
1 
 

 
 
 

UNIVERSITÀ DEGLI STUDI DI MILANO  
 

Scuola di Dottorato in Scienze Veterinarie e dellõAllevamento 
 

Dipartimento di Scienze Veterinarie per la Salute, la Produzione Animale e la Sicurezza 
Alimentare (VESPA) 

 
XXX ciclo  

 

 
 
 

USE OF FUNCTIONAL FATTY ACIDS IN ANIMAL 

NUTRITION TO IMPROVE ANIMAL HEALTH STATUS 

AND DERIVED PRODUCTS  

AGR18 
 
 
 
 

Greta Farina     
                                                                                                                                                           Matr. R10943 
 
  
 
 
TUTOR 

Prof. Alessandro Agazzi   
 
 
 
COORDINATORE DEL DOTTORATO 
Prof. Fulvio Gandolfi 
 
 

Anno accademico  
2017-2018  



2 
 

  



3 
 

1. GENERAL INTRODUCT ION  .............................................................................................................. 6 

1.1. DEFINITIONS, NOMENCLATURE AND PROPERTIES OF FATTY ACIDS ........................................................... 6 

1.2. FATS IN ANIMAL NUTRITION  ...................................................................................................................... 9 

1.2.1. Ruminants ...................................................................................................................................... 10 

1.2.1.1. Fat digestion in ruminants ................................................................................................................... 10 

1.2.1.2. Dietary fat during periparturient period ............................................................................................... 13 

1.2.1.3. Lipid sources for ruminants................................................................................................................. 16 

1.2.2. Non-ruminants ................................................................................................................................ 17 

1.2.2.1. Fat digestion in non-ruminants ............................................................................................................ 17 

1.2.2.2. Lipid sources for non-ruminants ......................................................................................................... 18 

1.3. ANIMAL HEALTH ð THE ROLE OF PUFA .................................................................................................. 18 

1.3.1. Physiological adaptations during transition period and dietary fat supplementation .......................................... 18 

1.3.2. Nutrigenomic approach ...................................................................................................................... 23 

1.3.2.1. Tissue - level mechanisms investigation ð mRNA expression in dairy cattle ......................................... 25 

1.3.2.2. The emerging approach of miRNA in ruminants ................................................................................. 27 

1.4. HUMAN HEALTH AND PUFA ................................................................................................................... 30 

1.4.1. Dietary manipulation of milk fatty acid composition ................................................................................. 35 

1.4.2. Dietary manipulation of egg quality ...................................................................................................... 41 

1.4.3. Dietary manipulation of meat quality .................................................................................................... 46 

2. OBJECTIVES ....................................................................................................................................... 50 

3. LIVER AND ADIPOSE  TISSUE METABOLISM - AND INFLAMMATION -RELATED  MRNA 

AND MICRORNA EXPRESSION IN PERIPARTURIEN T DAIRY GOATS FED 

POLYUNSATURATED VS. SATURATED FATTY ACID S................................................................... 51 

3.1. ABSTRACT ................................................................................................................................................ 51 

3.2. INTRODUCTION ....................................................................................................................................... 52 

3.3. MATERIALS AND METHODS ..................................................................................................................... 54 

3.3.1. Animal management and diets ............................................................................................................ 54 



4 
 

3.3.2. RNA Extraction and Quantitative PCR ............................................................................................. 58 

3.3.2.1. Liver biopsies ...................................................................................................................................... 58 

3.3.2.2. Adipose biopsies ................................................................................................................................. 58 

3.3.3. Total RNA Extraction, Target Genes, Primers Design, and Quantitative PCR .......................................... 59 

3.4. STATISTICAL ANALYSIS ............................................................................................................................. 66 

3.5. RESULTS .................................................................................................................................................. 66 

3.5.1. mRNA expression of metabolism-related genes in liver ............................................................................. 66 

3.5.2. mRNA expression of metabolism-related genes in adipose tissue ................................................................. 68 

3.5.3. mRNA and microRNA for adipose tissue, inflammatory-related genes ........................................................ 73 

3.6. DISCUSSION ............................................................................................................................................. 77 

3.6.1. Liver and adipose tissue metabolism gene expression ................................................................................. 78 

3.6.1.1. Fat sources and gene expression in liver and adipose tissue .................................................................. 79 

3.6.2. Adaptations to kidding ...................................................................................................................... 80 

3.7. CONCLUSIONS ......................................................................................................................................... 82 

4. DIETARY CAMELINA SATIVA IMPROVES CONVERSION RATE IN LAYING HENS AND 

LEADS TO HEALTHIER E GGS ............................................................................................................ 83 

4.1. ABSTRACT ................................................................................................................................................ 83 

4.2. INTRODUCTION ....................................................................................................................................... 84 

4.2.1. Camelina sativa meal: chemical composition and nutritional value ............................................................... 86 

4.2.2. Camelina sativa in poultry diet ............................................................................................................ 87 

4.3. MATERIALS AND METHODS ..................................................................................................................... 90 

4.3.1. Experimental design, animals and housing conditions ............................................................................... 90 

4.3.2. Chemical composition of the diets, sample collection and recorded parameters .................................................. 91 

4.3.3. Egg quality and shelf-life assays ........................................................................................................... 95 

4.3.4. Egg yolk fatty acid analysis ................................................................................................................ 96 

4.4. STATISTICAL ANALYSIS ............................................................................................................................. 97 

4.5. RESULTS .................................................................................................................................................. 98 



5 
 

4.5.1. Hen performance, egg quality and shelf-life ............................................................................................. 98 

4.6. DISCUSSION ........................................................................................................................................... 105 

4.6.1. Fatty acid profile of egg yolk .............................................................................................................. 105 

4.7. CONCLUSIONS ....................................................................................................................................... 108 

5. GENERAL DISCUSSION .................................................................................................................. 109 

6. REFERENCES ................................................................................................................................... 111 

7. SUMMARY ......................................................................................................................................... 138 

8. RIASSUNTO IN ITAL IANO  ............................................................................................................. 141 

9. PUBLISHED WORKS ........................................................................................................................ 145 

9.1. SCIENTIFIC PAPERS ................................................................................................................................ 145 

9.2. MEETING ABSTRACTS ............................................................................................................................ 145 

9.3. ORAL PRESENTATIONS........................................................................................................................... 146 

10. ACKNOWLEDGEMENTS  ............................................................................................................... 147 

11. TABLE OF CONTENT  .................................................................................................................... 148 

11.1. LIST OF FIGURES .................................................................................................................................. 148 

10.2. LIST OF TABLES ................................................................................................................................... 149 

 

  



6 
 

1. GENERAL INTRODUCTION 

 

1.1. Definitions, nomenclature and properties of fatty acids 

Fatty acids (FA) are substantial part of lipids, one of the three major components of biological 

matter, along with proteins and carbohydrates (Lehninger et al., 2005). Hwang and Rhee (1999) 

stated they play a significant role in survival and well-being of mammalian life, being 

progenitors of a wide variety of biological lipids and participating to many signalling pathways. 

Therefore, fat are considered an essential dietary component (Spector and Kim, 2015). 

In biochemistry, a fatty acid is a carboxylic acid with a long aliphatic chain and it can be 

liberated by hydrolysis from naturally occurring fats and oils (Fahy et al., 2009). Most naturally 

occurring fatty acids have an unbranched chain of an even number of carbon atoms, from 4 to 

28 (McNaught and Wilkinson, 1997). 

They have important biological functions, structural and functional roles, such as immune cell 

regulation, cell signalling, energy production, membrane structures (Nagy and Tiuca, 2017), 

and gene expression and regulation (Bionaz et al., 2015).  

Fatty acids are synthesized in the cytoplasm from two carbon precursors, thanks to acyl carrier 

protein (NADPH) and acetyl-CoA-carboxylase and their degradation is through Ǡ-oxidation in 

mitochondria, with the subsequent release of energy (Tvrzicka et al., 2011).  

According to their structure, fatty acids are either saturated or unsaturated carboxylic acids 

with carbon chains varying between 2 and 36 carbon atoms.  

Saturated FA (SFA) do not contain any double bonds. They can be divided into subgroups 

according to their chain length:  

V Short chain (saturated) fatty acids (SCFA), such as acetic (2:0), propionic (3:0), and 

butyric (4:0) acids; 

https://en.wikipedia.org/wiki/Aliphatic
https://en.wikipedia.org/wiki/Branched_chain_fatty_acids
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V Medium chain (saturated) fatty acids (MCFA), like caproic (6:0), caprylic (8:0), and 

capric (10:0) acids; 

V Long chain (saturated) fatty acids (LCFA), which includes lauric (12:0), myristic (14:0), 

palmitic (16:0), and stearic (18:0) acids 

V Very long chain (saturated) fatty acids (VLCFA), like include arachidic (20:0), behenic 

(22:0) acids. 

On the other hand, unsaturated FA (UFA) includes the presence of double bonds. 

They can have two different configurations depending on the three-dimensional orientations 

those results in different physical characteristics: cis or trans. The former makes fatty acids more 

fluid than the trans configuration. Plant lipids have only cis configuration and the trans is only 

the result either of microbial modification or chemical hydrogenation (Drackley, 2007). 

There is a further subdivision, depending on the number of double bonds: MUFA, as 

monounsaturated fatty acids, with just one double bond and PUFA (polyunsaturated fatty 

acids) with more than one double bound (Tvrzicka et al., 2011). In general, the more double 

bonds there are in the fatty acid, the more prone they are to lipoperoxidation (Kaasgaard et al., 

1992). 

Within the PUFA group, we can find two major families, omega 3 and omega-6. 

In the Ƿ-3 PUFA family, the term n-3 identifies the position of the double bond. The parent 

fatty acid is ǟ-linolenic acid (ALA; 18:3n-3), which is synthesized from linoleic acid (18:2n-6) 

(LA) through desaturation, catalysed by delta-15-desaturase. Since the lack of certain enzymes 

in mammals, the endogenous desaturation of these compounds can take place not beyond ǃ9 

position, so some fatty acids, like ǟ-linolenic acid, are considered essential and must be 

supplied in the diet. Although this lack of enzymes in humans and animals, they can 

metabolize ǟ-linolenic acid through additional desaturation and elongation to obtain long-chain 
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PUFA (Tvrzicka et al., 2011). As shown in Figure 1, ǟ-linolenic fatty acid can be firstly 

converted by elongation, desaturation to Eicosapentaenoic acid (EPA; 20:5n-3) and then, 

further catalysed reactions lead to yield Docosahexaenoic acid (DHA; 22:6n-3). Although it is 

possible for the body to convert ALA to EPA and DHA, researches have demonstrated that 

only a small amount can be synthesized from this process (Swanson et al., 2012).  

Both the conversions of ALA to EPA and linoleic acid to arachidonic acid (20:4n-6) (AA) 

need the same enzymes to take place, so they are in competition, especially for ǃ6 desaturase 

(Calder, 2013). The activity of ǃ6 and ǃ5 desaturases are regulated, among the different 

factors, also by nutritional status (Calder, 2013). 

 

 

Figure 1. Pathways of biosynthesis ǷĬ6 and ǷĬ3 fatty acids. (Adapted from Nagy and Tiuca (2017)). 
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Dietary sources of ALA are oils from both plant, like linseed and soybeans (Gunstone et al., 

1994) and animal sources , like eggs. Whereas, its metabolites EPA and DHA, are available 

from marine food sources, such as fish, fish oils and algae (Ganesan et al., 2014). 

On the other side, the parent fatty acid of Ƿ-6 is linoleic acid and one of its metabolic products 

such as arachidonic acid. They can be found in some vegetable oils, for instance sunflower 

seed oil and soybean oil.  

The PUFAs health benefits have been widely demonstrated (Ganesan et al., 2014). Indeed, 

these essential fatty acids play an important role at different levels, not only for normal growth 

and for development, but also for the evolution of chronic diseases, such as cancer and 

diabetes (Simopoulos, 2010). Indeed, twenty-carbon PUFAs have been shown to be promoters 

of eicosanoids that regulate inflammatory and immune responses through pro- and anti-

inflammatory activities (Calder, 2013, Calder, 2015).  

 

1.2. Fats in animal nutrition 

In the last decades, supplementation of fats in animal nutrition has become a standard practice. 

