, BW, BCS, DM intake, and energy balance were analyzed 

including a pretreatment covariate value that was measured before treatments were initiated, 

while cows were fed a common diet. All models included the fixed effects of treatment, parity (2 

or >2), and interactions between treatment and parity. Models for data with repeated 

measurements over time within the same experimental unit also included the fixed effects of time 

and interaction between treatment and time, and the random effect of cow nested within 
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treatment. The time reference for the statistical models was either day or week relative to the 

beginning of the study or hour relative to challenge with LPS. Whenever treatment effect was 

detected, pairwise comparisons were performed with adjustment by the method of Tukey. For 

models with repeated measures within experimental unit, the covariance structure (compound 

symmetry, heterogeneous compound symmetry, autoregressive 1, heterogeneous autoregressive 

1, or toeplitz) that resulted in the lowest Akaike’s information criterion was selected. For 

unequally spaced measurements, the spatial power covariance structure was used.  

Significance of the differences were declared when P ≤ 0.05 and tendencies to differ 

when 0.05 < P ≤ 0.10. 

Results 

Chemical analyses of dietary ingredients and the rations fed to cows indicated minor 

deviations from the preplanned ratios of n-6 to n-3 FA in the diet (Table 5-1).  The diets 

contained ratios of 3.9, 4.9, and 5.9 for R4, R5, and R6, respectively, and differed in the FA 

profile, particularly the concentrations of linoleic, EPA and DHA (Table 5-2). 

Dry Matter Intake, Body Weight, and Body Condition 

Intake of DM increased (P = 0.05) with feeding R4 compared with R5 or R6 (Table 5-3; 

Figure 5-1A). Based on diet composition and intake of DM, total FA intake did not differ and 

averaged 953 ± 24 g/d. An effect (P < 0.001) of treatment was detected for intakes of n-6 and n-3 

FA (Table 5-3). As the ratio of n-6 to n-3 FA increased, intakes of linoleic and total n-6 FA also 

increased. Conversely as the ratio of n-6 to n-3 decreased, the intake of EPA and DHA and total 

n-3 FA increased (Table 5-3).  

Cows fed all diets lost body condition immediately before enrollment in the study. From 

wk 3 to 15 postpartum, cows lost approximately 0.2 units of body condition. Treatment had 

minor effects on BCS of cows, and those fed R4 tended (P = 0.07) to have smaller body 
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condition than cows fed R5 after wk 7 postpartum. No difference in BCS was observed between 

R5 and R6 or R4 and R6 (Figure 5-1E). Similar to BCS, cows lost BW immediately before 

enrollment into treatments, but BW of cows remained stable throughout the experimental period 

and was unaffected by dietary treatments (Figure 5-1F). From wk 3 to 15 postpartum, the BW of 

cows averaged 627 ± 6 kg. 

Milk Production and Composition, Energy Balance, and Feed Efficiency 

Yields of milk, 3.5% FCM, milk fat, milk true protein, and lactose all increased (P < 

0.001) as the ratio of n-6 to n-3 FA decreased from R6 to R4 (Table 5-3). In fact, 3.5% FCM 

increased with R4, and this response was consistent throughout the duration of the study (Figure 

5-1B). Efficiency of feed conversion into 3.5% FCM tended to increase (P = 0.08) as the ratio of 

n-6 to n-3 FA decreased (Table 5-3; Figure 5-1C). Concentrations of fat, true protein, and lactose 

in milk were not affected by treatments. The similar milk composition across treatments resulted 

in no dietary treatment effect on the caloric content of milk, which averaged 0.69 ± 0.01 

Mcal/kg. Nevertheless, the increased milk nutrient output as cows consumed more n-3 and less 

n-6 FA resulted in an increase (P < 0.01) in the amount of calories secreted as milk (Table 5-3), 

observed primarily in cows fed the R4 diet. In spite of increased DMI by cows fed R4, the 

greater milk nutrient secretion resulted in a decrease (P = 0.06) in NE balance as the ratio of n-6 

to n-3 FA decreased in the diet (Table 5-3). Cows in all treatments were in negative energy 

balance until wk 7 postpartum, after which cows averaged a positive energy balance of 1.9 

Mcal/d (Figure 5-1D). Throughout the study, cows fed R6 had a consistently greater energy 

balance compared with cows fed R4. 

Metabolic and Hormonal Responses  

During the first 5 wk of the study, corresponding to wk 3 to 7 postpartum, mean 

plasmatic concentrations of glucose, BHBA, insulin, and IGF-1 were not affected by treatments 
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(Figure 5-2). Cows fed R5 had a lower mean concentration of urea N in plasma compared with 

cows fed R4 and R6 diets (P = 0.04, Figure 5-2B). As the ratio n-6 to n-3 in the diet decreased, 

the mean plasmatic concentrations of NEFA tended (P = 0.10) to increase (Figure 5-2C). 

Fatty Acid Profile of Plasma and Milk  

The FA profile of plasma followed similar changes as FA intake (Table 5-4). Increasing 

the linoleic acid intake by feeding a greater ratio of n-6 to n-3 in the diet tended (P = 0.08) to 

enhance the proportion of linoleic acid in plasma. Similarly the longer chain n-3 FA, EPA and 

DHA, were in greater (P < 0.001) proportion of the plasma FA as the dietary ratio of n-6 to n-3 

decreased from R6 to R4. Because the changes in concentrations of n-6 and n-3 FA in plasma 

followed those imposed by the dietary treatments, the resulting ratio of plasma n-6 to n-3 FA 

increased (P < 0.001) from 7.6 to 11.3 ± 0.40 as the dietary treatment changed from R4 to R6 

(Table 5-4).  Interestingly, the proportion of arachidonic acid in plasma was similar among 

treatments despite the differences in intake of n-6 FA. 

The proportions of de novo synthetized FA, those with < 16 carbons, and pre-formed FA, 

those with > 16 carbons, in milk fat remained unaffected by the changes in dietary intake of n-6 

and n-3 FA (Table 5-5). We detected no differences in the degree of unsaturation or 

concentrations saturated or monounsaturated FA in milk fat by altering the ratio of n-6 to n-3 FA 

in the diet. However, increasing the ratio from R4 to R6 resulted in an increase (P = 0.03) in n-6 

FA in milk fat, and most of this increase was because of changes in linoleic acid. Concurrent 

with the increase in n-6 FA in milk fat, increasing the dietary ratio from R4 to R6 did not alter (P 

= 0.23) the concentration of total n-3 FA in milk fat. However, the concentrations of EPA 

decreased (P < 0.01) as the dietary ratio increased from R4 to R6.  

The apparent transfer efficiency for dietary linoleic acid into milk fat was not affected (P 

= 0.76) by changes in the intake of linoleic acid, and averaged 12.7 ± 0.9%. Similarly, dietary 



 

180 

treatments did not affect (P = 0.67) the transfer efficiency of total n-6 FA into milk fat, which 

averaged 13.6 ± 0.9%. For EPA and DHA combined, the mean transfer efficiency into milk fat 

increased (P = 0.03) with increased intake of these FA (R4 = 4.34 ± 0.61 vs. R5 = 4.93 ± 0.57 vs. 

R6 = 2.84 ± 0.55%). In spite of the effects of dietary n-6 to n-3 FA on transfer efficiency of EPA 

and DHA, treatment did not influence (P = 0.65) the incorporation of dietary total n-3 FA into 

milk fat and averaged 11.6 ± 0.6%. 

Intramammary Lipopolysaccharide Challenge  

After the LPS challenge, treatment did not affect (P = 0.20) the mean body temperature 

(Table 5-6). Interval from LPS infusion to peak of body temperature was longer (P = 0.07) for 

cows fed R6 than those fed R4 or R5 (Table 5-6). However, the duration of elevated body 

temperature, based on rectal temperature equal to or greater than 39.5oC, did not differ among 

dietary treatments.  

The SCC in milk after the LPS challenge increased in all glands, but the increments were 

greater in the quarter in which LPS was infused (Figure 5-3A). An effect (P = 0.09) of diet was 

observed for SCC; cows fed R4 and R6 had less SCC in milk compared with those fed R5 

(Figure 5-3A). The mean concentrations of insulin and glucose in plasma after LPS challenge 

were not different among treatments. However, cows receiving the R5 diet tended (P = 0.08) to 

have greater concentration of insulin than cows fed the R6 diet at h 4, whereas cows fed R6 had 

greater circulating concentrations of insulin compared with those fed R4 or R5 at h 8 (Figure 5-

3B). The mean concentrations of acid soluble protein and haptoglobin in plasma were not 

different among treatments (Table 5-6; Figure 5-3C, respectively). Nonetheless, at 24 h after LPS 

infusion, haptoglobin peaked higher (P < 0.05) for cows fed R6 compared with those fed R4 or 

R5 (Figure 5-3C). Concentrations of IFN-γ in plasma did not differ among dietary treatments; 

however,  cows fed R4 had a smaller (P < 0.05) peak and attenuated concentrations of IL-6 
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compared with those fed R5 or R6 (Figure 5-3D). Dry matter intake decreased in all treatments 

on the day of the challenge with LPS, and the decline averaged 2 kg/d or 8.3% of the previous 

day’s intake (Figure 5-3E). Intake recovered by 2 d after the challenge. Milk yield also declined 

during the LPS challenge in all treatments (Figure 5-3F); however, the drop in production 

occurred on the day after the challenge. The decline in milk yield was of 4.7 kg/d, which 

represents 11.5% of the production in the day preceding the challenge.  

Discussion 

Altering the ratio of n-6 to n-3 FA in the diet offered to early lactation dairy cows 

improved yields of milk and milk components in part because of an increase in caloric intake.  

Cows fed the R4 diet consumed the most DM, which combined with the increased 

concentrations of n-3 FA in the FA supplement resulted in twice as much EPA and DHA 

consumed compared with those fed R6. In many reports in the literature, feeding large quantities 

of EPA and DHA as fish oil to dairy cows reduced DMI (Donavan et al., 2000), but 

incorporation of moderate amounts of EPA and DHA from fish oil as Ca salts had no impact on 

intake of dairy cows (Juchem et al., 2008). Some researchers have attributed the decrease in DMI 

when PUFA are fed to the ability of these FA to stimulate release of gut peptides (Bradford et al., 

2008; Alizadeh et al., 2012) or to a potential increase in hepatic oxidation (Mashek et al., 2002), 

both of which have been linked with satiety (Allen et al., 2009). However, in the present study, 

all diets were supplemented with the same amount of Ca salts of FA, 1.43% of dietary DM, and 

the diets had similar concentrations of PUFA. Others have reported that moderate amounts of 

unsaturated FA from fish oil fed as Ca salts did not have a negative effect on DMI (Juchem et al., 

2008). In fact, feeding moderate amounts of supplemental FA as Ca salts containing fish oil FA, 

in some cases, increased DMI compared with cows fed no supplemental fat (Moussavi et al., 

2007).  
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Decreasing the ratio of n-6 to n-3 FA in the diet enhanced milk yield. A portion of the 

increased milk yield was attributed to the increase in caloric intake. Others reported an increase 

in milk yield when n-3 FA were supplemented to the diet of early lactation dairy cows as Ca salts 

of fish oil and a portion of the response in production was attributed to the increased DMI 

(Moussavi et al., 2007). In the current study, cows fed R4 produced 4.6 kg more 3.5% FCM 

compared with those fed R6 and they also consumed 1.4 kg more DM per day. At 1.62 Mcal/kg 

of diet, the additional DMI provided sufficient calories (2.27 Mcal) for approximately 3.3 kg of 

milk, which contained 0.69 Mcal/kg. Therefore, 1.3 kg of milk cannot be accounted for the 

differences in DM and nutrient intakes. It is possible that altering the dietary ratio of n-6 to n-3 

FA, which resulted in changes in tissue FA composition, influenced nutrient partitioning and 

favored lactation. Others have reported that changes in the supply of dietary n-3 FA increased the 

concentrations of these FA in different tissues (Bilby et al., 2006c). Feeding n-3 FA resulted in 

increased incorporation into the hepatic tissue, which altered hepatic expression of the 

gluconeogenic enzymes, pyruvate carboxylase and phosphoenol pyruvate carboxykinase 

(Amaral, 2008). In fact, Amaral (2008) reported that changes in hepatic mRNA abundance for 

gluconeogenic enzymes were accompanied by a more rapid rise in IGF-1 concentrations in 

plasma of cows in early lactation. Likewise, Bilby et al. (2006c) reported altered responsiveness 

to exogenous bST by preferentially increasing growth hormone and reducing IGF-1 

concentrations in plasma, and also resulted in greater milk production by cows fed fish oil 

compared to those fed cottonseed. Thus changes in the FA profile of tissues such as liver could 

influence synthesis and metabolism of other nutrients and impact lactation performance. 

Improving hepatic gluconeogenesis would favor lactose synthesis in the mammary gland and, 

potentially, yield of milk.  
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The concentration of milk components was not altered by treatments, but because of the 

increased milk yield, the yields of fat, true protein and lactose increased as the dietary ratio of n-

6 to n-3 FA decreased. A concern of feeding PUFA is the risk of milk fat depression. The latter 

can be aggravated when PUFA present in fish oil replace linoleic and/or linolenic acids in the 

diet (Whitlock et al., 2002). In many instances, feeding PUFA has induced a reduction in 

concentrations of fat and protein in milk (Rabiee et al., 2012), although the effects on yields of 

these milk components were not necessarily negative. It is known that negative associative 

effects exist between dietary ingredients which can influence concentration of milk components 

(Onetti and Grummer, 2004). In general, feeding fat sources rich in unsaturated FA are more 

detrimental to milk fat concentration when dietary concentration of NDF is low or when the 

main forage source is corn silage compared with alfalfa (Smith et al., 1993). In the current study, 

all diets had similar unsaturated FA concentration, and diets were formulated to contain more 

than sufficient NDF (NRC, 2001), and limited starch, although the caloric density of rations were 

typical of high yielding dairy cows. In fact, results from all 3 diets indicated reasonable milk fat 

concentrations and excellent yields of 3.5% FCM, indicating that milk fat depression was not an 

issue. Feeding fish oil FA can pose a risk for milk fat depression, which is accompanied by 

increased proportions of CLA and trans C18:1 FA in milk (Donovan et al., 2000). Nevertheless, 

the concentration of trans 10 C18:1 in milk fat was not altered by diet, but concentration of CLA 

increased with feeding R4. It is likely that either the similar amounts of unsaturated FA 

consumed by cows from the three experimental diets, or the provision of sufficient dietary NDF 

limited the potentially negative associative effects of feeding fish oil FA on milk components.  

Despite the doubling in intake of EPA and DHA by cows fed R4 compared with those fed 

R6, the FA profile of milk fat did not reflect shifts compatible with a decline in de novo 
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synthesis of FA. Diets that induce milk fat depression usually result in accumulation of certain 

trans FA in milk fat and are characterized by a reduction in the proportion of short and medium 

chain FA in milk (Bauman et al., 2011). As observed in other studies (Gonthier et al., 2005; Petit 

et al., 2007), the differences in the proportions of PUFA in milk fat reflected the differences in 

dietary FA composition. Consequently, as the ratio of n-6 to n-3 FA in the diet changed, so did 

that of milk fat. The transfer efficiency of PUFA from the diet to the mammary gland in the 

present study was greater than the efficiency reported by others (Gonthier et al., 2005). It is 

possible that the extent of biohydrogenation of PUFA was less, which would have provided a 

larger proportion of the consumed FA in their original form for absorption in the small intestine. 

