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ABSTRACT 

INVESTIGATING DIET AND EXERCISE MODIFICATIONS ON DELTA-6 DESATURASE 
AND GHRELIN REGULATION OF SKELETAL MUSCLE AND WHITE ADIPOSE TISSUE 

LIPID METABOLISM 
 
Barbora Hucik-Worndl 
University of Guelph, 2021 
                     

  Advisors:  
  Dr. David M. Mutch                 
  Dr. David J. Dyck 

Evidence supports a role for delta-6 desaturase (D6D) and ghrelin in regulating white 

adipose tissue (WAT) and skeletal muscle metabolism, particularly in the context of lifestyle 

modifications such as dietary fat consumption and exercise training. Changes in D6D activity, an 

enzyme involved in omega-3 polyunsaturated fatty acid (n-3 PUFA) metabolism, are associated 

with altered whole-body glucose metabolism and increased risk of developing metabolic diseases 

such as Type 2 diabetes (T2D). In addition to signaling hunger and stimulating growth hormone 

(GH) release, ghrelin contributes to the control of WAT lipolysis. Studies have shown that 

circulating ghrelin levels change with high-fat diet (HFD) consumption and exercise. However, it 

is unknown how D6D and ghrelin regulate adipose and skeletal muscle metabolism in the 

context of different lifestyle modifications. 

 In the first part of the thesis, reduced D6D activity partially protected Fads2+/- mice from 

high-fat diet (HFD)-induced impairments in glucose tolerance. We also investigated the impact 

of different n-3 PUFA using a Fads2-/- mice. Mice were fed either a flaxseed (contains alpha-

linolenic acid) or menhaden (eicosapentaenoic and docosahexaenoic acid) oil diet. Flax-fed 

Fads2-/- mice had increased insulin sensitivity and decreased body weight compared to 

menhaden-fed Fads2-/- mice. However, neither of these studies showed changes in whole-body 



                                             

 
 

 

energy expenditure, skeletal muscle lipid species content and composition, or other protein 

markers of glucose or fatty acid uptake, storage or oxidation. To our knowledge, these novel 

studies are the first to investigate the effect of D6D activity on skeletal muscle glucose and lipid 

metabolism.  These findings suggest that dietary fat consumption (regardless of quantity or 

composition) does not influence the effects of D6D activity at the level of skeletal muscle.  

 The last part of this thesis investigated the role of ghrelin in modulating b-adrenergic-

stimulated WAT lipolysis. Although the acylated isoform (AG) blunted WAT lipolysis in LFD-

fed rats, 5 days and 6 weeks of HFD consumption both impaired ghrelin’s anti-lipolytic effect, 

which was not restored with exercise training. This study showed that HFD-feeding impairs 

ghrelin’s ability to regulate WAT lipolysis.  

 Collectively, this thesis demonstrates that D6D and ghrelin regulation of peripheral tissue 

metabolism is dependent on dietary fat content and composition.  
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Chapter 1: Delta-6 Desaturase Literature Review 
 
1.1 Introduction 
 

Dietary fat intake has changed greatly over the last 100-150 years. Historically, long-chain 

omega-6 polyunsaturated fatty acids (n-6 PUFA) were consumed in a 1-2:1 ratio to omega-3 (n-

3) PUFA 1, such as eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 

22:6n-3). The ratio of n-6:n-3 PUFA intake has drastically increased to 15-20:1 in today’s North 

American diet 2. Certain populations still consume high amounts of EPA and DHA from marine 

sources such as fatty fish and seafood. For example, the Greenland Inuit consume ~3-4 g/day 3 

and the Japanese consume ~0.8-1 g/day 4. Epidemiological data suggests that countries with 

higher consumption of n-3 PUFA from fish and seafood have decreased risk of cardiometabolic 

disease 5. In addition to being obtained from the diet, EPA and DHA can be produced 

endogenously from the n-3 PUFA alpha-linolenic acid (ALA; 18:3n-3). Both human and animal 

studies show strong evidence for n-3 PUFA to modulate skeletal muscle lipid content, insulin 

signaling pathways, and circulating glucose levels 6–11. This literature review will discuss ALA, 

EPA and DHA consumption and conversion, and the differential roles of these n-3 PUFA in 

mitigating diet-induced impairments in skeletal muscle and whole-body metabolism.     