Thatõs because lipid are not only passive energy-providing molecules but also metabolic 

regulators able to act in an hormone-like manner in the control of transcription factors 

involved in lipid metabolism (Jump, 2004, Jump et al., 2005, Agazzi et al., 2010) , immune 

response (Agazzi et al., 2004) and milk fatty acid secretion (Cattaneo et al., 2006, Bernard et al., 

2008). 

As an example, studies on ruminants have demonstrated that increasing the supply of energy 

with fat from late pregnancy to the first weeks of lactation lead to improved health status and 

to ameliorate some aspects of immune response. This can occur especially when 

polyunsaturated n-3 and n-6 omega fatty acids, rather than saturated fatty acids, were added in 
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the diet (Thering et al., 2009, Agazzi et al., 2010, Sordillo, 2016). Conversely, increasing energy 

density during the close-up dry period was recently reported to increase the incidence of 

metabolic disorders in dairy cows after calving (Vailati-Riboni et al., 2016). 

Newly, consumer demand in developed countries looks towards the search of food with 

positive effects on health. As a consequence, there is an increasing interest in functional foods 

(Bhat and Bhat, 2011). In this context, essential is the transfer of dietary fatty acids into the 

animal products, which depends on the nature of lipid digestion of the animal, different 

between ruminants and non-ruminants. 

 

1.2.1. Ruminants 

1.2.1.1. Fat digestion in ruminants 

The presence of rumen and its microbial population determine the composition of fatty acids 

that leave the rumen for the following absorption in the small intestine. Although the profile 

of the fatty acids can be different, the outflow of total fatty acids is very similar to the dietary 

intake of them (Lock et al., 2005). 

Diets for lactating dairy cows are usually around 4-5% of lipid content. The PUFA contained 

in the diet are part of plant triglycerides and glycolipids (Drackley, 2007). Among these 

polyunsaturated fatty acids, the main are linolenic acid from forage crops and linoleic acid 

from oil seeds and concentrates (Lock and Bauman, 2004). The disappearance of these two 

fatty acids in the rumen is approximately around 93% for the former and 85% for the latter 

(Chilliard et al., 2007). 

Lipid metabolism in ruminants consists of two major processes. The first step is the hydrolysis 

of the ester linkages found in triglycerides, phospholipids and glycolipids by enzymes of rumen 

bacteria and the second one is the ruminal hydrogenation of long unsaturated fatty acids into 
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partially and fully saturated derivates. This process provides that the major fatty acid leaving 

the rumen is stearic acid (C18:0) (Zymon et al., 2014) and, thanks to the ruminal microbes, the 

configuration of fatty acids is changed from cis- to trans (Drackley, 2007). 

 

 

Figure 2. Lipid metabolism in the rumen. The prevalent fat types in feedstuff are triglycerides and glycolipids (adapted from Bauman 
and Lock (2006)). 

 

 

 

 

Many factors can affect the rate and the extent of these two processes. For instance, the extent 

of the hydrolysis is reduced by the increasing of dietary fat level and by the reduction of 

ruminal pH (Bauman and Lock, 2006). Likewise, the rate of biohydrogenation is faster along 
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with the increasing of unsaturation level (Bauman and Griinari, 2003) and it is more intense 

with lower amount of concentrates (Chilliard et al., 2007). 

During hydrolysis, rumen bacteria separate the fatty acids from the glycerol backbone and this 

process ensures that no monoglycerides or diglycerides pass the lower digestive tract 

(Drackley, 2007). The only exception to this process would be for saturated fatty acids for their 

low solubility due to their high melting point.  

Afterward, the unsaturated fatty acids are hydrogenated to saturated fatty acids because toxic 

to many rumen bacteria (Bauman and Lock, 2006).  

During the biohydrogenation, intermediate compounds with trans-double bonds are produced. 

One of these is conjugated linoleic acid (CLA), which recently has been investigated for its 

beneficial effects on human health (Kim et al., 2016). 

 

 

Figure 3. Rumen biohydrogenation of fatty acids (adapted from Savoini et al., (2016)). 
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As a result through the first chamber of the alimentary canal, the lipid material consists mainly 

of free fatty acids (80-90% of lipids) attached to feed particles. The very small part not 

included in this component (20-10%) is composed by microbial phospholipids and traces of 

triglycerides and glycolipids from residual feed material, which are hydrolysed by intestinal and 

pancreatic lipases (Doreau and Ferlay, 1994, Lock and de Souza, 2016). 

Thanks to the greater capacity of the bile salt and the micellar system to solubilize fatty acids, 

as well as the opportune acidic pH of the duodenum and jejunum (pH 3.0 ð 6.0), the intestinal 

absorption coefficient of singular fatty acid is higher in ruminants than non-ruminants (for the 

former it is around 80% for SFA and 92% for PUFA in low fat diets) (Nieto and Ros, 2012). 

Once absorbed, they are re-esterified into triglycerides (with glycerol produced from 

metabolism of blood glucose) and wrapped into chylomicrons or very low-density lipoproteins 

(VLDL) to be transported to the lymphatic system. Then, through the bloodstream, they can 

be delivered to various organs of the body (like mammary gland and heart) that can use the 

triglycerides. Thanks to lipoprotein lipase, they are broken down to free fatty acids in the 

capillaries of these tissues. Once inside the cells, they can either be built back into triglycerides 

or burned to release energy (Drackley, 2007). 

Differently form absorbed nutrients like amino acids, dietary fats do not reach the liver 

directly. Therefore, they can not play a role in the onset of fatty liver. 

The small amount of PUFA which escapes biohydrogenation is absorbed from the intestine 

and incorporated into cell membrane phospholipids (Woods and Fearon, 2009). 

 

1.2.1.2. Dietary fat during periparturient period 

Fat are widely used in dairy animals being a strategy to modulate the answer to stressing events 

that are common during peripartum period. Because of that, the transition period, namely 



14 
 

from 3 weeks before to 3 weeks after parturition (Drackley, 1999), is considered the most 

appropriate phase to increase productive performance of dairy animals (Bronzo et al., 2010). A 

number of changes in endocrine status can take place to accommodate parturition and 

lactogenesis, which lead to modify the metabolism drastically (Vailati Riboni et al., 2015). 

Indeed, this timeframe is marked by enhanced energy requirements (due to the onset of 

lactation), diminution in dry matter intake (DMI) as well as negative energy balance (NEB) 

(Sordillo et al., 2009). In particular, some degree of negative energy balance is beneficial during 

early lactation because it can raise the metabolic efficiency, conveying the nutrients towards the 

mammary gland (Vernon, 2005). On the other hand, if it is severe, the hepatic function can be 

impaired, leading in ketosis, fatty liver (EĹki et al., 2015), and strongly influencing reproductive 

system and immunological status (Drackley, 1999, Duffield, 2000). 

Since the liver can òsense the fuel needs of all of the other tissues in the body and respond by 

adjusting its metabolism accordinglyó (Arias et al., 2009), it plays a key role in coordinating 

nutrient fluxes across the periparturient period (Drackley et al., 2001). 

In order to adapt to NEB, mobilization of fat from body stores (in the form of non-esterified 

fatty acids - NEFA) into blood stream can occur (Sordillo et al., 2009), with their subsequent 

increment in plasma. After being carried to the liver, NEFA are oxidized to generate energy, 

ketone bodies, or esterified to triacylglycerol (TAG) followed by synthesis of very low-density 

lipoproteins (Invernizzi et al., 2016).  When NEFA become excessive, fatty liver or hepatic 

lipidosis will occur in early lactating cows (Kuhla and Ingvartsen, 2018). Instead, in small 

ruminants this frequently happens during the last phase of pregnancy (Pinotti et al., 2008, 

Savoini et al., 2010). 
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Figure 4. Schematic metabolic relationships among lipid metabolism in adipose tissue, liver, and mammary gland during the transition 
period. (+) indicates stimulatory effects, (-) indicates inhibitory effects. Dashed lines indicate processes that happen at low rates or only 
during certain physiological states. (NE = norepinephrine, Epi = epinephrine, CPT-1 = carnitine palmitoyltransferase-1, GPAT = 
glycerol-3 phosphate acyltransferase, TG = triglyceride, CoA = coenzyme A, VLDL = very low density lipoprotein.  Adapted from 
Drackley (1999). 

 

   

 

  

 

Evidence from dairy cow studies underscores the usefulness of supplemental fat 

administration during this productive phase (Staples et al., 1998, Ballou et al., 2009). 

Specifically, dietary fats can provide dense energy sources or act as modulators of metabolic 

and immune pathways (Tsiplakou and Zervas, 2013b, a) that have been proved to be linked to 

each other, enhancing the incidence of disorders around calving (Sordillo and Mavangira, 

2014). 
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1.2.1.3. Lipid sources for ruminants 

Since has been proven that diet can influence fatty acid composition of animal products 

(Woods and Fearon, 2009), object of interest is the kind of lipid compounds provided by the 

different fat sources. 

With the general term òlipidó, we consider a wide category of substances insoluble in water or 

other aqueous solvents and soluble in organic solvents (Kates, 1986). 

Changing the composition of the diet adding fatty acid-rich sources, the basal diet itself can 

influence the lipid composition of animal products. 

Considering the different raw materials fed to ruminants, we can account for four types of 

lipids. We can find triglycerides (a molecule of glycerol combined with three fatty acids) in 

cereal grains, oilseeds and by-product feeds. Then, in forages, the main components are 

glycolipids (like the previous compounds but instead of the third fatty acid, with more sugars 

linked to the glycerol). The very small role in feedstuff for dairy cows is played by 

phospholipids (where the third position of glycerol is linked to a phosphate group, in turn 

attached to an organic base) and free fatty acids (few in feed, but the main component in fat 

supplements) (Drackley, 2007). 

In terms of free fatty acids, depending on the raw materials (and their specific composition) 

taken into consideration, they can differently affect the fatty acid composition of animal 

products.  

 

Forages are rich of n-3 PUFA (level can depend on the maturity and variety of the grass), in 

particular it has been proven how they can transfer linolenic acid (C18:3) into animal products 

(French et al., 2000, Chilliard et al., 2007). Even though the benefits obtained in milk and meat, 

feeding forages is less effective than the ones obtained with protected fat supplements, they are 
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a cheaper solution and have a more positive feedback of the consumers (Woods and Fearon, 

2009).   

Whereas, oilseeds can enrich milk and meat with the linolenic acid (C18:3) (Ebrahimi et al., 

2014, Doreau and Ferlay, 2015) , while marine algae or fish oil have impact on increasing EPA 

and DHA (Greco et al., 2015). 

 

1.2.2. Non-ruminants 

1.2.2.1. Fat digestion in non-ruminants 

In contrast to ruminants, in non-ruminants dietary fats are absorbed unchanged before 

incorporation into the tissue lipids. Therefore, dietary lipid sources have a direct effect on fatty 

acid composition of these animal products, and for this reason, the protection of feed during 

digestion is not required (Woods and Fearon, 2009).  

Lipid digestion takes place for a small part (10-30% of the lipid hydrolysis) in the stomach, 

under gastric lipase and for the most in the small intestine by pancreatic lipase. Thereby, the 

principal site of digestion of these dietary compounds in monogastrics is the small intestine 

(Mun et al., 2007). Pancreatic lipase breaks the TAG down to 2-monoacylglycerols and free 

fatty acids. Afterward, these two latter compounds are associated with bile salts and 

phospholipids forming micelles, which allow these poor soluble substances to be carried to the 

surface of the enterocyte, where they can be absorbed. Once inside the enterocyte, 

monoglycerides and fatty acids are re-synthesized into TAG. The TAG is packaged, along with 

cholesterol and fat-soluble vitamins, into chylomicrons. Chylomicrons are lipoproteins, special 

particles that are designed for the transport of lipids in the blood circulation (Harrison and 

Leat, 1975).  
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In general, the ability of non-ruminants to digest fatty acids decreases when chain length 

increases and it enhances along with the number of double bonds (Lessire et al., 1992). 

 

1.2.2.2. Lipid sources for non-ruminants 

The cereal-based diet offered to monogastric provides mostly n-6 PUFA and only a small 

amount of n-3 PUFA. In order to obtain omega 3-riched products, dietary strategies are 

focused on evaluating the effects of the supplementation of both terrestrial and marine n-3 FA 

sources.  