Interestingly, the transfer efficiency of EPA/DHA was affected by diet, with the lowest 

efficiency observed for cows fed R6, which provided on average only 10 g/d of these FA. The 

efficiency of transfer achieved a maximum and then plateaued as cows consumed approximately 

15 g/d of EPA and DHA in R5, with no further increase with feeding 20 g/d of EPA and DHA in 

d R4. It is possible that a larger proportion of the EPA and DHA absorbed by cows fed R6 were 

used for metabolic functions that prevented them from being secreted into milk fat. 

Plasma FA profile partially reflects the profile of FA reaching the duodenum and 

eventually absorbed (Gonthier et al., 2004; Gonthier et al., 2005). Ruminal biohydrogenation 

limits the supply of unsaturated FA for absorption in ruminants. However, the extent to which 

unsaturated FA were biohydrogenated in the current study did not impair the n-6 and n-3 FA 

from being absorbed and detected in plasma in concentrations that paralleled those fed in the 

diet. Consequently, the major differences detected in the plasma profile of FA were analogous to 

the differences in the supply of dietary FA.  
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Energy balance increased as the ratio of dietary n-6 to n-3 FA increased. Generally, 

feeding fat to early lactation cows does not improve energy balance and, in many cases, fat 

supplementation improves milk yield with either no changes or slight decreases in DMI which 

reduces energy balance (Staples et al., 1998). Feeding increasing amounts of n-3 FA improved 

milk yield and tended to improve feed conversion ratio, which resulted in more ingested calories 

partitioned into milk calories. These results suggest that cows fed diets with a greater proportion 

of n-3 FA had improved partitioning of nutrients towards milk synthesis instead of restoring 

body tissues. A similar response is often observed when cows are fed supplemental fat compared 

with no fat supplementation (Rabiee et al., 20012). In the rodent model, increasing the 

consumption of n-3 FA has been reported to reduce fat deposition in spite of similar caloric 

intake, reinforcing the role of FA in altering nutrient partitioning (Buckley and Howe, 2010). A 

more pronounced negative energy balance is associated frequently with greater tissue 

mobilization (Petit et al., 2007). Although energy balance was slightly but significantly less for 

cows fed R4 compared with R6, differences in BW, BCS, and concentrations of metabolites and 

hormones which can be indicative of energetic status were negligible. At the end of the 13-wk 

experiment, BW and BCS differed only by 7 kg and 0.1 unit, respectively. Therefore, the 

increased secretion of milk calories did not seem to be at the expense of body reserves. An 

additional explanation for improved feed efficiency is that feeding more n-6 relative to n-3 FA 

resulted in increased nutrient expenditure to maintain a more pro-inflammatory state (Colditz, 

2002). Feeding n-6 FA has the potential to enhance the pro-inflammatory state (Calder, 2012), 

and cows fed the R6 diet had increased markers of inflammation. Under acute inflammation, 

amino acids and other nutrients are partitioned away from storage and growth and used to 

maintain immune function (Gilford et al., 2012). Klasing and Calvert (1999) estimated that 
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lysine utilization by the immune system of poultry increased five-fold during LPS induced 

inflammation. Induction of inflammatory response in feed-restricted steers increased the 

splanchnic tissue utilization of amino acids by 2.67 moles/d (Burciaga-Robles, 2009). These 

differences in amino acid utilization were independent of the effects of inflammation on appetite. 

These data illustrate the shift in nutrient utilization and some of the metabolic costs of mounting 

an inflammatory response. Therefore, we hypothesize that altering the diet might have altered the 

inflammatory state of cows that could influence nutrient use (Colditz, 2002; Gilford et al., 2012). 

Increased intake of n-3 FA by cows fed the R4 diet attenuated the inflammatory response 

induced by the intramammary infusion of LPS. Acute inflammation can induce tissue insulin 

resistance, which could be accompanied with increased glycogenolysis and gluconeogenesis 

(Vernay et al., 2012). Ballou et al. (2009) supplemented the diet of dairy cows during the 

transition period with either fish oil or a source of mostly saturated free FA. Mammary glands 

were then challenged with 100 µg of E. coli LPS, a dose that is 10-fold greater than that used in 

the present study. The authors were unable to detect any attenuation of the local or systemic 

acute phase responses by the source of dietary FA fed (Ballou et al., 2009). The discrepancies 

between the findings of Ballou et al. (2009) and those of the current study, in which some 

attenuation of the inflammatory response was observed with R4, might be related to the dose of 

LPS used or, perhaps, the amount of EPA and DHA absorbed and incorporated into tissues, 

and/or ratio of n-3 to n-6 FA. Ballou et al. (2009) fed a much greater dose of EPA + DHA, 60 g/d 

pre- and 45 g/d postpartum, which was 2 to 3-fold the intake by R4 cows.  

Decreasing the ratio of n-6 to n-3 FA in the diet of cows from R6 to R4 probably altered 

the FA profile of the membrane phospholipids of the immune cells (Silvestre et al., 2011a). It is 

expected that the observed changes in plasma FA profile with the different diets also influenced 
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the FA composition of cell membrane in leukocytes. Silvestre et al. (2011a) demonstrated that 

feeding fish oil reduced inflammatory cytokine production by PMNL. In cell culture (Huang et 

al., 2010) and in rodent models (Vijay-Kumar et al., 2011), n-3 FA consistently reduced the 

inflammatory response to LPS. Therefore, n-3 FA have the ability to modulate the inflammatory 

response as observed after the LPS challenge, although altering the supply of dietary n-3 FA will 

not necessarily protect from the deleterious effects of an excessive acute phase response (Ballou 

et al., 2009). In fact, altering the ratio of FA in the diet did not attenuate the losses in DMI and 

milk yield during the LPS challenge in the current study. Also, during the challenge, the loss in 

milk production of 4.7 kg/d represented approximately 3.20 Mcal, which matches exactly the 

reduction in caloric consumption due to the 2 kg/d decline in DMI (3.24 Mcal).      

Conclusion 

Decreasing the ratio of n-6 to n-3 FA in the diet of lactating dairy cows while maintaining 

similar dietary concentrations of total FA improved productive performance in early lactation. A 

dietary n-6 to n-3 ratio of approximately 4:1 resulted in the greatest DMI and production of milk 

and milk components. Approximately 1.3 kg of milk response could not be accounted for by 

differences in nutrient intake, which suggests that reducing the dietary FA ratio from 6:1 to 4:1 

can influence nutrient partitioning to favor an increased proportion of the total NE consumed 

allocated to milk synthesis. Although cows fed the lowest ratio of dietary n-6 to n-3 FA had 

reduced energy balance, other indicators of energy status such as changes in BW, BCS, and 

circulating concentrations of metabolites and hormones linked to energy status were mostly 

unaltered. Collectively, these results indicate that improvements in lactation performance were 

not at the expense of body reserves. Feeding more n-3 and less n-6 FA in the R4 diet attenuated 

the acute phase response after the intramammary challenge with LPS, although the diet did not 

reduce the losses in intake and production during the inflammatory challenge. It is possible that 
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improvements in lactation performance by feeding diets that differ in FA profile might be related 

with altered nutrient partitioning by attenuating inflammatory responses.  
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Table 5-1.  Dietary ingredients and nutrient composition of diets1 

 R4 R5 R6 

Ingredients,2 % of DM    

Corn silage 18.7 18.7 18.7 

Bermuda silage 9.0 9.0 9.0 

Alfalfa hay 6.1 6.1 6.1 

Corn grain, finely ground 13.8 13.8 13.8 

Citrus pulp 10.1 10.1 10.1 

Soybean hulls 20.3 20.3 20.3 

Soybean meal, solvent extract 10.1 10.1 10.1 

Soybean meal, cooker-processing3 5.7 5.7 5.7 

Molasses 1.6 1.6 1.6 

Vitamin-mineral-protein premix4 3.0 3.0 3.0 

Ca salts of palm oil5 0.73 0.65 0.53 

Ca salts of safflower oil6 0 0.37 0.70 

Ca salts of fish oil7 0.70 0.41 0.20 

Nutrients, DM basis (± SD) 

NEL,8 Mcal/kg 1.62 1.62 1.62 

CP, % 16.6 ± 0.8 16.6 ± 0.8 16.5 ± 0.8 

Starch, % 17.3 17.3 17.3 

Non-fibrous carbohydrates,9 % 35.4 ± 1.9 35.4 ± 2.0 35.5 ± 1.9 

ADF, % 16.0 ± 0.9 15.9 ± 0.9 15.6 ± 0.9 

NDF, % 38.4 ± 2.3 38.4 ± 2.3 38.1 ± 2.3 

NDF from forage, % 17.1 ± 0.7 17.1 ± 0.7 17.1 ± 0.7 

Fatty acids, % 3.66 ± 0.15 3.82 ± 0.17 3.88 ± 0.16 

Ca, % 0.87 ± 0.07 0.89 ± 0.07 0.90 ± 0.08 

P, % 0.33 ± 0.03 0.33 ± 0.03 0.33 ± 0.03 

Mg, % 0.31 ± 0.02 0.31 ± 0.02 0.31 ± 0.02 

K, % 1.48 ± 0.05 1.48 ± 0.05 1.48 ± 0.05 

Cl, % 0.29 ± 0.03 0.28 ± 0.03 0.29 ± 0.03 

Na, % 0.32 ± 0.01 0.32 ± 0.01 0.32 ± 0.01 
1 Treatments represent the ratio between n-6 to n-3 FA in the diet. R-4 is a ratio of 3.9 parts of n-

6 to 1 part of n-3; R-5 is a ratio of 4.9 parts of n-6 to 1 part of n-3; R-6 is a ratio of 5.9 parts of n-

6 to 1 part of n-3. 
2 Composition of ingredients: corn silage (DM = 30.5%; OM = 95.1%; CP = 8.2%; NDF = 43.0%; 

ADF = 20.1%, lignin = 1.5%; FA = 3.3%); Bermuda silage (DM = 44.8%; OM = 93.5%; CP = 

11.3%; NDF = 68.4%; ADF = 32.8%, lignin = 4.3%; FA = 1.9%); alfalfa hay (DM = 91.6%; OM 

= 90.6%; CP = 16.4%; NDF = 47.7%; ADF = 16.7%, lignin = 5.3%; FA = 2.0%); mixture of 

concentrates (DM = 90.0%; OM = 92.8%; CP = 19.7%; NDF = 31.9%; ADF = 12.2%, lignin = 

1.3%; FA = 4.4%). 
3 AminoPlus (Ag Processing Inc., Omaha, NE). 
4 Contains (DM basis) 30.0% ProvAAl LysAAMet (blend of blood meal and protected lysine and 

methionine, Venture Milling, Salisbury, MD), 28.5% sodium sesquicarbonate, 13.0% potassium 

carbonate, 7.0% dicalcium phosphate, 7.0% magnesium oxide, 3.5% sodium chloride, 1.2% 

Availa-4 (Zinpro Co., Eden Prairie, MN), 0.3% Sel-Plex 2000 (Alltech Biotechnology, 

Nicholasville, KY), 0.06% vitamin trace mineral premix, and 0.22% Rumensin 90 (Elanco Animal 
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Health, Greenfield, IN). Each kg contains 27.8% CP, 5.2% Ca, 1.6% P, 4.1% Mg, 6.8% K, 10.7% 

Na, 2.3% Cl, 680 mg Zn, 235 mg Cu, 422 mg Mn, 6.6 mg Se, 23 mg Co, 13.8 mg I, 116,000 IU 

vitamin A, 35,000 IU vitamin D, 1,170 IU vitamin E, and 450 mg of monensin. 
5 EnerGII, Ca salts of palm oil FA (Virtus Nutrition, Corcoran, CA). Fatty acid composition, 

g/100g of total FA: C14:0 = 1.2; C16:0 = 49.6; C16:1 = 0.16; C18:0 = 4.3; C18:1 = 34.7; C18:2-

cis9, cis12 = 8.1; C20:5-cis5, cis8, cis11, cis14, cis17 = not detected; C22:5-cis7, cis10, cis13, 

cis16, cis19 = not detected; C22:6-cis4, cis7, cis10, cis13, cis16, cis19 = not detected; n-6 total = 

8.1; n-3 total = 0.2. 
6 Prequel21, Ca salts enriched in safflower oil FA (Virtus Nutrition, Corcoran, CA). Fatty acid 

composition, g/100g of total FA: C14:0 = 0.6; C16:0 = 12.4; C16:1 = 0.7; C18:0 = 2.0; C18:1 = 

24.1; C18:2-cis9, cis12 = 51.9; C20:5-cis5, cis8, cis11, cis14, cis17 = 0.8; C22:5-cis7, cis10, cis13, 

cis16, cis19 = 0.1; C22:6-cis4, cis7, cis10, cis13, cis16, cis19 = 0.4; n-6 total = 51.9; n-3 total = 

2.2. 

