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Chapter 1 

Introduction and Literature Review 

 
The current research project investigated the breed differences in the biochemical (changes to 

plasma fatty acid composition) and transcriptional (changes to white blood cell 

inflammatory-related gene expression) responses to n-3 fatty acids from two dietary sources 

in two different breeds of dogs. Beagles and greyhounds were chosen for their differences in 

morphology and propensity to obesity. In addition to this, changes in body composition were 

investigated to correlate with the biochemical and transcriptional responses.  

 

This chapter is divided into five subsections: 1) Lipids, 2) Fatty Acids Regulate Gene 

Expression, 3) Canine Obesity, 4) Assessment of Body Composition and Computed 

Tomography, and 5) Importance of Canine Breed Differences in Lipid or Fatty Acid 

Metabolism. It concludes with the Research Plan and the Organisation of Thesis Chapters.  

 

1.1 Lipids  

Lipids are organic compounds that are insoluble in water and are important for the normal 

function of organisms as they store energy, form an important structural component of cell 

membranes and also function as enzymes, co-factors, hormones and intracellular messengers 

(Rifai et al., 1999). Using a comprehensive system of classification of lipids proposed in 

2005, lipids from biological tissues are classified into eight categories (Fahy et al., 2005): 

fatty acids, glycerolipids (triglycerides), glycerophospholipids, sphingolipids, sterol lipids 

(cholesterol), prenol lipids, saccharolipids and polyketides.  
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From a clinical perspective and for the purpose of this study, four lipid categories are 

described: fatty acids, cholesterol, triglycerides and phospholipids. Fatty acids are simple 

lipids consisting of hydrocarbon chains with a carboxyl group at one end and a methyl group 

at the other end. They are divided into saturated fatty acids containing no carbon-to-carbon 

double bonds, monounsaturated fatty acids containing one double bond or polyunsaturated 

fatty acids (PUFA) containing more than one double bond in the carbon-to-carbon (acyl) 

chain. Cholesterol, which is the main sterol in animal tissues, is mainly obtained through 

dietary intake or synthesised endogenously by the liver and other tissues. Cholesterol plays a 

vital role in bile acid metabolism and synthesis of steroid hormones and vitamin D. 

Triglycerides are the most common and efficient form of stored energy in mammals, derived 

from both dietary sources and through hepatic production. Phospholipids are present as a 

bimolecular sheet with fatty acid chains in the interior of the bilayer, and are defined as the 

“fluid mosaic model” It is a major component of all cell membranes (Dietschy & Wilson, 

1970; Rifai et al., 1999; Simopoulos, 1991) 

 

Being insoluble in water, lipids are transported in the lymphatic and blood circulation as 

macromolecular complexes known as lipoproteins, which are spherical structures (Figure 1.1) 

consisting of a hydrophobic core containing lipids (either triglycerides and/or cholesterol 

esters), and an amphiphilic (both hydrophobic and hydrophilic) outer layer of phospholipids, 

free cholesterol, and proteins that form a protective envelope surrounding the lipid core 

(Ginsberg, 1998). Lipoproteins are classified based on their physical and chemical 

characteristics (size, density and composition) and canine lipoproteins are classified into four 

major types: chylomicrons, very low-density lipoproteins (VLDLs), low-density lipoproteins 

(LDLs) and high-density lipoproteins (HDLs) (Barrie et al., 1993; Bauer, 1996, 2004). The 

HDLs are further classified into HDL1 (specifically for the canine species), HDL2 and HDL3 

http://en.wikipedia.org/wiki/Cell_membrane
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(Xenoulis & Steiner, 2010). Apolipoproteins (or apoproteins) are a component of lipoproteins 

and are responsible for directing the lipoprotein to various sites of metabolism. It is the 

enzyme lipoprotein lipase (LPL), which is located on the luminal surface of the capillary 

endothelial cells, that hydrolyses triglycerides within lipoproteins into free fatty acids, mono- 

and diglycerides, and glycerol (Ginsberg, 1998; Rifai et al., 1999).  

 

The liver is the centre for lipid metabolism in the body (Nguyen et al., 2008). Canine lipid 

metabolism occurs via two pathways: endogenous and exogenous pathways. The endogenous 

pathway is associated with metabolism of endogenously produced lipids; whereas, the 

exogenous pathway is associated with lipids from the diet (Bauer, 2004). The largest and 

least dense lipoprotein particles are the chylomicrons that transport dietary fat (triglycerides) 

from the small intestine via the lymphatics and general circulation to various sites of 

metabolism; whereas, the other lipoproteins transport lipids of endogenous origin (Bauer, 

2004). Chylomicrons transport dietary triglycerides to the capillaries of adipose tissue and 

skeletal muscle, where they are exposed to the LPL enzyme, which has been activated by the 

lipoprotein, Apo C-II, and this hydrolyses the triglycerides into glycerol and free fatty acids 

(Goldberg et al., 1990). The fatty acids produced are taken by the adipocytes for storage or 

made available as fuel for energy (Flatt, 1995). The remaining part of the chylomicron is a 

remnant particle, rich in cholesterol esters, which then delivers cholesterol to the liver. 

Oxidation of fat is determined by the deficiency in the total energy intake in relation to the 

energy expended and not determined by fat intake (Fernandez-Quintela et al., 2007), and 

hence excess fat consumed would result in storage and increased adipose tissue.  
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Figure 1.1: Structure of a lipoprotein particle. Hydrophobic cholesterol esters and 

triglycerides are shielded by a polar coat of phospholipid, unesterified (free) 

cholesterol and special proteins called apolipoproteins. IDL, Intermediate 

density lipoproteins (size is between VLDL and LDL) (Thiruvelan, 2010).  

 

 

 

1.1.1 Polyunsaturated fatty acids 

 

Various commercial PUFA oil supplements are marketed for therapeutic veterinary use and 

these normally contain a combination of n-3 and n-6 fatty acids in different amounts, 

depending on the sources of the oil used by the manufacturer (Bauer, 1994). In plant sources, 

alpha-linolenic acid (ALA) is found in leaves as glycolipids, and as triacylglycerol in certain 

seed oils, which include rapeseed, flaxseed, perilla seed, chia seed, and in beans, which 

include soybeans and navy beans, and in nuts (walnuts) (Goncalves et al., 2014; Goyal et al., 

2014; Kim et al., 2014; Rajaram, 2014; Raper et al., 1992; Shim et al., 2014; Sinclair et al., 

2002). Alternatively, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are 

derived primarily from marine sources such as fish oil (FO) and marine algae (Deckelbaum & 

Calder, 2015; Salem & Eggersdorfer, 2015; Srigley & Rader, 2014). Finally, linoleic acid 

(LA) and γ-linoleic acid (GLA) are found in seeds, evening primrose or borage plants, and 

also in blackcurrant seeds and certain fungi.  
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Polyunsaturated fatty acids are described by three main criteria and specified by the notation 

A:Bn-C, wherein A denotes the number of carbon atoms present, B denotes the number of 

double bonds and C denotes the position of the first double bond counted from the methyl 

end of the molecule (Figure 1.2). The PUFA of n-9 series can be synthesised by de novo 

synthesis in the mammalian body from acetate precursors; however, this is not possible with 

fatty acids of the n-3 and n-6, making it an essential dietary requirement (Simopoulos, 1999). 

It is also not possible for mammals to synthesise LA and ALA, as they lack the required 

desaturase enzymes which are found only in plants; 12-desaturase that converts oleic acid to 

LA and 15-desaturase that converts LA to ALA (Calder, 2001). In mammals, however, ALA 

and LA deposited in the different lipid fractions get metabolised as shown in Figure 1.2, 

wherein all the fatty acids compete for the same enzymes for the alternate steps of 

desaturation and chain elongation (Sprecher, 2002). However, it must be noted that the 

position of the first double bond from the methyl end is maintained and any addition occurs 

only at the carboxyl end of the molecule. Therefore, fatty acids of one series cannot be 

converted into another; LA cannot be converted to EPA.  
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n-6 fatty acids 

 

Common n-6 structure 

CH3-C-C-C-C-C=C-C-C=C- 

  

n-3 fatty acids 

 

Common n-3 structure 

CH3-C-C=C-C-C=C-C-C=C-  

   

Linoleic acid 

(LA, 18:2n-6) 

 α-linolenic acid 

(ALA, 18:3n-3) 

  Δ6-desaturase   
γ-linolenic acid 

(GLA, 18:3n-6) 

 Stearidonic acid 

(SDA, 18:4n-3) 

  Elongase (ELOVL5)   
Dihomo-γ-linolenic acid 

(DGLA, 20:3n-6) 

 Eicosatetraenoic acid 

(ETA, 20:4n-3) 

  Δ5-desaturase   
Arachidonic acid 

(AA, 20:4n-6) 

 Eicosapentaenoic acid 

(EPA, 20:5n-3) 

  Elongase (ELOVL2)   
Docosatetraenoic acid 

(22:4n-6) 

 Docosapentaenoic acid 

(DPA, 22:5n-3) 
  Elongase (ELOVL2)   

Tetracosatetraenoic acid 

(24:4n-6) 

 Tetracosapentaenoic acid 

(TPA, 24:5n-3) 

  Δ6-desaturase   
Tetracosapentaenoic acid 

(24:5n-6) 

 Tetracosahexaenoic acid 

(THA, 24:6n-3) 

  β-oxidation   
Docosapentaenoic acid 

(22:5n-6) 

 Docosahexaenoic acid 

(DHA, 22:6n-3) 

 

Figure 1.2: Common structure and metabolism of n-6 and n-3 fatty acids. Adapted from 

Bauer (1994), and Simopoulos (1991).  

 

1.1.2 Metabolism of PUFA 

The conversion of LA and ALA to long chain PUFA occurs in the liver (Figure 1.2), wherein 

all the conversion steps occur in the endoplasmic reticulum except for the final step that 

results in the formation of DHA (Sprecher, 2002). There is competition between the two 

families of PUFA (n-3 and n-6 fatty acids), as they are metabolised by the same pathway. The 

initial step is rate limiting as the enzyme Δ6-desaturase has greater affinity for ALA 

compared to LA; however, the presence of higher concentrations of n-6 fatty acids in the cells 
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can result in a higher conversion rate for n-6 fatty acids. The enzyme Δ6-desaturase converts 

dietary LA to gamma linolenic acid (GLA, 19:3n-6) by the addition of a double bond at Δ6 

position, which is then elongated by the addition of two carbon atoms by elongase to dihomo-

γ-linolenic acid (DGLA), and finally by desaturation at the Δ5 position (Δ5-desaturase) to 

form arachidonic acid (AA). Similarly, the n-3 fatty acids compete with LA for the same 

metabolic enzymes, and dietary ALA is converted by the addition of a double bond at the Δ6 

position by the Δ6-desaturase enzyme to stearidonic acid (SDA) followed by elongation to 

eicosatetraenoic acid (ETA), and then desaturation at the Δ5 position (Δ5-desaturase) to EPA. 

Further conversion of EPA to DHA involves a further four steps, which include the 

following: (step i) elongation to docosapentaenoic acid (DPA), (step ii) another elongation to 

tetracosapentaenoic acid (TPA), (step iii) desaturation (Δ6-desaturase) to form 

tetracosahexaenoic acid (THA), which is then translocated from the endoplasmic reticulum to 

the peroxisomes, wherein (step iv) limited β-oxidation removes two carbons (chain 

shortening) to give DHA. Alternatively, EPA and DPA can be synthesised from DHA by 

retro-conversion due to the limited peroxisomal β-oxidation. The β-oxidation is a process 

wherein ALA is metabolised and expired as CO2, and it was demonstrated in rats fed labelled 

ALA that the higher the proportion of PUFA in the diet, higher was the rate of β-oxidation 

(Pan & Storlien, 1993).  

 

Humans have limited ability to convert ALA to EPA, and little to no conversion of ALA to 

DHA occurs (Burdge & Calder, 2005). It appears that this might be the same for dogs. When 

dogs were fed a commercial diet supplemented with whole ground flaxseed (10.1% of the 

total fatty acid was ALA; weight/weight) for 84 days, plasma EPA levels increased within 

four days, and steady levels were achieved at 28 days. DPA levels were also increased, but 

there was no accumulation of DHA (Bauer et al., 1998). Limited conversion rates have also 
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been observed in other species, such as rodents (Woods et al., 1996) and guinea pigs (Fu & 

Sinclair, 2000). However, as this project did not aim to investigate the metabolic pathways of 

n-3 fatty acids, a detailed review of the literature pertaining to metabolic responses of the n-3 

fatty acids has not been included.  

 

The health benefits of n-3 fatty acids have been investigated in the canine species and have 

been summarised in a number of reviews (Bauer, 1994; Bauer, 2011; Bauer, 2008; Campbell, 

1993). This review will discuss beneficial aspects pertaining to inflammation and obesity. 

 

1.1.3 Modulation of the immune response by fatty acids 

The immune system has two aspects of immunity, non-specific (innate or natural) or specific 

(acquired or adaptive), which function to protect organisms against infectious environmental 

agents and other noxious cellular threats. The immune system distinguishes between the 

body’s own antigens and foreign ones, and this permits tolerance to self-antigens. The cells of 

the immune system originate in the bone marrow and circulate in the bloodstream. Some cells 

have the capacity to retain the memory of the threat to the immune system to initiate a rapid 

response on re-infection. The two types of immunity have been summarised in Figure 1.3.  

 

1.1.3.1 Composition of the cell membrane 

In addition to providing energy for the cells, fatty acids alter the cell membrane 

phospholipids, thereby contributing to the change in the physical and functional properties of 

the cell membrane. For instance, in human studies, when AA intake was increased, the 

concentration of AA also increased in the mononuclear cells (Thies et al., 2001). In other 

human studies, when ALA intake was increased, only the EPA content in the mononuclear 

cells increased and not DHA (Healy et al., 2000). Further, it has been demonstrated that 
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increases in the n-3 fatty acid content in the immune cells occurs at the expense of the n-6 

fatty acids (Johnson et al., 1982). 

 

 Innate Immune Response Acquired Immune 

Response 

   

Physical and chemical 

barriers 

Skin, mucous membranes  Cutaneous and mucosal 

immune systems 

   

Cells Phagocytes (macrophages, 

neutrophils, natural killer 

cells) 

Lymphocytes (B and T cells) 

   

Soluble mediators  Macrophage-derived 

cytokines (eg. IL1, IL6, 

TNFα, IFNα)  

Lymphocyte-derived 

cytokines (eg. IL2, IL4, IL5, 

IL6, IL10, IFNγ) 

   

Recognition specificity  Recognition of crude 

molecular patterns (eg. Toll-

like receptors) 

Recognition of specific 

microbial and non-microbial 

antigens (eg. T-cell receptor)  

   

Memory No Yes 

   

Circulating effector 

molecules 

Complement, acute phase 

reactants 

Antibodies 

 

Figure 1.3: A summary of the differences in the two types of immunity. Adapted from Miller 

and Raison, (2008)   

 

1.1.3.2 Eicosanoid synthesis 

Fatty acids also act as substrates of inflammatory mediators known as eicosanoids (Sumida et 

al., 1993), which are hormones that are derived from 20-carbon PUFA (GLA, AA and EPA) 

and liberated from the cell membrane phospholipids (Figure 1.4). For eicosanoid synthesis to 

occur, the precursor fatty acids (i.e. AA, EPA and DGLA) need to be mobilised from the cell 

membrane phospholipids and this usually occurs through the enzyme phospholipase A2 

(Dusting & Stewart, 1990). Eicosanoids include prostaglandins (PG), thromboxanes (TX) and 

prostacyclins (PGI2) – together termed as prostanoids – as well as leukotrienes (LT), lipoxins 

(LX), hydroperoxyeicosatetraenoic acids (HPETE) and hydroxyperoxyeicosapentaenoic acids 
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(HPEPE). The metabolism of the precursors occurs by either one of the two enzyme systems: 

cyclooxygenase, which yields PG, TX, PGI2, and the 5-, 12-, or 15-lipoxygenases which 

yields LX, HPETE and HPEPE (Calder, 1998). Macrophages are significant sources of 

eicosanoids, as they possess both cyclooxygenase and lipoxygenase, and AA fatty acids are 

found in the membrane phospholipids of macrophages and lymphocytes. Macrophages are 

involved in influencing the intensity and duration of the immune response and, therefore 

altering the macrophage eicosanoid production will modulate immune function (Calder, 

2006, 2015; Honda, 2014; Honda et al., 2015). 