Researches using vegetable oil addition (linseed, sunflower, soybean, and olive oil) in non-

ruminants have showed how plant oils have different impacts on the deposit fat and how the 

site of fatty acid deposition depends on fatty acid content of the oil (Crespo and Esteve-

Garcia, 2002). 

Moreover, testing marine oils (like fish oil) have shown that the transfer of n-3 long chain 

polyunsaturated fatty acids, of which they are rich in, is influenced by time and duration of 

supplementation (Nieto and Ros, 2012). 

Marine algae, as the DHA source par excellence, have been fed to laying hens and chickens to 

look into the possible effects of this lipid supplementation on fatty acid composition of eggs 

(Meluzzi et al., 2001) and meat (Sirri et al., 2003). 

 

1.3. Animal health ð the role of PUFA 

1.3.1. Physiological adaptations during transition period and dietary fat 

supplementation 

The efficiency of the immune system, as a complex biological process aimed to protect the 

animal, determines the answer of the animal to withstand the outset of a disease. Its role deals 
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with the prevention of microbial invasion or, if already existing, with the elimination of those 

infections or injuries restoring the normal and physiological functions of tissues (Sordillo, 

2016). Both the innate and adaptive immune systems cooperate to provide the most effective 

protection from external risks. The former is the fastest response after a tissue insult and with 

a nonspecific nature. Whereas the latter is delayed and more specific, able to improve its 

response to repeated exposures of the same pathogen (Sordillo, 2016). 

Cytokines (such as TNFǟ, IL1 and IL6), as an innate defence, are a common feature of many 

inflammatory conditions (Calder, 2009, Calder, 2011, Calder, 2013). Their activity, resultant as 

the interaction with their receptors located on host cells (Sordillo and Streicher, 2002, 

Bannerman, 2009), facilitates the migration of leukocytes from blood into tissues, followed by 

the cell recognition of bacteria (Ryman et al., 2015). 

If this immune response fails, will be the role of the adaptive immune response, which recruits 

lymphocytes and memory cells to recognize specific antigenic determinants of the pathogen 

(immunological memory) (Sordillo, 2016). 

Inflammation occurs in the initial phase of the immune response (innate defence) and 

determines if the tissue insult can be eliminated and functions can return to normality (Raphael 

and Sordillo, 2013, Sordillo and Mavangira, 2014). The fundamental signs of inflammation are 

redness, swelling, heat, pain and loss of function (Calder, 2015). If local defences are not 

effective, the acute phase reaction will take place, so from a local inflammation it moves to a 

systemic reaction that can lead to both acute and chronic forms (Ceciliani et al., 2012, Bradford 

et al., 2015, Calder, 2015). Therefore, the lack of an appropriate balance between the inception 

and the resolution of the inflammatory state converts into chronic (Aitken et al., 2011). 

Under inflammation, all nutrients are directed to sustain the immune system at the expense of 

storage and growth (Gifford et al., 2012).  
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An evident inflammatory response is manifested, for example, in transition cows as well in 

small ruminants, due to their proximity to pregnancy and lactation (Humblet et al., 2006, 

Sordillo et al., 2009, Trevisi et al., 2012, Bradford et al., 2015, Caroprese et al., 2015). A typical 

signature is the release of pro-inflammatory cytokines, with metabolic changes (Kushibiki et al., 

2003, Bertoni et al., 2004). Dairy goats, similarly to what reported in cows (Bertoni et al., 2008, 

Trevisi et al., 2012), could experience some degrees of inflammation around kidding 

(Invernizzi et al., 2016) just as a homeorhetic role of physiological adaptation to lactation 

(Farney et al., 2013, Bradford et al., 2015, Vailati Riboni et al., 2015). 

 

 

Figure 5. Hypothesized responses to resolved and unresolved inflammation in early-lactation dairy cows (adapted from Bradford et al. 
(2015)). 

 

                    

 

 

Actually, transition period can compromise the immune system (hypo responsiveness) because 

characterized by health disorders with consequences on the productive efficiency of cows 

(Pinedo et al., 2010, Sordillo, 2016). Indeed, it has been proved how the metabolic and 

immune pathways are linked to each other and how this correlation can enhance the incidence 
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of disorders around calving (Sordillo and Mavangira, 2014). Moreover, long since, it was 

established how metabolic and infectious diseases take place concurrently rather than as single 

events (Curtis et al., 1983) and how nutrient intake is their common nexus. As matter of fact, 

both over- and under-conditioned cows have higher incidences of disease (Heuer et al., 1999, 

Roche et al., 2009). In the first case, the normal prepartum falling in DMI is aggravated with a 

worsened NEB, a more intensive lipid mobilization from tissue stores to the liver (NEFA), 

and a greater sensitivity to infectious and/or inflammatory diseases (Janovick and Drackley, 

2010, Bertoni et al., 2015). On the other hand, the insufficient intake in terms of energy and 

protein is not enough to cover cow needs for milk production and disease resistance 

(Hoedemaker et al., 2009, Roche et al., 2009). 

Since the transition period is characterized by a high incidence of immunological changes 

associated with metabolic and physical stresses (where stress is an imbalance in the 

physiological homeostasis of an organism (Sordillo and Mavangira, 2014)), this physiological 

stage is the most appropriate to increase productive performance and improve the health of 

dairy animals, including goats (Bronzo et al., 2010). 

 

Figure 6. Flow chart of the possible events underlying a negative outcome of the response to the combined stress of pregnancy/lactation 
onset in dairy cows (adapted from Trevisi et al. (2012)). 
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Proved in human field and confirmed in animal medicine as well, the optimum energy level is 

crucial for a proper immune function (Calder, 2013). Indeed, cells from both innate and 

adaptive immune systems, when active, require high-energy. Although NEFA (produced 

through Ǡ-oxidation) can be used as an energy source, there is evidence that changes in fatty 

acid composition of immune cells can affect the immune response (Raphael and Sordillo, 

2013). For instance, EPA and DHA can exert anti-inflammatory functions being able to 

interact with signalling pathways, including peroxisome proliferator-activated receptor (PPAR) 

and sterol response element binding protein (SREBP) family (Clarke, 2004). 

As a result, lipid supplementation is widely used in dairy cows being a strategy to modulate the 

answer of animals to stressing events as during peripartum. In fact, dietary fats are more than 

just a source of energy, being also modulators of lipid metabolism and immune system 

(Tsiplakou and Zervas, 2013a, b).  

 

 

Figure 7. Metabolic fates of dietary fatty acids (adapted from Ganesan et al. (2014)). 

       

 

 

 



23 
 

Similarly, increasing energy level during the close-up dry period has shown to enhance the 

occurrence of metabolic disorders in dairy cows after calving (Vailati-Riboni et al., 2016). 

 

1.3.2. Nutrigenomic approach 

Nutrigenomics, as a recent field of research in livestock species (Dawson, 2006, Fekete and 

Brown, 2007), is the study of the genome-wide influences of nutrition altering the expression 

of genes (Muller and Kersten, 2003, Kaput and Rodriguez, 2004). In other words, food 

nutrients (including fatty acids) are able to interact with the genome (not directly but through 

the intermediate action of transcription regulators) affecting biological functions and having an 

impact on the entire organism (Bionaz et al., 2015). In detail, transcriptional factors are 

proteins that bind short DNA sequences (response elements) located in the enhancer regions 

of genes (Shlyueva et al., 2014), inducing the transcription of genes. For this reason, 

transcriptional factors play a central key in nutrigenomics (Osorio et al., 2017). 

 

 

Figure 8. Proposed model for transcription factor activation by nutrients in the cell (adapted from Osorio et al. (2017)). 
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Studies on lactating cows (Akbar et al., 2013, Hiller et al., 2013) have explicated a tissue-

specific response in relation to different kind of FA, with positive nutrigenomic effects for 

saturated long-chain FA on liver and for unsaturated long-chain FA on adipose (Bionaz et al., 

2015). 

Several are the researches that have been performed to study how fat supplementation in 

ruminants could affect metabolism and/or immune response at level tissue, analysing mRNA 

and/or miRNA of genes involved in lipid and inflammatory pathways. 

Schmitt et al. (2011), for instance, focused on the determination of adipose tissue level mRNA 

expression of some enzymes and transcription regulators, inflammation-related genes and 

adipokines after long chain FA supplementation, observing an increase adipogenic 

differentiation in response to SFA.  

Few years ago, Bichi et al. (2013) investigated mRNA expression and abundance of key 

enzymes involved in lipid metabolism in different tissues (mammary, adipose, and hepatic) 

after feeding marine algae to sheep.  

In regards to sheep, Conte et al. (2012) studied the effects of dietary substitution of sunflower 

oil with linseed oil (a dietary PUFA source) in regulating the SCD expression in skeletal 

muscle. 

A more recent study to evaluate immunometabolic adaptations to lactation in subcutaneous 

adipose tissue was performed by Vailati-Riboni et al. (2017). They tested how different dietary 

energy levels during transition period can affect cowsõ health on metabolic level, measuring 

mRNA and miRNA expression of targets related to adipogenesis and inflammation. 
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1.3.2.1. Tissue - level mechanisms investigation ð mRNA expression in dairy 

cattle 

At the moment there is a well-established knowledge about dietary fat sources accounting for 

both metabolic and molecular changes during transition (Bionaz et al., 2015, Osorio et al., 

2017), but tissue-level mechanisms are still poorly investigated. Moreover, despite belonging to 

the same ruminant suborder, some studies outlined as the way small and large ruminants face 

the transition period can differ (Sauvant et al., 1991, van den Top et al., 1995, DõAmbrosio and 

A. Agazzi, 2007, Pinotti et al., 2008). 

At animal level, adipose tissue is not only a fat storage, but it is an active tissue. Indeed, it 

regulates animal reserves through the production of adipokines (McGown et al., 2014, Musi 

and Guardado-Mendoza, 2014) and controls inflammation locally through the recruitment and 

regulation of the innate immune system (Grant and Dixit, 2015). 

The composition of dietary fatty acids, both in humans and animals, can regulate inflammation 

producing lipid mediators, whose substrates result from membrane phospholipids and depend 

on dietary fatty acid composition (Calder, 2011, Contreras and Sordillo, 2011, Raphael and 

Sordillo, 2013). Among FA, n-3 PUFA (EPA and DHA) are the most effective, and their 

influence on the cell types involved in inflammation and on the production of some chemical 

mediators has been studied for many years. 

Contreras et al. (2012) showed that the exposition of Bovine Aortic Endothelial Cells to a 

mixture of FAs that reflects the composition of non-esterified fatty acids (NEFA) during the 

1st week of lactation determined an increase of pro-inflammatory responses compared with 

cells exposed to a mixture of FAs enriched in EPA and DHA. Increasing the n-3 FA content 

of vascular phospholipids could mitigate the expression of cytokines (interleukin-6 and 8) (Fu 

et al., 2017, Mavangira and Sordillo, 2018), of adhesion molecules (intercellular and vascular 
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adhesion molecules) associated to an increase of inflammatory response, of reactive oxygen 

species (ROS), and of pro-inflammatory metabolites of linoleic acid. 

Recently, Greco et al. (2015) have proved that reducing the n-6/n-3 FA ratio in the diet of 

early lactation dairy cows can attenuate inflammatory response to lipopolysaccharide (LPS) 

challenge. In particular, haptoglobin (Hp) was greatest in the mammary gland of cows fed the 

highest n-6/n-3 ratio (5.9). Moreover, interleukin-6 concentration in plasma increased as the 

ratio n-6/n-3 FA increased. In fact, it has previously demonstrated that n-6 PUFA can increase 

the proportions of arachidonic and linoleic acids in membrane phospholipids, escalating the 

pro-inflammatory response. On the opposite side, n-3 PUFA can increase the proportion of 

these FA in cell membranes, mitigating the inflammatory responses (Calder, 2012). Then, we 

can postulate that is the same at animal level (Gifford et al., 2012). 

In a study by Agazzi et al. (2004), dietary fish oil fed to transition dairy goats was found to be 

effective on cell-mediated immune response, with modified mononuclear and 

polymorphonuclear (PMN) cells ratio as result. Treating cells with DHA (Pisani et al., 2009) 

exerted an increased PMN leukocytes phagocytic activity and lower Reactive Oxygen Species 

(ROS) production after in vitro challenged with EPA and DHA. 