 7 StrataG113, Ca salts enriched in fish oil FA (Virtus Nutrition, Corcoran, CA). Fatty acid 

composition, g/100g of total FA: C14:0 = 9.0; C16:0 = 23.1; C16:1 = 9.9; C18:0 = 5.5; C18:1 = 

11.7; C18:2-cis9, cis12 = 1.9; C20:5-cis5, cis8, cis11, cis14, cis17 = 11.9; C22:5-cis7, cis10, cis13, 

cis16, cis19 = 2.0; C22:6-cis4, cis7, cis10, cis13, cis16, cis19 = 6.3; n-6 total = 2.8; n-3 total = 

20.9. 
8 NEL according to NRC (2001) using analyzed feed values and calculated at 24 kg of DMI/d. 
9 Non-fibrous carbohydrates calculated as: 100 – (NDF + CP + FA + Ash). 
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Table 5-2.  Fatty acid composition of diets (mean ±SD)1 

 R4 R5 R6 

Fatty acids, % of DM    

C12:0 0.006 ± 0.017 0.006 ± 0.015 0.006 ± 0.015 

C14:0 0.053 ± 0.059 0.045 ± 0.037 0.030 ± 0.037 

C15:0 0.006 ± 0.041 0.006 ± 0.040 0.005 ± 0.040 

C16:0 0.820 ± 0.531 0.824 ± 0.418 0.776 ± 0.451 

C16:1-cis9 0.050 ± 0.053 0.042 ± 0.034 0.027 ± 0.036 

C17:0 0.009 ± 0.016 0.009 ± 0.015 0.008 ± 0.015 

C18:0 0.135 ± 0.120 0.133 ± 0.114 0.127 ± 0.116 

C18:1-cis9 0.708 ± 0.184 0.762 ± 0.174 0.785 ± 0.194 

C18:2-cis9, cis12 1.250 ± 0.838 1.431 ± 0.653 1.580 ± 0.670 

C18:3-cis9, cis12, cis15 0.238 ± 0.181 0.228 ± 0.163 0.229 ± 0.163 

C20:0 0.015 ± 0.026 0.018 ± 0.016 0.018 ± 0.015 

C20:3-cis8, cis11, cis14 0.001 ± 0.001 ND2 ND 

C20:3-cis11, cis14, cis17 0.001 ± 0.003 0.001 ± 0.001 ND 

C20:4-cis5, cis8, cis11, cis14 0.004 ± 0.007 0.003 ± 0.007 0.002 ± 0.007 

C20:5-cis5, cis8, cis11, cis14, cis17 0.051 ± 0.007 0.040 ± 0.011 0.023 ± 0.008 

C22:4-cis7, cis10, cis13, cis16 0.005 ± 0.019 0.005 ± 0.019 0.005 ± 0.019 

C22:5-cis7, cis10, cis13, cis16, cis19 0.009 ± 0.002 0.007 ± 0.001 0.004 ± 0.001 

C22:6-cis4, cis7, cis10, cis13, cis16, cis19 0.028 ± 0.006 0.022 ± 0.009 0.013 ± 0.005 

Others 0.275 ± 0.524 0.225 ± 0.517 0.241 ± 0.592 

n-6 total 1.260 ± 0.10 1.447 ± 0.08 1.587 ± 0.08 

n-3 total 0.327 ± 0.01 0.298 ± 0.01 0.269 ± 0.01 

Ratio of n-6 to n-3 3.9 4.9 5.9 
1 Treatments represent the ratio between n-6 to n-3 FA in the diet. R-4 is a ratio of 3.9 parts of n-6 

to 1 part of n-3; R-5 is a ratio of 4.9 parts of n-6 to 1 part of n-3; R-6 is a ratio of 5.9 parts of n-6 

to 1 part of n-3. 
2 ND = Not detected.
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Table 5-3.  Effect of altering the dietary ratio of n-6 to n-3 fatty acids on intake, lactation 

performance, and energy balance1 

 R4 R5 R6 SEM2 TRT2 TRT x Wk2 

DMI, kg/d 26.1a 24.6b 24.7b 0.5 0.07 0.46 

FA intake,3 g/d 931.5 952.9 975.0 24.1 0.45 0.46 

Linoleic 298.1c 329.5b 369.4a 8.6 <0.001 0.50 

EPA + DHA 21.3a 14.9b 10.0c 0.3 <0.001 0.44 

Total n-6 300.6c 332.0b 371.9a 8.6 <0.001 0.50 

Total n-3 77.3a 67.3bx 62.8by 1.7 <0.001 0.38 

Milk, kg/d 46.8ax 44.8y 43.2b 0.7 < 0.01 0.66 

3.5% FCM 48.0a 45.4bx 43.4by 0.8 < 0.01 0.79 

3.5% FCM/DMI 1.86x 1.87x 1.78y 0.03 0.08 0.95 

Milk fat       

% 3.64 3.58 3.54 0.05 0.42 0.17 

kg/d 1.71a 1.60b 1.53c 0.03 < 0.01 0.73 

Milk true protein       

% 2.82 2.86 2.86 0.02 0.23 0.99 

kg/d 1.32a 1.28ab 1.24b 0.02 0.03 0.78 

Lactose       

% 4.90 4.88 4.88 0.01 0.37 0.83 

kg/d 2.29ax 2.19y 2.12b 0.04 0.01 0.53 

Net energy (NE) of milk4       

Mcal/kg  0.69 0.69 0.68 0.01 0.68 0.15 

Mcal/d 32.3a 30.8b 29.5b 0.6 < 0.01 0.82 

% of NE intake 78.0a 78.6a 74.4b 1.3 0.04 0.94 

Energy balance, Mcal/d -1.22b -0.79y 1.03ax 0.69 0.06 0.81 

Different superscript within a row represent differences among treatments (a,b,c P ≤ 0.05; x,y,z 0.05 

< P < 0.10).  

1 Treatments represent the ratio between n-6 to n-3 FA in the diet. R-4 is a ratio of 3.9 parts of n-

6 to 1 part of n-3; R-5 is a ratio of 4.9 parts of n-6 to 1 part of n-3; R-6 is a ratio of 5.9 parts of n-

6 to 1 part of n-3. 
2 SEM = Standard error of the mean; TRT = effect of treatment; TRT x Wk = effect of the 

interaction between TRT and week.  
3 EPA = eicosapentaenoic FA; DHA = docosahexaenoic FA; total n-6 = C18:2 + C18:3γ + C20:2 

+ C20:3 + C20:4 + C22:2 + C22:4; total n-3 = C18:3α + C20:3 + C20:5 + C22:5+ C22:6. 
4 NE of milk = (0.0929 × % milk fat) + (0.0563 × % milk true protein) + (0.0395 × % lactose). 
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Table 5-4.  Effect of altering the ratio of dietary n-6 to n-3 fatty acids (FA) on plasma FA profile1 

 R4 R5 R6 SEM2 P2 

 g/100 g of FA   

C8:0 0.01 0.01 0.01 0.01 0.93 

C10:0 0.02 0.02 0.03 0.01 0.30 

C12:0 0.01 0.01 0.01 0.01 0.65 

C14:0 0.49 0.48 0.44 0.02 0.12 

C15:0 0.51 0.500 0.49 0.02 0.68 

C16:0 11.52a 11.13a 10.30b 0.29 0.02 

C16:1* 1.10 1.01 0.79 0.12 0.16 

C17:0 0.67 0.62 0.68 0.03 0.26 

C17:1-cis10 0.01 0.01 0.01 0.01 0.87 

C18:0 11.89b 12.32ab 12.89a 0.23 0.02 

C18:1* 6.02 5.94 5.53 0.41 0.67 

C18:2-cis9, cis12 47.13by 48.73x 48.83a 0.59 0.08 

C18:3-cis6, cis9, cis12 0.41b 0.51b 0.68a 0.04 <0.001 

C18:3-cis9, cis12, cis15 3.57a 3.13b 2.98b 0.09 <0.001 

C20:0 0.03 0.03 0.04 0.01 0.33 

C20:2-cis11, cis14 0.08 0.08 0.08 0.01 0.37 

C20:3-cis8, cis11, cis14 1.25b 1.46b 1.82a 0.10 0.001 

C20:4-cis5, cis8, cis11, cis14 1.98 1.89 1.90 0.08 0.67 

C20:5-cis5, cis8, cis11, cis14, cis17 1.79a 1.20b 0.85c 0.10 <0.001 

C22:5-cis7, cis10, cis13, cis16, cis19 0.80 0.78 0.69 0.09 0.68 

C22:6-cis4, cis7, cis10, cis13, cis16, cis19 0.52a 0.35b 0.24c 0.04 <0.001 

C24:1-cis15 0.05 0.04 0.06 0.02 0.82 

Other FA 9.73 9.76 10.69 0.54 0.36 

Total saturated FA 25.15 25.13 24.87 0.31 0.77 

Total monounsaturated FA 7.18 7.00 6.39 0.50 0.51 

Total polyunsaturated FA 57.93 58.12 58.06 0.69 0.98 

Total n-6 50.85b 52.66a 53.30a 0.54 0.01 

Total n-3 7.09a 5.46b 4.76b 0.34 <0.001 

n-6 to n-3 ratio 7.60c 9.84b 11.3a 0.40 <0.001 

Different superscript within a row represent differences among treatments (a,b,c P ≤ 0.05; x,y,z 0.05 

< P < 0.10).  

1 Treatments represent the ratio between n-6 to n-3 FA in the diet. R-4 is a ratio of 3.9 parts of n-

6 to 1 part of n-3; R-5 is a ratio of 4.9 parts of n-6 to 1 part of n-3; R-6 is a ratio of 5.9 parts of n-

6 to 1 part of n-3.  
2 SEM = Standard error of the mean; P = P-value; 
* Includes different isomers. 
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Table 5-5.  Effect of altering the ratio of dietary n-6 to n-3 fatty acids (FA) on milk FA profile1 

 R4 R5 R6 SEM2 P2 

 g/100 g of FA   

C6:0 4.33 5.16 4.11 0.63 0.45 

C8:0 1.10 1.30 1.13 0.07 0.12 

C10:0 2.23 2.38 2.36 0.13 0.69 

C11:0 0.02 0.03 0.02 0.01 0.62 

C12:0 2.83 3.01 3.00 0.16 0.68 

C14:0 11.79 11.17 11.84 0.59 0.66 

C14:1-trans9 0.24 0.24 0.24 0.01 0.98 

C14:1-cis9 0.95 0.81 0.86 0.07 0.44 

C15:0 1.10a 0.97b 1.00ab 0.04 0.10 

C15:1-trans10 0.19 0.19 0.21 0.01 0.13 

C16:0 38.63 38.05 36.56 0.96 0.30 

C16:1-trans* 0.10 0.08 0.08 0.01 0.38 

C16:1-cis9  0.58 0.50 0.39 0.08 0.25 

C17:0 1.49 1.62 1.62 0.05 0.15 

C18:0 7.24 8.02 8.39 0.51 0.29 

C18:1-trans8 0.29 0.26 0.31 0.03 0.55 

C18:1-trans9 0.31 0.31 0.30 0.04 0.95 

C18:1-trans10 1.28 0.85 1.06 0.37 0.73 

C18:1-trans11 1.40 1.32 1.47 0.12 0.65 

C18:1-cis9 17.27 17.51 15.23 1.47 0.47 

C18:1-cis10 0.59b 0.63ab 0.73a 0.04 0.08 

C18:1-cis11 0.62ax 0.50y 0.48b 0.04 0.05 

C18:1-cis12 0.30b 0.39a 0.42a 0.02 <0.01 

C18:2-cis9, cis12 2.66b 2.71b 3.22a 0.17 0.05 

C18:2, conjugated* 0.14a 0.12ab 0.11b 0.01 0.06 

C18:3-cis9, cis12, cis15 0.39 0.41 0.43 0.01 0.12 

C20:0 0.15 0.15 0.14 0.01 0.61 

C20:1-trans11 0.72 0.66 0.70 0.07 0.84 

C20:4-cis5, cis8, cis11, cis14 0.10 0.11 0.11 0.01 0.81 

C20:5-cis5, cis8, cis11, cis14, cis17 0.08a 0.06a 0.04b 0.01 <0.01 

C22:0 0.04 0.05 0.05 0.01 0.65 

C22:1-trans11 0.05a 0.03ab 0.02b 0.01 0.10 

C22:5-cis7, cis10, cis13, cis16, cis19 0.12a 0.10b 0.07c 0.01 0.001 

C24:1-cis15 0.14 0.13 0.17 0.02 0.42 

Other FA 0.04 0.05 0.01 0.02 0.51 

<C16 24.77 25.26 24.77 0.99 0.92 

C16 40.53 39.77 38.13 0.96 0.20 

>C16 34.65 34.92 37.09 1.34 0.37 

Total saturated FA 70.13 70.92 69.23 1.44 0.70 

Total monounsaturated FA 26.31 25.50 26.77 1.30 0.77 

Total polyunsaturated FA 3.52 3.53 3.99 0.19 0.15 

Total n-6 2.90b 3.13ab 3.45a 0.14 0.03 
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Table 5-5.  Continued. 

 R4 R5 R6 SEM2 P2 

Total n-3 0.62 0.60 0.54 0.03 0.23 

n-6 to n-3 ratio 4.74c 5.41b 6.37a 0.16 <0.001 

Different superscript within a row represent differences among treatments (a,b,c P ≤ 0.05; x,y,z 0.05 

< P < 0.10).  

1 Treatments represent the ratio between n-6 to n-3 FA in the diet. R-4 is a ratio of 3.9 parts of n-

6 to 1 part of n-3; R-5 is a ratio of 4.9 parts of n-6 to 1 part of n-3; R-6 is a ratio of 5.9 parts of n-

6 to 1 part of n-3.  
2 SEM = Standard error of the mean; P = P-value; 
* Includes different isomers. 

 

 



 

196 

 

Table 5-6.  Body temperature, plasma concentrations of hormones, metabolites, cytokines, and acute phase proteins, and blood 

neutrophil activity of lactating Holstein cows receiving diets varying in the ratio of n-6 to n-3 fatty acids after an intra-

mammary challenge with lipopolysaccharide1 

 R4 R5 R6 SEM2 TRT2 Hour2 TRT x Hour2 

Temperature, oC 39.06 39.26 39.12 0.08 0.20 <0.001 <0.01 

Peak temperature3, oC 40.80 41.33 40.78 0.21 0.14 --- --- 

Time to peak temperature3, h 5.08y 4.83y 6.23x 0.66 0.07 --- --- 

Duration temperature ≥ 39.5oC3, h 4.69 5.92 6.15 0.84 0.43 --- --- 

Glucose, mg/dL 65.70 68.77 66.69 1.68 0.42 <0.001 0.39 

Acid soluble protein, µg/mL  50.87 50.67 50.44 5.03 0.99 <0.001 0.77 

Interferon-γ, pg/mL 10.33 29.92 17.85 8.99 0.36 0.001 0.93 

Phagocytosis, % 53.41 54.93 52.53 2.40 0.77 0.40 0.80 

Oxidative burst, % 28.93 29.91 30.96 2.64 0.86 0.04 0.89 

Different superscript within a row represent differences among treatments (a,b,c P ≤ 0.05; x,y,z 0.05 < P < 0.10).  