1.2 N-3 PUFA sources and conversion 
 

1.2.1 Dietary sources of n-3 PUFA 
 

Although North Americans consume low amounts of EPA and DHA, they consume 1.6 g 

of ALA per day 12. ALA is an essential n-3 PUFA that is critical for health and cannot be 

synthesized endogenously; therefore, it must be obtained through the diet. ALA is found in plant 

sources such as flax, canola, walnuts, soy 13,14, as well as enriched eggs from hens with flaxseed-

supplemented feed 15,16.  Although EPA and DHA are associated with many health benefits, they 
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are not considered essential fatty acids because they can be endogenously produced from ALA to 

a limited extent in the human body. EPA and DHA are found in fatty fish and seafood such as 

salmon, herring and mackerel 13. EPA and DHA can also be extracted from seaweed and algae, 

and represent alternate sources of n-3 PUFA 17. Canadians consume 0.92 g/day of EPA and DHA 

18, which is below the recommended 0.3-0.45 g/day (equivalent to 2 servings of fish/week) 

recommended by Health Canada 19. 

1.2.2 FADS2 gene and the D6D enzyme 
 

The human FADS2 gene consists of 12 exons and 11 introns that span a 39.1 kilobase 

(kb) region on chromosome 11 20. In mice, the homologous gene is located on chromosome 19 

20. Amino acid sequencing of the open reading frame shows 96% similarity between mice and 

human homologues, with 87% of amino acids identical in both species 21. The FADS2 gene 

codes for delta-6 desaturase (D6D), a microsomal enzyme in the endoplasmic reticulum that 

regulates the synthesis of n-3 PUFA by removing a hydrogen atom and adding a double bond 

from the carboxyl end of the fatty acid. The FADS2 gene has been detected in 44 human tissues, 

with lower expression in skeletal muscle and much higher expression in brain and adrenal gland 

tissue 22. Among the eight tissues analyzed in mice, the liver and brain had the highest expression 

of Fads2, while muscle gene expression was much lower in comparison 23.  

FADS2 gene expression and D6D activity are regulated by various factors. At the 

transcriptional level, sterol-regulatory binding protein-1 (SREBP-1) 24  and peroxisome 

proliferator-activated receptor-alpha (PPARa) 25 induce the expression of FADS2. Endogenous 

production of long-chain PUFA through the D6D-mediated pathway suppress SREBP-1 and 

activate PPARa through a negative feedback loop 26,27. There are no studies examining the post-

translational regulation or modification of D6D, and this represents an area where further 
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research is needed to determine specific mechanisms of post-translational regulation. Research 

also focuses on the association between FADS2 gene expression and enzyme activity 21,28 rather 

than protein content; however, one study found that D6D protein is expressed in a pattern similar 

to FADS2 gene expression in human sebaceous glands 29. Diet has been shown to have a greater 

effect on D6D activity compared to genotype in Fads2+/- heterozygous mice 21. Both dietary fat 

content and composition can modulate FADS2 gene expression and D6D enzyme activity. When 

animals are fed a diet lacking n-3 and n-6 PUFA, hepatic FADS2 gene expression is increased 21. 

Additionally, a higher ratio of n-6 to n-3 PUFA increases hepatic FADS2 gene expression and 

tissue DHA content 28. Interestingly, increased n-3 PUFA in the diet did not upregulate n-6 

PUFA content in tissue in this same study, but the mechanism by which this differential 

regulation occurred was not determined 28. Consumption of a diet with high saturated fat content 

also may suppress hepatic D6D activity 30,31, perhaps as a way to reduce TAG synthesis and 

storage in tissue and prevent metabolic impairments. Other micronutrients and polyphenols in 

the diet may also regulate D6D activity; however, this is beyond the scope of the current thesis 

and is reviewed elsewhere 32. 