A subsequent validation in vivo of the obtained results demonstrated that both EPA and DHA 

have beneficial effects on goat health by improving the defensive performances of neutrophils 

(Bronzo et al., 2010), avoiding cellular and tissue damages by ROS. EPA and DHA also 

affected goat monocyte activities by up-regulating phagocytic activity and ROS production 

(Lecchi et al., 2011) and by interfering with the formation of lipid droplets and by up-

regulating proteins belonging to PAT protein family, perilipin family, namely PLIN1 

(perilipin), PLIN2 (adipophilin) and PLIN3 (Lecchi et al., 2013). 
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Another study by Stryker et al. (2013) demonstrated that supplementation of fishmeal to 

pregnant and lactating ewes could alter both innate and acquired immune response. 

Specifically, after a LPS challenge at 135 days of pregnancy ewes fed fishmeal showed an 

attenuated febrile response compared to soybean meal, and the basal Hp concentration was 

lower after a sensitization with hen egg white lysozyme during lactation.  

The central role of mRNA expression in coordinating changes in different metabolic cellular 

pathways and endocrine functions has been highlighted in recent years, primarily in work with 

dairy cows (Arner and Kulyte, 2015, Vailati-Riboni et al., 2016). 

Quite recently, Rezamand et al. (2016) determined the effects of ALA-enriched rations, adding 

camelina meal, on gene expression in Holstein dairy cattle. It was displayed both pro- and anti-

inflammatory effects of this dietary source ALA-enriched on some of the local and systemic 

inflammatory markers at transcriptional level. They observed how feeding this dietary source 

(rich in n-3 FA) could synthesize eicosanoids with anti-inflammatory effects on the bovine 

immune system at local and/or systemic levels. On the other hand, eicosanoids originated 

from AA seem to have pro-inflammatory activities.  

 

1.3.2.2. The emerging approach of miRNA in ruminants 

In the early 21st century, microRNA (miRNA) has received particular interest from the 

research.  

In molecular biology, miRNAs comprise a novel class of endogenous, small noncoding RNA, 

about 22 nucleotides in length, able to regulate gene expression, binding, directly or indirectly, 

to complementary sequences of target mRNA with a decreased mRNA levels (Guo et al., 

2010). 
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 It has been shown how they can control posttranscriptional regulation by preventing 

translation of mRNA (Osorio et al., 2017) and can get involved in diverse biological pathways 

dealing with development, physiology, and pathophysiology (Zhang, 2008). 

One of the initial studies in small ruminants was performed on sheep in order to identify 

miRNA with a title role in hair growth (Wenguang et al., 2007), with results that highlighted 

the essential function of miRNA in follicle formation and subsequent future impact on the 

wool industry. 

Among the different involvements, adipose miRNA have been suggested to be implicated in 

body controlling adipogenesis, regulation of metabolic and endocrine functions (Arner and 

Kulyte, 2015), adipocyte metabolism (Jin et al., 2009, Jin et al., 2010), and levels of the 

chemokine CCL2 (Arner et al., 2012) (miR-92a, miR-126, and miR-193b) in response to 

administered diet (Romao et al., 2012).  

Therefore, alterations of miRNAs affect gene expression and some biological processes, such 

as inflammation (Sayed and Abdellatif, 2011). Specifically on inflammation, Kloting et al. 

(2009) explained how miRNA expression patterns are associated with levels of inflammatory 

molecules such as cytokines and the degree of immune cell infiltration. 

Another example is the study performed in 2014 by Wang et al. on goats. Focused on muscle 

maturation during two developmental stages of skeletal muscles (fetal stage and six month-old 

stage), this study was performed because limited information about goat muscle miRNAs has 

been reported. After extensive analysis of pathways and networks, they found two miRNA 

(miR-424-5p and miR-29a) with relevant regulatory effect on muscle development, elucidating 

the mosaic network between miRNA and mRNA in goats. 

Nevertheless, under investigation was also the mammary gland on goats and sheep (Zidi et al., 

2010, Galio et al., 2013). 
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In the latter study, 47 new ovine miRNA cloned from mammary gland in early pregnancy were 

object of study, in order to understand the role played by miRNA in the cellular remodeling 

processes of mammary gland. After the appropriate analysis, they observed that there were 

three miRNA (miR-21, miR-205 and miR-200) with an active role in the proliferation and 

maintenance of mammary epithelial cells. 

More recently, Vailati-Riboni et al. (2017) used miRNA (in addition to an mRNA-based study) 

to further understand the adipose responses to the physiological changes induced by the high 

metabolic demands of early lactation of dairy cows. Data on miRNA function and correlation 

with immunity and inflammation result from human models but it is also common knowledge 

that they are conserved among species. For that reason, they took into consideration miRNA 

with a well-known role in human, speculating the same function in bovine. The obtained 

results (mRNA and miRNA expression-based) supported the idea of a homeorhetic 

mechanism of adipose tissue for the adaptation to lactation (because of a cross talk between 

inflammatory response and immune system), with a modulating role of peripartal nutrition in 

these mechanisms. 

Interestingly, several proteomic studies in mammalian cells showed that miRNA can not only 

upregulate the translation of target mRNAs (Vasudevan et al., 2007) but also directly interfere 

with gene transcription (Kim et al., 2008), and their presence is closely linked to the production 

of several proteins levels of inflammatory molecules, like cytokines (Kloting et al., 2009). 

On the whole, collected data on these small noncoding RNA are enhancing, underlining their 

importance in key physiological processes. 
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1.4. Human health and PUFA 

Newly, the concept of òfoodó has switched from òsource of nutrients for bodyõs needsó to 

òhealth promoteró (Zymon et al., 2014), considering itõs closely linked to the notion of health 

(Elsanhoty et al., 2009). This has therefore led to an increasing demand of òfunctional foodsó. 

It is evident that foods contain biologically active components (Bhat and Bhat, 2011) able to 

affect some functions in the body, with subsequent positive effects on human health (Bellisle 

et al., 1998). First among all, fruits and vegetables were included in this category and only in 

recent times, animal-derived foods have been demonstrated to contain bioactive components 

(Bauman and Lock, 2006). 

We speak of ònutritional safetyó, meaning the knowledge of how these nutrients can positively 

affect human health and how it is possible to increase their content in milk, meat and eggs 

(Cheli and Dell'Orto, 2015). 

This new interest is also a consequence of the awareness that recently the westernized diet is 

characterized by too low a proportion of n-3 fatty acids and too high a content of n-6 fatty 

acids, with an associated change of n-6:n-3 FA ratio 1:1 to 15:1 (McDaniel et al., 2010). 

Notably, particular interest is focused on two members of n-3 long chain polyunsaturated fatty 

acids, EPA and DHA, which could be provided by either food or could be synthesized in the 

organism from ALA (Markiewicz-Kŗszycka et al., 2013).  

Simopoulos (2008) showed in one of his papers that the optimal ratio between these two 

essential fatty acids is specific to different diseases. Since higher n-6:n-3 ratio is associated with 

health disorders (such as cardiovascular diseases, arthritis, psoriasis and colitis) (Kearns et al., 

1999, McDaniel et al., 2010), the optimal n-6:n-3 ratio should be below 4 (according to the 

Food and Agriculture Organization ð FAO / World Health Organization ð WHO). 
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In particular, it has been determined that dietary saturated fatty acids (specifically C14:0 and 

C16:0) and trans-fatty acids can increase the incidence of these pathologies (especially when 

the latter are higher than the former) (Shingfield et al., 2008, Givens, 2010, Shingfield et al., 

2013). 

Nevertheless, a high amount of SFA is also associated with lowered insulin sensitivity, 

increasing the risk of metabolic syndrome and diabetes (Funaki, 2009, Kennedy et al., 2009). 

On the other hand,  an increased amount of omega 3 fatty acids in the diet are responsible for 

beneficial health effects, being capable of impacting the prevention and treatment of many 

diseases (Calon and Cole, 2007, Calder, 2012, Calder, 2013, Markiewicz-Kŗszycka et al., 2013). 

For this reason, the European Food Safety Authority Journal (EFSA) recommends that the n-3 

FA intake in the human diet has to be between 250 and 500 mg/day (EFSA Panel on Dietetic 

Products and Allergies, 2012).  

These days, there is confusing information from the media about the effects of fat and FAs in 

dairy products on human health. Rather, we must consider biological and nutritional values of 

the individual FAs, and this is indeed true for saturated FAs. 

Actually, there is an association between their presence and the risk of coronary diseases. 

Although the fat contained in milk is mostly saturated, some of this has no effect on plasma 

cholesterol (Bauman and Lock, 2006). 

The estimated costs related to cardiovascular diseases in the European Union are estimated at 

û210 billion per year (Wilkins et al., 2017) and in the American economy more than $316 

billion per year (Benjamin et al., 2017), with an even worse expectation in the near future due 

to longer life and increasing incidence of obesity (Givens, 2010). 

The current strategies to improve animal product FA composition, to decrease SFA and 

increase MUFA and PUFA contents, can be applied in animal nutrition with the additional 
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positive effects on human diets as well (without any kind of change in consumerõs eating 

habits) (Savoini et al., 2010, Shingfield et al., 2013). 

Among all omega 3 PUFA, the essential EPA (C20:5) and DHA (C22:6) have been shown as 

health beneficial actions (Cattaneo et al., 2006), often with anti-inflammatory properties 

(Calder, 2001). 

For instance, for humans DHA is important for supporting neuronal development in foetal 

and early infants (Hornstra, 2000) and with a marked role in the process of vision and 

prevention of inflammation (Markiewicz-Kŗszycka et al., 2013). Unfortunately, the 

endogenous production of this fatty acid from ALA is very poor (Simopoulos, 2000) due to 

the competition with LA (18:2 n-6) for the same metabolizing enzymes, particularly at the first 

ǃ6-desaturation step (Kuratko et al., 2013). 

Long chain n-3 PUFAs are able to modulate immune functions in various ways by replacing, 

for example, arachidonic acid during the eicosanoid signalling cascade (Calder, 2006), thus 

decreasing the production of inflammatory eicosanoids such as of PGE2 (Rees et al., 2006), 

TXB2 (Caughey et al., 1996), LTB4 (Kelley et al., 1999), 5-hydroxyeicosatetraenoic acid 

(Endres et al., 1989) and LTE4 (von Schacky et al., 1993). 

They can even directly interfere with the cytokine gene expression (Weldon et al., 2007) and 

the production of cytokines themselves (Korver and Klasing, 1997).  

Additionally, they can regulate cell surface expression of adhesion molecules (De Caterina and 

Libby, 1996), membrane fluidity and apoptosis rates (Sweeney et al., 2001). They also have a 

crucial role as inducer of  production of  anti-inflammatory mediators, the resolvins (Serhan et 

al., 2002). Most of these activities directly target leukocyte function (Sijben and Calder, 2007).  

Monocytes, as the major effector cells of the immune system, have the main role in the process 

of the immune response, from the initiation to its outcome. Their defensive activities, as well 
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as those of macrophages, can be affected by long chain Ƿ-3 fatty acids in several ways. For 

instance, both EPA and DHA can increase phagocytosis (Halvorsen et al., 1997) and decrease 

chemotaxis of human monocytes (Schmidt et al., 1992, Schmidt et al., 1996). Cytokine 

expression can be modulated as well, since both EPA and DHA can down-regulate the in vitro 

production of IL-1Ǡ, IL-6 and TNF-ǟ (Babcock et al., 2002, Zhao et al., 2005, Weldon et al., 

2007).  

Monocytes/macrophages, together with neutrophils, produce high amounts of reactive oxygen 

species (ROS) (involved in oxidative stress), commonly found in many disease processes and 

responsible for the killing of microorganisms. If this production is excessive, like in chronic 

inflammatory or immune diseases, ROS could damage cellular lipids, proteins and DNA, 

eventually impairing cell function. Despite the fact that it seems that long chain PUFA are able 

to modulate cellular production of ROS in macrophages (Yaqoob and Calder, 1995), 

neutrophils (Healy et al., 2003) and lymphocytes (Cury-Boaventura et al., 2005), their activity is 

still debated. Indeed, some authors found an increase while others, on the other hand, found a 

decrease in ROS production (Martins de Lima et al., 2006).  