 

Depending on the type of the fatty acids and enzyme systems, the type of eicosanoids will 

also vary in their biological function and potency. The cyclooxygenase enzyme (COX) 

metabolises AA fatty acids into the 2-series PG and TX, while lipoxygenases enzymes 

metabolize AA into 4-series LT (LTB4, LTC4, LTD4, LTE4, 12 HETE, 15 HETE) (Lewis et 

al., 1990). On the other hand, the eicosanoids derived from EPA are the 3-series PG and TX 

and the 5-series LT, and these products do not have the same biological properties as the ones 

derived from AA. For instance, it was found that LTB5 derived from EPA was less active in 

the chemotactic and aggregatory properties in the neutrophils compared to LTB4 derived 

from AA (Goldman et al., 1983). However, contradictory to the present belief that all 

mediators derived from AA are pro-inflammatory is the research finding that reported PGE2 

derived from AA to possess both pro- and anti-inflammatory actions (Serhan et al., 2003). 

When EPA was incorporated into the cell membranes through increasing intakes of an n-3 

rich diet, it has been found to result in reduced production of AA derived eicosanoids. This 

was due to EPA inhibiting the release of AA from phospholipids by phospholipase A2, 

thereby reducing the availability of AA as a substrate which then results in the reduced 

synthesis of AA derived eicosanoids and this has also been supported by animal studies 
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(Peterson et al., 1998). Similarly, DGLA competes with AA for cyclooxygenase and results 

in the production of 1-series PG and TX, thereby reducing the production of AA derived 

eicosanoids (Manku et al., 1988). 

 

Figure 1.4: Oxidative metabolism of arachidonic acid and eicosapentaenoic acid by the 

cyclooxygenase and 5-lipoxygenase pathways (Simopoulos, 2002). 

 

1.1.3.3 Resolvins 

Both EPA and DHA (Figure 1.5) give rise to resolvins through the pathways that involve the 

cyclooxygenase and lipoxygenase enzymes (Serhan et al., 2000). The resolvin E1 derived 

from EPA was demonstrated to be anti-inflammatory in mice with chemically induced colitis 

(Arita et al., 2005) and its synthesis was reported to have increased by feeding FO in 

laboratory rodents (Hong et al., 2003). The discoveries of resolvins from DHA indicate that 

DHA may be as important as EPA in the anti-inflammatory role.  
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Figure 1.5: Outline of the pathway of synthesis of resolvins and related mediators from EPA 

and DHA. COX, cyclooxygenase; HpDHA, hydroperoxydocosahexaenoic acid; 

HpEPE, hydroperoxyeicosapentaenoic acid; LOX, lipoxygenase; LT, leukotriene; 

PG, prostaglandin; Rv, resolvin; TX, thromboxane (Calder, 2010) 

 

1.1.4 Fatty acid analysis 

Analysis of the fatty acids in biological or food samples involves the following steps: 

extraction of the fat from the samples either by acid- or base-hydrolysis, which causes the 

complete breakdown of the food matrix and the release of fat, followed by the ether 

extraction of the released fat, transesterification of fatty acids to fatty acid methyl esters 

(FAME) and analysis of the FAME by gas chromatography (GC) to obtain the fatty acid 

profile (Ratnayake et al., 2009).  

 

The detailed procedure followed in this project has been described in Chapter 2 and 

determines only the total fatty acid composition of the plasma lipids. This differs from the 

analytical technique used for lipid analysis of biological specimens in a clinical setting where 

there might be a need to examine the fatty acid composition of lipid classes (phospholipids, 

triglycerides and cholesterol esters) in plasma, serum or other tissues, which would require 

isolation of the lipid classes first and then analysis of their fatty acid composition using thin 

layer chromtography. Such an approach has been reported in other dog studies (Bauer et al., 

1998; Dunbar et al., 2010) that investigated the accumulation of n-3 fatty acids in the serum 

samples. Serum is prepared from whole blood following a clotting process, while plasma is 
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obtained from whole blood in the presence of an anticoagulant, which deactivates the 

coagulation factors and prevents the formation of clots. Because of the differences in the 

preparation method, and also because it is not strictly possible to control the in-vitro clotting 

process, it is possible that the changes that can occur in the lipid metabolism within the body, 

could be masked by the method used to extract serum. Thus it is likely there will be 

differences between plasma and serum, as reported by Ishikawa et al. (2014).  

 

Erythrocyte membranes composed of fatty acids (approximately 45%), various phosphatides 

and glycolipids, and determining the erythrocyte fatty acid concentrations provides 

information about the metabolic functions within the cell, as well as the long term dietary 

intake and the composition of adipose tissue. Plasma fatty acids are good indicators of recent 

dietary intake as well as the adipose tissue composition, and studies have been able to 

measure the very small differences in circulating fatty acid levels and cellular membrane 

components by measuring plasma and erythrocyte specimens simultaneously (Sun et al., 

2007). This project used fasted samples, as it has been reported that fasting in humans results 

in the marked increase of plasma free fatty acids as a result of the breakdown of the 

triglycerides stored in the adipose tissue (Cahill Jr, 1970).  

 

1.2 Fatty Acids Regulate Gene Expression 

Polyunsaturated fatty acids regulate the expression of genes in the white blood cells (WBCs) 

through the activation of two main factors: nuclear receptor κB (NF-κB) and peroxisome-

proliferator-activated receptor (PPAR). Therefore, the following sections focus on these two 

families of genes. 
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1.2.1 Nuclear receptor κB    

NF-κB is a transcription factor that is known to regulate genes involved in inflammation and 

immunity (Tak & Firestein, 2001) and is activated by cellular stimulation, which include 

signals related to stress or pathogens. The NF-κB family consist of five members, namely 

NF-κB1 (p50/p105), NF-κB2 (p52/p100), p65 (RelA), RelB, and c-Rel (Chen et al., 1999). 

Under normal conditions, it is found in the cytoplasm as a heterodimer complex retained with 

its inhibitory protein IκB (inhibitor of NF-κB). When cells are stimulated by inflammatory 

cytokines, or in response to proinflammatory signals, IκBα isoform is phosphorylated by IκB 

kinase at specific serine residues and degraded. The IκBα phosphorylation dissociates the 

dimer, which then liberates and allows NF-κB to enter the nucleus, where it activates the 

target genes (Baldwin, 1996). The IκBα gene has three NF-κB binding sites in its promoter 

region, which results in its higher expression when NF-κB is activated (Ito et al., 1994).  

 

PUFA can inhibit pro-inflammatory cytokines through inactivation of the NF-κB signal 

transduction pathway, as demonstrated in murine macrophages (Novak et al., 2003). Contrary 

results were obtained when saturated fatty acids induced NF-κB activation, which in turn 

promoted inflammatory changes as demonstrated in adipocyte and macrophage interactions 

(Suganami et al., 2007). Therefore, different types of PUFA can have differential effects on 

the NF-κB receptors, and this could then regulate the genes involved in inflammation and 

immunity differently. 

 

1.2.2 Peroxisome-proliferator-activated receptor  

The peroxisome proliferator-activated receptors (PPARs) belong to the nuclear receptor 

superfamily and have three isoforms (PPARα, -γ, and -β/δ) that are encoded by separate 

genes (Berger & Moller, 2002). These receptors are ligand-dependent, wherein they regulate 
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target gene expression by binding to specific peroxisome proliferator response elements 

(PPREs) in the enhancer sites of the regulated genes. The mechanism of gene transcription is 

similar in all the subtypes of PPAR, wherein the process of transcription begins with the 

ligands (both endogenous and exogenous) binding to the PPAR-γ receptor. The ligand bound 

PPAR then heterodimerises with retinoid X receptor (IJpenberg et al., 1997), which binds to 

the promoter region of the PPRE using co-activators such as steroid receptor co-activator and 

the PPAR binding protein with histone acetylase activity (Zhu et al., 1995). This initiates the 

sequence of events leading to the upregulation of various genes involved in different 

biological processes including inflammation (Kota et al., 2005). In the free state, it has been 

shown that the heterodimerised nuclear receptor associates with co-repressors containing 

histone deacetylase activity, where the deacetylated state of histone results in inhibition of 

transcription (Xu et al., 1999a).  

 

Eicosanoids and their precursors synthesised from fatty acids can activate PPAR in WBCs 

(Kliewer et al., 1997; Krey et al., 1997). For the beneficial effects of PPAR activation, it has 

been reported that in the THP-1 cells, the activation of PPAR-γ by PUFA reduced the 

production of pro-inflammatory mediators (Zhao et al., 2005). Similar to NF-κB activation, 

different types of PUFA, i.e. GLA, AA and EPA as well as saturated and monounsaturated 

fatty acids are capable of activating PPAR (Xu et al., 1999b), which could impact the 

expression of downstream genes in the pathway.     

 

1.2.3 Genes of interest in the current study 

This project aimed to investigate the transcriptional response of two groups of genes: 

cytokines (interleukin IL1β) and heat shock proteins (HSP90, HSP70). Several other genes 

were included in the gene expression analysis initially (as mentioned in Chapter 2: General 
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Materials and Methods); however, these were not detected in the white blood cell samples in 

the study and hence were not analysed further.  

 

1.2.3.1 Cytokines (Interleukin IL1β) 

Cytokines are primarily protein molecules with a molecular weight ranging between 8 and 

30kDa and are produced in all tissues and cells. The function of cytokines comes into effect 

when the cells undergo a physiological challenge, such as a tissue trauma or an infection, 

wherein cytokines play a role in the defense and repair of tissues. However, when tissues are 

severely challenged, there is an increased production of cytokines into the blood stream, 

which creates an imbalance in the normal homeostasis (Akira et al., 1990). Cytokines include 

several families, of which one of them is the interleukins. Further, interleukins contain 

several families, of which one of them is IL1. The IL1 family of cytokines is composed of 

proteins encoded by different genes: 1) IL1α, 2) IL1β, 3) IL1 receptor (IL-1R) and antagonist 

(IL-1Ra), and 4) two IL-1R accessory proteins (IL-1R AcP I and II) (Dinarello et al., 2010).  

 

The first cells to respond to a trauma or an infection are the cells of the monocytic lineage. 

The classic stimulus would be a bacterial endotoxin or similar factors that activate the toll-

like receptors (TLR) on the cell surfaces that trigger the complex signal transduction 

pathway, which then leads to the activation of NFκB, and eventually resulting in the 

transcription of cytokines IL1, IL6 and tumour necrosis factor (TNF) (Aderem & Ulevitch, 

2000). IL1β is a cytokine that is pro-inflammatory in nature and produced by the blood 

monocytes, tissue macrophages, dendritic cells, B-lymphocytes and natural killer cells. The 

inactive form of IL1β (pro-IL1β) needs to be activated by intracellular cysteine protease 

(Caspase-1) to its active form. Caspase 1 can be activated by an intracellular protein complex, 

i.e. inflammasome (Martinon et al., 2009).  
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The expression of the cytokine gene could be low or undetectable in normal conditions, 

which could then rise moderately after a specific stimulation that is physiological in nature, 

becoming highly elevated in a disease condition (Vitkovic et al., 2000). The effect of IL1β on 

immune function could also be indirect, wherein IL1β induces the synthesis of inflammatory 

mediators through inducing the gene expression and synthesis of COX-2 and type 2 

phospholipase A, and these resultant products could then affect immune response (Vichai et 

al., 2005). Another effect of IL1β is its ability to increase expression of adhesion molecules 

that then mediate the infiltration of inflammatory cells from circulation into the extravascular 

space, and finally into tissues resulting in the chronic inflammation of the tissues (Marković 

et al., 2002). Thus, it can be speculated that the feeding of PUFA would influence the activity 

of genes, such as IL1β, involved in inflammatory and/or immunity related responses.   

 

1.2.3.2 Heat shock proteins  

Heat shock proteins (HSP), or stress proteins, are highly conserved and primitive molecules 

that present in all cellular compartments of all organisms. These proteins range in size from 7 

kDa to 110 kDa and are categorised into families based on their approximate molecular 

weight. For example, 90 kDa protein is recognized as HSP90 and, similarly 70 kDa protein as 

HSP70. Initially, heat shock proteins (as the name defines) were known to be expressed in 

response to increased environmental temperature (heat stress); however, it is now also known 

to be induced by other kinds of cellular insults, which include infection, inflammation, toxic 

chemicals, hypoxia, starvation or any other stress that could result in the protein being 

unfolded and misfolded, or in the aggregation of new-synthesised unwanted proteins (Ellis & 

Van der Vies, 1991). Some HSP molecules, such as HSP90, are primarily expressed at high 

levels, while some others, such as HSP70 are induced to high levels in response to cellular 

stress.  

http://en.wikipedia.org/wiki/Infection
http://en.wikipedia.org/wiki/Inflammation
http://en.wikipedia.org/wiki/Starvation
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HSP gene transcription is regulated by the interaction of the transcription factor, known as 

heat shock factor (HSF), with the heat shock element (HSE) in the promoter region of the 

HSP gene. In an unstressed cell, HSF is present in both the cytoplasm as well as the nucleus 

in a monomeric form with no DNA binding activity. In response to a stress, especially heat, 

HSF assembles into a trimer within the nucleus and binds to the HSE, which is the 5’ 

flanking sequence of the HSP gene, and becomes phosphorylated. This phosphorylation 

could modulate its transcriptional activity (Sarge et al., 1993). The resultant transcriptional 

activation of the heat shock genes can then lead to increased levels of heat shock proteins and 

the formation of a HSF and HSP complex. Normally, the cellular insult is transient, but if 

prolonged could affect protein homeostasis and cellular functions. For maintaining 

homeostasis, a negative regulation takes effect wherein HSF activity is negatively regulated 

by the binding of HSP70 to its transactivation domain, and thereby repressing the HSP gene 

transcription. Another mechanism is also reported wherein HSP binding factor (HSPB) 

interacts with the active trimeric form of HSF and HSP70, thereby inhibiting the capacity of 

HSF to bind with DNA.  

 

Heat shock proteins have also been reported to be immunodominant molecules, as in 

infections and also in other conditions such as cancer, diabetes and arthritis. It is still unclear 

whether all the cells respond to the stress in an identical manner and whether the responses 

vary with the type of stress. Literature evidence supports the knowledge that obesity driven 

inflammation promotes insulin resistance, which in turn reduces the expression of HSPs 

(HSP70), resulting in tissue damage and accumulation of harmful proteins. This, in turn, 

results in further damage and decline of anti-inflammatory HSPs that allow inflammation to 

progress (Chung et al., 2008). In a study conducted by Madrigal-Matute (2010), it was 

demonstrated that HSP90 was over expressed in the plaques and serum of patients with 
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atherosclerosis, and that HSP90 inhibitors could reduce inflammation in atherosclerosis in 

humans. Based on a study conducted in female dogs, it was shown that HSP90 had high 

expression and was involved in canine mammary gland carcinogenesis (Badowska-

Kozakiewicz & Malicka, 2012). The pro-inflammatory function of the HSP was supported by 

the evidence that HSP induces the production of pro-inflammatory cytokines such as TNF, 

IL1β and IL6, mediated through the TLR pathway leading to the activation of the NF-κB 

receptor (Wallin et al., 2002).   

 

1.2.4 Polyunsaturated fatty acids regulate gene expression in the white blood cells  

Polyunsaturated fatty acids have been shown to regulate the expression of genes in the WBCs 

through the activation of two main factors, NF-κB and PPAR. In humans, supplementation of 

DHA-rich-FO for two months downregulated genes related to signal transduction in the 

lymphocytes, while HSP90 and HSP70 were upregulated (Gorjao et al., 2006). However, no 

effect was seen on the expression of inflammatory cytokines such as IL4, interferon gamma 

(IFN-γ) and transforming growth factor beta (TGF-β) in the peripheral mononuclear cells 

(PMNC) of healthy dogs and dogs with atopic dermatitis (Stehle et al., 2010). On the other 

hand, when Jurkat cells were treated with either EPA or DHA, both DHA and EPA 

upregulated cytokines and related receptors (Verlengia et al., 2004). However, these two fatty 

acids may not show varied ability to alter the expression of these genes; for example tumour 

necrosis factor receptor (TNFR-β) gene was upregulated 32.1 folds by DHA while only 5.6 

folds by EPA. Therefore, the effect of even same type of n-3 fatty acids can have different 

levels of impact on the expression of inflammation-related genes. 
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1.3 Canine Obesity  

Obesity, an increasing problem in pet dogs, is defined as excessive accumulation of adipose 

tissue in the body (Laflamme, 2006). It has been proposed that dogs can be categorised as 

being either overweight or obese, based on their body weight (BW); a 15% increase above 

the normal weight being overweight and a 30% increase being obese (Burkholder & Toll, 

2000). These criteria were not confirmed through extensive epidemiological studies, 

however, and hence a definition of the optimal body weight is limited in dogs (German, 

2006a).  