1.2.3 n-3 PUFA synthesis pathway 
 

ALA can be converted to EPA and DHA through several elongation and desaturation 

steps; however, this conversion process is low as only 1-9% of ALA is converted into EPA, and 

only 1-4% is converted into DHA 33. Delta-6 desaturase (D6D) is a rate limiting enzyme for this 

process, which catalyzes the conversion of ALA to stearidonic acid (SDA; 18:4n-3) and 

docosapentaenoic acid (DPA, 22:5n-3) to DHA 20,21. D6D first catalyzes the conversion of ALA 

to SDA by the addition of a double bond. SDA is then converted to eicosatetraenoic acid (ETA; 

20:4n-3) via an elongation reaction mediated by fatty acid elongase 5 (ELOVL5). ETA is then 
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desaturated by delta-5 desaturase (D5D) to form EPA, before it is further converted to 

docosapentaenoic acid (DPA; 22:5n-3). Fatty acid elongase 2 (ELOVL2) elongates DPA to form 

tetracosapentaenoic acid (TPA; 24:5n-3), which then undergoes another desaturation step by 

D6D to form tetrahexaenoic acid (THA; 24:6n-3). THA can be transported to the peroxisome, 

where it undergoes FA oxidation by three enzymes (acyl CoA oxidase, bifunctional protein, and 

3-ketoacyl CoA thiolase) to form DHA 34. Alternatively, DPA can also be directly desaturated to 

form DHA via Δ4 desaturation 35.  The n-3 PUFA synthesis pathway is depicted in Figure 1.1. 
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Figure 1.1. The n-3 PUFA synthesis pathway. 
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1.3 Role of skeletal muscle in metabolic health and insulin signaling 
 
1.3.1 Whole-body glucose regulation 
 

Plasma glucose concentration is tightly regulated by the pancreatic hormones glucagon 

and insulin. Typical fasting blood glucose levels in healthy individuals range from 3.9-6.1 

mmol/L, and rarely exceeds 7.8 mmol/L at peak concentrations ~1 hour following mealtime 36. 

In a fasted state, blood glucose levels are maintained through glycogenolysis and 

gluconeogenesis. Glucagon is released from pancreatic a-cells to stimulate hepatic glucose 

production and contributes to glycerol release from triacylglycerol (TAG) hydrolysis in adipose 

tissue, which provides substrate for glucose production in the liver. Maintaining glucose levels in 

a fasted state is important as several tissues, including the brain (which takes up 50% of 

circulating glucose), kidneys, gut and red bloods cells are dependent on glucose for energy. In a 

post-prandial state, insulin is released from pancreatic b-cells in response to increased circulating 

blood glucose. Insulin release from the pancreas signals to skeletal muscle and other tissues 

(eg.adipose) to clear glucose from circulation, as well as to the liver to slow gluconeogenesis. 

1.3.2 Skeletal muscle insulin signaling 
 

Skeletal muscle is a major “sink” for glucose disposal, taking up approximately 20-30% 

of glucose in circulation. In an insulin-stimulated state, up to 70-80% of glucose is taken up by 

the muscle 37,38. An increase in circulating blood glucose levels stimulates insulin release from 

the pancreas. Insulin binds to the a-subunit of the insulin receptor (IR) on a cell surface, which 

then activates the intracellular b-unit to phosphorylate insulin receptor substrate (IRS) -1 and -2. 

In turn, phosphatidylinositol (PI) 3-kinase is activated, which causes intracellular 

phosphatidylinositol 3,4,5-triphosphate (PIP3) to phosphorylate Akt at the Ser473 and/or Thr308 

residues 39. Akt-dependent phosphorylation of the guanosine-5-triphosphate (GTP) ase-activation 
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domain (Rab 4) of Akt substrate 160 (AS160) results in the translocation of GLUT4 to the cell 

membrane to allow uptake of glucose into the cell. Following uptake into the cell, glucose is 

immediately phosphorylated and used to produce ATP or stored as glycogen.  