One more major homeostatic mechanism to control the activity of monocytes is the regulation 

of leukocyte apoptosis, decreasing or enhancing their lifespan during inflammation, eventually 

resolving the inflammatory process. There is increasing evidence that PUFAs can cause cell 

death in normal and cancer cells (Heimli et al., 2002, Sweeney et al., 2007). Even though it was 

evident that macrophages (Martins de Lima et al., 2006), neutrophils (Healy et al., 2003) and 

leukaemia cells (Cury-Boaventura et al., 2005) displayed morphological features of apoptosis 

and necrosis with PUFAs at high doses, the mechanisms by which these FA can cause it are 

still debated. 
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Unfortunately the content of EPA and DHA is minimal in ruminant diets and so milk has a 

very low amount of them (<0.1% of total fatty acids) (Lock and Bauman, 2004). Nevertheless, 

an improvement in their content in animal diets could lead to a higher available content of 

these fatty acids in milk for human consumption. 

Fish oil, amongst the dietary sources of these essential fatty acids, seems to be the most 

promising one because of its high amount of EPA and DHA.  The use of fish oil, however, is 

a costly supplementation of lipids compared to other more conventional fatty acid sources and 

there is increasing concern on the sustainability of the use of fish products in animal diet 

(Botsford et al., 1997), which leads to the consideration of alternative sources of long-chain n-

3 PUFAs (Matthews et al., 2000).  

One of these could be a source of ALA as a precursor for EPA and DHA, like linseed. 

Unfortunately, it presents two main disadvantages:  

¶ a low digestibility for digestive enzymes due to the seed coat that can be usually solved 

with treatments like extrusion and expansion; 

¶ the presence of anti-nutritional factors, which however can be destroyed by thermo-

extrusion to some extent (Kouba and Mourot, 2011). 

Alongside linseed, algae have high content of PUFAs and can be considered as an alternative 

to fish oil (Woods and Fearon, 2009). Among the numerous advantages there are the relatively 

low cost and the high growth rate. In addition, these compounds were found to have some 

interesting bioactive components such as antioxidants, sulfated polysaccharides, phlorotannins, 

diterpenes, minerals and vitamins, high protein content, valuable nutrients (KouƏimsk§ et al., 

2014, Maghin et al., 2014). Thus, the usage of algae as a dietary additive in livestock diets could 

be worthwhile (Rasoul-Amini et al., 2009), especially with the aim of decreasing SFAs content 
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through an increased content of conjugated linoleic acid (CLA) and other PUFAs in the 

ruminantõs milk (Papadopoulos et al., 2002). 

The content of PUFA in algae is higher than in terrestrial plants (Balboa et al., 2013) in spite of 

diversities in terms of fatty-acids composition among species and intra-species, depending on 

environmental and geographical factors (Li et al., 2002, Narayan et al., 2008), season (Terasaki 

et al., 2009), and algal parts (Khotimchenko and Kulikova, 2000). 

The use of algal source as PUFA enrichment is a very new topic and not so common in dairy 

goat nutrition, but interest is continuously increasing because of several health benefits found 

in other species through their prebiotic functions, antimicrobial activities, improved 

digestibility, antioxidant role and anti-inflammatory and immunomodulatory properties 

(Maghin et al., 2014).  

Another alternative could be Camelina sativa, also known as false flax. It is an oilseed crop of 

the Brassica (Cruciferae) family, whose oil is rich in omega-3 FA, specifically ALA and LA 

(Acamovic et al., 1999, Kakani et al., 2012). Native to Northern Europe and Central Asia, it 

has been used for over 2000 years for oil and livestock fodder. The interest as a biofuel source 

has enhanced its production, and consequently, its by-products (such as meal/cake) started to 

be considered as a possible feed source (Cherian, 2012, Meadus et al., 2014).  

 

1.4.1. Dietary manipulation of milk fatty acid composition 

Hippocrates stated that milk is ônatureõs most perfect and complete foodõ. In actuality, it is a 

complete food, rich in bioactive components, able to prevent, and sometimes cure different 

diseases of modern civilization (Akalin et al., 2006, Lovegrove and Givens, 2016). 

Lipids in milk are mainly triglycerides (98%) and the remaining part is composed by 

diacylglycerol, cholesterol, phospholipids, free fatty acids and traces of ether lipids.  
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Furthermore, milk, alongside dairy products, is the main source of C12:0 and C14:0 in the 

human diet, contributing also to the consumption of C16:0 and trans fatty acids in 

industrialized countries (Givens and Shingfield, 2006). 

Notably, dairy milk fat contains between 60% and 70% SFA, 20% and 35% MUFA and trace 

amounts of PUFA depending on the animal species. In cow, goat and sheep the amount of 

PUFA is around 3-4% (Devle et al., 2009, Mayer and Fiechter, 2012), and the most 

representative are LA (C18:2 n-6) and ALA (C18:3 n-3). Milk of sheep and goat usually has a 

smaller n-6:n-3 ratio and greater concentration of ALA compared to cowõs milk (Markiewicz-

Kŗszycka et al., 2013).  

Since desaturation of FA does not occur at position ǃ9 (Cook and McMaster, 2002), n-3 long 

chain PUFA cannot be synthesized, and are thus considered essential. Besides that, the 

conversion of ALA into EPA and DHA is restricted due to metabolic factors, owed to the 

excessive dietary intake of n-6 FA (in particular of C18:2 n-6) (Zymon et al., 2014).  

Since fat content is the most sensitive and responsive component of milk to dietary changes 

(Jenkins and McGuire, 2006), the interest in manipulating milk fat content started more than 

two decades ago and the interest in reducing total fat content ha continued. Thus, applying 

different strategies is possible to enhance milk fat composition, (for instance with dietary 

addition of PUFA, like EPA and DHA). Making this, we should take into account the ruminal 

biohydrogenation, low intestinal digestibility and transportation to the mammary gland that 

mitigate the transfer rate of these FA into milk (Jenkins and McGuire, 2006, Zymon et al., 

2014). 

Milk fat composition is the outcome of both tissue fatty acid biosynthesis and fatty acid 

composition of the diet (Mansson, 2008). In monogastrics there is linearity between dietary 

fatty acid profile and milk fatty acid content, instead, in ruminants the ruminal 
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biohydrogenation process of dietary fatty acids determines fatty acid absorption (Jenkins, 1993, 

Doreau and Chilliard, 1997, Woods and Fearon, 2009). 

In terms of FA synthesis and secretion of milk in ruminants, the mammary gland requires FA 

from two sources, uptake from peripheral circulation and synthesis in the mammary gland (de 

novo synthesis) (Shingfield et al., 2010).  

De novo synthesis deals with the production of the 4:0-14:0 acids and about 50% of 16:0, 

starting with acetate and Ǡ-hidroxybutyrate produced during ruminal fermentation. Mammary 

desaturase enzymes can further modify FA with length between 14 and 18 carbons. The 

remaining C16:0 and almost all long-chain FA come from lipids in blood, after absorption in 

the small intestine or mobilization of adipose tissue (Nudda et al., 2014). They are derived 

from TAG fractions of VLDL and chylomicrons or albumin bound NEFA in plasma. 

Lipoprotein lipase (LPL) is responsible for importing fatty acids into mammary cell, anchoring 

VLDL and chilomicrons to mammary epithelium and subsequently acting on TAG (contained 

in the lipoprotein core) to release NEFA (Shingfield et al., 2010). In addition, the lipids from 

the membrane of bacteria are also a fat source (Vlaeminck et al., 2006). 

 

Diverse studies about dietary fat supplementation in ruminants have been conducted, with the 

addition of different lipid sources, such as fish oil and marine algae to improve EPA and DHA 

content in milk (Loor et al., 2005, Cattaneo et al., 2006, Boeckaert et al., 2008, Mele et al., 

2008, Toral et al., 2010, Shingfield et al., 2013, Toral et al., 2014, Bernard et al., 2015, Cappucci 

et al., 2018). 

The supplementation of fish oil in dairy cows proves to be toxic on ruminal microorganisms, 

leading to a reduction in terms of milk fat content and conferring off-flavors due to FA 

oxidation (Lock and Bauman, 2004). This phenomenon is known as òMilk Fat Depressionó 



38 
 

(MFD) and it can occur in case of low fiber content and high concentrations in the diet 

(Bauman and Griinari, 2003). In contrast to the bovine case, the occurrence of MFD is not 

common in small ruminants, even when they are fed diets rich in starch and containing 

vegetable or marine oils (Shingfield et al., 2010). One possible mechanism to explain what 

happens in cows could be the inhibition of lipid synthesis in the mammary gland in response 

to fatty acid intermediates (such as trans-C18:1) and related metabolites, formed during partial 

biohydrogenation of unsaturated fatty acids in the rumen (Bauman and Griinari, 2001, Toral et 

al., 2010).  

Dealing with goat, data about milk yield and composition when adding n-3 PUFAs in the diet, 

often produced contradictory results. No effects on milk production when feeding fish oil but 

a decrease in terms of milk fat content were found in Cattaneo et al., (2006), El-Nor and 

Khattab (2012), and Toral et al. (2014). Differently, a study on sheep (Kitessa et al., 2001) 

showed a significant milk yield decrease without any change in milk fat content after tuna oil 

supplementation. To the authorõs knowledge scarce literature is available on the effect of 

dietary algae on production and quality of goat milk (KouƏimsk§ et al., 2014), but typically  no 

differences in milk yield and a significant decrease in milk fat content in cow (Franklin et al., 

1999) and sheep (Papadopoulos et al., 2002, Toral et al., 2010) were observed. 

Recently, Meignan et al. (2017) analysed milk fatty acid profiles of feeding dairy cows extruded 

with linseed. After administrating this source rich in ALA, they observed that SFA decreased 

linearly, whereas oleic acid, vaccenic acid, rumenic acid, ǟ-linolenic acid, and the sums of 

mono- and polyunsaturated FA increased linearly when the daily intake of fat from EL was 

increased. Therefore, interestingly the addition of this vegetable source increased the 

proportion of human health-beneficial FA in milk. 
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Another example of enriching animal diets with fat is the dietary addition of both fish oil and 

algae in ruminants that is reported to strongly affect the fatty acid profile of milk, with a 

decrease in SFAs and with increased PUFAs content. In detail, unprotected fish oil was able to 

influence the milk fatty acid profile of goats, characterized by a lower average concentration of 

C18:0 and higher content of C16:1, C18:3, and very long-chain n-3 PUFAs EPA and DHA 

(Cattaneo et al., 2006). 

The administration of algae in the goat diet are reported to decrease palmitic acid content in 

milk with increased levels of oleic, linoleic and linolenic acid. Furthermore, a positive change in 

SFA, MUFA, PUFA was observed, with a reduced proportion of SFA and a tendency to a 

positive shift in n-6:n-3 PUFA, with increasing proportion of n-3 (KouƏimsk§ et al., 2014). 

The observed augment in long chain PUFA content in milk (Papadopoulos et al., 2002, Toral 

et al., 2010) of dairy sheep when fed algae reflected a higher content of these fatty acids, in 

particular EPA and DHA (according with what previously observed in cow) (Franklin et al., 

1999). The observed differences in transfer efficiencies could be explained not only by 

diversities of dietary sources, but also by dosage applied, duration of administration, and 

level/technological methods for rumen protection of the dietary fatty acid sources.  

Particularly to this last point, the transfer efficiency of EPA and DHA from diet into milk is 

already generally limited without ruminal protection due to ruminal biohydrogenation together 

with the preferential incorporation into plasma phospholipids and cholesterol esters (Kitessa et 

al., 2001).  

So, the possibility to introduce òinertó fats in the diet (rather than the native forms of 

supplementation) to escape or bypass fat rumen biohydrogenation is more advisable. As matter 

of fact, if protected, fatty acids can be preserved from oxidation, reducing the negative effects 
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of high levels of unprotected dietary fats on feed intake, ruminal fermentation, and milk fat 

content (Jenkins and Bridges, 2007). 

Mentioning few examples of supplementation, first we can consider algae. Franklin et al. 

(1999) found a DHA transfer efficiency in dairy cow of 8.4% when using an unprotected form 

of algae, and 16.7% when a rumen-protected form was fed.  

Similarly, the DHA transfer rate into sheepõ milk from unprotected algae compound was 

between 5.0% and 8.0% (Toral et al., 2010), while 30% to 60% of dietary EPA was 

incorporated (Papadopoulos et al., 2002). 

Instead, Cattaneo et al. (2010) tested a rumen-unprotected form of dietary fish oil in goats, 

observing that the apparent transfer efficiency of EPA and DHA from fish oil to goat milk 

ranged from 7% to 14% and 7% to 8%, respectively. 