1 Treatments represent the ratio between n-6 to n-3 FA in the diet. R-4 is a ratio of 3.9 parts of n-6 to 1 part of n-3; R-5 is a ratio of 4.9 

parts of n-6 to 1 part of n-3; R-6 is a ratio of 5.9 parts of n-6 to 1 part of n-3. 
2 SEM = Standard error of the mean; TRT = effect of treatment; Hour = effect time in hours relative to LPS infusion; TRT x Hour = 

effect of the interaction between TRT and Hour.  
3 Peak temperature = highest body temperature after the LPS infusion; Time to peak temperature = time after LPS infusion cows reached 

the greatest body temperature; Duration of temperature ≥ 39.5oC = hours in which cows had body temperature equal to or greater than 

39.5oC. 
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Figure 5-1.  Dry matter intake (A), 3.5% fat-corrected milk (B), feed conversion ratio of kg of 

3.5% FCM/kg of DMI (C), energy balance (D), body condition score (E), and body 

weight (F) of lactating Holstein cows fed diets of 3.9 to 1 (R4), 4.9 to 1 (R5), or 5.9 to 

1 (R6) ratios of n-6 to n-3 FA. Cov = covariate value measured between 6 and 10 

DIM.  
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Figure 5-2.  Concentrations of glucose (A; R4 = 65.7, R5 = 67.5 and R6 = 66.1 ± 1.1 mg/dL; 

effect of treatment P = 0.46; interaction between treatment and week P = 0.74), urea 

N (B; R4 = 12.4, R5 = 11.0 and R6 = 12.4 ± 0.4 mg/dL; effect of treatment P = 0.04; 

interaction between treatment and week P = 0.85; R4 vs. R5 P = 0.03; R4 vs. R6 P = 

0.93; R5 vs. R6 P = 0.02), nonesterified fatty acids (C; R4 = 310.8, R5 = 256.7 and 

R6 = 247.9 ± 22.5 µM; effect of treatment P = 0.10; interaction between treatment 

and week P = 0.52; R4 vs. R5 P = 0.09; R4 vs. R6 P = 0.06; R5 vs. R6 P = 0.79), 

beta hydroxybutyrate (D; R4 = 6.51, R5 = 6.34 and R6 = 6.11 ± 0.47 mg/dL; effect of 

treatment P = 0.83; interaction between treatment and week P = 0.13), insulin (E; R4 

= 0.47, R5 = 0.50 and R6 = 0.52 ± 0.05 effect of treatment P = 0.73 ng/mL; 
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interaction between treatment and week P = 0.53), and insulin-like growth factor -1 

(F; R4 = 35.65, R5 = 37.02 and R6 = 36.53 ± 1.93; effect of treatment P = 0.88; 

interaction between treatment and week P = 0.99) in plasma of lactating Holstein 

cows fed diets of 3.9 to 1 (R4), 4.9 to 1 (R5), or 5.9 to 1 (R6) ratios of n-6 to n-3 FA. 
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Figure 5-3.  Somatic cell count (SCC) in milk (A; R4 = 3.68, R5 = 4.33 and R6 = 3.58 ± 0.25 

x106/mL; effect of treatment P = 0.09; interaction between treatment and hour P = 

0.07; R4 vs. R5 P = 0.08; R4 vs. R6 P = 0.78; R5 vs. R6 P = 0.04), and 

concentrations of insulin (B; R4 = 0.94, R5 = 0.94 and R6 = 1.03 ± 0.08 ng/mL; 

effect of treatment P = 0.66; interaction between treatment and hour P = 0.24), 

haptoglobin (C; R4 = 0.08, R5 = 0.09 and R6 = 0.11 ± 0.02 OD; effect of treatment P 

= 0.30; interaction between treatment and hour P = 0.57), and interleukin-6 (D; R4 = 

112.5, R5 = 353.4 and R6 = 365.1 ± 86.6 pg/mL; effect of treatment P = 0.07; 
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interaction between treatment and hour P = 0.57; R4 vs. R5 P = 0.05; R4 vs. R6 P = 

0.04; R5 vs. R6 P = 0.92) in plasma, dry matter intake (E; R4 = 24.8, R5 = 23.5 and 

R6 = 22.9 ± 0.7 kg/d; effect of treatment P = 0.21; interaction between treatment and 

day P = 0.94), and milk yield (F; R4 = 41.1, R5 = 40.6 and R6 = 39.2 ± 1.2 kg/d; 

effect of treatment P = 0.48; interaction between treatment and day P = 0.96) of 

lactating Holstein cows fed 3.9 to 1 (R4), 4.9 to 1 (R5) and 5.9 to 1 (R6) ratio of n-6 

to n-3 FA in the diet. Milk and blood samples were collected immediately before 

(hour 0) and then after an intramammary challenge with 10 μg of E. coli 

lipopolysaccharide (LPS).  Dry matter intake and milk yield are represented for the 

day before (d -1), the day of challenge (d 0), and 3 d after the challenge. Within an 

hour or day, pairwise differences (P < 0.05) are represented as follow: $ (R4 vs. R5), 

€ (R4 vs. R6), or ₲ (R5 vs. R6). 
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CHAPTER 6 

EFFECTS OF ALTERING THE RATIO OF DIETARY n-6 TO n-3 FATTY ACIDS ON 

SPONTANEOUS LUTEOLYSIS IN DAIRY COWS 

Objectives were to evaluate the effects of altering the ratio between omega-6 (n-6) to 

omega-3 (n-3) fatty acids (FA) in the diet of lactating Holstein cows on FA profile and 

expression of genes related to the prostaglandin biosynthesis on endometrial tissue, uterine 

secretion of PGF2α, and timing of spontaneous luteolysis. Multiparous Holstein cows (n = 45) 

were blocked based on milk yield and, within each block, assigned randomly to 1 of 3 dietary 

treatments at 14 d postpartum for 90 d. Diets were supplemented with a mixture of Ca salts of 

fish, safflower, and palm oils to create 3 different ratios of n-6 to n-3 FA, namely R4, R5, and R6 

that resulted in 3.9, 4.9 and 5.9 parts of n-6 to 1 part of n-3 FA, respectively. Cows on d 15 of the 

estrous cycle had an indwelling catheter placed in the coccygeal vessel. From d 16 to 23 of the 

cycle, blood was sampled every 2 h and progesterone and the PGF2α metabolite 13,14-dihydro-

15-keto-PGF2α (PGFM) were assayed in plasma. In a subsequent estrous cycle, endometrial 

tissue was collected for biopsy on d 8, and endometrial FA profile and gene expression were 

quantified. The proportion of arachidonic acid of the endometrial FA increased as the dietary 

ratio n-6 to n-3 FA increased (R4 = 9.05, R5 = 11.64, and R6 = 13.41%). On the other hand, the 

proportions of eicosapentaenoic (R4 = 2.85, R5 = 2.14, and R6 = 2.02%) and docosahexaenoic 

(R4 = 3.30, R5 = 1.57, and R6 = 1.08%) decreased as the ratio of n-6 to n-3 FA in the diet 

increased. Increasing the ratio of n-6 to n-3 FA increased the mRNA expression of oxytocin and 

estradiol receptors and steroidogenic acute regulatory protein in the endometrium. The number 

of PGFM pulses (R4 = 5.6, R5 = 4.3, and R6 = 3.8 ± 0.6 pulses) decreased, but the amplitude of 

the greatest PGFM pulse increased (R4 = 226, R5 = 267, and R6 = 369 ± 38 pg/mL) as the ratio 

increased from R4 to R6. Luteolysis by d 23 of the estrous cycle was observed in 79.6% of the 

cows (R4 = 11/14; R5 = 13/15; R6 = 11/15) and day of spontaneous luteolysis did not differ 
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among treatments (R4 = 20.8; R5 = 21.1; R6 = 21.0 ± 0.4). Three pulses of PGFM was the best 

predictor of luteolysis in dairy cows. In conclusion, supplying the same quantity of FA in the diet 

of lactating dairy cows, but altering the ratio of n-6 to n-3 FA influenced the endometrial FA 

profile and gene expression, and altered the pattern of prostaglandin synthesis; however, the 

changes were not sufficient to alter the length of the estrous cycle. Cows required three pulses of 

PGF2α to undergo luteolysis.  

Introduction 

Supplemental fat is generally incorporated into dairy cattle rations to increase energy 

intake with attempts to reduce body fat mobilization and, when fed during transition period, to 

minimize the incidence of early lactation disorders (Damgaard et al., 2013). Altering the dietary 

FA intake has been shown to influence various reproductive measures in dairy cattle. Staples et 

al. (1998) reported that fat supplementation has advantageous effects on reproductive 

performance of dairy cows and the benefits of fat feeding goes beyond the increase in energy 

intake. In fact, some of the positive effects seem to be influenced by the type of FA fed (Santos 

et al., 2008).  

High intake of omega-6 (n-6) FA such as linoleic acid (C18:2-cis9,cis12) has the 

potential to alter the FA profile of the phospholipids of cell membranes resulting in increased 

proportion of arachidonic acid (C20:4-cis5,cis8,cis11,cis14), which in turn, might favor the 

synthesis of series 2 prostaglandin (PG) and eicosanoids (Silvestre et al., 2011a), thereby 

favoring a more pro-inflammatory state (Calder, 2012). On the other hand, high intake of omega-

3 (n-3) FA, especially eicosapentaenoic acid (EPA; C20:5-cis5,cis8,cis11,cis14,cis17) and 

docosahexaenoic acid (DHA; C22:6-cis5,cis8,cis11,cis13,cis16,cis19), would increase the 

proportion of these FA in membrane phospholipids, which are expected to down regulate series 2 

PG and eicosanoids (Mattos et al., 2004), thereby exerting anti-inflammatory properties (Calder, 
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2012). It has been postulated that attenuation of PGF2α synthesis by feeding n-3 FA might be one 

of the mechanisms by which these FA benefit reproduction (Mattos and Thatcher, 2000; Santos 

et al., 2008). 

Silvestre et al. (2011b) reported improved pregnancy and decreased pregnancy loss for 

cows fed Ca salts enriched with fish oil during the breeding period compared with cows fed Ca 

salts of palm oil, the latter composed of mostly saturated or monounsaturated FA. The fertility 

benefit with feeding n-3 FA was enhanced when cows were fed a Ca salt rich in n-6 FA during 

late gestation and early lactation (Silvestre et al., 2011b). These authors speculated that 

increasing dietary n-3 FA might influence luteal lifespan and increase the length of estrous cycle, 

which could allow less developed conceptuses to develop and establish the needed cross-talk to 

inhibit uterine secretion PGF2α and luteolysis. In support of this concept, in vitro production of 

PGF2α by bovine endometrial cells was suppressed when the culture media was supplemented 

with n-3 FA (Mattos et al., 2003). Indeed, when both n-6 and n-3 FA were present in the culture 

media, increasing the ratio n-6 to n-3 FA increased the synthesis of PGF2α (Caldari-Torres et al., 

2006). Similarly, cows on d 15 of the estrous cycle challenged with oxytocin had increased 

PGF2α release when fed diets with increased ratio of n-6 to n-3 FA (Mattos et al., 2002; Petit et 

al., 2004; Dirandeh et al., 2013). In controlled studies in humans, consumption of 2.7 g/d of n-3 

FA extended gestation length (Olsen et al., 1991), presumably by altering the balance of 

stimulatory and inhibitory PG that influence uterine contractility and parturition. Nevertheless, it 

is unknown if altering the diet of cattle by supplementing either more n-6 or more n-3 FA is 

capable of influencing luteal lifespan that might have implications to fertility.  

The hypotheses of the study were that diets containing different ratios of n-6 to n-3 FA 

would alter the endometrial FA profile and the expression of genes involved in the luteolytic 
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signaling, thereby affecting the spontaneous pulsatile pattern of PGF2α release that could 

influence luteal lifespan and the length of the estrous cycle. Therefore the objectives were to 

determine the effects of altering the ratio of n-6 to n-3 FA in the diet of Holstein cows on the FA 

profile and expression of genes related to PG biosynthesis in the endometrial tissue and timing of 

spontaneous luteolysis. 

Materials and Methods 

The experiment was conducted at University of Florida Dairy Unit (Hague, FL) from 

December 2011 to July 2012. All procedures for animal handling and care were approved by the 

University of Florida Animal Care and Use Committee (ARC # 014-11ANS). 

  Study Design, Animals, Housing and Feeding 

Details referring to cows, facilities, chemical composition of ingredients and the 

respective FA profiles were described elsewhere (Chapter 5). Briefly, weekly cohorts of cows in 

their second (n = 23) or greater lactation (n = 22) were blocked by parity (2 vs. > 2) and milk 

yield from d 6 to 10 postpartum and, within each block, randomly assigned to 1 of 3 dietary 

treatments at 14 d postpartum (n = 15/treatment).  The diet was offered as a TMR twice daily at 

07:30 a.m. and 01:00 p.m. and the ratios of n-6 to n-3 FA were manipulated by altering the 

supplemental fat added to the diet. The first ratio was of 3.9 parts of n-6 to 1 part of n-3 FA in 

the diet (R4). The second ratio was of 4.9 parts of n-6 to 1 part of n-3 in the diet (R5). The final 

ratio was of 5.9 parts of n-6 to 1 part of n-3 in the diet (R6). All diets were isocaloric and 

isonitrogenous and contained the same total FA concentration, and were formulated to minimize 

the difference in concentrations of total PUFA (Table 6-1). Calcium salts enriched in palm oil 

FA, safflower oil FA, or fish oil FA were used to manipulate the concentration of n-6 and n-3 FA 

in the diets. These Ca salts were blended such that they represented 1.43% of the ration DM.  
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Estrous Cycle Synchronization to Characterize Spontaneous Luteolysis 

Estrous cycles were synchronized (Figure 6-1) starting at 40 ± 3 DIM with an i.m. 

injection of 25 mg of PGF2α (dinoprost tromethamine; Lutalyse sterile solution, Zoetis, Florham 

Park, NJ) followed by an i.m. injection of 100 μg of GnRH (gonadorelin hydrochloride, Factrel; 

Zoetis) administered 2 d later, at 42 DIM. Seven days later, at 49 DIM, cows received a GnRH 

injection and 12 h after the GnRH a controlled internal drug-release (Eazi-Breed CIDR; Zoetis) 

containing 1.38 g of progesterone. The CIDR was kept for 6.5 d, until 56 DIM. One hour after 

the CIDR removal, cows received an i.m. injection of PGF2α followed by another injection of 

PGF2α 24 h later. A GnRH injection was administered at 58 DIM to induce ovulation, and this 

day was considered day 0 of the estrous cycle, which was confirmed by ultrasonography based 

on disappearance of a pre-ovulatory follicle within 48 h of treatment. Cows that did not ovulate 

to the final GnRH were re-enrolled in the same protocol for synchronization of the estrous cycle. 

Progesterone Clearance After an Injection of PGF2α  

At 56 DIM, 2 h after the CIDR removal (Figure 6-1), cows received an injection of 25 

mg of PGF2α and blood was sampled to evaluate progesterone clearance. A rectangle of 

approximately 15 x 5 cm, longitudinal to the mammary vein, i.e. caudal superficial epigastric 

vein, in both sides of the cow was shaved, cleaned and disinfected with 70% alcohol solution. 

Blood was withdrawn in an evacuated tubes containing K2EDTA (Vacutainer, Becton Dickinson, 

Franklin Lakes, NJ) at 0, 0.5, 1, 2, 4, 6, 12, and 24 h relative to PGF2α injection, alternating 

between the sides of the cow between samples. Samples were immediately placed on ice and 

within 30 min plasma was separated by centrifugation at 2,095 x g for 15 min and then stored at -

20oC for further analyses. Progesterone concentrations were analyzed by RIA using a 

commercial kit (Coat-a-Count, Siemens Healthcare Diagnostics, Los Angeles, CA). The 

sensitivity of the assay was 0.1 ng/mL calculated at 2 SD below the mean counts per minute at 
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maximum biding. Plasma samples containing moderate (1.6 ng/mL) or high (7.4 ng/mL) 

concentrations of progesterone were included throughout all assays and used to calculate the CV. 

The intra-assay CV were 5.4 and 4.4%, and the inter-assay CV were 6.6 and 5.3%, respectively, 

for the moderate and high concentration control samples. 

Pharmacologically Induced Luteolysis 

In order to characterize the pharmacologically induced luteolysis, two non-lactating, non-

pregnant Holstein cows in mid diestrus bearing a functional CL were selected. An indwelling 

catheter was placed in the jugular vein 3 h before sampling started. Two blood samples were 

collected, at 30 min and immediately before cows had been given a 25 mg PGF2α i.m. (dinoprost 

tromethamine; Lutalyse sterile solution, Zoetis). Blood was then sampled at 5, 10, 15, 20, 25, 30, 

40, 50, 60, 75, 90, 105, 120, 150, 180, 210, 240, 270, 300, 330, and 360 min relative to PGF2α 

injection. Samples continued to be collected at 2 h intervals until 24 h and then every 6 h until 48 

h of the PGF2α injection. All blood samples collected were immediately placed in ice, plasma 

separated by centrifugation, 2,095 x g for 15 min, harvested and stored at -20oC until analyses. 

Progesterone concentrations were measured as described above. Concentrations of the PGF2α 

metabolite 13,14-dihydro-15-keto-PGF2α (PGFM) were quantified by an enzyme immune assay 

as described by Ginther et al. (2010). The intra- and inter-assays CV were 9.1 and 10.6%, 

respectively. 