Chronic consumption of a high-calorie, high-fat diet can impair insulin signaling and 

glucose uptake in skeletal muscle, resulting in elevated plasma blood glucose levels. This 

impairment is associated with alterations in the fatty acid composition of muscle 40,41, and 

increased accumulation of diacylglycerol (DAG) and ceramide species 42,43. Insulin action is 

associated with a higher degree of unsaturation of the cell membrane 40, as membrane fluidity is 

important for the position and functioning of the IR within the cell membrane 44–47. Additionally, 

GLUT4 translocation to the plasma membrane is impaired when membrane saturation is 

increased and fluidity is decreased 44.  The contribution of these mechanisms to the development 

of skeletal muscle insulin resistance, and the role of n-3 PUFA in mitigating insulin resistance 

through these pathways, are discussed below.  

1.4 Role of n-3 PUFA in skeletal muscle insulin signaling 
 

There is a myriad of evidence supporting a role for n-3 PUFA in preventing and restoring 

regulation of whole-body glucose levels and skeletal muscle metabolism, in the context of a 

metabolic challenge such as HFD consumption 6–8,48. Much less is known regarding the ability of 

n-3 PUFA to influence whole-body glucose metabolism in the healthy population. Additionally, 

EPA and DHA are more widely studied compared to ALA, and there is very little insight 

regarding mechanisms by which ALA may influence skeletal muscle metabolism. As ALA is 

consumed in higher quantities than EPA and DHA, more research regarding the effect ALA 

supplementation in skeletal muscle and whole-body metabolism is required. This literature 

review will discuss current evidence regarding potential mechanisms by which n-3 PUFA may 
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be able to modulate skeletal muscle metabolism. Although the expression of Fads2 is low in 

skeletal muscle, the current understanding of D6D conversion of ALA to EPA and DHA in this 

tissue is very limited, particularly as skeletal muscle plays a major role in maintaining glucose 

homeostasis and substrate utilization. 

1.4.1 Incorporation of n-3 PUFA into cell membranes 
 

Plasma membranes are enriched in glycerophospholipids, which are typically higher in 

unsaturated fatty acid content to increase membrane fluidity and contain microdomains (known 

as lipid rafts) that contain signaling proteins and enzymes. Due to their fluid nature, these lipid 

rafts are thought to promote protein-protein interactions by increased protein collision, and play 

an important role in cellular signal transduction 49. Increased fluidity of phospholipid (PL) 

membranes allows for lipid rafts to optimize the positioning of proteins involved in insulin-

signaling pathways, and increasing IR availability for ligand binding 44.  

The composition of dietary fat consumption is reflected in PL in both animal 8,50,51 and 

human studies 52,53, as fatty acids from the diet are directly incorporated into cell membranes. 

Consumption of a fish oil-supplemented diet (0.89% fat from DHA) increased DHA 

incorporation (~5.6%) into skeletal muscle phospholipids and decreased n-6 PUFA content 54. 

Although increasing fish oil content in the diet (3.61% fat from DHA) further increased DHA 

incorporation into skeletal muscle, the increase in soleus muscle (5%) was slightly lower than the 

increase in rectus femoris (6%) 54. This indicates there could be differences in incorporation of 

DHA between muscle fibre types, which could plateau at different rates. Maximal levels of 

incorporation of DHA into skeletal muscle were not investigated in this study. The effect of 

increasing dietary PUFA on incorporation into red blood cells has been better characterized and 

shows a dose-dependent incorporation of EPA and DHA 55,56. Rats infused with a fish oil-
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containing fat emulsion showed a fast and robust increase (70% of peak value after 1 day) in 

phospholipid n-3 PUFA content, which plateaued after 3-5 days of infusions 57. Increased 

incorporation of dietary EPA and DHA into skeletal muscle plasma membrane contributes to 

higher membrane unsaturation, which has been shown to increase the capacity of insulin to 

stimulate glucose uptake 58,59.  Notably, fish oil supplementation results in increased EPA and 