Then, few years ago, Doreau and Ferlay (2015) showed the possibility to take advantage of the 

natural constitution of linseeds, thanks to partially protected lipids of whole seeds. Another 

way to protect feeds could be heating feeds at high temperature, using calcium salts of FAs or 

encapsulating the lipids in a matrix of rumen-inert protein (Jenkins and Bridges, 2007, 

Palmquist, 2009). 

The selection of the best n-3 PUFA sources has to take account not only the transfer rate into 

animal products but also the economic aspect, environmental and ethical sustainability of the 

source. Zymon et al. (2014) discussed it in one of their papers, where they considered fish oil 

as a non-ethical PUFA source, even if fish oil can be obtained from farmed fish. 

Thereby, it is critical to take into consideration alternative sources of n-3 PUFA, for example 

the natural and sustainable green pasture. Indeed, pasture has been proved to enrich milk fat in 

ALA, cis-9 trans-11 CLA and its precursor trans-11 C18:1 (vaccenic acid (VA) (Dewhurst et al., 

2006, Coppa et al., 2011, Shingfield et al., 2013). Nonetheless, milk of pasture-fed dairy cows 
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contains higher levels of EPA and DHA (Hebeisen et al., 1993, Leiber et al., 2005, La Terra et 

al., 2010).  

Increasing n-3 fatty acid content of milk may benefit human health but, at the same time, we 

should consider that it is more vulnerable to oxidation. 

In this context, increasing milk vitamin E content may represent an advantageous tool to 

protect lipids from peroxidation, maintaining milk nutritional and organoleptic quality (Vagni 

et al., 2011). Other antioxidants that can be included in the diet for this aim are plant extracts 

rich in polyphenols (Gladine et al., 2007, Gobert et al., 2009), or superoxide dismutase, catalase 

and glutathione peroxidase (Marchi et al., 2015). 

 

1.4.2. Dietary manipulation of egg quality 

Characterized by digestible proteins, lipids, vitamins, minerals and molecules that promote 

health (Anton et al., 2006), as the other poultry products, eggs are the major source of animal 

protein around the world (Cherian, 2012). Therefore, particular interest is turned to ameliorate 

fatty acid profile of this animal product so widely consumed. Previous studies have 

demonstrated how their fatty acid composition can be modified by manipulating the poultry 

diet. Specifically, it has been shown how adding Ƿ-3 rich meals can increase Ƿ-3 fatty acid 

content of eggs (Kakani et al., 2012). 

Although the positive effects of PUFA, their sources are not in sufficient quantity for the food 

industry and the research is looking for novel n-3 feedstuffs with nutritional and healthy 

effects (Taranu et al., 2014). 

Numerous studies have been published on hen supplementation with either oilseeds and fish 

oil and recently researchers are exploring the possible addition of microalgae into the poultry 

diet (Fraeye et al., 2012). 
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Well known sources and widely used as hen dietary supplementations over the past 20 years 

are flaxseed, canola and other plants. These plants are indicated as an excellent source of ALA 

(Harris et al., 2009). Data on production parameters and egg characteristics of hens fed 

flaxseed are contradictory (Bean and Leeson, 2003, Hayat et al., 2009, Rizzi et al., 2009). Since 

many factors are involved in the determination of these parameters, this could explained the 

diversities in these findings (Fraeye et al., 2012). 

Then, dealing with fatty acid composition, the general outcome shows an increase of ALA and 

EPA levels in yolk. DHA increases as well but with a lesser extent. This can indicate, as many 

authors report, the limit in the conversion of ALA in DHA and EPA, similar as in humans 

(Aymond and Van Elswyk, 1995).  

Interestingly, alongside with enhancement of n-3 FA, they observed a parallel decrease of n-6 

FA levels (Bean and Leeson, 2003, Hayat et al., 2009), especially arachidonic acid (Cherian and 

Quezada, 2016). 

Since the conversion of ALA into EPA and DHA is inefficient, direct supplementation with a 

dietary source rich in these essential fatty acids, such as fish oil, could be worthwhile.  

Similar to what found for studies about egg-enriched with plants, the supplementation of fish 

oil produced contradicting results about production parameters and egg quality characteristics 

(Gonzalez-Esquerra and Leeson, 2000, Cachaldora et al., 2008, Lawlor et al., 2010).  

Referring then to the yolk composition after dietary supplementation, there is a recurrent 

component among the studies. Indeed, although fish oil is abundant in EPA and DHA, eggs 

have been found to be enriched mostly with DHA, while the increase of EPA content is 

limited (Bovet et al., 2007, Lawlor et al., 2010). Herber and Van Elswyk (1996) suggested the 

preference for DHA to be incorporated into membranes in comparison with EPA. 
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As we discussed about the use of plants, also the supplementation of this marine source has 

determined an increase of n-3 PUFA as well as a decrease in AA and total n-6 PUFA 

(Cachaldora et al., 2008, Poureslami et al., 2012). 

Likewise to linseed and fish oil, discrepancies are found among the different performed trials 

feeding microalgae (Cachaldora et al., 2008, Rizzi et al., 2009). Similarly, to eggs from hens fed 

fish oil, DHA strongly increases and n-6 PUFA decrease (Rizzi et al., 2009, Baeza et al., 2015).  

We should remember that feed represents the major cost for food animal production, and FA 

sources for animal products should not be in competition with human health-food uses. For 

this reason, the quest for sources of n-3 FA feeds is focused on looking for alternative feeding 

font that can reduce production costs and guarantee enriched food for human consumption 

(Cherian et al., 2009, Cherian, 2012, Cherian and Quezada, 2016). 

A possible option can be Camelina sativa, characterized by the same composition of flaxseed, 

high levels of Ƿ3/Ƿ-6 fatty acids protein, and ד-tocopherol (Zubr and Matthaus, 2002, 

Cherian, 2012). 

Camelina is an oilseed crop of the Brassica (Cruciferae) family. The cultivation of the crop is 

environmentally friendly because it does not need application of pesticides/herbicides (Zubr, 

2003). Cultivated in Europe for over 2000 years for oil and livestock fodder, there is a renew 

interest about its use as a biofuel source (Cherian, 2012). This increase production has led to 

exploit the meal produced from the oil extraction for poultry industry, in order not to compete 

with the human diet (Kakani et al., 2012). Camelina by-products (like meal/oil cake) are rich in 

protein, essential amino acids, fat and essential Ƿ-3 and 6 fatty acids. For this reason, it could 

be fed in the diet of animals (Meadus et al., 2014).  
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As being monogastric, the quantity and the type of dietary lipids can affect the chemical 

characteristics of the egg yolk, modifying the content of fatty acids, and fat-soluble vitamins. 

As an outcome, egg lipids reflect dietary fat content in chickens (Cherian, 2012). Thanks to 

their high capacity for lipid biosynthesis, the alteration of fatty acid composition can be direct 

or indirect due to further acyl chain elongation and desaturation in the liver (Cherian et al., 

1996). 

Recent researches (Aziza et al., 2013, Cherian and Quezada, 2016) conducted on feeding 

camelina meal in egg layers have demonstrated that an inclusion up to 10% increases the 

omega-3 fatty acid content, not compromising bird performances. It has been proved that 

consumption of two eggs from hens fed with the inclusion of camelina meal could provide 

more than 300 mg/day of n-3 fatty acids to the human diet, which is the recommended daily 

intake of World Health Organization (WHO). Unfortunately, the information about 

administering camelina meal to laying hens and about egg lipid composition are scarce 

(Cherian et al., 2009).  
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Figure 9. ǟ-Linolenic acid, long chain n-3 fatty acid and total n-3 fatty acid supplied through eggs from layer hens fed Control or 

Camelina. a-bMeans between diets and within a fatty acid type without a common letter differ significantly (P꜡< 0꜡.05). Control and 
Camelina represent corn-soybean meal basal diet (Control); or basal diets containing camelina (Camelina) at 10 % (adapted from 
Cherian and Quezada (2016)). 

                                 

 

 

Other interesting obtained results have shown how feeding Camelina sativa does not affect the 

functional properties and the sensory quality of eggs (Rokka et al., 2002). Rokka et al. (2002) 

fed camelina at a level of 5% in laying hens, observing that functional properties and quality of 

the eggs were not negatively affected by the concentration of seed oil. In this fashion, they 

have demonstrated that camelina did not impart the same off flavor and odor as flax meal and 

oil. Later, Kakani et al. (2012) tested extruded camelina meal in Lohmann White Leghorn hens 

with 3 different inclusions (0 -5 -10%), finding out that the addition of the meal up to 10% of 

concentration did not have effects on interior and sensory quality of eggs.  

These outcomes suggest that Camelina sativa is a promising plant source for the enrichment of 

omega-3 fatty acids in hen eggs, but further investigations are needed. 



46 
 

Moreover, the inclusion of camelina has been proved to be beneficial because of the reduction 

of oxidative stress due to the presence of these bio-active compounds. This was observed, 

measuring the thiobarbituric reactive substances (TBARS) in eggs from hens fed 1̓0% 

camelina meal (Cherian, 2012). Very few studies have reported sensory aspect of eggs from 

hens fed camelina. 

 

1.4.3. Dietary manipulation of meat quality 

Apart from supplying high biological value proteins, essential trace minerals, B-vitamins and 

micronutrients, meat is a valuable source of long-chain n-3 FA (Higgs, 2000). 

The nutritional properties of meat are related to its fat content and the composition of FA 

contained. Indeed meat is the major source of fat in human diet, especially SFA that are related 

to the major incidence of chronic diseases (Wood et al., 2004). However, some MUFA and 

PUFA have positive effects on human health, so it is advisable the presence of these healthy 

fatty acids in meat (Nieto and Ros, 2012). 

At standard conditions, the content of PUFA in the muscular tissue is different if we take into 

consideration different animals. Specifically, comparing their content among beef, lamb and 

pork shows some disparities. The most notable diversity is the higher quantity of linoleic acid 

in pork than in ruminants and it derives from the diet. Indeed, being monogastric, this fatty 

acid is unchanged by the stomach activity, it is absorbed in the small intestine, and, through 

blood stream, it reaches tissues unmodified (Harrison and Leat, 1975). Consequently, this 

incorporation into pig muscle fatty acids leads to a higher n-6:n-3 ratio, which is not desirable 

for human health (Nieto and Ros, 2012). 

The situation is dissimilar for beef and lamb, containing a lower amount of C18:2 because, 

belonging to ruminant species, it is degraded into MUFA and SFA after ruminal microbial 
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biohydrogenation and, for a small amount, is incorporated into tissue lipids (Doreau and 

Ferlay, 1994). This fatty acid, along with linolenic acid, determines also the content of long 

chain PUFA (such as arachidonic acid and eicosapentaenoic acid) by the action of ǃ5 and ǃ6 

desaturase and elongase enzymes (Nagy and Tiuca, 2017). Ruminal microorganisms also act on 

dietary PUFA, with the resulting conversion of these into SFA and their deposition in muscle 

tissue. This means that the PUFA:SFA ratio in lamb and beef is low, with higher risks of 

cardiovascular problems and other diseases (KaiĻ et al., 2016).  

The rising interest of the consumers in health food and their opposition to the incorporation 

of synthetic additives lead to a growing application of dietary supplementation to modify fatty 

acid composition of meat, increasing the degree of unsaturation (Nieto and Ros, 2012). It is 

important to remember that fatty acid composition is more susceptible to manipulation than 

other components contained in meat, and that dietary fatty acid supply is the main factor 

determing the fatty acid composition of intramuscular fat and adipose tissue (De Smet and 

Vossen, 2016). 

In order to do it, we should consider the digestion of nutrients in the animals. Specifically, in 

monogastrics, like in pigs and chickens, anaerobic microorganisms can hydrogenate UFA, 

forming as intermediates trans FA and conjugated fatty acids. The scenario is different in 

ruminants, where these FA are largely absorbed and the only way to avoid it is protecting them 

against hydrogenation in the rumen (Drackley, 2007). 

Similar responses to the dietary supplementation were observed in four categories of animals 

(cattle, sheep, pig and poultry), with better results on the deposition of PUFA in poultry trials. 

The possible differences among the trials performed until now are imputable to diverse 

experimental design and kind of n-3 PUFA supply. Despite it, it is clear that is possible to 



48 
 

increase PUFA content in meat feeding alternative dietary fat sources (De Smet and Vossen, 

2016). 