Spontaneous Luteolysis and Endogenous Release of PGF2α Based on PGFM 

On d 15 of the estrous cycle, when cows were approximately 73 DIM (Figure 6-1), an 

indwelling catheter was placed in the tail vessel following technique described by Sears et al. 

(1978). Briefly, the ventral base of the tail was surgically cleaned with soap and disinfected with 

alcohol. The ventral vertebral groove, where the coccygeal vessels lay, was manually identified 

and at approximately 5 cm from the base of the tail, the vessel was punctured with a thin wall 14 
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G x 5 cm needle (Monoject, Mansfield, MA). A better access to the vessel was achieved when 

the angle between the tail and the needle was nearly 60o. Once copious amount of blood started 

flowing through the needle, then approximately 30 cm of tubing (Polyethylene Tubing, sterile, 

PE90, 0.86 mm ID, 1.70 mm OD; Becton Dickinson, Franklin Lakes, NJ) was inserted in 

through the vessel, cranially. Then the needle was removed from the tail and a blunt cannula 

(18G x 2.5 cm; Monoject) was attached to a PRN 0.1 mL adapter (Becton Dickinson) connected 

to the extremity of the tubing to seal the tubing. The entire system was flushed with 10 mL of 

sterile heparinized saline solution (50 IU/mL, Sigma-Aldrich, Saint Louis, MO). A cotton patch 

was wrapped around the tail, avoiding contact of the external part of the tubing and the skin of 

the animal, and the tubing was placed between two layers of cotton patch. An extra protection 

wrap with self-adhesive plastic bandage (Sure Flexx, Stone Mfg. & Supply co. Inc., Kansa City, 

MO) was placed to prevent humidity and dirtiness. The bandage was stapled on to the skin to 

avoid the wrapping falling and misplace the catheter. In order to protect against feces and urine 

the tail was dressed with a pair of handless sleeves, glued to the base of the tail. Finally a blood 

sample was taken to assure the catheter was working and then tubing was rinsed with 15 mL of 

the heparinized saline solution.  

Serial blood samplings, starting at 0600 h on d 16 of the estrous cycle, were collected 

every 2 h for 7 d, until d 23 of the cycle (Figure 6-1). Blood was withdrawn using a 12 mL 

syringe (Monoject), the first 20 mL of blood/saline was discarded, and 8 mL of blood was then 

collected and immediately transferred to an evacuated tube containing K2EDTA (Vacutainer, 

Becton Dickinson) homogenized, and placed in ice bath. Samples were centrifuged at 2,095 x g 

for 15 min, plasma was harvested and stored at -20oC for further analyses. Progesterone and 

PGFM concentrations were measured following the procedures described above. 
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Estrous Cycle Synchronization for Endometrial Tissue Collection for Biopsy 

On d 5 of a new estrous cycle, when cows were approximately 85 DIM, ovaries were 

scanned by ultrasonography for detection of a corpus luteum (CL) and measurements of the 

largest follicle. Cows with a visible CL received two i.m. injections of PGF2α 24 h apart, 

followed by a GnRH injection 2 d later (Figure 6-1). The GnRH injection was considered d 0 of 

the estrous cycle based on ovulation of a follicle confirmed by ultrasonography. Twelve hours 

after the GnRH injection, cows received a CIDR insert that was maintained until day 6 of the 

estrous cycle. Progesterone was supplemented through the use of CIDR during metestrus and 

early diestrus to increase the incorporation of FA in the endometrium, which would resemble late 

diestrus when luteolysis occurs (Brinsfield and Hawk, 1973; Boshier et al., 1987).  

On d 8 of the estrous cycle, endometrial tissue was collected for biopsy from the 

ipsilateral uterine horn to the CL. Briefly, the cow was restrained in a chute and received an 

epidural block with 4 mL of lidocaine hydrochloride 2% solution (Lidocaine Hydrochloride 

Injection 2%,  Agrilabs, St. Joseph, MO). The vulvar area was thoroughly cleaned with a 7.5% 

povidone-iodine soap scrub (Povidone Iodine Scrub, First Priority, Inc, Elgin, IL) and rinsed 

with alcohol. The vagina was inspected and cleansed with gauze pads embedded in diluted 

chlorhexidine solution (2% Chlorhexidine Gluconate, First Priority) to remove any manure or 

deposited mucus. The reproductive tract was transrectally palpated to locate the cervix and the 

uterine horns. A sterilized endometrial forceps (Miltex Hi-Light forceps 30-1485 Eppendorfer, 

Miltrex, York, PA) was introduced in closed position through the vagina and cervix and 

positioned midway through the horn ipsilateral to the CL. The forceps was carefully placed in 

position to avoid any damage to the uterine wall. The forceps jaw was opened and, with the hand 

positioned in the rectum of the cow, the endometrium was pressed against the lower jaw and the 

handle closed to sample the tissue. The forceps was removed through the cervix and vagina and 
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the tissue removed and placed on filter paper and rinsed with sterile PBS to remove any blood. 

The specimen was split in two, one placed in RNAse free tubes with RNA later solution and 

another in Tissue-Tek CRYO-OCT Compound (Fischer Scientific, Hampton, NH).  Tubes were 

plunged in liquid N2 and transported to the laboratory and placed at -80oC for later analyses. 

Endometrium Fatty Acid Profile and Gene Expression 

Endometrial tissue was analyzed at the Clinical and Translational Science Institute – 

Biomedical Mass Spectrometry Core, University of Florida (Gainesville, FL). Briefly, the FA 

profile was quantified using an Agilent 5973 gas chromatograph-mass spectrometer (Agilent, 

Framingham, TX), equipped with a Trace TR-5MS column (30 m x 0.25 mm x 0.25 µm, Thermo 

Scientific, Rockford, IL). One μL of sample was injected via the auto-sampler into the column. 

The oven temperature was set initially at 150oC for 2 min, increased by 5oC/min up to 320oC, 

and held for 8 min. The mass spectrometer was set to full scan, m/z 30 to 600, at 2.6 scan/sec. 

A second specimen of endometrial tissue was used to quantify gene expression. The total 

RNA was extracted using Trizol reagent (Sigma, St. Louis, MO) with the PureLink RNA Mini 

Kit (Invitrogen, Carlsbad, CA), according to instructions provided by the manufacturer. 

Following extraction, concentration and purity of isolated RNA were assessed using a NanoDrop 

200 spectrophotometer (Thermo Scientific). DNase (Applied Biosystems, Foster City, CA) 

treatment was applied for 30 min at 37oC to remove genomic DNA and subsequently heat-

denatured at 75oC for 15 min. Total RNA (250 ng/reaction) was reverse transcribed to 

complementary DNA using the high-capacity cDNA Reverse Transcriptase kit (Applied 

Biosystems) following manufacturer’s instructions. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) was chosen as the reference gene. The list of all genes and primers utilized are 

depicted in Table 6-2. Quantitative, reverse transcription (qRT)-PCR was performed using 

SYBR Green PCR Master Mix (Applied Biosystems). The cycling conditions applied were: 
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activation/denaturation (60oC for 2 min; 95oC for 10 min); 40 cycles of 2 steps amplification 

protocol (95oC for 15 sec and 60oC for 1 min) and dissociation (55 to 95oC). Each PCR was 

performed in triplicate, and the specificity for amplification was verified by melting curve 

analysis. The abundances of the selected genes were calculated relative to GAPDH mRNA using 

the following formula: 2-Ct(target gene)/2-Ct(GAPDH), where Ct is the cycle threshold, as described by 

Thompson et al. (2011). 

Calculations  

 Spontaneous luteolysis was considered when progesterone concentration dropped below 

1.0 ng/mL (Ginther et al., 2007; Mann and Lamming, 2006). A pulse of PGFM was defined to 

when concentration in plasma was greater than the mean basal concentration plus 2 SD (Mann 

and Lamming, 2006). Basal PGFM concentration was calculated as the average of all PGFM 

values until a pulse was detected. Area under the curve of PGFM pulses was calculated 

following the formula described by Pruessner et al. (2003). 

In order to characterize spontaneous luteolysis, the events were retrospectively 

subdivided based on changes in concentrations of progesterone as pre-luteolytic, luteolytic, and 

post-luteolytic periods according to description by Ginther et al. (2007). Briefly, the luteolytic 

period was defined as the period of progressive decrease in progesterone concentration down to 

1.0 ng/mL. The pre-luteolytic period was considered the 24 h preceding the luteolytic period. 

The post-luteolytic period was considered the 36 h after progesterone concentrations declined 

below 1.0 ng/mL (Ginther et al., 2007).  

The number of PGF2α pulses needed to elicit luteolysis was calculated using the estimates 

of agreement among the numbers of pulses of PGFM to predict CL regression. Sensitivity (Se), 

specificity (Sp), positive predictive value (PPV), negative predictive value (NPV), and accuracy 

were calculated. The Se of using number of pulses was expressed as number of cows with CL 
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regression correctly detected with luteolysis by the respective number of pulses [(number of 

cows with luteolysis correctly detected as having luteolysis based on the respective number of 

PGFM pulses/number of all cows with luteolysis) x 100]. The Sp was calculated as the 

proportion of cows without CL regression correctly identified as without luteolysis by the 

respective number of pulses [(number of cows without luteolysis correctly detected as not having 

luteolysis based on the respective number of PGFM pulses/number of all cows without 

luteolysis) x 100]. The PPV was calculated as the proportion of cows correctly detected with CL 

regression of all cows detected with luteolysis [(number of cows with luteolysis correctly 

detected as having luteolysis based on the respective number of PGFM pulses/number of cows 

detected as having luteolysis based on the respective number of PGFM pulses) x 100]. The NPV 

was calculated as the proportion of cows correctly detected without CL relative to all cows 

detected with luteolysis by the respective number of pulses [(number of cows not having 

luteolysis correctly detected as not having luteolysis based on the respective number of PGFM 

pulses/total number of cows detected as not having luteolysis based on the respective number of 

PGFM pulses) x 100]. Accuracy was calculated as the proportion of correct outcomes [(number 

of correct detections of luteolysis based on the respective number of PGFM pulses/number of 

total tests performed) × 100]. 

Statistical Analysis 

Data were analyzed using the GLIMMIX procedure of SAS (SAS ver. 9.2, SAS Inst. Inc., 

Cary, NC) fitting either a normal or Poisson distributions according to the type of data. Tests for 

normality of residuals and homogeneity of variances were conducted for each dependent 

variable. Data with repeated measurements over time within the same experimental unit were 

analyzed with cow nested within treatment as a random effect for testing the effects of treatment. 

All models included the fixed effects of treatment, parity (2 or > 2), time, and all interaction 
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between treatment, parity and time. The time reference for the models was hour or day relative to 

an event. Polynomial orthogonal contrasts were performed to determine linear or quadratic 

effects of altering the ratios of n-6 to n-3 FA in the diet. The covariance structure (compound 

symmetry, heterogeneous compound symmetry, autoregressive 1, heterogeneous autoregressive 

1, toeplitz) that resulted in the lowest Akaike’s information criterion was selected as best fit for 

each model. For unequally spaced measurements, the spatial power covariance structure was 

used. When a single measurement was determined for each cow, then the model included the 

effects of treatment and parity. Additional analyses of gene expression were performed using 

endometrial FA as the explanatory variable. The endometrial FA was categorized based on the 

observed proportion of n-6 to n-3 FA as low (mean = 4.45, range = 2.65 to 5.6), medium (mean 

= 8.81, range = 8.12 to 9.91), or high (mean = 11.10, range = 10.06 to 14.27) ratio.  

The agreement between the number of PGF2α pulses needed to elicit CL regression with 

the proportion of cows undergoing or not luteolysis was calculated by kappa statistic in PROC 

FREQ of SAS. The kappa value and the respective 95% CI are depicted. 

Statistical significance was declared when P ≤ 0.05 and tendency to differ when 0.05 < P 

≤ 0.10. 

Results 

Detailed description of DM intake and lactation performance is presented elsewhere 

(Chapter 5). The FA intake did not differ among treatments and averaged 953 ± 24 g/d. 

Increasing the ratio of n-6 to n-3 FA in the diet increased (P < 0.001) the intake of linoleic acid 

(R4 = 298.1, R5 = 329.5, and R6 = 369.4 g/d), but decreased (P < 0.001) that of EPA and DHA 

combined (R4 = 21.3, R5 = 14.9, and R6 = 10.0 g/d). 
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Concentrations of PGFM after PGF2α Injection  

Administration of 25 mg of PGF2α generated an enormous pulse of PGFM in plasma 

detected within 5 min after the injection (Figure 6-2). Concentrations of PGFM reached almost 

4,000 pg/mL in one cow and over 6,000 pg/mL in the second cow. Both cows experienced CL 

regression and concentrations of progesterone dropped to less than 1.0 ng/mL within 24 and 

remained below 0.5 ng/mL at 48 h of PGF2α injection, when blood sampling stopped. No 

additional PGFM pulse was detected in cow 7432, whereas a second pulse was observed at 105 

min of PGF2α injection was detected in cow 15891.  

Progesterone Clearance after PGF2α Injection  

After administration of PGF2α, the concentrations of progesterone in plasma decayed for 

the first 1 h, from 5.6 to 3.2 ng/mL, after which it increased to 4.2 ng/mL at 2 h and then 

declined to basal concentrations below 1 ng/mL by 24 h of PGF2α injection (Figure 6-3). The 

pattern of progesterone decline after administration of PGF2α did not differ with treatment.  

Luteolysis and Endogenous Release of PGFM  

  One cow from R4 treatment was excluded from the statistical analyses because the 

estrous cycle was not synchronized. The remaining 44 cows had the estrous cycle synchronized 

and were included in all analyses. 

During late diestrus, progesterone concentrations presented a pulsatile pattern that was 

observed in cows that underwent luteolysis as well as in cows that maintained the CL up to day 

23 of the estrous cycle. A representative cow that underwent luteolysis and one that maintained 

by CL is depicted in Figure 6-4. In general, cows that underwent luteolysis had 2 pulses of 

PGFM during the pre-luteolytic period, 2 pulses during the luteolytic period, and 1 post-

luteolytic pulse. 
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The proportions of cows undergoing luteolysis by d 20 or 23 of the estrous cycle did not 

differ among treatments (Table 6-3). For cows undergoing luteolysis, the basal concentration of 

PGFM was similar among treatments and averaged 30.7 ± 3.8 pg/mL (Table 6-3). The total 

number of pulses of PGFM decreased (P < 0.01) with increasing the ratio of n-6 to n-3 FA. 

Number of pre-luteolytic and luteolytic pulses tended (P < 0.10) to decrease with increasing the 

ratio from R4 to R6. The area under the curve of the PGFM pulses within the pre-luteolytic, 

luteolytic or post-luteolytic periods did not differ among treatments (Table 6-3). However, 

increasing the ratio from R4 to R6 increased (P = 0.05) the area under the curve of the greatest 

pulse of PGFM. During the pre-luteolytic period, the greatest PGFM pulse was greater for cows 

fed R4 than those fed R5 or R6 (P < 0.05) (Figure 6-5A). The second greatest pulse of the pre-

luteolytic period did not differ among treatments. The luteolytic period was characterized by at 

least two major PGFM pulses in most cows and the greatest pulse was greater (P < 0.05) for R6 

than R5 or R4 (Figure 6-5B). The second greatest pulse of the luteolytic period had smaller 

amplitude and only minor differences were observed. During the post-luteolytic period, cows had 

on average 1 pulse of PGFM, and the amplitude of the pulse was greater (P < 0.05) for cows fed 

R6 than those fed R4 or R5 (Figure 6-5C). 