 

1.3.1 Incidence  

The reported incidence of canine obesity varies between countries, and this has been 

summarised in the Table 1.1. Collectively, data suggest that the incidence has increased over 

time within the same country and also across countries. 

 

1.3.2 Breed Predisposition   

Historically, some breeds have been recognised as having a greater propensity to be obese. 

Specific breeds have been identified as having a higher incidence of obesity, suggesting that 

certain breeds are more genetically prone to developing obesity compared to others (Edney & 

Smith, 1986; Mao et al., 2013; Meyer et al., 1978). Greyhounds, on the other hand, appear to 

be an exception in having resistance to the development of obesity (Diez & Nguyen, 2006).  
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Table 1.1: A summary of the reported incidence of canine obesity from various countries in a 

chronological order 

 

Country N Incidence References 

UK 1000 28.0% Mason (1970) 

UK 1134 34.0% Edney (1974) 

USA 3729 22.0% Kronfeld et al. (1991) 

USA 30 517 28.0% Lund et al. (1999) 

Australia 1093 41.0% McGreevy et al. (2005) 

France 616 38.8% Colliard et al. (2006) 

China 2391 44.4% Mao et al. (2013) 

 

1.3.3 Other contributing factors 

The primary cause of obesity is an excess in energy consumed over energy expended. 

However, other contributing factors have been reported, which include the age of the animal, 

gender, neuter status, exercise, the lifestyle of the owners, diets and hormonal factors. With 

regard to the age of the animal, it has been reported that with increasing age, the incidence 

also increases; i.e. 6% of female puppies (<1 yr) were obese in comparison to 40% of adult 

female dogs (Glickman et al., 1995). It is important to note that excessive weight gain in 

puppies can predispose them to adult obesity, i.e. obese puppies under the age of one had 1.5 

times more chance of developing obesity as adults compared to non-obese puppies (Glickman 

et al., 1995). The incidence of obesity has also been reported to decrease in dogs over twelve 

years of age (Armstrong et al., 1996). Gender has also been considered an important 

contributing factor, with a higher incidence reported in females than in males (32% vs. 23%, 
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or 40% higher in females) (Glickman et al., 1995; Mason, 1970). In addition, neutering 

increases the incidence of obesity in both males and females (Jeusette et al., 2004a; 

McGreevy et al., 2005). This could be due to an increase in food intake, as observed in a 

study wherein for three months following neutering, female beagles consumed 20% more 

food and thus increased weight (Houpt et al., 1979). With respect to physical activity and 

sedentary behaviour in dogs, Morrison et al. (2014) reported that age and breed were found to 

influence the duration and intensity of physical activity. The lifestyles of the owners have 

also been shown to have an influencing effect, wherein overweight owners were more likely 

to have overweight pets (Nijland et al., 2010). With regard to diet, a major contributing factor 

is ad libitum feeding, offering treats and feeding leftovers of owner’s meals, as well as 

various nutritional supplements (Robertson, 2003). Finally, hormone level is a factor closely 

related to the endocrine function of the adipose tissue, which will be discussed in detail in the 

following sections. 

 

Obesity is of concern as it decreases the lifespan of the patients and also predisposes them to 

a number of medical problems (German et al., 2012a; Kealy et al., 2002). The medical 

problems include a variety of diseases including, but not limited to, insulin resistance, lipid 

metabolism disorders, cardiovascular and respiratory disease, urinary disorders, reproductive 

disorders, arthritis, traumatic and degenerative orthopaedic disorders, dermatologic diseases, 

neoplasia, decreased immune function, decreased heat tolerance and anaesthetic 

complications (German, 2006a; Gossellin et al., 2007a; Tvarijonaviciute et al., 2012).  
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1.3.4 What is adipose tissue? 

The adipose tissue is composed of two different types of adipocytes (Figure 1.6A). The 

brown adipose tissue is involved in energy dissipation or thermogenesis regulated by the 

genes participating the mitochondrial function, including uncoupling protein-1. This adipose 

tissue appears as multilocular lipid droplets in brown fat, and is in abundance in neonates and 

hibernating animals (Cannon et al., 2004). White adipose tissue, on the other hand, comprises  

large cells filled with triglycerides involved in energy storage, and makes up a higher 

proportion of adipocytes in adults (Wronska & Kmiec, 2012). Besides the presence of mature 

adipocytes, other cells are present in the adipose tissue, including preadipocytes, 

mesenchymal stem cells, macrophages, endothelial cells and fibroblasts, all of which regulate 

adipose tissue inflammation in the case of obesity. The stem cells and pre-adipocytes are 

important for the expansion (hypertrophy) and multiplication (hyperplasia) of adipose tissue 

during obesity (Ailhaud et al., 1992). Excess energy is stored in the form of triglycerides and 

constitutes over 85% of adipose tissue and, as the excess increases, the adipocytes are capable 

of increasing their diameter twenty-fold and their storage capacity up to several thousand-fold 

(Klaus, 2004). Once thought of as simply an energy depot, white adipose tissue is now 

considered as an endocrine organ secreting a number of hormones and proteins classified as 

adipokines or adipocytokines (Figure 1.6B), which influences biological functions such as 

insulin sensitivity, inflammation, lipid metabolism and energy homeostasis (Kershaw & Flier, 

2004).  
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Figure 1.6: A: depicts light microscopy image of white and brown adipose tissues that are 

close to each other (Tam et al., 2012). B: depicts adipocytes considered 

endocrinologically active, secreting important hormones, cytokines, vasoactive 

substances and other peptides. The abbreviations used in the figure are as 

follows: IL, interleukin; TNF-α, tumour necrosis factor-α; TGF-b, transforming 

growth factor-b; CRP, C-reactive protein; SAA, serum amyloid A; PAI-1, 

plasminogen activator inhibitor-1; MCP-1, monocyte chemoattractant protein-1; 

MIF, macrophage migration inhibitory factor; NGF, nerve growth factor 

(German et al., 2010a). 

 

1.3.5 Obesity and inflammation 

Inflammation is a local physical reaction in response to an injury or infection and can be 

accompanied by the classical signs of inflammation, which include pain, heat, redness, 

swelling, and loss of function. However, when irritants persist, as in the case of a metabolic 

surplus (from excess dietary intake), the immune system is activated and inflammation 

becomes chronic in nature (German et al., 2010a; Khorsan et al., 2014; Lands, 2014).   

 

Macrophages are cells produced by the differentiation of monocytes in the tissues. During 

obesity, macrophages accumulate and are responsible for most of the cytokines produced in 

the adipose tissue. In physiologically normal individuals, adipose tissue cytokine 

concentrations are low, and this is in contrast with the changes that occur during obesity, 

A B 
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wherein obese individuals show a higher expression of pro-inflammatory cytokine proteins 

(Lee & Pratley, 2005). During adipocyte hypertrophy and hyperplasia, the blood supply to 

adipocytes may reduce and this could lead to hypoxia. The resultant hypoxia could trigger 

necrosis and macrophage infiltration into the adipose tissue, leading to the excess production 

of inflammatory cytokines (Ye et al., 2007; Masoodi et al., 2015). The macrophages 

associated with obesity are thought to have undergone a phenotypic change from an 

alternatively activated type (M2), seen in the lean state, to a classically activated type (M1) in 

the obese state, which increases gene expression of pro-inflammatory cytokines (Prieur et al., 

2011). The majority of macrophage cells that gather around the dead adipocyte fuse and form 

syncytia, with the residual free adipocyte lipid droplets forming multinucleate giant cells, as 

seen in chronic inflammation (Cinti et al., 2005), as depicted in Figure 1.7. Thus, chronic 

low-grade inflammation associated with obesity increases slowly, leading eventually to the 

damage of vital organs and development of insulin resistance (Xu et al., 2003), which could 

then lead to the development of a number of other conditions such as dyslipidemia, heart 

diseases, hypertension and stroke, which are seen in humans as well as in dogs (Cespedes et 

al., 2015; Moller & Kaufman, 2005; Tvarijonaviciute et al., 2012).  
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Figure 1.7: The changes in immune cell populations in adipose tissue in obesity. Lean 

adipose tissue contains a higher proportion of M2/M1 macrophages as well as a 

number of regulatory T cells. Obesity and adipocyte hypertrophy leads to 

adipocyte necrosis, an increase in pro-inflammatory M1 macrophage numbers, 

and change in immune cell populations. These then lead to the production of 

proinflammatory cytokines that cause systemic inflammation and thus insulin 

resistance (Kalupahana et al., 2012). 

 

Insulin is produced by the pancreas within the β cells of the islets of Langerhans, and is 

responsible for regulating glucose transport and metabolism, mainly in the adipose tissue, 

liver and skeletal muscle. Insulin resistance is a condition wherein there is insufficient 

response to insulin by the tissues that are normally sensitive to insulin, such as adipose tissue, 

liver and skeletal muscle (Schenk et al., 2008). This could then lead to the inhibition of 

lipolysis and reduction in glucose production by the liver cells, as well as reduction in the 

uptake and utilisation of glucose by the skeletal muscles (Figure 1.8). Similar to humans, 

dogs also develop insulin resistance when overweight and weight loss restores the normal 

response to insulin (Gayet et al., 2004). 
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Figure 1.8: The pathogenesis of obesity-associated insulin resistance. The function of insulin 

is to suppress hepatic glucose production, promote skeletal muscle glucose 

disposal and inhibit lipolysis. A chronic low-grade inflammation occurring in 

adipose tissue in obesity gives rise to excessive production of pro-inflammatory 

cytokines which then attenuates insulin action on the aforementioned tissues 

(Kalupahana et al., 2012). 

 

1.3.6 Adipokines 

Adipose tissue has been reported to respond to metabolic signals through the release of a 

number of proteins. These proteins, including leptin and adiponectin, have been termed 

adipokines, (Trayhurn & Wood, 2004). The cytokines produced by the adipose tissue, 

including TNFα and IL6, have been termed adipocytokines (Tilg & Moschen, 2006). 

 

1.3.6.1 TNF alpha and IL6  

Of the cytokines produced by the adipose tissue, TNFα and IL6 are the two cytokines that 

have been most extensively studied in humans as well as in dogs (Bastien et al., 2015; 

German et al., 2010a; Tilg & Moschen, 2006).  

 

TNF alpha is primarily known for its function in activating the immune system against 

infection or cancer. However, it has now been reported to be produced by the adipose tissue 
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macrophages and to promote insulin resistance centrally in the hypothalamus as well as 

within the adipocytes (Moller, 2000). Similarly, IL6, also produced by the macrophages, 

influences the development of insulin resistance by altering the signalling of insulin in the 

liver cells (Bastard et al., 2002). Circulating concentrations of TNFα were detectable in the 

plasma of almost 50% of dogs with obesity, and these levels reduced following weight loss 

(German et al., 2009). 

 

The genes TNFα and IL6 were included in this project for the gene expression analysis, but 

were not detected in the white blood cell samples in the study, so were unable to be 

investigated further.  

 

1.3.6.2 Leptin 

Leptin is one of the adipokines that is extensively studied in humans and animals, including 

dogs (Harris, 2000). Leptin is a protein, coded by the ob gene and secreted primarily by the 

adipocytes (Iwase et al., 2000). The amount of leptin secreted has been shown to be directly 

proportional to increasing body fat mass (Considine et al., 1996; Hariri et al., 2015). This is 

further supported by the observation that leptin concentration decreases with weight loss 

(Jeusette et al., 2005).  

 

Based on mouse studies showing that the absence of leptin could lead to the development of 

severe obesity, leptin was believed to suppress appetite and increase energy expenditure. It 

was reported to bind to receptors in the hypothalamus to suppress appetite through a series of 

events, including the suppression of orexigenic neurons (neurons that stimulate appetite) via 

neurotransmitters such as neuropeptide Y and agouti-related peptide, and the stimulation of 

anorexigenic neurons (neurons that suppress appetite) via neurotransmitters such as 
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melanocyte-stimulating hormone (Cowley et al., 2001). However, it was also observed that in 

both obese humans and dogs, the concentrations of leptin were found to be high. This 

pinpointed a reduced end organ response to leptin in the hypothalamus, rather than an 

absence of leptin, was responsible for obesity (Farooqi et al., 2007). 

 

In dogs, certain breeds such as dachshunds, labrador retrievers and shih-tzu were found to 

have lower levels of leptin, while breeds such as shetland sheep dogs had higher levels 

(Ishioka et al., 2007). The concentrations of leptin were also found to increase after being fed 

an energy dense meal (Ishioka et al., 2005a) or after treatment with glucocorticoids (Nishii et 

al., 2006). 

 

1.3.6.3 Adiponectin 

Adiponectin, an adipokine secreted exclusively by the mature adipocytes, circulates in high 

concentrations as complexes of variable sizes (Maeda et al., 1996). In contrast to leptin, the 

concentration of adiponectin decreases with increasing obesity. It has been reported that the 

gene expression of adiponectin is reduced in dogs with increasing obesity (Ishioka et al., 

2006), and this reduction in gene expression could be due to the increased secretion of other 

adipocytokines such as TNFα and IL6 through the NFκB pathway.  

 

The beneficial effects of adiponectin have been reported to improve insulin sensitivity, 

regulate lipid and glucose metabolism, and reduce hepatic lipid accumulation (Yamauchi et 

al., 2002). Additionally, adiponectin has been reported to exhibit an anti-inflammatory effect 

by suppressing TNFα production by macrophages (Yokota et al., 2000).  
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1.3.7 Management and treatment of canine obesity 

The primary approach to management of obesity in canines would naturally focus on dietary 

and lifestyle management. However, this appears to be challenging for pet dog owners, as the 

incidence of canine obesity seems to be increasing (German, 2006a; Under & Mueller, 2014). 

One reason for this is lack of owner compliance. Not all dogs starting a weight loss program 

actually complete it (Yaissle et al., 2004) and the cases of rebound back to obesity are quite 

high in pet dogs (German et al., 2012b). This project focuses on dietary strategies using n-3 

fatty acids in obesity management. 

 

Commercial pet foods formulated for weight control offer a dietary management strategy 

which involves the restriction of dietary energy, with diets based on either high protein with 

moderate fibre or high fibre with moderate protein. However, reduced energy intake can lead 

to hunger, increased scavenging and begging behaviours, and non-compliance of the owners, 

ultimately resulting in withdrawal from the weight loss program. A high protein, high fibre 

diet has been demonstrated to be effective for weight loss outcomes (German et al., 2010b; 

Weber et al., 2007). Adequate protein is essential to prevent the loss of muscle mass (Diez et 

al., 2002), while micronutrient supplementation ensures that nutrients are not deficient when 

energy is being restricted (Weinsier et al., 1984). Weight monitoring also plays an important 

role for the success of the weight loss program. Dogs should be regularly checked and owner 

compliance should be verified frequently to motivate the owner. Follow-up phone calls not 

only help to track the progress, but also provide an opportunity to address any new problem 

at an early stage. Regain of BW is common and can be avoided by continuing to feed dogs 

with diets that were used during the weight loss period (German et al., 2012b). Incorporation 

of exercise into the weight loss regime has been found to be useful and effective (Chauvet et 
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al., 2011a). However, these management practices should be designed specifically for each 

dog, taking into consideration any existing medical condition. The exercises for dogs could 

include walking or running with the owners, swimming or hydrotherapy, use of treadmills if 

feasible or canine sports such as agility and obedience training. Off-lead exercising gives 

dogs the opportunity to move at their own pace as well as encourage them to walk further to 

investigate the environment. Along with dietary and exercise management, it is also 

important that owners comply and reduce overfeeding and giving of treats (Chauvet et al., 

2011b).  

 

Some of the more recent treatment approaches include the use of pharmaceuticals or surgical 

intervention such as reversible gastric restrictive implants and gastric electric stimulators. 

The two pharmaceutical products used in dogs are Dirlotapide (marketed as Slentrol) 

(Gossellin et al., 2007b) and Mitratapide (marketed as Yarvitan) (Dobenecker et al., 2009), 

both of which have been reported to inhibit microsomal triglyceride transfer proteins. 

Inhibiting these protein molecules inhibits food intake by interfering with fat absorption at 

the intestinal level, as well as with the release of satiety factors that reduce food intake. 