Different are the dietary strategies applied over the last decades. 

Diaz et al. (2011) used three diverse supplementations (fish oil, linseed and linseed plus 

microalgae) on lambs. Results showed how linseed favourably influenced the content of 

linolenic acid, meanwhile animals fed fish oil had the highest long-chain PUFA content. 

Interestingly, in both these two experimental groups they also found the highest PUFA/SFA 

ratio. 

An example on chickens is performed by Nain et a. (2015). They supplied 4 different 

inclusions of Camelina sativa meal to 744 Ross 308 (0, 8, 16 or 24%) for 42 days to evaluate any 

effect on FA composition of some organs. Analysing the fatty acid content, they observed an 

enhanced of the overall n-3 PUFA concentration (especially ALA, DPA, and DHA) with 

greater ǟ-linolenic acid content. In detail, increasing dietary camelina inclusion, the 

predominant n-3 PUFA were DPA and DHA in liver and brain tissue; then, in breast and 

thigh tissue DPA as well. These findings indicate that camelina can be potentially included in 

broilers rations in order to improve fatty acid profile of the meat.   

Another group of research before them (JaƑkiewicz et al., 2014), tested the same FA source but 

in the form of oil. They fed 90 Ross 308 broiler chickens with camelina oil to compare its 

possible effects with two other supplementations, soybean and rapeseed oil. As in the trial 

before, they noticed a rise of ǟ-linolenic content in the muscle and abdominal fat, in particular 

feeding camelina. 

Recently Cherianõs group of research (Moghadam and Cherian, 2017) remarked how feeding 

10% flaxseed to broilers could lead to n-3 FA enrichment in both white and dark meat. With 

these results, they stated, as they did before in their previous published papers, that is possible 
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to incorporate n-3 FA in poultry food products and this may be an alternative strategy to 

increase n-3 FA consumption without changing existing dietary habits.  

Lately in France (de Tonnac and Mourot, 2017) was performed 60 male pigs were assigned to 

five experimental groups with different n-3 PUFA sources to evaluate, among the diverse 

parameters, the fatty acid composition of pork. Dietary lipid supplements were composed of 

soybean and palm oil, de-hulled and extruded linseed, docosahexaenoic acid (DHA)-rich 

microalgae or a mixture of linseed and microalgae at 75%/25% and 50%/50%, respectively. 

They noticed that the n-3 PUFA content in the longissimus dorsi muscle, subcutaneous 

backfat and liver increased with a dietary supply of linseed and microalgae and corresponded 

to circulating fatty acids, indicating benefits of enriching animal feed with essential FA. 
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2. OBJECTIVES 

Polyunsaturated fatty acids have been shown to work on different levels. On the one hand, 

they can modulate animal performance and health status, affecting the immune response. 

Furthermore, they have effects on the quality of animal products, enriching them with essential 

fatty acids and with consequent beneficial effects on human health. 

The objective of this thesis was to evaluate the possible effects of fatty acid addition to animals 

on both health animal level and product quality level. To achieve this object, two different 

trials were designed. In the first one, the aim was to study the consequences of dietary fat 

supplementation (saturated and unsaturated fatty acids) around kidding in dairy goats on 

metabolism and immune response at hepatic and adipose tissue level through changes in the 

expression patters of both mRNA and miRNA of genes involved lipid metabolism and 

inflammation processes. In the second one, we evaluated the inclusion of 7.5% of camelina 

cake in the diet of laying hens on performance, egg quality characteristics, fatty acid 

composition and lipid oxidative stability. 
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3. LIVER AND ADIPOSE TISSUE METABOLISM- AND 

INFLAMMATION -RELATED mRNA AND microRNA 

EXPRESSION IN PERIPARTURIENT DAIRY GOATS FED 

POLYUNSATURATED vs. SATURATED FATTY ACIDS 

 

3.1. Abstract 

The transition into lactation is an important period to increase productive performance of 

dairy ruminants by supplementing fat in the diet. When compared to saturated fatty acids, 

polyunsaturated n-3 and n-6 fatty acids exert beneficial effects on immune response. The 

present study focused on the expression of selected genes and miRNA in the liver and adipose 

tissue of goats during transition. The major aim was to improve the knowledge of 

transcriptional responses in these tissues in the context of lipid metabolism and inflammation 

when goat are supplemented with saturated or polyunsaturated fatty acids around kidding. 

Twenty-three second-parity twin-diagnosed alpine dairy goats were either fed from one week 

before (30 g/head/d fatty acids) to three weeks after kidding (50 g/head/d fatty acids) calcium 

stearate (ST, n= 7) or fish oil (FO, n= 8), and were compared to a control group fed a basal 

diet (CON, n= 8). Liver and adipose biopsies were collected on day -7, 7 and 21 from kidding. 

Quantitative PCR was used to measure mRNA and microRNA expression of 38 targets. 

Dietary treatments up-regulated (ST) and down-regulated (FO) stearoyl-CoA desaturase (SCD) 

alone. Time around kidding strongly affected most of the target genes for lipid metabolism, 

being mostly up-regulated from -7 to 7 DIM and down-regulated in the third week of lactation 

in the liver, while in adipose tissue a gradual down-regulation was observed throughout the 

trial. Acute-phase proteins were increased in adipose tissue in the two weeks around kidding 
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and decreased from 7 to 21 DIM. Pro-inflammatory interleukins (IL6 and IL8) peaked in the 

first week after parturition, while IL10 was up-regulated in the last two weeks of the trial. With 

the exception of an up-regulation of miR-155 from -7 to 7 d from kidding, no effects of time 

were observed on miRNA expression in adipose tissue. Liver ACOX1 was greater in ST than 

CON on day 7 while SCD showed a higher expression from 7 to 21 DIM in ST compared to 

FO. Then, dealing with adipose tissue, LPIN1 had increase values in FO at 7 days after kidding 

(compared to ST) and FASN had the highest expression in stearate group 7 days before 

parturition, if compared to CON and FO. The present study revealed modest effects of dietary 

saturated or polyunsaturated supply around kidding on fatty acid metabolism- and 

inflammation-related genes in liver and adipose tissue of dairy goats. However, data indicated 

an increase in Ǡ-oxidation in the liver, and a decrease in fatty acid synthesis and inflammation 

in adipose tissue. 

 

3.2. Introduction 

The transition period is considered the most appropriate phase to increase productive 

performance of dairy animals (Bronzo et al., 2010), namely because of the marked decreased in 

dry matter intake (DMI) and negative energy balance (NEB) particularly after calving.  

Changes in endocrine status to accommodate parturition and lactogenesis lead to modification 

of the animalõs metabolism (Vailati Riboni et al., 2015). As a result, there is an increase in 

lipomobilization, which enhances the concentration of plasma non-esterified fatty acids 

(NEFA) and their transport to the liver where they can be oxidized to generate energy, ketone 

bodies, or esterified to triacylglycerol (TAG) followed by synthesis of very low-density 

lipoproteins (Invernizzi et al., 2016). Besides serving as an energy-storage organ, adipose tissue 
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can produce adipokines and is subject to localized inflammation through the recruitment and 

regulation of immune cells (Grant and Dixit, 2015). 

Evidence from dairy cow studies underscores the usefulness of supplemental fat 

administration during transition (Staples et al., 1998, Ballou et al., 2009). Specifically, dietary 

fats can provide a source of energy or act as modulators of metabolic and immune pathways 

(Tsiplakou and Zervas, 2013b, a). A link may exist between metabolic and immune pathways 

during period with deficient metabolism, like during periparturient period, enhancing the 

incidence of disorders (Sordillo and Mavangira, 2014).   

Increased supply of energy across the transition period leads to improved health status and 

ameliorates some aspects of the immune response especially when polyunsaturated n-3 and n-6 

omega fatty acids are added in the diet (Thering et al., 2009, Agazzi et al., 2010, Sordillo, 2016). 

Conversely, increasing energy density by feeding readily-fermentable carbohydrate during the 

close-up dry period often increases the incidence of metabolic disorders in dairy cows after 

calving (Khan et al., 2014). 

Recent work in dairy cows has highlighted a central role of mRNA and miRNA expression in 

coordinating changes in different metabolic cellular pathways (Arner and Kulyte, 2015, Vailati-

Riboni et al., 2016). Adipose tissue microRNA (miRNA) have a biologic impact on both 

adipocyte metabolism (Jin et al., 2009, Jin et al., 2010) and inflammation, regulating gene 

expression through complex networks involving transcription factors (Arner and Kulyte, 

2015). Expression patterns of miRNA are associated with the levels of cytokines (Arner et al., 

2012) and the degree of immune cell infiltration (Kloting et al., 2009, Vailati-Riboni et al., 

2017). 

Although the potential of dietary fat sources to elicit changes in metabolic and molecular 

pathways in liver and adipose tissue of transition dairy cows has been recently highlighted 
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(Bionaz et al., 2015), a similar role in dairy goat or sheep around kidding is largely unknown 

(Osorio et al., 2017). Despite the well-established differences in which small and large 

ruminants navigate the transition period (Sauvant et al., 1991, van den Top et al., 1995, Pinotti 

et al., 2008), dairy goats (similar to cows (Farney et al., 2013, Vailati Riboni et al., 2015)) 

experience some degree of inflammation around kidding (Bronzo et al., 2010) as a 

homeorhetic adaptation to lactation.  

Our hypothesis was that dietary fat supplementation around kidding in dairy goats could 

positively affect metabolism and immune response at the hepatic and adipose tissue level 

through changes in the expression patterns of both mRNA and miRNA of genes involved in 

lipid metabolism and inflammation. The aim was to study transcriptional responses in liver and 

adipose tissue in the context of lipid metabolism and inflammation when goats were 

supplemented with saturated or polyunsaturated fatty acids around kidding. 

 

3.3. Materials and Methods 

3.3.1. Animal management and diets 

The protocol for care, handling, and sampling of animals was reviewed and approved by the 

Università degli Studi di Milano Animal Care and Use Committee (attachment n. 5 January 

26th, 2011). The trial was performed at the Centro Clinico-Veterinario e Zootecnico-

Sperimentale dõAteneo di Lodi, Universit¨ degli Studi di Milano. Complete details of the 

experimental design have been published- Invernizzi et al. (2016). Briefly, twenty-three second-

parity twin-diagnosed spring kidding Alpine dairy goats were divided in a randomized 

complete block design into three homogenous groups balanced for parity, age and milk 

production in the previous lactation (1.26 ± 0.45; 28.05 ± 6.15 months of age, 3.12 ± 0.33 

kg/d, respectively). Goats were housed in individual boxes and fed ad libitum a pre-kidding or 
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a post-kidding basal diet (CON; n.8) with the inclusion of either fish oil (FO; n.8) or calcium 

stearate (ST; n.7) (Table 1). The pre-kidding basal diet consisted of ad libitum mixed grass hay, 

corn meal and concentrate, while post-kidding diet was composed of ad libitum alfalfa hay and 

mixed hay corn meal and concentrate. Forages were individually adjusted daily for a refusal 

weight of at least 10%, while concentrates were provided separately. Rumen-inert fish oil (EE 

4.9% DM pre-kidding; 5.2% DM post kidding - 10.4% EPA and 7.8% DHA; Ufac Ltd., 

Stretton, UK) was included in the basal diet at a rate of 81 g/day of supplement (30 g/day of 

fatty acids) before kidding and 135 g/day of supplement (50 g/day of fatty acids) after kidding. 

Calcium stearate (EE 4.6% of DM pre-kidding; 4.8% of DM post kidding - C16:0 26% and 

69.4% C18:0; Brenntag S.p.a., Milan, Italy) was included in the basal diet at a rate of 34 g/day 

of supplement before kidding and 56 g/day of supplement after kidding to ensure the same 

total amount of fatty acids supplemented in FO. 

Calcium carbonate was included in experimental diets to balance calcium content both in the 

pre- (0.8% DM feed) and post kidding (1.1% DM feed) periods (Invernizzi et al., 2016). All 

diets were supplemented with vitamin E in order to supply 72 mg/head/d during the pre-

kidding period and 80 mg/head/d after kidding. Pre and post kidding dietary treatments were 

designed to provide similar crude protein (CP) and calcium content, while fat enriched 

treatments (FO and ST) had similar ether extract (EE).  
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Table 1. Ingredients (g/100g feed as-fed) and nutrient composition (% of DM unless otherwise noted) of the experimental diets. 