One cow underwent luteolysis with two PGFM pulses, however, the measures of 

reliability indicated that a minimum of three pulses of PGF2α were required to induce CL 

regression with highest accuracy and with the best  kappa value  (Table 6-4). For the 8 cows that 

did not undergo luteolysis by d 23, the basal PGFM averaged 36.0 ± 6.5 pg/mL and the number 

of pulses and the area under the curve for those pulses did not differ among treatments (Table 6-

3).  
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All individual cows had a progesterone profile with a pulsatile pattern as indicated for 

cows in Figure 6-4, but the average concentrations of progesterone showed an elevation 

immediately before the beginning of the luteolytic period that was followed by a sharp decline to 

below 1.0 ng/mL in the next 36 h (Figure 6-6). Concentrations of progesterone did not differ 

among treatments during the pre-luteolytic period. During the luteolytic period, concentrations of 

progesterone were greater (P < 0.05) for cows fed R4 than R5 or R6, particularly between 8 and 

24 h of the onset of luteolysis. During the post-luteolytic period, concentrations remained below 

1.0 ng/mL in all 36 cows that underwent luteolysis. Of the cows that underwent luteolysis, one 

R4, one R5, and four R6 had progesterone concentrations during the post-luteolytic phase that 

did not drop below 0.3 ng/mL. The remaining 30 cows with regressed CL had progesterone 

concentrations that remained below 0.3 ng/mL during the post-luteolytic period.  

Endometrium Fatty Acid Profile and Gene Expression 

Altering the ratio of n-6 to n-3 FA in the diet resulted in changes in the FA profile of the 

endometrium of lactating dairy cows (Table 6-5). The concentrations of palmitic acid (C16:0), 

stearic acid (C18:0), oleic acid (C18:1), eicosadienoic acid (C20:2-cis11,cis14), dihomo-gamma-

linolenic acid (C20:3-cis8,cis11,cis14) did not differ among treatments. The proportion of 

heptadecaenoic acid (C17:0) was greater (P = 0.02) in the endometrium of cows fed R4 than R5 

or R6. Although cows fed R6 consumed an additional 71 g of linoleic acid daily compared with 

cows fed R4, the proportion of linoleic acid was not altered by treatments and averaged 13.5% of 

the total endometrial FA. However, the concentration of arachidonic acid, a product of 

desaturation and elongation of linoleic acid, in the endometrial tissue increased (P < 0.01) as the 

ratio of dietary n-6 to n-3 FA increased. On the other hand, the concentrations of EPA and DHA 

decreased linearly (P < 0.01) as the ratio of dietary n-6 to n-3 FA increased. The proportions of 
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total n-6 and n-3 FA in the endometrium were affected (P < 0.01) by dietary treatments and they 

followed opposite directions as the ratio of dietary n-6 to n-3 FA in the ration increased. Because 

of such changes in FA composition of endometrial lipids, the ratio of n-6 to n-3 FA in the 

endometrium increased (P < 0.01) from 4.53 to 9.85 as the dietary ratio increased from R4 to R6.  

Altering the ratio of n-6 to n-3 FA on the diet of lactating dairy cows influenced the 

expression of genes associated with luteolytic cascade in the endometrium (Figure 6-7A).  

Increasing the dietary ratio of n-6 to n-3 FA resulted in a linear increase in the mRNA abundance 

of estrogen receptor (ESR1; P < 0.01), oxytocin receptor (OTR; P < 0.01), cyclooxygenase 2 

(COX2; P = 0.08), PGF synthase (PGFS; P < 0.05), PGE synthase (PGES; P = 0.09) genes, and 

steroidogenic acute regulatory protein (STAR; P = 0.04). Treatment did not influence the 

expression of phospholipase C (PLC), COX1, and PG-E2 9-reductase (9-KPR) genes in the 

endometrium.  Expression of genes involved in lipid metabolism such as and peroxisome 

proliferator activated receptors (PPAR) remained unaltered by treatment (Figure 6-7B). 

Similarly, dietary treatment did not affect mRNA abundance of genes of the somatotropic axis 

(Figure 6-7C).   

Cows were grouped according to the FA composition of the endometrium as having a 

low (mean = 4.45, range = 2.65 to 5.6), medium (mean = 8.81, range = 8.12 to 9.91), or high 

ratio (mean = 11.10, range = 10.06 to 14.27) of n-6 to n-3 FA. As the endometrial FA ratio 

increased, so did the expression of ESR1 (P < 0.01), OTR (P = 0.02) PGFS (P = 0.02), and PGES 

(P = 0.06) (Figure 6-8). In fact, linear positive relationships were observed between the 

expression of these four selected genes and the ratio of n-6 to n-3 FA in the endometrium of 

dairy cows (Figure 6-9). 
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Discussion 

Prostaglandins are local mediators produced by many tissues, particularly the uterus, and 

they play critical roles in female reproduction. One of the key roles of PG is the control of luteal 

lifespan and, in particular, PGF2α is known to be the molecule responsible for luteolysis in 

ruminants (McCracken et al., 1972). The precursor of uterine PGF2α is arachidonic acid, which is 

present in the endometrial phospholipids and is formed from elongation and desaturation of 

linoleic acid (Leonard et al., 2004). After exposure to progesterone during diestrus, the 

endometrium accumulates arachidonic acid (Brinsfield and Hawk, 1973), which serves as 

precursors of either PGF2α or PGE2. Studies in vitro have shown that production of PGF2α by 

bovine endometrial cells was suppressed when the culture media was supplemented with n-3 FA 

(Mattos et al., 2003). In fact, when both n-6 and n-3 FA were present in the culture media, 

increasing the ratio n-6 to n-3 FA resulted in increased synthesis of PGF2α (Caldari-Torres et al., 

2006). Furthermore, in vivo studies showed that diets with increased n-3 FA suppressed the 

release of PGF2α after an oxytocin challenge (Mattos et al., 2002; Petit et al., 2004; Dirandeh et 

al., 2013). These studies led to the concept that altering the FA profile of the diet might influence 

endometrial PG release and, feeding more n-3 FA might attenuate the luteolytic signals and favor 

the maintenance of the CL. However, in spite of the increase in n-3 FA in endometrium of cows 

fed R4, the length of the luteal phase and the day of CL regression was not altered in the current 

study. 

Silvestre et al. (2011b) reported improved pregnancy and reduced pregnancy loss for 

cows fed Ca salts enriched in EPA and DHA during the breeding period. The authors and others 

(Abayasekara and Wathes, 1999; Santos et al., 2008) have speculated that one of the mechanisms 

by which n-3 FA improve fertility in dairy cows is likely by attenuating PG production, thereby 

having protective effects on CL maintenance. Although cows fed R4, which consumed more n-3 
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FA, primarily EPA and DHA, had some attenuation of the largest pulse of PGF2α, they also had 

more total pulses because of an increase in number of pulses during the luteolytic period. 

Feeding n-3 FA from fish (Mattos et al., 2002) or plant sources (Dirandeh et al., 2013) decreased 

the uterine synthesis of PGF2α after a challenge with oxytocin, suggesting that these FA have the 

ability to attenuate a large pulsatile release of PG. On the other hand, the increased number of 

pulses in cows fed R4 could be interpreted as favoring luteolysis (Schramm et al., 1983). In 

sheep, approximately 5 pulses of PGF2α in a 25-h period were required to induce complete 

luteolysis (Schramm et al., 1983). The number of PGFM pulses has been characterized in heifers 

and they typically have 2.4, 2.3, and 2.2 pulses during the pre-luteolytic, luteolytic and post-

luteolytic periods (Ginther et al., 2010). These values are similar to those observed for lactating 

dairy cows in the current study. The average number of pulses varied with diet but, in general, 

cows undergoing luteolysis had 2.0 pre-luteolytic PGFM pulses, 2.4 pulses during the luteolytic 

period, and 1.1 post-luteolytic pulse.  

For cows to undergo luteolysis, a minimum of 3 pulses of PGF2α were needed for 

progesterone to decay below 1.0 ng/mL. Six of the thirty-six cows that had CL regression kept 

progesterone concentrations between 0.4 and 0.7 ng/mL during the post-luteolytic period. The 

reasons for these relatively high concentrations of progesterone after  luteolysis are either lack of 

complete CL regression, in which a portion of the luteal  cells remain active, or  simply late 

luteolysis, with not enough time  for the death of  the CL to result in concentrations of 

progesterone to drop below 0.3 ng/mL within the 23-d sampling period. Cows receiving different 

doses of PGF2α on d 5 of the estrous cycle had, in some cases, incomplete luteal regression with 

a decline followed by a rebound in progesterone concentrations (Nascimento et al., 2014; 

Chenault et al., 1976). To our knowledge, the same phenomenon has not been characterized in 
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late diestrus with cows undergoing spontaneous luteolysis. Incomplete CL regression after a 

standard dose of PGF2α treatment on d 5 is expected because many of the luteal cells remain 

unresponsive to the cell death signaling induced by PGF2α in a more mature CL. 

There is substantial variability in the frequency and amplitude of PGF2α pulses that 

induce spontaneous luteolysis in heifers, but typically there are 4 to 8 discrete pulses that occur 

at intervals of 6 to 12 h (Kindahl et al., 1976; Silvia et al., 1991). Kindahl et al. (1976) 

characterized 4 distinct PGF2α pulses that occurred within a period of approximately 30 h for 

luteolysis to occur in heifers. We observed one lactating  cow  with only two pulses  of  PGF2α 

that had complete CL regression; however, results from the  current study suggest that  a 

minimum of  3  PGF2α pulses are required for the CL to regress based on the measures of 

reliability of  using PGF2α pulses as a predictor of luteolysis. Infusion of low doses of PGF2α to 

mimic the pulses observed during luteolysis depicts a similar pattern of PGFM pulses and 

subsequent CL regression in heifers as those observed during spontaneous luteolysis (Ginther et 

al., 2009).  

Similar to findings observed by Ginther et al. (2007) in heifers, cows showed an initial 

increase in circulating concentrations of progesterone before a sharp decrease during the pre-

luteolytic period. Ginther et al. (2007) observed that progesterone concentrations and blood flow 

to the CL increased and then decreased during the process of spontaneous luteolysis. A similar 

phenomenon was characterized in heifers induced to have luteolysis with infusion of low doses 

of PGF2α to mimic the pulses observed during spontaneous luteolysis (Ginther et al., 2009).    

When exogenous PGF2α was administered to lactating cows in the present study 

functional luteolysis occurred within 24 h and progesterone concentrations dropped below 1.0 

ng/mL. Burke et al. (1997) found that at 48 h after a PGF2α injection a greater proportion of cows 
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fed a diet enriched with n-3 FA from fish meal had progesterone concentrations in plasma above 

1.0 ng/mL suggesting a protective effect of the n-3 FA on the CL. Based on studies in vitro and 

work with exogenous administration of oxytocin and estradiol to induce pulses of PGF2α (Mattos 

et al., 2000; 2003), one could expect that an n-6 FA enriched diet would favor luteolysis and an 

n-3 enriched diet would possess anti-luteolytic properties. However, results from the present 

study in which the dietary ratio of n-6 to n-3 FA was altered suggest that the changes 

implemented, within the ranges of n-3 FA consumed by these cows, were not sufficient to exert 

any protective effects on the CL against an exogenous PGF2α injection. The pulse of PGFM 

observed with a luteolytic dose of PGF2α was massive in both non-lactating cows evaluated, 

reaching concentrations that were 10- to 15-fold those observed in the typical spontaneous 

PGFM pulse during the luteolytic period for lactating cows fed altered n-6 to n-3 ratios. Also, the 

duration of the concentration of PGFM above the thresholds observed for the peak of PGFM 

pulse in cows undergoing luteolysis was long, lasting several hours (e.g., 8 h), either because the 

release and absorption of dinoprost from the site of injection was slow or because the half-life of 

PGFM is longer than the short half-life typically described for PGF2α. 

Altering the dietary ratio of n-6 to n-3 FA did not affect the concentrations of 

progesterone. All treatments were designed to have the same FA concentration, and differences 

in PUFA concentrations were small among diets. Therefore, differences in progesterone 

concentrations typically observed with addition of dietary fat (Staples et al., 1998; Santos et al., 

2008) or changes in progesterone clearance (Hawkins et al., 1995) were not anticipated. In fact, 

the clearance of progesterone after luteolysis was induced did not change among treatments. 

Interestingly, progesterone concentrations of lactating dairy cows in the present study presented 

a pulsatile fashion. Ginther et al.  (2011) showed a concurrent and coordinated pulse of LH that 



 

222 

preceded the pulses of progesterone during the pre-luteolytic period in dairy heifers. Although 

LH was not quantified in plasma samples in the current study, it is reasonable to suggest that a 

similar phenomenon also occur in lactating dairy cows (Procknor et al., 1986). 

The FA profile of the endometrial tissue resembled that of the dietary FA offered to 

cows. In fact, the FA profile of endometrial phospholipids is influenced by the FA digested and 

absorbed from the diet (Bilby et al., 2006b). Increasing the ratio of n-6 to n-3 FA, with 

concurrent increased intake of linoleic acid resulted in a greater proportion of arachidonic acid in 

the endometrium. Arachidonic acid is the most biologically active n-6 FA and can be synthetized 

by elongation and desaturation of linoleic acid (Abayasekara and Wathes, 1999; Leonard et al., 

2004). Likewise, increasing the intake of EPA, by decreasing the ratio of n-6 to n-3 FA in the 

diet granted greater proportion of EPA in the endometrium. Concentrations of EPA and DHA 

were greater in the caruncular tissue when cows were supplemented with 200 g/d of fish oil, 

starting at 21 d prepartum, compared with cows supplemented with olive oil (Mattos et al., 

2004). Furthermore, cows supplemented with fish oil had greater concentrations of EPA and 

DHA on the endometrium on d 17 of the estrous cycle (Bilby et al., 2006b; Childs et al., 2008). 

Therefore, results from the current study corroborates with data in the literature suggesting that 

dietary manipulation of the FA profile affects the FA composition of the uterine tissues. 

Furthermore, these changes on the FA profile of the endometrium might lead to changes in gene 

expression. In late diestrus, progesterone downregulates its own receptors in the superficial 

epithelium, leading to a loss in ability to inhibit the expression of estradiol and oxytocin 

receptors in the endometrium (Silvia et al., 1991). The oxytocin produced by the CL and the 

posterior pituitary (Gimpl and Fahrenholz, 2001) initiates the luteolytic cascade by activating 

endometrial phospholipases to release arachidonic acid from the membrane phospholipids 
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(Mattos et al., 2000). As a result arachidonic acid is available for the synthesis of PGF2α and 

other PG (Mattos et al., 2000). In the current study, cows fed more R6 had greater expression of 

estradiol and oxytocin receptors, which could be interpreted as favoring the luteolytic process by 

enriching the endometrium with increased concentration of linoleic and arachidonic acids. 