Dirlotapide can be given for a long term, i.e. 12 months, with periodic increases in dose to 

maintain weight loss. On the other hand, Mitratapide can only be used for short-term 

treatment, i.e. two to three weeks. Both of these drugs have been reported to have 

gastrointestinal side effects such as vomiting and diarrhoea. Forewarning the owners about 

the side effects helps better compliance with the use of this treatment method. However, it 

must be remembered that there is a chance of a rebound in BW when the use of these drugs 

are discontinued.  
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Incorporating other strategies, such as lifestyle and dietary management, in addition to drug 

therapy are useful for long term results. Recent additions to the treatment strategies include 

the use of reversible gastric restrictive implants (Guo et al., 2014; Guo et al., 2011) and the 

use of gastric electric stimulators (Li et al., 2014). Reversible gastric restrictive implants 

(Guo et al., 2011) involve the use of two longitudinal parallel plates held together with two 

rings in a C shape to form a longitudinal gastric pouch that prevents gastric distension. This 

was tested in non-obese mongrel dogs for six weeks, and results showed a decrease in 

average food intake by 38.2%, with an average weight loss of 21%. When this procedure was 

tested in obese mongrel dogs for twelve weeks, it was reported that food intake reduced by an 

average of 46%, with an average resultant weight loss of 75% (Guo et al., 2014). Surgical 

implanted gastric electric stimulators (Abell et al., 2006) deliver an electrical stimulus to the 

stomach through electrodes, which causes a change in gastric motility, improved satiety and 

causing weight loss. This procedure was tested in eight healthy female dogs for three days, 

with a significant reduction in food intake reported (Li et al., 2014). However, further animal 

testing and clinical trials are needed for these techniques to be included as an accepted part of 

an obesity treatment regime. 

 

1.3.7.1 Dietary management using n-3 fatty acids: Effect of n-3 fatty acids on body 

weight and fat mass 

A variety of n-3 fatty acids have been investigated in animal obesity research, including 

different sources of oils in different concentrations (Howe & Buckley, 2014; Sicinska et al., 

2015; Torres-Fuentes et al., 2015). 

 

The reported use in canines for weight control is limited to one study by Ishioka et al. (2002), 

wherein a significant decrease in body weight (BW) was observed in obese beagles 
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supplemented with DHA-rich FO for fourteen weeks, and this was associated with an 

increase in mitochondrial uncoupling protein 3 mRNA expression in skeletal muscles. These 

UCP molecules have been reported to dissipate excess fat energy as heat and result in weight 

loss.  

 

Other reported studies involve rodents. A study conducted in mice fed a high-fat diet to 

induce weight gain reported that weight gain was limited when EPA/DHA content was 

increased from 1 to 12% (weight/weight) of dietary lipids (Ruzickova et al., 2004). Similarly, 

a study was conducted on rats that were fed a high-fat diet (20% fat) containing n-3 fatty 

acids in different combinations: solely EPA as the EPA group, solely DHA as the DHA 

group, a mixture of both EPA and DHA (MIX group) and the use of a native fish oil (FO 

group) (Raclot et al., 1997). It was found that the mean weight of the fat cells (µg) in 

retroperitoneal adipose tissue was the highest in the control group fed lard plus olive oil, 

followed by the EPA group, then the other three groups, that were not significantly different 

from each other: DHA = FO = MIX. However, it was interesting to note that in spite of the 

presence of n-3 fatty acids in the native FO, the final BW of the rats was highest in the FO 

group compared to the control group. In another study conducted on rats, it was observed that 

the final body mass was no different between rats fed FO and lard. However, even though 

both the groups had a significant increase in fat pad mass, the group fed FO had a 

considerably smaller increase in fat pad mass compared to lard fed rats (Parrish et al., 1990). 

A smaller increase in fat mass when fed FO was also observed in another study when  rats 

were fed diets containing 42% of energy as either FO, safflower oil, olive oil or beef tallow 

for twelve weeks. The study also reported that the total energy gain was lower in the rats fed 

FO compared to olive oil and beef tallow, and that the FO group also gained more lean body 

mass and less fat mass (Su & Jones, 1993). 

http://europepmc.org/abstract/MED/8263604/?whatizit_url_Species=http://www.ncbi.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=4222&lvl=0
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To specifically compare the influence of PUFA from n-3 and n-6 sources on lipid 

composition and metabolism, a study was conducted on rats for one week. It was interesting 

to note that significant differences were observed in a short period of one week, wherein body 

weight increments and adipocyte size were significantly smaller in rats fed PUFA from n-3 

sources in comparison to rats fed PUFA from n-6 sources, even though the rats of the two 

groups consumed a comparable amount of food (Fickova et al., 1998).  

 

The above-mentioned studies used healthy and physiologically normal rodents and 

investigated the function of EPA and DHA limiting obesity and proliferation of adipose 

tissue cells induced by feeding a high-fat diet. Though these studies provide some evidence 

for the effect of long chain n-3 fatty acids (LCn-3FA) on BW and fat mass, the mechanism of 

action is still inconclusive. 

 

1.4 Assessment of Body Composition and Computed Tomography 

The assessment of body composition in animals is important for several reasons, including 

evaluation of obesity, therapeutic purposes and the assessment of meat animals to predict 

carcass composition at slaughter. It is important to assess the actual level of obesity and 

understand the responses to both short-term and long-term weight loss programs, and it is 

also important to assess the nutritional status of the patient to decide the 

replenishment/treatment of sick animals and to monitor the effect of such an intervention. 

 

1.4.1 Assessment of body composition in a clinical setting  

Under a clinical setting, the most practical method of estimating body condition is assessing 

BW and the body condition score (BCS). To measure BW, a weighing scale calibrated to an 
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accuracy of 0.1 kg, is used. To avoid potential sources of error and improve accuracy, it is 

best to use the same weighing scale to measure the animals at various time points and 

preferably at approximately the same time of day. Measuring BW in isolation is not ideal, as 

it does not provide an indication of whether the animal is underweight, overweight or of ideal 

body condition. Hence, BW should be measured in conjunction with BCS to obtain a better 

perspective on the body condition and health of the animal.  

 

Body condition scoring is a semi-quantitative measurement and involves a subjective 

evaluation, both visual and palpable, for the outline of the body, coverage of fat and the 

ability to palpate the ribs to assign a score. The two commonly used scoring systems in dogs 

(Figure 1.9) are the 5-point system wherein a BCS of 3 is considered ideal (McGreevy et al., 

2005), or a 9-point system wherein a BCS of 5 is considered ideal (Laflamme, 1997). The 9-

point system is widely accepted and when performed by trained operators and compared with 

other methods of assessing body composition, such as dual-energy X-ray absorptiometry 

(DEXA), it was found to be consistent and have a high coefficient of determination (r2 = 

0.92) (Mawby et al., 2004). A new system (German et al., 2006b) has been designed for use 

by owners without any prior training and involves the 7-point algorithm-based approach, 

wherein each score is assigned an alphabet, starting with A for underweight to G for obese. 

One of the major drawbacks for the BCS method in general is its lack of power to detect 

subtle changes within a short period of time. For the BCS to change one increment and be 

detected, it generally requires a minimum of two to four months and at least an 8% change in 

body mass (Dorsten & Cooper, 2004). This makes BCS a poor method for monitoring short 

term changes in body composition in weight management programs. Another drawback is 

that the method is subjective in nature and could result in variation in the assignment of 
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scores between operators. These drawbacks warrant the need for more accurate assessment of 

body composition (Dorsten & Cooper, 2004).   

 
 

Figure 1.9: A: 5-point scoring system (McGreevy et al., 2005) 

B: 9- point scoring system (Laflamme, 1997) 

 

1.4.2 Indirect methods for assessing body composition  

The most accurate method of assessment of body composition is a direct method to establish 

the chemical composition of the body, which involves the chemical analysis of a cadaver. 

However, this is not practical in a clinical setting and it is therefore useful to compare the 

results obtained from such a method with the results obtained from other indirect methods.   

 

There are several methods for assessing body composition and two key factors that need to be 

considered when choosing a method is accuracy and precision. The accuracy of a method 

tests the closeness of the measurement to its true value, while precision tests the repeatability 

A B 
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of the test to produce the same results. An ideal method for assessment of body composition 

should be both accurate as well as precise; however, all the existing methods have limitations.  

Most of the indirect methods are based on the assumption that the body is divided into two-

compartments: fat and fat-free mass (Burkholder, 2001). It is possible through certain 

techniques to further divide the fat-free mass and analyse water, protein, bone mineral and 

tissue distribution. It is assumed that the composition of the fat-free mass is relatively 

constant, with a density of 1.1 g/cc at 37ºC, a water content of 72% to 74%, and a potassium 

content of 50 to 70 mmol/kg. Fat, on the other hand, is relatively homogenous in composition 

anhydrous in nature and free of potassium with a density of 0.900 g/cc at 37ºC (Lukaski, 

1987). 

 

The two most commonly used methods to evaluate body composition in canine obesity 

research are DEXA and deuterium oxide dilution. This review, will, however, briefly discuss 

a few of the other existing methods with their limitations.  

 

Originally developed for measuring bone mineral content, DEXA has been used to assess 

whole body composition in dogs (Jeusette et al., 2010). It uses two low energy X-ray beams 

at 70 kVp and 140 kVp to differentiate the body tissues into bone, soft tissue and lean tissue, 

and this is based on attenuation of the different energy levels of X-rays emitted. The dogs 

need to be anaesthetised to avoid unwanted movement and best positioned in dorsal 

recumbency (Raffan et al., 2006) during scans lasting 20 minutes (Lauten et al., 2001), or 

shorter scans of 5-10 minutes duration using newer DEXA machines that use fan-beam 

technology (Raffan et al., 2006). The precision of the DEXA technique was tested in normal 

healthy dogs using six different breeds, and the coefficient of variation was found to be 

5.19% for fat tissue (Lauten et al., 2001). The accuracy was validated by chemical analysis; 
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however, greater inaccuracies were observed in some individual animals, mainly due to 

skeletal muscle hydration (Speakman et al., 2001). In spite of the differences observed 

between animals, the high repeatability for the same animal makes it a reliable method for 

observing changes in body composition in obesity studies (Munday et al., 1994a).   

 

Isotope dilution (deuterium oxide) works on the principal that body water associated with fat-

free mass (lean tissue) is fairly constant compared to the negligible water content of the fat 

mass. Using this principle, estimation of the body composition can be made by measuring the 

total body water of the fat-free mass (lean tissue). To determine this, isotopes of deuterium 

oxide (stable and non-toxic in nature) that freely exchange with water are administered 

intravenously. The dogs are weighed, and blood samples are collected before and two hours 

after administration and analysed for the amount of deuterium oxide present. To calculate the 

total body water, the formula indicated below is used (Sheng et al., 1971). The fat estimated 

by deuterium oxide dilution was validated against fat determined by ether extraction of the 

carcass using male and female dogs, and a coefficient of determination, r2 = 0.95, was 

obtained (Burkholder & Thatcher, 1998). The method was also tested against DEXA in two 

different studies, both of which reported excellent correlations between measurements of 

percent body fat (%BF), and coefficient of determination r2 = 0.84 (Son et al., 1998) and r2 = 

0.78 (Mawby et al., 2004). However, the percentage of body fat obtained with DEXA was on 

an average 13-15.8% higher than that obtained with the deuterium oxide (Son et al., 1998).  

Volume of total body water was calculated using the formula: 

C1V1=C2V2 

Wherein C1V1 = known amount of deuterium oxide in a known volume of carrier  

C2= final volume of deuterium oxide in a biological fluid (blood)  

V2= is the volume of total body water 
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Computed tomography (CT) works on the principle of acquiring information based on the X-

ray radiation being transmitted in many directions through a specific volume of tissue. These 

transmitted radiations account for the linear attenuation coefficient, which are transformed 

into CT values or Hounsfield units (HU), a quantitative scale for measuring radio-density, 

ranging between −1024 for air, 0 for water, and +1000 for bone, with muscle having a 

positive HU value, while fat has a negative HU value. From human studies, it has been 

suggested that CT may be a more accurate method for measuring body composition than 

DEXA (Lane et al., 2005). Validation of CT in pigs using dissection and near-infrared 

spectroscopy (NIR) showed a coefficient of determination 𝑟2 = 0.93 (Jopson et al., 1995). The 

first study that utilised CT for measuring body composition in dogs was conducted by Ishioka 

et. al. (2005b). Their study in dogs demonstrated that the fat content measured at the third 

lumbar vertebra (L3) using the attenuation range of −135/−105HU had the best correlation, 

correlation coefficient 𝑟 = 0.98, with the body fat content estimated by the deuterium oxide 

dilution method. However, CT slices analysed were limited to only three levels; the twelfth 

thoracic vertebra (T12), the third lumbar vertebra (L3), and the fifth lumbar vertebra (L5), 

and were only investigated in beagles. The canine study (Ishioka et al., 2005b) also 

demonstrated the potential for fat to be overestimated at 190/−30HU. Using Ishioka’s 

attenuation range, a study was conducted in dachshunds, which are chondrodystrophic breeds 

with a specifically unique body conformation (Comstock et al., 2013). The results from the 

dachshund study suggested that the fat area measured at L3 and L5 using attenuation ranges 

−135/−105 HU was significantly dependent on BW (P=0.05). These two studies have used 

specific CT slices as representative of the whole body fat. There is, therefore, a need for an 

improved CT method in dogs. Traditional CT image analysis is cumbersome in a whole body 

scan because of the large number of CT images involved and the manual calculations 

required in the prediction equations. However, the application of advanced image analysis 
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software programs simplifies and automates the process, as demonstrated by a study in dogs 

using human body fat analysis software (Kobayashi et al., 2014). 

 

An older method, ultrasound, has also been tested in dogs (Wilkinson & McEwan, 1991). The 

subcutaneous fat thickness measured at six anatomical sites was compared using ultrasound 

and histology, and it was reported to be significantly correlated (r = 0.81; P < 0.001).  Total 

body fat was then predicted using the subcutaneous fat thickness; however, it was the 

subcutaneous fat from the lumbar area that significantly correlated with the total body fat (r = 

0.87; P<0.001). Recent methods in dogs include using a hand-held device: bioimpedance 

spectroscopy (Stone et al., 2009). The method was validated against DEXA and good 

agreement was found with the two methods (correlation coefficient 𝑟 = 0.93 for fat) at a 

population level, but was limited in accuracy when used for individual animal measurements. 

Quantitative magnetic resonance (QMR) also has been shown to be a useful technique in 

dogs, particularly because the dogs do not require sedation or anaesthesia (Zanghi et al., 

2013). However, when this method was compared with the deuterium oxide dilution method, 

QMR significantly underestimated fat mass by 15.4%.  

 

1.5 Importance of Canine Breed Differences in Lipid or Fatty Acid Metabolism 

A review of current scientific literature for lipid metabolism in dogs reveals some breed 

differences, which are summarised below. As discussed in Section 1.1 of the literature 

review, fatty acids are simple lipids and classified as saturated fatty acids, monounsaturated 

fatty acids or PUFA. It is still unclear from the literature if there are distinct breed differences 

in n-3 or n-6 fatty acid metabolism and, hence, this requires further investigation. This review 

will, therefore, highlight any evidence of breed differences in lipid metabolism in canines, not 

limited to PUFA (n-3 or n-6) metabolism.  
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The diversity observed in dog breeds is greater than that observed in other species of 

domestic animals. This is highlighted by comparing the smallest breed of dog (chihuahua, 23 

cm) to the largest breed of dog (great dane, 86 cm). The genetic explanation for this diversity 

in size has been attributed to the single IGF1 haplotype, which is present in all small breeds 

and absent in large breeds (Sutter et al., 2007). Traditionally, dog breeds were grouped based 

on their roles in human activities, historical records or phenotypes. However, a recent study 

by Parker et al. (2004) identified four genetic clusters; Asian dogs, guardian dogs (mastiff-

type), herding breeds and modern hunting dogs, and defined an independent classification 

based on patterns of genetic variation. These researchers studied the genetic relationships 

among 85 domestic dog breeds and found that the differences accounted for ~30% of genetic 

variation. Using 96 microsatellite markers, 99% of individual dogs were correctly assigned to 

their breeds, and using phylogenetic analysis, several breeds of ancient origins were separated 

from the remaining breeds with modern European origins (Parker et al., 2004). 

Understanding the genetic relationships that exist among breeds is essential for research 

targeted at uncovering the complex genetic basis of disease susceptibility, behaviour, and 

response to treatment. 