 

Item   Treatment1 

 CON  FO  ST 
 Pre-

kidding 
Post-

kidding 
 Pre-

kidding 
Post-

kidding 
 Pre-

kidding 
Post-

kidding 

Ingredient 
composition 

        

Alfalfa hay 0 31.2  0 29.8  0 30.7 
Mixed hay2 62.3 15.3  59.6 14.6  61.4 15.1 
Concentrate3 31.9 46.8  30.5 44.8  31.4 46.2 
Steam-flaked 
Corn 

5.3 6.2  5.0 5.9  5.2 6.2 

Fish oil 0 0  4.4 4.3  0 0 
Calcium Stearate 0 0  0 0  2.0 1.9 
CaCO3

4 0.5 0.5  0.5 0.5  0 0 
Chemical composition         
DM 88.4 89.3  88.7 89.5  88.6 89.4 
CP 12.3 17.8  11.9 17.2  12.2 17.5 
EE 2.9 3.2  4.9 5.2  4.6 4.8 
NDF 43.9 33.7  43.8 34.0  43.3 33.2 
Ash 6.3 7.2  6.5 7.3  6.0 6.8 
Ca 0.8 1.09  0.8 1.1  0.9 1.2 
P 0.4 0.8  0.4 0.8  0.4 0.8 
NEL (Mcal/d)5 1.61 1.67  1.66 1.72  1.67 1.72 
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1CON = Basal diet; FO = basal diet with rumen-inert fish oil (10.4%EPA and 7.8% DHA; Ufac Ltd., Stretton, UK) included in the basal diet at a rate of 81 g/day of supplement (30 g/day 

of fatty acids) before kidding and 135 g/day of supplement (50 g/day of fatty acids) after kidding; ST = calcium stearate (C16:0 26% and 69.4% C18:0; Brenntag S.p.a.,Milan, Italy) included in 

the basal diet at a rate of 34 g/day of supplement (30 g/day of fatty acids) before kidding and 56 g/day (50 g/day of fatty acids) after kidding.  

2The mixed hay was a grass hay, chemical composition: 7.6% crude protein,1.8% ether extract, 57.5% neutral detergent fiber, 5.9% ashes, 0.6% Ca and 0.2% P (on dry matter basis). 
3The concentrate mixture was a commercial dairy goat mixed feed, chemical composition: 22.25% crude protein, 5.00% ether extract, 22.98% neutral detergent fiber, 6.51% ashes, 1.28% Ca and 

0.76% P (on dry matter basis). 
4Calcium carbonate was differently included to balance calcium content both in the pre- and post-kidding period within the groups. 

5Net energy of lactation concentration of the diets was calculated using the Small Ruminant Nutrition System (SRNS) software (Tedeschi et al., 2010). 
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3.3.2. RNA Extraction and Quantitative PCR 

3.3.2.1. Liver biopsies 

Tissue was harvested on days Ĭ7, +7and +21 relative to parturition for each experimental 

subject, via puncture biopsy under local anesthesia. The biopsy area was shaved and cleaned 

with disinfectants (ethyl alcohol and Betadine®, Povidone-iodine, 10%, Meda Pharma s.p.a., 

Monza, Italy) and a 14G biopsy needle was introduced through a small incision made at the 

right 11th intercostal space at approximately 15 cm below the spine (Agazzi et al., 2010, 

Invernizzi et al., 2016) collecting 30 to 80 mg of liver tissue. 

 

3.3.2.2. Adipose biopsies 

On the same days as for liver biopsies, adipose tissue samples were collected from alternate 

sides of the tail-head region for each day of sampling. The biopsy area was shaved and cleaned 

with disinfectants (ethyl alcohol and Betadine®, Povidone-iodine, 10%, Meda Pharma s.p.a., 

Monza, Italy), and an incision of 2ð3 cm length was performed between the tail head and the 

ischiatic bone. A sample of approximately 1 cm3 of subcutaneous white adipose tissue was 

excised. The incisions for the liver and subcutaneous adipose tissue biopsies were sutured and 

treated with topical antibiotic reagents as described previously (Thering et al., 2009). Liver and 

adipose tissue samples were immediately placed in screw-capped, microcentrifuge tubes, snap 

frozen in liquid nitrogen, and stored at Ĭ80ÁC until RNA extraction. 
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3.3.3. Total RNA Extraction, Target Genes, Primers Design, and Quantitative 

PCR 

Biopsied tissue was stored in liquid nitrogen prior to RNA extraction. All procedures, starting 

from primers design, were carried out at Dr. Loor Mammalian NutriPhysioGenomics 

Laboratory at the University of Illinois, Urbana-Champaign, IL. Genes tested in the current 

study are listed in Table 2-3. Primers were designed and evaluated as previously described 

(Bionaz and Loor, 2008). Primers were aligned against publicly available databases using 

BLASTN at NCBI. Prior to qPCR, primers were tested in a 20ǪL PCR reaction using the same 

protocol described for qPCR except for the final dissociation protocol. For primer testing we 

used a universal reference cDNA (RNA mixture from all the samples for adipose tissues) to 

ensure identification of desired genes. 5 ǪL of the PCR product were run in a 2% agarose gel 

stained with Sybr® Safe DNA Stain (EDVOTEK, Washington, DC, USA). The remaining 15 

ǪL were cleaned using QIAquickÈ PCR Purification Kit (Qiagen, Germantown, MD, USA) 

following the manufacturerõs instructions and prepared for sequencing at the Core DNA 

Sequencing Facility of the Roy J. Carver Biotechnology Center at the University of Illinois, 

Urbana-Champaign. 

Only those primers that did not present primer-dimer, had a single band at the expected size in 

the gel, and had the right amplification product (verified by sequencing) were used for qPCR. 

The accuracy of a primer pair also was evaluated by the presence of a unique peak during the 

dissociation step at the end of qPCR. The enzyme activities and/or mRNA abundance of 

enzymes involved in the major pathways of lipid metabolism were measured in hepatic and 

adipose tissues. 
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Immediately after biopsies the hepatic and adipose tissues were collected, stored in cryotubes 

and snap frozen in liquid nitrogen. Total RNA was isolated from the adipose samples using 

QIAzol reagent (Qiagen) through tissues lysing operated by bead beater (BSP, Bartlesville, 

OK, USA) according to the manufacturerõs instructions. Total RNA was purified using 

miRNeasy columns and on-column RNase-free DNase treatment (Qiagen), following the 

manufacturerõs protocol. RNA quality was assessed for every sample with Bioanalyzer 2100 

(Agilent, Santa Clara, USA): only samples with RIN equal to 5.0 or higher were used. Each 

cDNA was synthesized by RT using 100 ng RNA, 9 mL DNase/RNase free water and 1 mL 

Random Primers (Roche, Basel, Switzerland). The mixture was incubated at 65 °C for 5 min in 

an Eppendorf MastercyclerÈ Gradient and kept on ice for 3 min. A total of 9 ǪL of Master 

Mix composed of 4.0 ǪL 5X First-Strand Buffer (Fermentas, Thermofisher, USA), 1 mL Oligo 

dT18, 2 uL 10 mM dNTP mix (Invitrogen), 0.25 mL of Revert aid (Fermentas, Thermofisher, 

USA), 0.125 mL of Rnase inhibitor (Fermentas, Thermofisher, USA) and 1.625 mL 

DNase/RNase free water was added. The reaction was performed using the following 

temperature program: 25°C for 5 min, 42°C for 60 min and 70°C for 5 min followed by 4°C, 

forever (MyCycleÊ Thermo Cycler, Bio Rad, Hercules, CA, USA). cDNA was then diluted 1:4 

with DNase/RNase free water. 

Real-time quantitative PCR was used to evaluate mRNA expression of genes involved in 

metabolic processes in adipose and liver, and genes taken part in the inflammatory response 

together with microRNA expression implicated in inflammatory response. 

Genes selected for transcript profiling are associated with hepatic metabolism: methylsterol 

monooxygenase 1 (MSMO1), carnitine palmitoyltransferase 1 A (CPT1), and long-chain-fatty-

acid-CoA ligase (SLC27A2), sterol regulatory element binding transcription factor 2 

(SREBF2); superoxide dismutase 1 (SOD1), catalase (CAT), peroxisome proliferator-activated 
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receptor alpha (PPARA),  stearoyl-CoA desaturase (SCD), acyl-CoA oxidase 1 (ACOX1), 

acetyl-CoA acyltransferase 1 (ACAA1); metabolism of adipose tissue: adiponectin (ADIPOQ), 

lipin 1 (LPIN1), lipoprotein lipase (LPL), sterol regulatory element binding factor 1 (SREBF1), 

thyroid hormone responsive protein (THRSP), peroxisome proliferator-activated receptor 

gamma (PPARG), acetyl-CoA carboxylase ǟ (ACACA), fatty acid synthase (FASN), perilipin 

(PLIN2), leptin (LEP), and); adipose tissue inflammation: chemokine (C-C Motif) ligand 2  

(CCL2), interleukin 6 (IL6), interleukin 10 (IL10), interleukin 18 (IL18), interleukin 1Ǡ (IL1Ǡ), 

interleukin 6 receptor (IL6R), serum amyloid A-3 (SAA3), haptoglobin (HP), interleukin 8 

(IL8), retinol X receptor-ǟ (RXRA), toll-like receptor 4 (TLR4). 

The miRNA selected for expression profiling are associated with immune cell infiltration 

(miR-26b, miR-155), inflammation and lipolysis (miR-99a, miR-145, miR-221), and positive 

regulation of adipogenesis (miR-143, mi-R378) (Vailati-Riboni et al., 2016, Vailati-Riboni et al., 

2017).  

Quantitative PCR for mRNA was performed using 4 ǪL diluted cDNA combined with 6 ǪL of 

a mixture composed of 5 ǪL SYBR Green master mix (cat#95073-05K, Quanta BioSciences), 

0.4 ǪL each of 10 ǪM forward and reverse primers, and 0.2 ǪL DNase/RNase free water in a 

MicroAmpÊ Optical 384-Well Reaction Plate (Applied Biosystems). Instead for miRNA PCR 

was performed using 1 ǪL diluted cDNA combined with 10 ǪL of a mixture composed of 5.25 

ǪL SYBR Green master mix (cat#95073-05K, Quanta BioSciences), 0.45 ǪL each of 10 ǪM 

forward and reverse primers, and 3.85 ǪL DNase/RNase free water in a MicroAmpÊ Optical 

384-Well Reaction Plate (Applied Biosystems). 

Each sample was run in duplicate and a 6-point relative standard curve plus the non-template 

control was used. The reactions were performed in an ABI Prism 7900 HT SDS instrument 

using the following conditions: 2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C 
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(denaturation), and 1 min at 60 °C (annealing + extension). The presence of a single PCR 

product was verified by the dissociation protocol using incremental temperatures to 95 °C for 

15 s plus 65 °C for 15 s.  Data were calculated with the 7900 HT Sequence Detection Systems 

Software.  

For metabolic genes, the final data were normalized using the geometric mean of five internal 

control genes (ICG): Ribosomal Protein S15a (RPS15A), Ribosomal Protein S9 (RPS9), 

Ubiquitously-Expressed Prefoldin-Like Chaperone (UXT), Actin Beta (ACTB) and 

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). Instead for inflammatory genes, the 

three internal control genes are: Ribosomal Protein S15a (RPS15A), Ribosomal Protein S9 

(RPS9) and Actin Ǡ (ACTB), while for microRNA were used microRNA-let7A (miR-Let-7A), 

microRNA-16-b (miR-16b), and microRNA-331 (miR-331). 

Each assay plate included a negative control in triplicate. The CV was below 10 % for all the 

primer pairs used. The reactions were performed in an ABI Prism 7900 HT SDS instrument 

(Applied Biosystems, USA) using the following conditions: 5 min at 95 °C, 1 s at 95 °C, 40 

cycles of 30 s at 60 °C, a final extension followed for a melting curve stage (15 min at 95 °C, 15 

min at 60 °C, 15 min at 95 °C). Data were analyzed with the 7900 HT Sequence Detection 

Systems Software (version 2.2.1, Applied Biosystems, CA). 

 

 

 
















































































































































