Waters et al. (2012), demonstrated that on d 17 of the estrous cycle the estradiol receptor was 

down regulated in the endometrium of cows with high n-3 FA, compared with controls. 

Therefore, it is possible that changes in the pulsatile pattern of PGFM observed in the current 

study under spontaneous luteolysis, and that of cows induced to have PGF2α pulses after 

treatment with estradiol and oxytocin, is influenced not only by the availability of FA precursors 

for PG, but also by changes in the gene signaling that favors PG synthesis (i.e., R6 > R4). Also, 

steroidogenic acute regulatory protein is a rate limiting enzyme responsible for the transport of 

cholesterol within the mitochondria for steroid synthesis (Manna et al., 2009). Several 

transcription factors are involved in the regulation of STAR (Manna et al., 2009), and arachidonic 

acid is involved in one of the signaling pathways which up regulates the expression and protein 

translation of the STAR enzyme (Stocco et al., 2005). Consistent with these findings, cows in the 

current study that were fed R6 had greater concentrations of arachidonic acid in the endometrium 

and increased abundance of STAR mRNA. Furthermore, a positive relationship was observed 

between mRNA expressions of PGF and PGE synthases and estradiol and oxytocin receptors 

with increased ratio of n-6 to n-3 FA in the endometrium.  

Conclusion 

Altering the ratio of n-6 to n-3 FA in the diet of lactating dairy cows influenced the 

pattern of prostaglandin synthesis. Increasing the ratio of n-6 to n-3 FA increased the amplitude 

but decreased the frequency of PGFM pulses. Furthermore, in the endometrium, the 

concentration of arachidonic acid was increased and EPA and DHA was decreased, and mRNA 



 

224 

expression of oxytocin and estradiol receptors and STAR was increased by increasing the ratio of 

n-6 to n-3 FA from R4 to R6. In spite of all these changes the length of the estrous cycle was not 

altered. Three pulses of PGFM was the best predictor of luteolysis in dairy cows.  
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Table 6-1. Dietary ingredients and nutrient composition of diets1 

 R4 R5 R6 

Ingredients, % of DM    

Corn silage 18.7 18.7 18.7 

Bermuda silage 9.0 9.0 9.0 

Alfalfa hay 6.1 6.1 6.1 

Corn grain, finely ground 13.8 13.8 13.8 

Citrus pulp 10.1 10.1 10.1 

Soybean hulls 20.3 20.3 20.3 

Soybean meal, solvent extract 10.1 10.1 10.1 

Soybean meal, cooker-processing2 5.7 5.7 5.7 

Molasses 1.6 1.6 1.6 

Vitamin-mineral-protein premix3 3.0 3.0 3.0 

Ca salts of palm oil4 0.73 0.65 0.53 

Ca salts of safflower oil5 0 0.37 0.70 

Ca salts of fish oil6 0.70 0.41 0.20 

Nutrients, DM basis (± SD) 

NEL,7 Mcal/kg 1.62 1.62 1.62 

CP, % 16.6 ± 0.8 16.6 ± 0.8 16.5 ± 0.8 

Starch, % 17.3 17.3 17.3 

Non-fibrous carbohydrates,8 % 35.4 ± 1.9 35.4 ± 2.0 35.5 ± 1.9 

ADF, % 16.0 ± 0.9 15.9 ± 0.9 15.6 ± 0.9 

NDF, % 38.4 ± 2.3 38.4 ± 2.3 38.1 ± 2.3 

NDF from forage, % 17.1 ± 0.7 17.1 ± 0.7 17.1 ± 0.7 

Total fatty acids, % 3.66 ± 0.15 3.82 ± 0.17 3.88 ± 0.16 

Total n-6 fatty acids, % 1.260 ± 0.10 1.447 ± 0.08 1.587 ± 0.08 

Total n-3 fatty acids, % 0.327 ± 0.01 0.298 ± 0.01 0.269 ± 0.01 

Ratio of n-6 to n-3 3.9 4.9 5.9 

Ca, % 0.87 ± 0.07 0.89 ± 0.07 0.90 ± 0.08 

P, % 0.33 ± 0.03 0.33 ± 0.03 0.33 ± 0.03 

Mg, % 0.31 ± 0.02 0.31 ± 0.02 0.31 ± 0.02 

K, % 1.48 ± 0.05 1.48 ± 0.05 1.48 ± 0.05 

Cl, % 0.29 ± 0.03 0.28 ± 0.03 0.29 ± 0.03 

Na, % 0.32 ± 0.01 0.32 ± 0.01 0.32 ± 0.01 
1 Treatments represent the ratio between n-6 to n-3 FA in the diet. R-4 is a ratio of 3.9 parts of n-

6 to 1 part of n-3; R-5 is a ratio of 4.9 parts of n-6 to 1 part of n-3; R-6 is a ratio of 5.9 parts of n-

6 to 1 part of n-3. 
2 AminoPlus (Ag Processing Inc., Omaha, NE). 
3 Contains (DM basis) 30.0% ProvAAl LysAAMet (blend of blood meal and protected lysine and 

methionine, Venture Milling, Salisbury, MD), 28.5% sodium sesquicarbonate, 13.0% potassium 

carbonate, 7.0% dicalcium phosphate, 7.0% magnesium oxide, 3.5% sodium chloride, 1.2% 

Availa-4 (Zinpro Co., Eden Prairie, MN), 0.3% Sel-Plex 2000 (Alltech Biotechnology, 

Nicholasville, KY), 0.06% vitamin trace mineral premix, and 0.22% Rumensin 90 (Elanco Animal 

Health, Greenfield, IN). Each kg contains 27.8% CP, 5.2% Ca, 1.6% P, 4.1% Mg, 6.8% K, 10.7% 

Na, 2.3% Cl, 680 mg Zn, 235 mg Cu, 422 mg Mn, 6.6 mg Se, 23 mg Co, 13.8 mg I, 116,000 IU 

vitamin A, 35,000 IU vitamin D, 1,170 IU vitamin E, and 450 mg of monensin. 
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4 EnerGII, Ca salts of palm oil FA (Virtus Nutrition, Corcoran, CA).  
5 Prequel21, Ca salts enriched in safflower oil FA (Virtus Nutrition, Corcoran, CA).  
6 StrataG113, Ca salts enriched in fish oil FA (Virtus Nutrition, Corcoran, CA).  
7 NEL according to NRC (2001) using analyzed feed values and calculated at 24 kg of DMI/d. 
8 Calculated as: 100 – (NDF + CP + FA + Ash). 
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Table 6-2.  List of genes and primers used on real time PCR analysis 

Gene1 Primer Accession 

number 

Reference 

ESR1 F: ACTGGGGAGGCAGAGAATTT AY538775.1 Waters et al. (2012) 

 R: GGCAGAATTCGGCTAGAGTG   

    

OTR F: GCACCTGAGCATAGCCGACC NM_174134.2 Lima (2013) 

 R: GTGGCAAGGACGATGACGGG   

    

PLC F: AGGTTTCCATGTGGCTGAAG L13937 Coyne et al. (2008) 

 R: TCACAAATTCAATGGCGTGT   

    

COX1 F:TCATGGTCTACGCCACGATA AF004943 Coyne et al. (2008) 

 R: TCAGCTGCTGCACATACTCC   

    

COX2 F: CCAGAGCTCTTCCTCCTGTG AF004944 Coyne et al. (2008) 

 R: GGCAAAGAATGCAAACATCA   

    

PGES F: ATCGTGACGGTCCGTCTCTAA NM_174443.2 Lima (2013) 

 R: GCCCTTTGAGATTGTGACAGG   

    

PGFS F: TGTGGTGCACGTATCACGACA NM_001035367 Lima (2013) 

 R: AATCACGTTGCCGTCCTCATC   

    

9-KPR F: GATGGCCACTTCATTCCTGT XM_865970 Coyne et al. (2008) 

 R: GCCTGACCAACTTGCTCTTC   

    

STAR F: CCCATGGAGAGGCTTTATGA NM_174189.2 Nishimura et al. 

(2006)  R: TGATGACCGTGTCTTTTCCA  

    

PPARα F: TTGTGGCTGCTATCATTTGC NM_001034036 Coyne et al. (2008) 

 R: AGAGGAAGACGTCGTCAGGA   

    

PPARδ F: CACTCTCACTGCTGGACCAA NM_001034036 Coyne et al. (2008) 

 R: GCAGATCCGCTCACATTTCT   

    

PPARγ F: GTGAAGCCCATTGAGGACAT NM_181024 Coyne et al. (2008) 

 R: AGCTGCACGTGTTCTGTCAC   

    

GHR1A F:CCAGCCTCTGTTTCAGGAGTGT AY748827.1 Coyne et al. (2011) 

 R: TGCCACTGCCAAGGTCAAC   

    

IGF1 F: ATGCCCAAGGCTCAGAAG NM_001077828.1 Coyne et al. (2011) 

 R: GGTGGCATGTCATTCTTCACT   
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Table 6-2.  Continued. 

Gene1 Primer Accession 

number 

Reference 

IGFBP3 F: ACAGACACCCAGAACTTCTCCTC NM_174556.1 Coyne et al. (2011) 

 R: GTTCAGGAACTTGAGGTGGTTC   

    

GAPDH F: ACCCAGAAGACTGTGGATGG NM_001034034.1 Thompson et al. 

(2011)  R: CAACAGACACGTTGGGAGTG  
1ESR1= estrogen receptor 1; OTR = oxytocin receptor; PLC = phospholipase C; COX = 

cyclooxygenase; PGES = prostaglandin E synthase; PGFS = prostaglandin F synthase; 9-KPR = 

prostaglandin E2 9-ketoreductase; STAR = steroidogenic acute regulatory protein; PPAR = 

peroxisome proliferator-activated receptor; IGF1 = insulin-like growth factor-1; IGFBP3 = 

insulin-like growth factor binding protein-3; GHR1A = growth hormone receptor-1A; GAPDH = 

glyceraldehyde 3-phosphate dehydrogenase. 
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Table 6-3.  Effect of altering the ratio of dietary n-6 to n-3 fatty acids on timing of luteolysis and PGFM concentrations and pulses of 

lactating Holstein cows1 

 R4 R5 R6 SEM2 TRT2 Linear2 Quad2 

Luteolysis, % (n/n)        

By day 20 42.9 (6/14) 26.7 (4/15) 46.7 (7/15) --- 0.50 0.85 0.26 

By day 23 78.6 (11/14) 86.7 (13/15) 80.0 (12/15) --- 0.83 0.93 0.56 

Beginning of luteolysis, d 18.9 19.8 19.4 0.4 0.32 0.39 0.21 

End of luteolysis, d 20.5 20.8 20.7 0.5 0.91 0.84 0.70 

Duration of the luteolytic period, h 39.3 23.4 29.5 3.6 0.01 0.07 0.01 

PGFM cows undergoing luteolysis        

Basal, pg/mL 28.7 34.5 29.0 3.8 0.53 0.96 0.26 

Pulses, n        

Total 6.7 4.9 4.6 0.5 0.02 <0.01 0.24 

Pre-luteolytic period 2.4 2.3 1.4 0.4 0.17 0.10 0.40 

Luteolytic period 3.0 1.9 2.3 0.3 0.04 0.09 0.06 

Post-luteolytic period 1.5 0.7 0.9 0.3 0.11 0.16 0.11 

Area under the curve, pg/h per mL        

Total 3,514 3,501 4,175 623 0.60 0.57 0.42 

Pre-luteolytic period 1,118 1,678 752 390 0.45 0.22 0.78 

Luteolytic period 1,794 1,597 2,386 366 0.25 0.30 0.21 

Post-luteolytic period 880 954 1,616 418 0.40 0.22 0.58 

Greatest pulse 793 981 2,060 368 0.12 0.05 0.62 

PGFM cows with no luteolysis        

Basal, pg/mL 34.6 34.2 39.2 6.5 0.83 0.62 0.76 

Pre-luteolytic pulses, n 1.7 0.5 0.7 0.7 0.45 0.31 0.48 

Total area under the curve, pg/h per mL  1,572 567 1312 797 0.77 0.84 0.57 
1 R4 = ratio of 4 to 1 of n-6 to n-3 FA; R5 = ratio of 5 to 1 of n-6 to n-3 FA; R6 = ratio of 6 to 1 of n-6 to n-3 FA. 
2 SEM = Standard error of the mean; TRT = effect of treatment; Linear = linear effect of altering the ratio of n-6 to n-3 FA; Quad = 

quadratic effect of altering the ratio of n-6 to n-3 FA. 
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Table 6-4.  Measures of reliability of number of 13,14-dihydro-15-keto-PGF2α (PGFM)  pulses to elicit luteal regression 

 Number of PGFM pulses 

Measures of reliability1 > 0 > 1 > 2 > 3 > 4 

Sensitivity 100 (36/36) 100 (36/36) 97.2 (35/36) 77.8 (28/36) 61.1 (22/36) 

Specificity 37.5 (3/8) 75.0 (6/8) 87.5 (7/8) 100 (8/8) 100 (8/8) 

Positive predictive value 87.8 (36/41) 94.7 (36/38) 97.2 (35/36) 100 (28/28) 100 (22/22) 

Negative predictive value 100 (3/3) 100 (6/6) 87.5 (7/8) 50.0 (8/16) 36.4 (8/22) 

Accuracy 88.6 (39/44) 95.5 (42/44) 95.5 (42/44) 81.8 (36/44) 68.2 (30/44) 

Kappa (95% CI) 49.5 (13.6-85.5) 83.1 (60.5-100) 84.7 (64.1-100) 56.0 (31.2-80.8) 36.4 (15.1-57.6) 
1 Sensitivity = (number of cows with luteolysis correctly detected as having luteolysis based on the respective number of PGFM 

pulses/number of all cows with luteolysis) x 100; Specificity = (number of cows without luteolysis correctly detected as not having 

luteolysis based on the respective number of PGFM pulses/number of all cows without luteolysis) x 100; Positive predictive value = 

(number of cows with luteolysis correctly detected as having luteolysis based on the respective number of PGFM pulses/number of cows 

detected as having luteolysis based on the respective number of PGFM pulses) x 100; Negative predictive value = (number of cows not 

having luteolysis correctly detected as not having luteolysis based on the respective number of PGFM pulses/total number of cows 

detected as not having luteolysis based on the respective number of PGFM pulses) x 100; Accuracy = (number of correct detections of 

luteolysis based on the respective number of PGFM pulses/number of total tests performed) × 100. 
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Table 6-5.  Effect of altering the ratio of dietary n-6 to n-3 fatty acids on endometrium fatty acid profile of lactating Holstein cows on 

day 8 of the estrous cycle1 

 R4 R5 R6  TRT2 Linear2 Quad2 

 % of identified FA     

C16:0 27.70 ± 0.80 27.88 ± 0.53 27.20 ± 0.46  0.62 0.59 0.55 

C17:0 1.43 ± 0.07 1.16 ± 0.05 1.19 ± 0.04  0.02 0.01 0.03 

C18:0 27.60 ± 1.61 25.19 ± 1.08 24.84 ± 0.93  0.34 0.15 0.48 

C18:1-cis9 12.18 ± 1.37 13.77 ± 0.91 12.55 ± 0.79  0.51 0.81 0.26 

C18:2-cis9, cis12 12.40 ± 1.40 13.50 ± 0.93 14.44 ± 0.81  0.43 0.22 0.95 

C20:2-cis11, cis14 0.80 ± 0.14 0.67 ± 0.09 0.71 ± 0.08  0.73 0.58 0.49 

C20:3-cis8, cis11, cis14 1.33 ± 0.15 1.30 ± 0.10 1.33 ± 0.09  0.97 0.96 0.83 

C20:4-cis7, cis10, cis13, cis16 9.05 ± 0.94 11.64 ± 0.63  13.41 ± 0.54  <0.01 <0.01 0.62 