DHA incorporation into cell membranes 53 and increased membrane fluidity in both healthy 

individuals and diabetic patients 60,61. Increased levels of EPA and DHA in skeletal muscle PL 

are associated with lower fasting plasma glucose 62 and increased insulin sensitivity in both 

healthy and obese subjects 9–11. The specific signaling mechanism by which n-3 PUFA restore 

insulin signaling through incorporation into membrane PL is unknown. Additionally, most 

research has investigated the effect of cell membrane unsaturation on insulin action using fish 

oil-derived n-3 PUFA rather than ALA, as EPA and DHA have known health benefits, and most 

of the world’s population is deficient in these two fatty acids 63. As EPA and DHA have a higher 

degree of unsaturation compared to ALA, it is possible that they have more potent effects on 

membrane fluidity. EPA and DHA may have differential effects on membrane fluidity and 

effects on signalling as research has shown that EPA incorporation into cell membranes is more 

dynamic as it can re-locate within the membrane compared to DHA, which tends to remain in the 

same position within the membrane 64,65. However, a few studies have shown that a diet high in 

ALA (but lacking EPA and DHA) prevented HFD-induced insulin resistance 8,59. Dietary ALA 

incorporation into skeletal muscle PL 8,59 could prevent insulin resistance through increased 

insulin-stimulated Akt phosphorylation 48.  
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1.4.2 Reactive lipid species and skeletal muscle insulin signaling 
 

Total intramuscular triglycerides (IMTG) are not believed to be causative in the 

development of metabolic impairments in skeletal muscle 66. However, chronic HFD 

consumption can lead to the accumulation of lipotoxic species such as DAGs and ceramides, 

which contribute to the development of impaired insulin signaling in skeletal muscle and 

decreased glucose uptake. DAGs promote PKC activation via binding to a specific domain on 

PKC 67 to prevent the tyrosine phosphorylation and subsequent activation of the IR, which leads 

to the inhibition of the insulin signaling pathway 68–71. Ceramides are a biologically active 

sphingolipid that inhibit Akt phosphorylation by promoting negative feedback of IRS-1 signaling 

72 and the subsequent GLUT4 translocation to the plasma membrane, preventing the uptake of 

glucose into the cell 73,74.  

One study used lipid infusion to increase muscle DAG species. Saturated DAG species 

containing (C16:0, C18:0, C18:1 C20:4) promoted PKC activation, which impaired insulin-

stimulated IRS-2 tyrosine phosphorylation and Akt phosphorylation in human skeletal muscle 75. 

Although there is no research investigating the effect of n-3 PUFA incorporation in DAG stores 

on insulin signaling, ALA, EPA and DHA could decrease PKC activation to restore skeletal 

muscle insulin signaling. Indeed, obese rats supplemented with ALA rather than the n-6 PUFA 

linoleic acid (LA) had altered muscle DAG composition independent of changes in total content, 

which was associated with improved whole body glucose and insulin tolerance 8. Surprisingly, 

there is very limited research on the effects of EPA and DHA consumption on skeletal muscle 

DAG composition and content 76,77. Dietary n-3 PUFA consumption has been shown to increase 

gene expression and activity of CPT and acyl-CoA oxidase (markers of FA oxidation) in skeletal 

muscle and liver, which were associated with improved insulin response 78,79. If EPA and DHA 
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consumption can upregulate FFA oxidation, lipids could be diverted from storage as DAG 

towards oxidation to prevent impairments in skeletal muscle insulin signaling.  

Although there is little research investigating the effect of n-3 PUFA on DAG, EPA and 

DHA have been shown to reduce skeletal muscle ceramide content and downstream signaling 

both in vitro and in vivo. EPA and DHA prevented palmitate-induced ceramide accumulation and 

impairments in Akt activation in skeletal muscle cells, with DHA having a greater effect 80. In 

animals, EPA and DHA consumption is associated with reduced ceramide content in muscle 81,82, 

increased expression of genes involved in skeletal muscle glucose uptake (e.g. GLUT4 and IRS-

1) 82, and increased markers of FA oxidation in mitochondria 83,84. Direct supplementation and 

maternal consumption of EPA and DHA have potent effects on preventing metabolic 

impairments 81. Maternal EPA and DHA supplementation decreased skeletal muscle content of 

sphingolipid precursors in offspring, and was associated with lower basal blood glucose levels 

and TAG secretion 81. However, the mechanisms by which EPA and DHA can modulate 

ceramide accumulation are not fully understood, as improvements in skeletal muscle insulin 

sensitivity with EPA and DHA supplementation in a HFD have been demonstrated even without 

decreasing ceramide content 85. The incorporation of n-3 PUFA into ceramides could potentially 

lead to decreased lipotoxicity of reactive lipid species, resulting in increased GLUT4 

translocation to the cell membrane to allow glucose uptake into the cell, or increased 

mitochondrial FA oxidation capacity to prevent accumulation of lipids in the cell. However, this 

remains an opportunity for future research, as no studies have investigated this to date. 