 

1.5.1 Breed differences in lipid metabolism  

To understand the breed differences in lipid metabolism, terminologies related to lipid 

metabolism have been highlighted (Watson & Barrie, 1993). Hyperlipidemia is the increased 

concentration of triglycerides (hypertriglyceridemia), cholesterol (hypercholesterolemia) or 

both, in the blood. Canine hyperlipidemia can be primary (genetic or idiopathic) or secondary 

to other disease processes. It can be physiological (associated with the ingestion of diets rich 

in lipids) or pathological, which could result from increased lipoprotein synthesis or 

mobilisation or decreased lipoprotein clearance (hyperlipoproteinemia). Primary lipid 
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abnormalities are relatively uncommon in dogs and are usually, though not always, associated 

with specific breeds. It is this knowledge of breed differences in lipid metabolism that is of 

interest in this project.  

 

Miniature schnauzers were the first dog breeds in the US reported to suffer from primary 

hyperlipidemia (Rogers et al., 1975). To test these findings in another region, Mori et al. 

(2010) collected 900 plasma samples from healthy dogs that were free of disorders such as 

liver failure, kidney failure, cardiac disease and diabetes mellitus. The samples were collected 

from seven different veterinary clinics across Japan and were tested for the differences in 

plasma triglycerides and cholesterol concentrations between miniature schnauzers (n=25) and 

other pure breeds in Japan (shetland sheepdog (n=20), beagle (n=29), miniature dachshund 

(n=103), shiba inus (n=92)); and using mixed breeds (n=425) and mongrels (n=228) as 

controls. The study reported that miniature schnauzers and shetland sheepdogs in Japan 

exhibited a significantly (P<0.05) higher concentration of plasma triglycerides (180±74mg/dl 

and 173±67mg/dl respectively) and total cholesterol (241±43mg/dl and 328±79mg/dl 

respectively) compared to other purebred and mixed canine breeds in Japan (triglycerides 

99±12mg/dl, total cholesterol: 205±7mg/dl). However, the cause and condition of primary 

hyperlipidemia in these two breeds differed; it was hypertriglyceridemia in miniature 

schnauzers and hypercholesterolemia in shetland sheepdogs. Evidence of hyperlipidemia in 

miniature schnauzers was further supported by a study conducted by Usui et al. (2014). 

Distinct breed differences were seen in dogs (n=487) using five breeds, miniature schnauzers 

(n=13), labrador retrievers (n=18), miniature dachshunds (n=65), shiba inus (n=23) and all 

the remaining dogs were in another group (n=363), wherein it was reported that miniature 

schnauzers had the highest total cholesterol concentrations (P<0.05, 261.1 ± 20.3mg/dl) in the 
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plasma in comparison with miniature dachshunds, which had the lowest concentrations 

(164.8 ± 9.1mg/dl).  

 

Primary hyperlipidemia has been reported in other dog breeds: beagles, briards, rough collies, 

shetland sheepdogs, brittany spaniels, doberman pinschers and rottweilers. In two related 

healthy beagles, primary hyperlipidemia with hypercholesterolemia and hypertriglyceridemia 

were reported (Wada et al., 1977), wherein α1 and α2 lipoproteins fractions were distinctively 

present in beagles with hyperlipidemia. Primary hypercholesterolemia without 

hypertriglyceridemia, possibly due to the abnormal accumulation of HDL (HDLc), was 

reported in fifteen healthy briards from a study conducted in the United Kingdom (Watson et 

al., 1993). Similarly hypercholesterolaemia was reported in a family of rough collies, also 

from the UK, and the increase in total cholesterol could have been due to the increase in the 

cholesterol content of the VLDL, LDL and alpha-2 HDL lipoprotein fractions (Jeusette et al., 

2004b). A different condition of primary hypercholesterolemia i.e. with or without concurrent 

hypertriglyceridemia, was reported in shetland sheepdogs, though the exact cause was not 

clear (Sato et al., 2000). Lastly, primary hypertriglyceridemia has been reported in two 

related healthy brittany spaniels (Hubert et al., 1987) and primary hypercholesterolemia has 

been reported in doberman pinschers and rottweilers (Armstrong et al., 1989). Another study 

by Pasquini et al. (2008) added to the list of differences in breeds (n=251) with the following 

significant differences (P<0.05): highest total cholesterol concentrations in rottweilers 

(n=53), higher plasma cholesterol in pyrenees mountain dogs (n=40), highest β lipoprotein 

fraction in labrador retrievers (n=40), and doberman breeds (n=30), highest α lipoprotein 

fraction in pyrenees mountain dogs and lowest α lipoprotein fraction in labrador retrievers.  
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These breed differences observed in lipid concentrations, and the absence of similar evidence 

to indicate breed difference in PUFA metabolism in dogs, warrants further research in these 

areas. The reported breed differences in digestibility and food tolerance in dogs (Zentek & 

Meyer, 1995) suggest the need for greater understanding of breed differences in relation to 

the utilisation of nutrients. The presence of lipid abnormalities, together with a propensity for 

developing obesity, in the beagle breed of dogs (Wada et al., 1977) could make it a suitable 

choice for lipid or fatty acid studies. On the other hand, as reported by Diez and Nguyen, 

(2006), greyhounds are recognised to be resistant to developing obesity and hence a 

comparison between these two morphologically diverse breeds (beagles and greyhounds) 

would be beneficial in understanding breed as an influencing factor. Further, understanding 

breed differences would be useful in diagnosis and correct interpretation of the biochemical 

analysis of the blood. The emergence of breed specific diets (Bennett & Shields, 2000), as 

well as diets for specific purposes such as weight management, suggests there is a need for 

future research in understanding breed differences in digestion and metabolism of nutrients, 

and specifically lipid or fatty acid metabolism for the efficient management of obesity and 

other metabolic disorders.  

 

1.6 Research Plan and Organization of Thesis Chapters 

The primary objective of the PhD project was to further the understanding of biochemical 

responses (changes to plasma fatty acid composition) and transcriptional responses (changes 

to WBC inflammatory gene expression) to n-3 fatty acids from two dietary sources (ALA-

rich flaxseed oil and DHA-rich fish oil) in two different breeds of dogs.  

 

Chapter 2 (General Materials and Methods) presents the methodology used in this PhD 

project. Three experiments were conducted, and these are presented in Chapters 3 to 6 as 
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peer-reviewed publications (published or submitted). The formatting of the chapters differs 

according to the requirements of the journal and some repetition of the experimental methods 

is unavoidable.  

 

Experiment 1: PUFAs are important for human and animal health. To our knowledge, 

previous studies investigating the metabolism of PUFA in dogs have not examined breed 

differences. Experiment 1 therefore investigated the biochemical response (changes to plasma 

fatty acid composition) to dietary flaxseed oil (57% ALA) in two breeds of dogs that differed 

in morphology and propensity to obesity: beagles and greyhounds (Chapter 3).  

 

In addition to investigating these biochemical responses, the same study (Experiment 1) also 

investigated the transcriptional responses (changes in WBC inflammatory gene expression) 

(Chapter 4). With the choice of the inflammatory genes in the present study (HSP90, HSP70 

and IL1β), several other genes (mentioned in Chapter 2) were included in the gene expression 

analysis initially; however, these were not detected in the WBC samples, and hence were not 

investigated further. The study used a minimally invasive approach, as the dogs were 

privately owned and the choice of sample for investigating transcriptional responses was 

limited to total WBCs. Cytokine mRNA measured in this study is also considered a good 

estimate of the level of cytokine protein present, mainly because cytokines in general are 

transcriptionally regulated (James, 1994) and is an alternative to measuring inflammatory 

cytokines.  

 

Experiment 2: Several methods exist for estimating body composition in dogs both clinically 

and for research purposes (Munday, 1994b). One such method for canine obesity research is 

CT. The University of New England Animal Science Department has the facilities and 
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equipment for CT research. The previous use of CT to estimate body composition in canines 

is limited. Traditional CT image analysis is cumbersome and uses prediction equations that 

require manual calculations. In order to overcome this, Experiment 2 investigated the use of 

advanced image analysis software programs to determine body composition in dogs with an 

application to canine obesity research in two divergent breeds of dogs: beagles and 

greyhounds. Using the methodology developed in this experiment, body composition was 

correlated with the biochemical and transcriptional responses to a weight gain feeding regime 

(Experiment 3).  

 

Experiment 3: Obesity is a common diet-induced disease affecting modern dogs (German, 

2006a). Previous studies in obese beagles have demonstrated increased weight loss with 

DHA-rich fish oil (FO) (Ishioka et al., 2002). Experiment 3 investigated a preventative 

approach to canine obesity by testing the hypothesis that when feeding non-obese dogs 

(physiologically normal dogs) diets that were designed to increase bodyweight, inclusion of 

n-3 FA in the form of DHA-rich FO would result in less bodyweight gain. The effect of fatty 

acid supplementation and weight gain was further elucidated by investigating body 

composition, transcriptional responses of the genes HSP90, HSP70 and IL1β in WBCs, and 

biochemical responses, including the changes in the composition of plasma, erythrocyte 

membrane PUFA levels, and omega-3 index as in Experiment 1. The model used in this study 

approaches obesity from a preventive perspective, wherein dogs of ideal body condition were 

fed diets in excess of maintenance energy requirements and tested for their propensity to gain 

weight based on the fat composition of the diet.  
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The main objectives and the link between the chapters are summarised:  

1. Experiment 1 investigates the biochemical responses (changes to total plasma fatty 

acids) to dietary flaxseed oil in two breeds of dogs: beagles and greyhounds (Chapter 

3). 

2. Experiment 1 also investigates the transcriptional responses (changes in inflammatory 

gene expression) to dietary flaxseed oil in two breeds of dogs: beagles and 

greyhounds (Chapter 4). 

The animals used in Chapters 3 and 4 are identical and additional details of the animals have 

been provided in General Materials and Methods (Chapter 2).  

3. Experiment 2 investigates the use of advanced image analysis software programs to 

determine body composition in dogs with an application to canine obesity research 

(Chapter 5). 

4.  Experiment 3 investigates a preventative approach to canine obesity by feeding non-

obese dogs (physiologically normal dogs), diets that were designed to increase 

bodyweight to test the hypothesis that diets containing DHA-rich FO would result in 

less bodyweight gain than the diet containing sunflower oil in two divergent breeds 

of dogs: beagles and greyhounds (Chapter 6). The study also investigated the 

biochemical responses (as in Chapter 3) and transcriptional responses (as in Chapter 

4) in addition to determining body composition using the methodology developed in 

Chapter 5. 

The animals used in Chapters 5 and 6 are identical and additional details of the animals 

have been provided in General Materials and Methods (Chapter 2).  
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Chapter 2 

Materials and Methods 

 

 

 

 

 

 

2.1 Study Animals 

The project utilised two breeds of pure bred dogs, beagles and greyhounds, in two main 

experiments (Experiment 1 and 3) and a supplementary study (Experiment 2). The details of 

the animals have been provided in Tables 2.1 and 2.2. The results of Experiment 1 have been 

written in two chapters (Chapters 3 and 4) and hence the animals in these two chapters are 

identical. Similarly, the dogs used in Experiment 2 (Chapter 5) and Experiment 3 (Chapter 6) 

are identical.  

 

Table 2.1: Individual details of animals used in Experiment 1 (Chapters 3 and 4)  

 

No Name Breed Sex Age 

(Years) 

Body weight* 

(Kg) 

1 NormaJ  Beagle Female entire 2 11.5 

2 Bonnie Beagle Female entire 3 12.8 

3 Ziggy Beagle Female entire 4 10.9 

4 Hannah Beagle Female desexed 7 13.8 

5 Mira Beagle Female entire 5 12.8 

6 Katie Greyhound Female entire 4 24.2 

7 Sally Greyhound Female entire 9 24.2 

8 Penny Greyhound Female entire 7 28.6 

9 Gemma Greyhound Female entire 3 24.3 

10 Scrawny Greyhound Female entire 5 26.5 

*Body weight of the dogs at the start of the study 

This chapter presents the methodology used in this research, as the experimental 

chapters (Chapters 3-6) are presented as peer-reviewed journal articles.  
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Table 2.2: Individual details of animals used in Experiments 2 and 3 (Chapters 5 and 6)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Body weight of the dogs at the start of the study 

 

2.2 Location of Study and Animal Management   

All experiments were conducted at the dog research facilities at the University of New 

England, Armidale, NSW, Australia, with dogs being housed at the premises for the duration 

of the experiment. 

 

The dog research facility comprises individual indoor pens, individual outdoor pens (6.45 m 

x 1.45 m) and a common exercise yard (11.8 m x 4.2 m), all with concrete floors. The 

individual indoor pens measured 2.35 m x 0.92 m for beagles and 2.35 m x 1.80 m for 

greyhounds. The indoor pens were well ventilated with a provision for heating at night. 

Rubber trampoline style beds and water bowls were provided in each pen and dogs had 

access to fresh clean water at all times. The outdoor kennel facility housed the dogs during 

No Name Breed Sex Age 

(Years) 

Body weight* 

(Kg) 

 

1 Ada Beagle Female entire 5 12.7  

2 Niki Beagle Female entire 1 10.0  

3 Tegan Beagle Female entire 3 10.4  

4 Mischief Beagle Female entire 2.5 10.2  

5 Phoenix Beagle Female entire 5 10.9  

6 Nora Beagle Female desexed 6 11.8  

7 Tess Greyhound Female entire 7 28.5  

8 Darling Greyhound Female entire 8 27.4  

9 Dollie Greyhound Female entire 5 27.3  

10 Tilly  Greyhound Female entire 3 25.3  

11 Snooky Greyhound Female entire 1 24.6  

12 Bear Greyhound Female entire 1 25.2  
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the day. Experiment 1 (Chapters 3 and 4) was conducted during September and October and 

temperature ranged between 9ºC to 20ºC. Experiments 2 and 3 (Chapter 5 and 6) were 

conducted during January and February when temperature ranged between 17ºC to 36ºC. The 

pens, food and water bowls were washed daily. The drainage system within the facility was 

well integrated, allowing efficient waste disposal and hygienic environment for the dogs. The 

dogs’ health status was observed daily and any changes in behaviours or clinical signs were 

observed and recorded. The provision for emergency medical attention was available, if 

needed.  

 

Female dogs of suitable temperament within the ideal range of 4-5 using a 9-point BCS 

system (Laflamme, 1997) were selected from reputable breeders to participate in the 

experiments. On arrival, all dogs were weighed and underwent a veterinary health check, 

which included complete blood counts, whole body physical examination, measurement of 

rectal temperatures, and auscultation of the heart and lungs. Any dog that appeared sick on 

veterinary examination was excluded from the study. Dogs were then dewormed with an oral 

anthelmintic (Drontal Allwormer, Bayer Australia Ltd, Pymble, NSW, Australia) and 

administered a booster vaccination (Canvac 4, CSL, Parkville, Vic, Australia). These dogs 

were accustomed to being kennelled in their usual environment and the pre-test period 

allowed the dogs to adapt to the kennel environment at UNE and the handlers. 

 

2.3 Animal Ethics  

The use of animals for this project has been approved by the University of New England 

Animal Ethics Committee: Experiment 1 (authority o. AEC09/072), Experiment 2 (authority 

no. AEC10/091); and Experiment 3 (authority no: AEC11/081). All experimental procedures 

were performed with due consideration for the welfare of the animals, keeping in mind the 
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guidelines recommended by the UNE ethics committee. The dogs were borrowed from 

breeders who were completely informed of the conditions and procedures associated with the 

research and written consents were obtained from them.    

 

2.4 Feeding Regimen   

For all the experiments, during the pretest phase (four months for Experiment 1 and two 

weeks for Experiment 3) as their sole nutrient intake, the dogs were fed a basal diet in 

amounts calculated to meet their individual maintenance energy requirements (MER). 

Additionally, the pretest phase  (four months for Experiment 1 and two weeks for Experiment 

3) allowed dogs to be acclimatised to the environment, diet and kennel routines. By the end 

of this adaptation period, dogs were consuming their allocated meals without any refusals and 

bodyweights (measured three times per week) had stabilised. For all the experiments, the 

dogs were fed once a day in the afternoon. When oil supplements were given as treatment 

during the test phase, these were provided once daily, mixed into their usual feed.  

 

2.5 Body Weight  

Body weights of all the dogs were measured three times each week (Monday, Wednesday 

and Friday) immediately prior to feeding, using an electronic weigh scale, Provet Nuweigh 

Scales CHR-592 (Provet VMS Pty Ltd, Cameron Park, NSW, Australia).  