C20:5-cis5, cis8, cis11, cis14, cis17 2.85 ± 0.21 2.14 ± 0.14 2.02 ± 0.12  <0.01 <0.01 0.12 

C22:6-cis4, cis7, cis10, cis13, cis16, cis19 3.30 ± 0.53 1.57 ± 0.35 1.08 ± 0.31  <0.01 <0.01 0.20 

Total n-6 23.55 ± 2.05 27.16 ± 1.36 29.89 ± 1.18  0.04 0.01 0.81 

Total n-3 6.15 ± 0.62 3.72 ± 0.41 3.08 ± 0.36  <0.01 <0.01 0.12 

n-6 to n-3 ratio 4.53 ± 1.12 7.99 ± 0.75 9.85 ± 0.65  <0.01 <0.01 0.43 
1 R4 = ratio of 4 to 1 of n-6 to n-3 FA; R5 = ratio of 5 to 1 of n-6 to n-3 FA; R6 = ratio of 6 to 1 of n-6 to n-3 FA. 
2 TRT = effect of treatment; Linear = linear effect of altering the ratio of n-6 to n-3 FA; Quad = quadratic effect of altering the ratio of 

n-6 to n-3 FA. 
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Figure 6-1.  Diagram of estrous cycle synchronization and blood sampling. Biopsy = endometrial tissue collected for biopsy. BS = 

blood sampling; CIDR = controlled internal drug-release containing 1.38 g of progesterone; DIM = days in milk; GnRH = 

i.m. injection of 100 μg of gonadorelin; PGF2α =  i.m. injection of 25 mg PGF2α; US = ultrasonography of the ovaries.  
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Figure 6-2.  Concentrations of progesterone and 13,14,dihydro-15-keto-PGF2α metabolite 

(PGFM) in plasma of non-lactating, non-pregnant Holsteins cows bearing a 

functional corpus luteum, before and after an i.m. injection of 25 mg dinoprost as 

tromethamine salt. 
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Figure 6-3.  Progesterone concentrations in plasma of lactating Holstein cows fed 3.9 to 1 (R4), 

4.9 to 1 (R5), and 5.9 to 1 (R6) ratio of n-6 to n-3 FA in the diet, after an  i.m. 

injection of 25 mg PGF2α. Effect of treatment (P = 0.83), time (P < 0.001), and 

interaction between treatment and time (P = 0.99). Linear (P = 0.72) and quadratic (P 

= 0.61) effects of increasing the ratio of n-6 to n-3 FA in the diet. Mean progesterone 

concentrations during the sampling period were 2.80 ± 0.41, 3.15 ± 0.40, and 3.01 ± 

0.39 ng/mL, respectively, for cows receiving the R4, R5 and R6 diets. 
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Figure 6-4.  Progesterone and 13,14,dihydro-15-keto-PGF2α metabolite (PGFM) in plasma from 

d 16 to 23 of the estrous cycle of a representative cow that underwent luteolysis 

(#7389) and a cow that maintained the corpus luteum by day 23 (#7381). 
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Figure 6-5.  Concentrations of 13,14,dihydro-15-keto-PGF2α metabolite (PGFM) in plasma of 

lactating Holstein cows fed 3.9 to 1 (R4), 4.9 to 1 (R5), and 5.9 to 1 (R6) ratio of n-6 

to n-3 FA in the diet during the pre-luteolytic (A), luteolytic (B), and post-luteolytic 
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(C) periods. Within an hour, pairwise differences (P < 0.05) are represented as 

follow: $, R4 vs. R5; € R4 vs. R6; or ₲ R5 vs. R6; and tendencies (P < 0.10) are 

represented as: *, R4 vs. R5, ¶ R4 vs. R6; or ‡ R5 vs. R6. 
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Figure 6-6.  Concentrations of progesterone in plasma of lactating Holstein cows fed 3.9 to 1 

(R4), 4.9 to 1 (R5), and 5.9 to 1 (R6) ratio of n-6 to n-3 FA in the diet during the pre-

luteolytic, luteolytic, and post-luteolytic periods. Within an hour, pairwise differences 

(P < 0.05) among treatments are represented as: * P < 0.05; ¶ P < 0.10. 
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Figure 6-7.  Expression of genes related to prostaglandin synthesis (A; ESR1= estrogen receptor 

1; OTR = oxytocin receptor; PLC = phospholipase C; COX = cyclooxygenase; PGFS 

= prostaglandin F synthase; PGES = prostaglandin E synthase; 9-KPR = 

prostaglandin E2 9-ketoreductase); cholesterol and fatty acid metabolism (B; STAR = 

steroidogenic acute regulatory protein; PPAR = peroxisome proliferator-activated 

receptor); and somatotropic axis (C; GHR1A = growth hormone receptor-1A; IGF1 = 

insulin-like growth factor-1; IGFBP3 = insulin-like growth factor binding protein-3) 

in the endometrium of lactating Holstein cows fed 3.9 to 1 (R4), 4.9 to 1 (R5), and 5.9 

to 1 (R6) ratio of n-6 to n-3 FA. Effect of altering the ratio of n-6 to n-3 fatty acids: * 

P < 0.05; ¶ P = 0.09. 
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Figure 6-8.  Expression of selected genes according to the concentration of n-6 to n-3 fatty acids 

in the endometrium of dairy cows. Endometrium was categorized according to the 

ratio of n-6 to n-3 fatty acids observed by mass spectrometry as low ratio (mean = 

4.45, range = 2.65 to 5.6), medium ratio (mean = 8.81, range = 8.12 to 9.91), or high 

ratio (mean = 11.10, range = 10.06 to 14.27). Genes differentially expressed included 

ESR1 (estrogen receptor 1), OTR (oxytocin receptor), PGFS (prostaglandin F 

synthase), and PGES (prostaglandin E synthase). Effect of category of n-6 to n-3 fatty 

acids in the endometrium: * P < 0.05; ¶ P = 0.06. 
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Figure 6-9.  Regression analyses between expression of selected genes and the ratio of n-6 to n-3 

fatty acids in the endometrium of dairy cows. Expression of ESR1 (estrogen receptor 

1; r2 = 0.43), OTR (oxytocin receptor; r2 = 0.22), PGFS (prostaglandin F synthase; r2 

= 0.18), and PGES (prostaglandin E synthase; r2 = 0.14) were positively associated (P 

< 0.05) with the ratio of n-6 to n-3 FA observed in the endometrium.
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CHAPTER 7 

SUMMARY AND GENERAL CONCLUSIONS 

The overall objectives of the present dissertation were to study the effects of dietary fatty 

acids (FA) on lactation performance, metabolism, immune responses, health, and gene 

expression of early postpartum dairy cows. Two experiments were designed to evaluate the 

effects of supplementing diets containing low amounts of FA with either mostly saturated free 

FA (SFA) or Ca salts containing essential FA (EFA) during late gestation and early lactation on 

performance, energy metabolism, and milk and plasma FA composition (Chapter 2); immunity 

and uterine health early postpartum (Chapter 3); FA profile and gene expression of hepatic tissue 

(Chapter 4). A third experiment was designed to determine the effect of altering the ratio of n-6 

to n-3 FA in the diet of postpartum dairy cows on lactation performance, metabolism, milk and 

plasma FA profile, and acute phase responses after an intramammary challenge with 

lipopolysaccharide (LPS; Chapter 5); FA profile and expression of genes related to prostaglandin 

biosynthesis in the endometrial tissue, patterns of prostaglandin release by the uterus, and timing 

of spontaneous luteolysis (Chapter 6).   

In Chapter 2, it was demonstrated that the lactational performance of dairy cows was 

impaired when concentrations of FA, particularly linoleic acid, was limited in the diet. 

Supplementing diets with saturated FA partially improved lactational performance but not to the 

same extent as supplementing diets with essential FA. Furthermore, the positive effects of 

essential FA supplementation were more pronounced in primiparous cows, when the 

supplementation started prepartum and there was no parity effect when the supplementation 

started after calving. Additionally, feeding essential FA altered milk and plasma FA 

composition, resulting in greater essential FA balance and secretion of linoleic and α-linolenic 

acids in milk.    



 

243 

In Chapter 3, the early postpartum immune function and uterine health were evaluated. 

Feeding dairy cows a low fat diet reduced markers of immune function such as the concentration 

of neutrophils in blood, the proportion of neutrophils expressing adhesion molecules and the 

ability of neutrophils to phagocytize and kill E. coli in vitro. Disease suppressed neutrophil 

function, but feeding fat lessened the depression associated with disease. Feeding fat reduced the 

incidence of puerperal metritis and the prevalence of utero-pathogenic bacteria from uterine flush 

at 36 d postpartum. However, postpartum ovarian activity, uterine involution and pregnancy at 

first AI were not influenced by fat feeding or the source of FA fed. The results presented in 

Chapter 3 suggest that supplementing fat to the diets of dairy cows during the transition period 

improved immune function and reduced the severity of metritis. Finally, the benefits of fat 

feeding were more pronounced in primiparous cows. 

The results of Chapters 2 and 3 led to further investigation of hepatic function, which 

may explain some of the above outcomes. Feeding fat or different sources of FA during the 

transition period did not alter the FA content of hepatic tissue at 14 d postpartum; however, the 

inclusion of essential FA in the fat supplemented to cows increased the proportion of linoleic 

acid within the hepatic FA pool. The small but significant increases in linoleic acid and the 

overall changes in hepatic FA profile influenced gene regulation likely via binding to 

transcription factor complexes such as PPARs. In fact, feeding fat and different sources of FA 

(i.e., saturated FA or essential FA) influenced an array of cellular pathways in hepatic tissue. The 

low dietary FA fed to control cows up regulated the expression of genes associated with the 

immune system, particularly markers of impaired health and tissue inflammation (BOLA-DQA5; 

BOLA-DQB; GGT1).  On the other hand, cows supplemented with FA had a potential up 

regulation of the renin-angiotensin system with an increase in gene expression of angiotensin I 
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converting enzyme [peptidyl-dipeptidase A] 2. This is a gene reported to control and prevent 

tissue fibrosis. The different sources of FA influenced several components of lipid metabolism 

pathways. Saturated FA markedly increased the expression of desaturase enzymes and coenzyme 

A synthetase. In contrast, feeding essential FA up regulated pathways associated with vitamin 

and fat absorption and apolipoprotein genes (APOA4). 

Collectively, the set of experimental outcomes presented on Chapters 2, 3, and 4 indicate 

important roles of supplemental dietary FA on transition cow performance and health. In general, 

cows were in negative balance of essential FA, and this was attenuated by feeding Ca salts 

containing EFA. Primiparous cows benefited more from FA supplementation, particularly when 

essential FA were fed. The fact that these cows were still growing likely increases the 

requirements for essential FA. Further investigations are warranted as to the potential 

nutraceutical effects of FA and the need to define the requirements for essential FA in ruminants. 

It is well known that essential FA play pivotal roles on the metabolism of mammals. It is 

often stated in the scientific literature regarding humans that not only is the intake of essential 

FA per se is important, but the balance between the n-6 and n-3 FA is also vital for optimal 

biological functions and well-being of the individual. An experiment (Chapter 5) was designed to 

determine the effects of altering the ratio of n-6 to n-3 FA (labeled as R4, R5 and R6 to designate 

4, 5, and 6 parts of n-6 to 1 part of n-3 FA, respectively) in the diets of dairy cows on lactation 

performance, metabolic status, and acute phase responses after an intramammary challenge with 

LPS. Reducing the ratio of n-6 to n-3 FA increased dry matter intake and markedly increased 

yields of 3.5% fat corrected milk and milk components. Increasing the ratio of n-6 to n-3 FA 

influenced the acute phase response to a LPS challenge into a pro-inflammatory state (i.e., 

increase in plasma IL-6 and haptoglobin), whereas R5 had a greater elevation of body 
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temperature and milk somatic cell count. Altering the ratio of n-6 to n-3 FA can influence the 

pro- and anti-inflammatory state of the cells, which might influence several processes in the 

body, particularly on the reproductive axis. The experiment detailed in Chapter 6 was designed 

to understand the effects of altering the ratio between n-6 to n-3 FA in the diet of lactating dairy 

cows on FA profile, expression of genes related to the prostaglandin biosynthesis in endometrial 

tissue, uterine secretion of PGF2α, and timing of spontaneous luteolysis. The proportion of 

arachidonic acid increased in the endometrium of cows as the ratio between n-6 to n-3 FA 

increased, on the other hand the proportions of eicosapentaenoic and docosahexaenoic acids 

decreased. Increasing the ratio of n-6 to n-3 FA increased mRNA expression of oxytocin 

estrogen receptors, COX2, PGFS, and PGES in the endometrium, which would favor PG 

synthesis as opposed to a lower PG synthetic potential. The number of PGFM pulses decreased 

but the amplitude of the greatest pulse increased as the ratio between n-6 to n-3 FA increased. 

However these changes were not sufficient to alter the length of the estrous cycle. The results 

presented in Chapters 6 and 7 provide indications that dietary FA influence endometrial gene 

expression, which affect prostaglandin metabolism. Although the length of the luteal phase did 

not differ, it is clear that the prostaglandin synthetic pathway can be manipulated by diet, which 

might have implications to fertility of dairy cows.  

The optimal ratio between n-6 to n-3 FA in the diet of lactating dairy cows remains 

unknown, and the exact mechanisms by which altering the dietary FA enhance reproductive 

performance remain to be elucidate, although results from the current thesis indicate that 

manipulation of the dietary FA composition affect the patterns of endometrial response during 

the estrous cycle and, although no change in luteolysis was demonstrated, feeding more n-3 FA 

clearly altered the pattern of prostaglandin synthesis. It is possible that changes in the patter of 
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prostaglandin synthesis might influence the ratio of PGF2α to PGE2 in early pregnancy that can 

have effects on peri-implantation embryonic development, embryo survival, placental function, 

and fetal programing. All these concepts are areas that need further investigation. The future 

development of nutraceutical management programs to enhance reproductive performance and 

improve production efficiency and health of the maternal unit are future goals for scientific 

inquiry. The interacting effects of pharmaceuticals that enhance lactation and reproduction such 

as bovine somatotropin, incorporated with feeding diets containing molecules such as fatty acids 

that regulate gene expression might create novel venues to improve lactation and fertility of the 

high-producing dairy cow. Furthermore, results from the present thesis clearly demonstrate that 

the dairy cow is an excellent experimental model for many aspects of biomedical research 

involving lactation, immune response, and embryo development. The research findings described 

in this dissertation set the stage for further advancements and provide new tools for immediate 

implementation in the dairy industry to enhance production efficiency and well-being of lactating 

dairy cows.   
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