 

2.6 Body Composition  

Body composition was measured using CT with a spiral Picker UltraZ 2000 CT scanner 

(Philips Medical Imaging Australia, Sydney, New South Wales, Australia). The dogs were 

sedated and positioned in sterno-abdominal recumbency on a fiberglass cradle lined with 

foam, and gently strapped to prevent movement whilst the whole body scan was performed. 
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The digital CT images were analysed to determine the percentage of total body fat of the dogs 

in Experiment 2 (Chapter 5) and 3 (Chapter 6).  Details are described in Chapter 5.  

 

2.7 Feed Intake  

The amount of feed offered and refused was weighed and recorded daily for each dog, using 

an electronic balance (ISSCO 5000EC Precision Electronic Balance, ISSCO Industrial and 

Scientific Supply Co. Pty Ltd, Concord West NSW). The daily feed intake for each dog was 

then calculated by deducting the amount refused from the amount of feed offered to each dog. 

 

2.8 Faeces Collection and Sample Preparation 

To determine apparent total-tract digestibility, the dogs were separated into individual pens 

and all the faeces produced on the final four days of the test phase were collected for each 

dog, put into labelled zip-lock bags and stored at -20˚C. The wet faeces weights were 

recorded before drying to a constant weight at 80˚C (approximately three days) and the dried 

faeces weight recorded. The dried faeces were pooled for each dog and ground prior to 

analyses for gross energy (GE) and crude fat.   

 

2.9 Faecal Output and Faecal Dry Matter 

Faecal output was calculated by adding together the total weight of all faeces produced by 

each dog over the collection period and dividing this by the number of days that faeces was 

collected to give an average daily faeces output. Faecal dry matter was calculated using the 

formula:  

% DM    = 100
 weightfaecesWet 

 weightfaecesDry 
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2.10 Proximate Nutrient Analysis  

Proximate nutrient analyses were performed on dried faecal samples and representative 

samples of the dog food samples that were dried at 80ºC and finely ground through a mill 

(Glen Creston, London, UK) using a 1 mm screen.  

 

2.10.1 Gross energy  

The GE was determined with an IKA Werke C7000 bomb calorimeter (IKA Group, Staufen, 

Germany). For the oil supplements, the GE was determined indirectly in a 50:50 mixture of 

cellulose and oil in duplicates. The GE of the oil supplement was calculated as the difference 

between the GE of cellulose-supplement mixture and cellulose alone.  

 

2.10.2 Crude fat  

Crude fat content was determined by Soxhlet extraction using the AOAC Official Method 

(AOAC, 2006; # 991.36). Whatman filter papers (185mm) were dried and weighed to three 

decimal places and with 8-10 grams of sample added. The paper and sample were folded, 

stapled (using two staples), labelled and weighed to three decimal places. Duplicates were 

made for each sample. The weight of the paper and sample less the filter paper weight gave 

the pre-extraction sample weight. The samples were then loaded for a soxhlet run, which 

lasted for approximately 24-25 refluxes (48 to 50 hours). These samples were then dried at 

80oC for about 72 hours and weighed to three decimal places to determine fat loss.  

 

 

 

 

 

 



 

54 

 

2.10.3 Calculating Apparent digestibility 

The following formulae were used to calculate apparent digestibility:  

 

DM Digestibility (%) =  100
(g) intake Feed

(g)output  Faecal - (g) intake Feed














 

 

Nutrient Digestibility (%) =  100
(g) intakeNutrient 

(g)output Nutrient  - (g) intakeNutrient 















 

 

 

2.11 Biochemical and Gene Expression 

2.11.1 Blood collection 

Beagles and greyhounds were gently restrained to facilitate collection of whole blood and to 

prevent any movement that would cause laceration to the blood vessel. Beagles were seated 

on a table for the collection process. The site of collection was the jugular vein, which was 

shaved first and cleaned with alcohol swabs to avoid unwanted contamination. For the 

beagles, 21 gauge needles were used and 25 mL of blood was collected (5 mL for plasma 

fatty acid analysis and 20 mL for gene expression studies). For the greyhounds, blood was 

collected from a standing position with their heads restrained to prevent movement. The 

choice of the site of collection was also the jugular vein; however, 16 gauge needles were 

used owing to the size of the animal’s vein and pressure of flow; 55 mL of blood was 

collected (5 mL for plasma fatty acid analysis and 50 mL for gene expression studies). For 

both beagles and greyhounds, an additional 1 mL of blood was collected for the erythrocyte 

membrane fatty acid analysis in Experiment 3 (Chapter 6). In all instances, blood was 

collected in the morning following an overnight fast (18 hours fast). The collected blood was 

transferred into ethylenediaminetetraacetic acid (EDTA)-coated vials (BD Vacutainer® K2E 

18.0 mg 10.0 mL vials) to prevent coagulation. The vials were then mixed well by inverting 
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the tubes gently eight to ten times and they were then immediately placed on ice to be 

transferred from the place of collection to the laboratory for further processing.  

 

2.11.2 Differential white blood cell count  

The differential white blood cell count was performed on the whole blood transferred into 

EDTA coated vials (BD Vacutainer® K2E 18.0 mg 10.0 mL vials) prior to plasma analysis 

using the haematology autoanalyser (Cell-Dyn 3500R, Abbott Diagnostics, CA). 

 

2.11.3 Plasma fatty acids  

Plasma samples were extracted for Experiment 1 (Chapter 3) and Experiment 3 (Chapter 6) 

and the protocol described below pertains to both these experiments.  

 

Plasma was extracted by centrifugation (BECKMAN, Allegra 6R centrifuge, U.S.A) at 1900 

g for 15 minutes at 4°C and stored at -20°C until required for further analysis. Plasma fatty 

acid analysis was conducted by the Nutraceuticals Research Group, University of Newcastle, 

NSW, Australia. The following methodology was provided by Prof. Manohar Garg and 

published in a study by Munro and Garg (2012).  

 

The fatty acid composition of plasma lipids was determined using the method established by 

Lepage and Roy (1986). To 100 μL of plasma, 2 mL of methanol:toluene mixture was added 

in 4:1 volume/volume, which contained C19:0 internal standard (4 μg/mL). Fatty acids were 

methylated by adding 200 μL acetyl chloride in a slow drop-wise manner with simultaneous 

vortexing and then heating for 1 hour at 100ºC. After rapid cooling, to halt the reaction, 5 mL 

potassium carbonate (K2CO3) was added. The samples were then centrifuged at 3000 g at 4ºC 

for 10 minutes to separate the layers and 100 μL was drawn from the top toluene layer for GC 
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analysis of the fatty acid methyl esters. A Hewlett Packard HP6890 GC System (Hewlett 

Packard, Palo Alto CA, USA), with a 30 m x 0.25 mm (DB-255) fused carbon-silica column, 

coated with cyanopropylphenyl (J & W Scientific, Folsom, CA) was used. The injector and 

detector port temperatures were set at 250ºC. The oven temperature began at 270ºC for 2 

minutes and then rose by 10ºC per minute to a temperature of 190ºC and held for 1 minute 

before increasing 3ºC per minute to 220ºC, and was maintained to give a full run time of 28 

minutes. A split ratio of 10:1 and an injection volume of 5 mL were used. Fatty acid methyl 

ester peaks were ascertained by comparing their retention times with the retention times of 

synthetic standards of known fatty acid composition (Nu Check Prep Elysian, MN, USA) and 

were quantified using Chemstations Version A.04.02 for GC analysis. The fatty acid results 

were reported as percentage of total fatty acids.  

 

2.11.4 Erythrocyte membrane fatty acid and omega 3 index  

For erythrocyte membrane fatty acid analysis, 1 mL of whole blood was collected into an 

EDTA-coated Eppendorf tube, and 0.5 mL was transferred into a 0.2 mL butylated hydroxyl 

anisole-coated Eppendorf tube. The transferred blood was gently mixed for 20 seconds and 

then centrifuged at 3000 g for 10 minutes at 4ºC (BECKMAN, Allegra 6R centrifuge, 

U.S.A). The clear plasma was discarded and erythrocyte pellets were stored at -80ºC and sent 

on dry ice to Nutraceuticals Research Group, University of Newcastle, NSW, Australia. The 

protocol was provided by Prof. Manohar Garg and published in a study by Burrows et. 

al.,(2011).  

 

Erythrocyte pellets were washed three times with cold buffer (50 mM Tris-HCL, pH 7.5, 

which contained 5 mM EDTA and 1mM dithiothreitol) followed by mixing with a vortex and 

centrifugation at 8500 g at 4°C for 10 minutes. The supernatant was discarded and the 
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erythrocyte pellets were then lysed with cold deionised water, vortexed and centrifuged and 

stored at -70°C until analysis. Fatty acid composition of erythrocytes was analysed by gas 

chromatography based on methods established by Lepage and Roy (1986), and followed the 

detailed procedure described in the preceding section.  

 

The omega-3 index was calculated as the sum of EPA and DHA in the erythrocyte membrane 

as a percentage of total fatty acids (Harris & von Schacky, 2004).  

 

2.11.5 Gene expression  

2.11.5.1 Harvesting of white blood cells 

White blood cells (WBCs) were extracted using a modified protocol of ammonium chloride 

lysis of erythrocytes (Muirhead et al., 1986). One part of whole blood was mixed with 5 parts 

of 1x ammonium chloride erythrocyte lysing reagent (0.1 mM EDTA, 150 mM NH4Cl, and 

10 mM NaHCO3) and incubated on ice for 45 minutes until complete lysis of erythrocytes 

occurred. The WBC pellet was obtained after centrifugation (BECKMAN, Allegra 6R 

centrifuge, U.S.A) at 2000 g for 5 minutes at 4°C. This procedure was repeated twice to 

remove erythrocyte remnants found in the WBC pellet. The clean pellet obtained after the 

washes was the final harvest of white cell pellet. This pellet was then resuspended in 1.0 mL 

RNAlater® solution and stored at -20°C for 5 days, after which the RNAlater® was removed 

and it was then stored at -80°C until further processing. 

 

2.11.5.2 Extraction of RNA 

Total RNA of the WBC pellet was extracted using a RNeasy Mini Kit (Qiagen, Clifton Hill, 

Victoria, Australia) following the manufacturer instructions. The WBC, free of RNAlater®, 

was homogenised for 50 seconds in 0.5 mL Tri-Reagent, followed by incubation (25°C for 10 
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minutes) and centrifugation (Heraeus Biofuge 13, U.S.A) at 16000 g for 15 minutes at 4ºC. 

This allowed the formation of a clear clarified homogenate to which 200μL 

bromochloropropane (BCP) was added and mixed vigorously for 15 seconds, incubated at 

25°C for 10 minutes, and centrifuged at 16000 g, 4oC for 15 minutes. The added BCP caused 

a phase separation and RNA was obtained in an aqueous phase. An equal volume of 75% 

ethanol was added to precipitate the extracted RNA. The precipitated RNA was transferred to 

a RNeasy mini spin column (Qiagen RNeasy kit, Australia) and centrifuged for 15 seconds at 

14000 g (Eppendorf, Centrifuge 5424, Germany). The RNA was washed by the addition of 

700 µL RW1 buffer and centrifuged at 14000 g for 15 seconds, followed by the addition of 

another 350 µL RW1 buffer with centrifugation at 14000 g for 15 seconds. To remove any 

traces of DNA, 80 µL of DNase solution was added and incubated at 25oC for 15 minutes. 

Another washing step was performed to further purify the RNA. Total RNA was eluted into a 

clean 1.5 mL Eppendorf tube using 50 µL RNase-free water, by centrifuging for 1 minute at 

14000 g and storing at -80ºC until further use. 

 

2.11.5.3 RNA concentration and quality 

The RNA yield was quantified using a Nanodrop Spectrophotometer (NanoDrop 

Technologies, Wilmington, Delaware, USA). The concentration of the sample was expressed 

as ng/µl and measured at wavelengths of 260 nm. The ratios of 260/230 and 260/280 between 

1.8 and 2.1 indicated good purity of the RNA samples. 

 

The integrity of RNA was assessed on 1.2% agarose gels stained with 1:50 concentration 

Gelstar nucleic acid stain (Cambrex, Rockland, ME, USA). A stock solution containing 15 

grams Ficoll 400 (Pharmacia Biotech) and 0.25 grams Orange G was mixed and volume was 

made to 100 mL with milli-Q water. Five L Gelstar was added to 1 mL of the above 
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solution to make a loading buffer. Six µL of RNA samples mixed with 6 µl of loading buffer 

containing Gelstar and 4 µl of TE buffer was loaded on the 1.2% agarose gel and run at 100 

volts for 45 minutes. Standard Mouse liver RNA was used as a positive control. A visual 

image of the gel was taken using the Gel Doc (Vilber Lourmat, France).  

 

2.11.5.4 cDNA synthesis  

cDNA was synthesised by a two-step process using the cDNA Synthesis Kit (Bioline, 

Sydney, Australia) following the manufacturer’s protocol. Briefly, for each sample, a 10 µL 

mixture was prepared to contain 8 µL of RNA (125 ng/ µL), 1 µL random hexamer and 1 µL 

10nM dNTP, The mixture was incubated at 65oC for 10 minutes in a PCR thermal cycler 

(BioRad, Richmond, CA, USA) and placed on ice for 2 minutes.  

 

Four µL of 5X RT buffer, 1 µL RNAse inhibitor and 0.25µL reverse transcriptase were then 

added in the above mixture and made to a total volume of 20 µL using DEPC water. cDNA 

was synthesised by incubation of the reaction mix at 42oC for 60 minutes, followed by 70oC 

for 15 minutes to terminate the reaction, and then chilled on ice immediately. The resultant 

cDNA samples were stored at -20oC until further analysis. A negative control reaction was 

performed by negating the reverse transcriptase. 

 

2.11.5.5 Choice of housekeeping gene and candidate genes  

Beta-2 microglobulin (β2M), hypoxanthine phosphoribosyltransferase 1 (HPRT1), ribosomal 

protein S7 (RPS7) and ribosomal protein L8 (RLP8) were initially selected as housekeeping 

genes based on a canine study (Brinkhof et al., 2006), to test against the samples collected in 

the current experiments. Beta-2 microglobulin was chosen to be used in the assay as the 

housekeeping gene from all those tested due to its superior amplification, and stable 
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expression in response to treatments. The candidate genes chosen for this study are provided 

in the table below (Table 2.3). These genes were reported to change their levels of expression 

following fish oil supplementation in humans (Bouwens et al., 2009; Gorjao et al., 2006; 

Lima et al., 2007; Weaver et al., 2009). The primers were designed using the program Primer 

3 (Rozen & Skaletsky, 2000) following the principle for the primer design that was used in 

the quantitative PCR assay. However, only three genes out of ten genes (HSP90, HSP70 and 

IL1β) were detectable in the WBCs.  

 

Table 2.3: List of housekeeping and candidate genes used in the study 

 

 

2.11.5.6 Real-time PCR  

Quantitative real-time PCR was performed using a Rotor-Gene 6000 real-time PCR 

Thermocycler (Corbett Research, Mortlake, NSW, Australia) in a 10 µL reaction mixture. 

The PCR reaction contained 1X PCR buffer (Bioline, Sydney, NSW, Australia), 1.5 mM 

MgCl2, 0.2 mM dNTP, 0.5 μM forward primer, 0.5 μM reverse primer, 0.5 U Biotaq DNA 

polymerase (Bioline, Sydney, Australia), 1.5 μM Syto9 green fluorescent nucleic acid stain 

(Invitrogen, Sydney, Australia), and 25 ng cDNA. The real-time PCR reaction was achieved 

with the following steps: the mixture was preheated to 50°C for 2 minutes, and then it was 

denatured at 95°C for 10 minutes, followed by 40 cycles of denaturation for 15 seconds, 

annealing at 60°C for 30 seconds, and extension at 72°C for 60 seconds. A final extension 

Gene  Left Primer (Sense) Right Primer (Antisense) 

HSP70 Candidate gene GGGGAGGACTTCGACAACAG AAGTCGATGCCCTCGAACAG 

HSP90 Candidate gene GCAGAGAGAGGAAGAAGCTATTCA CCTCATTTCCAGCAAGAGCAT 

IL1β Candidate gene ACAAACAAGTGGTGTTCCACATG TGGGCTTTCCATCCTTCATC 

TNF Candidate gene ATGTTGTAGCAAACCCCGAAG ACAACCCATCTGACGGCACT 

IL6 Candidate gene TCAATCAGGAGACCTGCTTGAC GTGGTTGGGTCAGGAGTGGT 

BAX Candidate gene GCTTCAGGGTTTCATCCAAGAT CGCTTGAGACATTCGCTCAG 

CD36 Candidate gene TCGTGAATAAGACCCAGACCTCT CGGTCACAGCCCATTCTCTT 

SREBF1 Candidate gene ACTGAAGCAAAGCTGAATAAGTCTG TGGGCACGTCTGTATTTCCTC 

Akt Candidate gene GCCAAGGTGACCATGAATGAC GTGTGGGCGACTTCATCCTT 

CCL2 Candidate gene CTCACCCAGCCAGATGCAA TGGAATCCTGGACCCACTTC 

β2M Housekeeping gene TAAGTGGGACCGAGACAACTGA AGTGACACAGTGCCCAATGTAGA 
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step was performed at 72°C for 2 minutes. The fluorescence signals were collected at the end 

of each annealing step during the PCR cycles. The melting curve analysis was performed to 

assess the specificity of the PCR amplification and primer dimer formation, and it was 

achieved by increasing the temperature of the reaction following PCR cycles from 50°C to 

99°C, with an increment rate of 1°C every 5 seconds. The sizes of the PCR products were 

determined on 1.2% agarose gel and stained with a 1:50 concentration Gelstar nucleic acid 

stain (Cambrex, Rockland, ME, USA) to confirm the specificity of the amplification. 

 

To quantify the relative gene expression level, a comparative cycle threshold (Ct) method 

was used (Schmittgen & Livak, 2008). cDNA samples were amplified in duplicates for target 

genes and the β2M housekeeping gene. The fluorescence Ct values were automatically 

detected using the quantitation analysis module of the Rotor-Gene 6000 series software 

(Corbett Research, Sydney, Australia). ∆Ct values were then calculated by the difference in 

Ct values between the candidate gene and the housekeeping genes. These values were then 

used for statistical analysis. Additionally, to determine the response of the animals to PUFA 

supplementation, the expression levels of the genes, 2-∆∆Ct, were calculated and then 

subjected to statistical analysis.  

 

A standard dilution curve was constructed using the quantitation analysis program of the 

Rotor-Gene 6000 series software (Corbett Research, Sydney, Australia) to assess the 

amplification efficiency of the PCR runs.  

 

2.12  Statistical Analysis  

The statistical analyses in this thesis were carried out using different statistical programs:  
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 Experiment 1: Windows MINITAB Version 14 (Minitab Limited, Coventry, WMD, 

UK) 

 Experiment 2:  MedCalc (MedCalc, Mariakerke, Belgium, Version 12.7.1.0)  

 Experiment 3: R (version 2.5.1, R Foundation for Statistical Computing).  

The results from the experiments are presented as mean ± standard deviation (SD) or      

mean ± standard error of the mean (SEM), with a P value< 0.05 considered as statistically 

significant.    

 

Experiment 1 (Chapter 3): For each individual fatty acid constituent in the plasma, the breed 

effect and the day effect were analysed using fully nested analysis of variance (ANOVA). 

Significant differences between means of breeds were detected by a two-sample independent 

t-test. The relationship between BW gain and plasma fatty acid concentrations was 

determined using regression analysis.  

 

It must be noted that initial analysis with the general linear model (GLM), wherein the breed 

effect and day effect was the fixed effect, and age and BW were random factors, showed no 

significant interaction between the breed effect and the day effect. Age and body weight 

showed no significant effect and hence was removed from the model.  

 

Experiment 1 (Chapter 4): Breed differences in gene expression with respect to day of 

supplementation were determined using a GLM, with breed and day as main effects and with 

age and body weight as random factors. Age and BW showed no significant effect and hence 

were removed from the final model. Within a particular breed, one-way ANOVA was used to 

analyse the effect of flaxseed oil supplementation on gene expression. For each plasma fatty 

acid constituent, within a particular breed, one-way ANOVA was used to analyze the change 
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in concentration with the day of supplementation. The correlation between plasma fatty acid 

concentrations and the levels of gene expression was examined using the Pearson correlation 

coefficient. 

 

Experiment 2 (Chapter 5) - Supplementary study: Bland-Altman (BA) test of agreement was 

used to analyze the relationship between CT-derived body weight and measured body weight. 

To compare the differences in lean: fat ratios between the breeds, Mann-Whitney U test was 

used as the data was nonparametric in nature.  

Experiment 3 (Chapter 6): The experimental design was a split plot with three replications. 

Normality was not observed in the dataset, and hence nonparametric tests were used. 

Differences between the treatment means were tested using a two-sample wilocoxon test, and 

differences in means between the time of treatment (Day 0 and 28) were tested using a 

paired-sample wilcoxon test. Kruskal Wallis test was used to determine the statistical 

significance for digestibility. All values are presented as means ± standard error of the means 

(SEM) and R (version 2.5.1; R Foundation for Statistical Computing) was used for the 

statistical analysis. A P value of <0.05 was considered statistically significant.  

 



Chapter 3 

Evaluation of breed effects on n-3 PUFA metabolism 

with dietary flaxseed oil supplementation in dogs  

Previous studies in mixed breeds of dogs (Bauer et al., 1998; Dunbar et al., 2010) that were 

fed a dietary source of flaxseed have reported the accumulation of n-3 fatty acids in the three 

major serum lipid sub fractions (phospholipids, triacylglycerol and cholesteryl esters) and 

have reported these changes as early as four days. Using two different breeds of dogs, the 

current study aimed to investigate the breed differences in biochemical responses (changes to 

total plasma fatty acid) to ALA enrichment. The present study also aimed to investigate the 

transcriptional responses (changes to inflammatory-related gene expression) (reported in 

Chapter 4), which required the need to determine an effective supplementation period for 

future experiments in a cost-effective manner, and hence a three week time period was 

selected in the present pilot study.  

For maximising the possibility of observing responses within three weeks, a relatively large 

dose of flaxseed oil (100 ml/kg food, which equated to 2.4 ± 0.2 ml/kg BW) was chosen. The 

feeding regime was standardised so that all the dogs of the same breed were fed the same 

amount, i.e. 30 ml/beagle and 60 ml/greyhound. These doses were calculated based on the 

average weight of the dogs in the current study: beagles 12.4 ±1.2 kg, and greyhounds 

25.6 ± 2.0 kg. The present study accessed dogs at the completion of an unrelated experiment 

where they were fed a basal diet for four months. The same basal diet was also used in the 

current study. This was fortuitous, as it provided a controlled environment for four months 

prior to this study, during which all dogs were fed an identical diet managed in identical 

environmental conditions. This experiment has been published in British Journal of 

Nutrition, 106, S139-S141. doi: 10.1017/s0007114511000523.  
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Chapter 4 

Flaxseed Oil Supplementation Alters the Expression 

of Inflammatory-related Genes in Dogs 

This experiment has been published in Genetics and Molecular Research, 13(3), 5322. 
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APPENDIX III 

Summary of the results and additional material for Experiment 1 (Chapters 3 and 4) 

The main objective of Experiment 1 (Chapter 3) was to identify breed differences in the 

response to ALA-rich flaxseed oil by investigating changes in the fatty acid concentration (n-

3 fatty acids, ALA, EPA, DHA, and n-6 fatty acids, LA and AA) of the plasma lipids. The 

fatty acid concentrations were reported as a percentage of the total fatty acids. Experiment 1 

revealed a significant breed difference (P=0.02) with respect to plasma DHA concentrations, 

wherein beagles maintained a higher plasma concentration of DHA than greyhounds 

throughout the study. This significant breed difference was observed at Day 15 (P=0.036) and 

Day 22 (P=0.002) (post-supplementation) and was also observed at Day 0 (P=0.008) (pre-

supplementation). The majority of DHA accumulates in the membrane phospholipids of the 

brain as well as the retina (Picq et al., 2010). This could explain why the concentrations were 

not elevated in the plasma samples of the present study, and is further supported by a study 

that reports the metabolic fate of DHA and accumulation in the plasma depends on the lipid 

form in which it was ingested: triglyceride or phosphatidylcholine (Lemaitre-Delaunay et al., 

1999). For other plasma fatty acids (ALA, EPA and LA), greyhounds showed a numerically 

higher increase compared with beagles, and, conversely, it was for DHA alone that beagles 

had a higher plasma concentration. For this study, there was the opportunity to access dogs of 

two different breeds from a controlled environment, wherein all the dogs were fed a basal diet 

for four months immediately prior to our study. Therefore, the influence of previous diet can 

be ruled out, as all dogs were fed an identical diet, further supporting the suggestion that the 

observed differences were due to a differential breed effect on PUFA metabolism. A breed 

effect on lipid metabolism has been previously demonstrated with evidence of primary 

hyperlipidemia exhibited in miniature schnauzers (Mori et al., 2010; Rogers et al., 1975; Usui 

et al., 2014). Experiment 1 also investigated breed differences in transcriptional responses to 
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PUFA (Chapter 4). The breed differences observed in transcriptional responses further 

support the differential breed effect observed in the biochemical response. The research 

finding from this study (Experiment 1) is important when considering nutrition management 

strategies for dogs, as suggested by others (Fleischer et al., 2008).  

Having identified a breed difference in biochemical and transcriptional responses to n-3 fatty 

acids, it would have been ideal to design an experiment to investigate the metabolism of ALA 

on the hepatoma cells (liver being the central organ for the whole body lipid metabolism) and 

on the expression of enzymes involved in the synthesis of EPA, DPA and DHA from ALA 

(delta-5 desaturase, delta-6 desaturase, elongase-5 and elongase-2). However, this project 

accessed privately owned dogs and hence was limited to non-invasive measurements. 

Additionally, the project was financially constrained, and hence these measurements could 

not be included within the scope of this PhD project, but should be considered as an objective 

for future studies. To definitely determine a differential breed metabolism, it would have 

been ideal to include isotope labelled fatty acids or a novel tracer technique, which allows 

multiple stable isotopically labelled essential fatty acids to be simultaneously and 

independently measured (Lin & Salem, 2002). Additionally, plasma levels of DPA were not 

measured in this study and for completeness should be considered in future experiments 

investigating breed differences in response to PUFA.  

This study used mRNA expression instead of protein expression analysis, as mRNA 

expression results has been reported to highly correlate with protein analysis (Greenbaum et 

al., 2003; Greenbaum et al., 2002; Guo et al., 2008; Jansen et al., 2002) and the data of 

mRNA transcription level to represent the expression of genes have been widely applied 
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elsewhere in different tissues of different species of organisms and with a wide range of 

treatments. It is, however, recognised that this study was limited to three genes due to the 

limited detectable level of other candidate genes in the WBC, as detailed previously. A larger 

scale array of genes would be beneficial (Calder, 2013; Ulven et al., 2014) and this should be 

considered as a direction for future work, possibly by employment of microarray or 

transcriptomic approaches.    

Experiment 1 reported an increase in the concentrations of ALA and EPA following 

supplementation with flaxseed oil but not of DHA, and this is similar to previous studies in 

dogs (Bauer et al., 1998; Dunbar et al., 2010). The dogs in the experiment consumed 52 times 

more ALA with the supplemented diet than with the basal diet and, as mentioned earlier, this 

was done to maximise the possibility of observing responses within three weeks. The dogs 

gained weight during the study; however, regression analysis showed no relationship between 

BW gain and any of the plasma fatty acid constituents investigated. Previous studies in dogs 

report the accumulation of n-3 fatty acids in the serum as early as four days (Bauer et al., 

1998; Dunbar et al., 2010) and another study in rats (Fickova et al., 1998) that investigated 

the influence of PUFA on BW gain and adipocyte size was conducted for a short period of 

one week. These studies support the rationale behind the short duration of this experiment 

(three weeks).  

It is recognised that the experimental design was limited by the small number of dogs 

borrowed from private owners and these small numbers could have influenced the power of 

the study: (for n=5, the statistical power was 0.6). However, it should be recognised that in 

this study we have seen significant differences between the treatments even with small 

numbers of dogs. Similarly small numbers of dogs have been used in previous dog research 
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(Wallenstein et al., 1980). Additionally the results of the current study have been published in 

a peer-reviewed scientific journal (Purushothaman et al., 2011). To increase the statistical 

power to 0.8 with a similar study design, the number of animals required for future 

experiments have been summarised in the table below (Appendix III, Table 1). A word of 

caution, however, needs to be placed on the practicality of acquiring large number of dogs 

from private owners. To enhance the robustness of the study design, future study designs 

could consider having a control group of dogs fed a diet low or devoid of omega-3 fatty 

acids; a cross-over study design can also be considered provided a longer wash-out period is 

included. Another potential confounding factor could be the age of the study animals, as it is 

known that age influences lipid metabolism in dogs (Kawasumi et al., 2014); however, age 

and BW did not contribute to significant differences tested with a GLM, and hence were 

removed from the final model. 

Appendix III Table 1: Number of animals calculated for future experiments based on the 
measurements in the current study design 

 No. of Animals (n) for Power = 0.8 

Plasma fatty acids 

ALA 7 

EPA 7 

DHA 18 

LA 7 

AA 12 

Gene expression 

HSP90 18 

HSP70 12 

IL1β 18 
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Chapter 5  

Whole Body Computed Tomography with Advanced 

Imaging Techniques: A Research Tool for 

Measuring Body Composition in Dogs 

This experiment has been published in Journal of Veterinary Medicine, 2013, 6. doi: 

10.1155/2013/610654 
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Chapter 7 

Discussion and Conclusions 

 

The primary objective of this PhD project was to further the understanding of biochemical 

responses (plasma fatty acid composition) and transcriptional responses (changes to WBC 

inflammatory-related gene expression) to n-3 fatty acids from two dietary sources (ALA-rich 

flaxseed oil and DHA-rich FO) in two different breeds of dogs. In addition to this, changes in 

body composition were investigated to correlate with the biochemical and transcriptional 

responses. This chapter discusses the major findings of the project and limitations of the 

research not discussed previously in the experimental chapters 

 

7.1 Major Findings 

7.1.1 Breed differences in biochemical responses to alpha-linolenic acid rich flaxseed oil 

and docosahexaenoic acid-rich fish oil 

The main objective of Experiment 1 (Chapter 3) was to identify breed differences in the 

response to ALA rich flaxseed oil by investigating changes in the fatty acid concentration    

(n-3 fatty acids: ALA, EPA, DHA and n-6 fatty acids: LA and AA) of the plasma lipids. The 

fatty acid concentrations were reported as a percentage of the total fatty acids. Experiment 1 

revealed a significant breed difference (P=0.02) with respect to plasma DHA concentrations, 

wherein beagles maintained a higher plasma concentration of DHA than greyhounds 

throughout the study. This significant breed difference was observed at Day 15 (P=0.036) and 

Day 22 (P=0.002) (post-supplementation) and was also observed at Day 0 (P=0.008) (pre-

supplementation). For other plasma fatty acids (ALA, EPA and LA), greyhounds showed a 

numerically higher increase compared with beagles, and conversely it was for DHA alone 

that beagles had a higher plasma concentration. For this study, there was this opportunity to 
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access dogs of two different breeds from a controlled environment, wherein all the dogs were 

fed a basal diet for four months immediately prior to our study. Therefore, the influence of 

previous diet can be ruled out, as all dogs were fed an identical diet, further supporting the 

suggestion that the observed differences were due to a differential breed effect on PUFA 

metabolism. A breed effect on lipid metabolism has been previously demonstrated with 

evidence of primary hyperlipidemia exhibited in miniature schnauzers (Mori et al., 2010; 

Rogers et al., 1975; Usui et al., 2014). Experiment 1 also investigated breed differences in 

transcriptional responses to PUFA (Chapter 4). The breed differences observed in 

transcriptional responses further support the differential breed effect observed in the 

biochemical response. The research finding from this study (Experiment 1) is important when 

considering nutrition management strategies for dogs, as suggested by others (Fleischer et al., 

2008).  

 

Having identified a breed difference in biochemical and transcriptional responses to n-3 fatty 

acids, it would have been ideal to design an experiment to investigate the metabolism of ALA 

on the hepatoma cells (liver being the central organ for the whole body lipid metabolism) and 

on the expression of enzymes involved in the synthesis of EPA, DPA and DHA from ALA 

(delta-5 desaturase, delta-6 desaturase, elongase-5 and elongase-2). However, this project 

accessed privately owned dogs and hence was limited to non-invasive measurements. 

Additionally, the project was financially constrained, and hence these measurements could 

not be included within the scope of this PhD project, but should be considered as an objective 

for future studies. To definitely determine a differential breed metabolism, it would have 

been ideal to include isotope labelled fatty acids or a novel tracer technique, which allows 

multiple stable isotopically labelled essential fatty acids to be simultaneously and 

independently measured (Lin & Salem, 2002). Additionally, plasma levels of DPA were not 
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measured in this study and for completeness should be considered in future experiments 

investigating breed differences in response to PUFA.  

 

Experiment 1 reported an increase in the concentrations of ALA and EPA following 

supplementation with flaxseed oil but not of DHA, and this is similar to previous studies in 

dogs (Bauer et al., 1998; Dunbar et al., 2010). The dogs in the experiment consumed 52 times 

more ALA with the supplemented diet than with the basal diet and, as mentioned earlier, this 

was done to maximise the possibility of observing responses within three weeks. The dogs 

gained weight during the study; however, regression analysis showed no relationship between 

BW gain and any of the plasma fatty acid constituents investigated. Previous studies in dogs 

report the accumulation of n-3 fatty acids in the serum as early as four days (Bauer et al., 

1998; Dunbar et al., 2010) and another study in rats (Fickova et al., 1998) that investigated 

the influence of PUFA on BW gain and adipocyte size was conducted for a short period of 

one week. These studies support the rationale behind the short duration of this experiment 

(three weeks).  

 

It is recognised that the experimental design was limited by the small number of dogs 

borrowed from private owners and these small numbers could have influenced the power of 

the study. However, it should be recognised that similarly small numbers of dogs have been 

used in previous dog research (Wallenstein et al., 1980) and that this study has been 

published in a peer-reviewed scientific journal (Purushothaman et al., 2011). Another 

potential confounding factor could be the age of the study animals, as it is known that age 

influences lipid metabolism in dogs (Kawasumi et al., 2014); however, age and BW did not 

contribute to significant differences tested with a GLM, and hence were removed from the 

final model.  
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In Experiment 3, breed differences in biochemical responses to DHA-rich FO (treatment) and 

LA-rich sunflower oil (control) were investigated. Similar to the findings of the flaxseed oil 

study (Experiment 1), a trend was seen indicating a differential breed response for erythrocyte 

membrane DPA and erythrocyte membrane DHA fatty acid concentration, wherein beagles 

had a higher concentration than greyhounds. However, these findings should be taken with 

caution as there is high variability in the dataset and the few numbers of dogs used in the 

study obscured the chances of arriving at a P value. Additionally, the dogs of the two 

different breeds used in Experiment 3 were from different properties and the two-week wash 

out period might not have been sufficient to overcome the effect of the respective diets. 

Enquiries made from the dog owners showed the diets were different between the breeds. 

  

7.1.2 Breed differences in transcriptional responses to alpha-linolenic acid rich 

flaxseed oil and docosahexaenoic acid-rich fish oil  

The main objective of Experiment 1 (Chapter 4) was to identify whether there is a breed 

difference in the transcriptional responses to ALA-rich flaxseed oil. Similarly, Experiment 3 

also investigated the possible breed differences in transcriptional responses to DHA-rich FO 

(Chapter 6).  

 

7.1.2.1 Breed differences in baseline gene expression   

Interestingly, the expression levels of inflammatory-related genes (HSP90 and IL1β) in WBC 

were significantly different in the two breeds of dogs even prior to supplementation with 

flaxseed oil (Experiment 1, Chapter 4). It should be noted that both of these breeds of dogs 

were subjected to a controlled environment for four months prior to our study, during which 

all dogs were fed an identical diet and managed in identical environmental conditions. Hence 

the effect of previous diet on the gene expression can be ruled out and breed differences 
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observed are considered to be due to breed effect. This observation is supported by Ko et al. 

(2003), showing that LCn-3FA metabolism was changed by the genetic modification of a 

mouse strain. On the other hand, the two breeds of dogs in Experiment 3 (Chapter 6) were 

from different properties and the two-week pre-test phase was possibly not long enough to 

overcome differences due to dietary difference prior to the two-week adaption period. 

Additionally, the number of dogs used in the trial was limited by the availability of dogs and 

kennel space. All these factors could have contributed to varied results in gene expression in 

the baseline measurements prior to FA supplementation, as summarised in Table 7.1.  

 

Table 7.1: Summary and Comparison of Results between Experiments 1 and 3   

ND, no difference 

 

7.1.2.2 Breed differences in gene expression in response to supplementation  

Experiment 1 (Chapter 4) investigated the transcriptional responses to ALA-rich flaxseed oil 

and demonstrated that dietary flaxseed oil significantly decreased (P<0.05) the expression of 

heat shock proteins (HSP90) and inflammatory cytokines (IL1β) in greyhounds. As 

mentioned in Chapter 3 (Experiment 1), supplementation with flaxseed oil resulted in 

increased concentrations of plasma ALA and EPA after 22 days of treatment, suggesting that 

Experiment 1 Baseline – comparison between breeds 

 HSP90 HSP70 IL1β 

 Beagles > Greyhounds ND between breeds Beagles > Greyhounds 

Experiment 3 Baseline – comparison between breeds 

 HSP90 HSP70 IL1β 

 ND between breeds ND between breeds ND between breeds 

Experiment 1 Effect of ALA rich flaxseed oil  

 HSP90 HSP70 IL1β 

Greyhound ↓ ND ↓ then ND 

Beagle ND ND ND 

Experiment 3 Effect of DHA rich FO   

 HSP90 HSP70 IL1β 

Greyhound ND ND ND 

Beagle ↑ ND ND 
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ALA and/or EPA modulated the activities of the genes. Further, the downregulation of the 

genes were found to be negatively correlated with the plasma concentrations of ALA and 

EPA. DHA has been reported to upregulate the HSP90 gene in neutrophils and monocytes of 

healthy humans (Gorjao et al., 2006). In contrast, flaxseed oil supplementation 

downregulated HSP90 in the WBCs of greyhound dogs (Experiment 1, Chapter 4). It has 

been shown that different n-3 fatty acids can have different effects on gene expression and on 

the functions of neutrophils, monocytes and lymphocytes (Gorjao et al., 2009; Gorjao et al., 

2006; Verlengia et al., 2004). On the other hand, EPA has been found to downregulate IL1β 

in healthy humans (Weaver et al., 2009) and this is consistent with the findings in this study 

(Experiment 1, Chapter 4). It is possible that the differential gene expression observed only in 

greyhounds could be because of their higher plasma concentrations of ALA and EPA 

compared to the beagles on Day 22 of supplementation with flaxseed oil. Prior to 

supplementation, the plasma concentrations of ALA were lower in greyhounds than in 

beagles. As the supplemented diet had 52 times more ALA than the basal diet had, the greater 

change of ALA in the body of greyhounds apparently caused the downregulation of the 

HSP90 and IL1β genes.  

 

Comparing the results of the flaxseed oil study (Experiment 1, Chapter 4), with the FO study 

(Experiment 3, Chapter 6) as summarised in Table 7.1 shown above, an upregulation of the 

HSP90 gene was seen in the beagles supplemented with DHA-rich FO in contrast to the 

downregulation of the HSP90 gene seen in greyhounds supplemented with ALA-rich 

flaxseed oil. This is an interesting observation that warrants further investigation to elucidate 

the mechanisms underlying different gene responses to different fatty acid supplements in 

different breeds. The possible reasons could be speculated:  Experiment 3 was conducted 

during February when the temperature ranged between 17ºC and 36ºC, whereas Experiment 1 
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was conducted in September when the temperature ranged between 9ºC and 20ºC. The higher 

environmental temperatures experienced during Experiment 3 could have upregulated the 

stress gene, HSP90.  

 

Additionally, there was also a significant breed difference in response to DHA-rich FO 

supplementation, wherein the HSP90 gene significantly upregulated (P<0.05) 1.32 ± 0.05 

times in beagles; in contrast, it was downregulated 0.71 ± 0.21 times in the greyhounds. 

Beagles in general are predisposed to being overweight and it might be possible that the high 

energy diet in the current study, wherein energy intake was increased to 70% above 

maintenance level, was regarded as a metabolic stress and caused the HSP90 gene to respond 

in an opposite manner compared to greyhounds.  

 

It is known that total blood counts in greyhounds (including WBCs) are significantly 

different to other breeds (Shiel et al., 2007). Total blood counts of the greyhounds were 

measured in the present project and showed a difference in the average proportion of the 

different leukocytes, as summarised in Table 7.2. 

 

Table 7.2: Proportions of the leukocytes fractions in two breeds   

 Lymphocytes Monocytes Neutrophils Eosinophils Basophils 

Greyhounds 20.3 % 2.2 % 73.3 % 4.0 % 0.2 % 

Beagles 25.6 % 13.6 % 52.2 % 7.6 % 1.0 % 

 

The different gene expression responses in the different breeds found in the present project 

may be the result of differences in the proportion of WBCs. In a human study, it was reported 

that genes could express differently in different subtypes of WBC (Eady et al., 2005); for 
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example, tumour necrosis factor (ligand) superfamily member 13b (TNFSF13B) and 

lymphocyte antigen (96 LY96: MD-2) were reported to have a higher expression in 

monocytes compared to other subtypes. However, no reports have demonstrated that heat 

shock proteins (HSP90) have a differential expression in the different cell types. Therefore, 

we cannot conclude this is the reason why different breeds showed different levels of gene 

expression in our study. The protocol followed for the gene expression analysis was identical 

for beagles and greyhounds, and hence the possibility of an ex-vivo effect influencing the 

observed breed differences can be minimal.  

 

This study used mRNA expression instead of protein expression analysis, as mRNA 

expression results has been reported to highly correlate with the protein expression analysis 

(Greenbaum et al., 2003; Greenbaum et al., 2002; Guo et al., 2008; Jansen et al., 2002) and 

the data of mRNA transcription level to represent the expression of genes have been widely 

applied elsewhere in different tissues of different species of organisms and with a wide range 

of treatments. It is, however, recognised that this study was limited to three genes due to the 

limited detectable level of other candidate genes in the WBC, as detailed previously. A larger 

scale array of genes would be beneficial (Calder, 2013; Ulven et al., 2014) and this should be 

considered as a direction for future work, possibly by employment of microarray or 

transcriptomic approaches.    

 

7.1.3 Computed tomography combined with advanced image analysis software as an 

alternative non-invasive method for assessing body composition in dogs  

 

Experiment 2 investigated the suitability of CT as a phenotypic measurement to correlate 

with the biochemical and transcriptional responses to fatty acids. Further, Experiment 2 
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(Chapter 5) investigated the potential for advanced image analysis software programs to 

determine body composition in dogs, with an application to canine obesity research.  

 

From human studies it has been suggested that CT may be a more accurate method for 

measuring body composition than DEXA (Lane et al., 2005). The first study that utilised CT 

for measuring body composition in dogs was conducted by Ishioka et al. (2005b), and 

demonstrated that the fat content measured at the third lumbar vertebra (L3) using the 

attenuation range of −135/−105HU had the best correlation; correlation coefficient 𝑟 = 0.98, 

with the body fat content estimated by the deuterium oxide dilution method. However, CT 

slices analyzed were limited to only three levels, the twelfth thoracic vertebra (T12), the third 

lumbar vertebra (L3), and the fifth lumbar vertebra (L5), and were only investigated in 

beagles. The canine study (Ishioka et al., 2005b) also demonstrated the potential for fat to be 

overestimated at 190/−30HU. Using Ishioka’s attenuation range, a study was conducted in 

dachshunds that are chondrodystrophic breeds with a specifically unique body conformation 

(Comstock et al., 2013). The results from the dachshund study showed that the fat area 

measured at L3 and L5 using attenuation ranges −135/−105 Hounsfield units (HU) was the 

significantly dependent on BW (P = 0.05). A more recent study (Adolphe et al., 2014) also 

approached an indirect method wherein the total body was calculated as the sum of visceral 

fat and subcutaneous fat of the entire abdomen; the abdominal fat was obtained from the sum 

of the two vertebral slices from cranial thoracic vertebra 13 to caudal lumbar vertebra 7 (i.e. 

T13 to L7). The above mentioned studies have used specific CT slices as representative of the 

whole body fat. There is, therefore, a need for an improved CT method in dogs. Traditional 

CT image analysis is cumbersome in a whole body scan because of the large number of CT 

images involved and the manual calculations required in the prediction equations. The 
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application of advanced image analysis software programs simplifies and automates this 

process (Haynes et al., 2010; Kobayashi et al., 2014).  

 

In Experiment 2, whole body CT scans with regular intervals were performed on beagles and 

greyhounds that were subjected to a 28-day weight-gain protocol and the CT images obtained 

were analysed using software programs OsiriX, ImageJ and AutoCAT. The CT scanning 

technique was able to differentiate bone, and lean and fat tissue in dogs, and proved sensitive 

enough to detect increases in both lean and fat during weight gain over a short period of four 

weeks. A significant difference in the lean:fat ratio was also observed between the two breeds 

on both Days 0 and 28 (P<0.01). Total body fat was determined from the sum of the total of 

the bone and lean and fat tissues, and its accuracy can be relied on as it was determined based 

on a whole body scanning approach, as opposed to using specific CT slices as reported in 

other studies (Adolphe et al., 2014; Comstock et al., 2013; Ishioka et al., 2005b).  

 

Therefore, CT and advanced image analysis proved useful in the current study for the 

estimation of body composition in dogs and has the potential to be used in canine obesity 

research. This method was then used to determine the total body fat percentage in our final 

experiment (Experiment 3). Future research should involve the validation against a gold 

standard, such as DEXA or deuterium oxide dilution, and also explore the possibility of 

estimating the visceral/subcutaneous ratio (V/S) to determine visceral obesity, as this has 

been linked to metabolic diseases (Bergman et al., 2006).  
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7.1.4 Docosahexaenoic acid-rich fish oil did not reduce weight gain in physiologically 

normal dogs – weight gain dog model 

 

Experiment 3 developed a short-term canine obesity model (four weeks), which was then 

used to test the effectiveness of PUFA supplements on weight gain. Previous studies have 

reported obesity models that overfed dogs for twelve weeks, resulting in an increase in BW of 

23% (Adolphe et al., 2014), and for seven months, with a resultant increase in BW by 43% 

(Bailhache et al., 2003; Gayet et al., 2004). However, there are currently no standard weight 

gain models for dogs. The observed increase in BW in both beagles (12%) and greyhounds 

(8%) within four weeks (Experiment 3) suggests our model was effective and can be 

considered for future research.  

 

Using this model, we tested the hypothesis that when feeding dogs iso-caloric diets that were 

designed to increase BW, supplementation with DHA-rich FO would result in less BW gain 

than supplementation with SF. The findings of the study (Chapter 6), however, did not 

support the hypothesis, and beagles supplemented with FO actually gained more weight. This 

finding is similar to another study (Raclot et al., 1997) conducted on rats fed a high fat diet 

(20% fat) and compared BW gain in rats fed different n-3 fatty acid supplements: EPA, 

DHA, EPA plus DHA and  native FO. It is interesting to note that in spite of presence of n-3 

fatty acids in the native FO, the final BW of the rats was highest in the FO group compared to 

the control group. However, in the same study on rats, the results of total BW and mean 

weight gain of the fat cells in the retroperitoneal adipose tissue were contradictory; mean 

weight of the fat cells (µg) in retroperitoneal adipose tissue was the highest in the control 

group fed lard plus olive oil, whereas the final BW of the rats was highest in the FO group. 

Two studies comparing the effect of FO on BW gain can produce inconsistent results and this 

could be due to several factors, which include the individual animal variation, different 
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genetic strains of animals used, different physiological state, differences in composition of 

the supplementation oil used (EPA/DHA ratio), differences in the doses, and differences in 

the baseline values of EPA and DHA. It is possible that some of these listed factors might 

also have impacted on BW gain in the animals in our study, and it is recognised that larger 

numbers of animals would help to ameliorate these potential effects.  

 

7.2 Conclusions 

Two of the experiments in this PhD project explored the use of ALA-rich flaxseed oil and 

DHA-rich FO as dietary supplements in two breeds of dogs. The results from these two 

experiments indicate a potential breed difference in the metabolism of PUFA, supported by 

the biochemical and transcriptional responses to PUFA. This warrants further investigation 

and could be beneficial for the improvement of canine nutrition and health management. 

Short-term supplementation (three weeks) with ALA-rich flaxseed oil suppressed the 

expression of heat shock protein (HSP90) and inflammatory cytokine (IL1β) in greyhounds 

and, on the other hand, short term supplementation (four weeks) with DHA-rich FO increased 

the expression of heat shock protein (HSP90) in beagles. These findings suggest that the 

composition of the supplementation oil may be important for achieving an impact when used 

for therapeutic purposes, such as a dietary management strategy for obesity.  
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