Additionally, the effect of ALA consumption on ceramide content and composition in skeletal 

muscle has not been studied extensively. One studied showed that an ALA-supplemented diet 

did not decrease skeletal muscle ceramide content in obese Zucker rats, and actually increased 



 
 

12 
 

total ceramide content compared to lean controls 8. However, ALA supplementation improved 

glucose tolerance in this study 8. Therefore, the mechanism by which ALA modulates changes in 

glucose tolerance may occur independent of changes in ceramide content. In the liver, ALA has 

been shown to decrease total ceramide content as well as increase n-3 PUFA composition of 

ceramides, but this did not influence insulin-induced Akt phosphorylation 86. More research 

examining the role of ALA consumption on skeletal muscle ceramide content and insulin 

signaling is required.  

It is also important to note that while in vitro studies examining the influence of different 

saturated fatty acid mixtures generally show increased DAG and ceramide content 87–89, studies 

using in vivo models suggest that ceramides play a more significant role in the development of 

skeletal muscle insulin resistance compared to DAG 87,90,91. Future studies should investigate the 

specific mechanisms by which altered reactive lipid species composition contributes to increased 

skeletal muscle insulin signaling and glucose uptake.  

1.5 Role of D6D activity in metabolic health and insulin signaling 
 
No studies have compared the effects of ALA to EPA and DHA on skeletal muscle glucose 

and lipid metabolism using a model of reduced or absent D6D activity. This is important as 

impairments in skeletal muscle insulin signaling and glucose uptake are a major contributor to 

the development of T2D. A study by Stoffel et al. found that Fads2-/- mice fed a normal chow 

diet supplemented with ALA developed whole-body insulin resistance and became resistant to 

weight gain with reduced adipocyte size and adipose tissue 92. Dietary supplementation of DHA 

reversed insulin resistance and normalized weight gain and adipocyte size in these mice 92. 

Additionally, Fads2-/- mice had increased hepatic steatosis when fed a diet deficient in EPA and 

DHA 93.  
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Although some studies provide evidence that ALA can decrease skeletal muscle ceramide 

content 86, increase Akt activation 48  and improve insulin sensitivity 48,8,59, it is important to note 

that ALA is also endogenously converted to EPA and DHA. Therefore, it is not possible to 

conclusively attribute the beneficial metabolic effects to ALA alone. In humans, minor allele 

carriers of single nucleotide polymorphisms (SNPs) in the FADS2 gene have reduced D6D 

activity, and as a result have decreased conversion of ALA to EPA and DHA, compared to major 

allele carriers 94,95,96. FADS2 SNPs are associated with increased risk of developing 

cardiometabolic diseases such as T2D and cardiovascular disease 94,97,98. Therefore, the potential 

metabolic effects of altered D6D activity represent a new area for investigation, that could reveal 

differential metabolic effects of these n-3 PUFA in skeletal muscle glucose and lipid metabolism. 

1.6 Conclusion 
 
 The consumption of n-3 PUFA such as EPA and DHA may mitigate HFD-induced 

impairments in whole-body glucose tolerance and skeletal muscle insulin signaling. 

Epidemiological evidence shows that populations consuming higher quantities of EPA and DHA 

have a lower risk of metabolic disease, and rodent studies have demonstrated that EPA and DHA 

can prevent and even restore skeletal muscle insulin sensitivity by decreasing reactive lipid 

content 83,84 and/or increasing cell membrane fluidity 60,61. The Western diet is low in n-3 PUFA 

such as EPA and DHA, but sufficient in ALA. However, little is known about the specific effects 

of reduced D6D activity on skeletal muscle metabolism in healthy individuals, or in the context 

of chronic HFD consumption. Reduced D6D activity is associated with increased risk of T2D 

and other cardiometabolic risks. As such, further research is required to determine if reduced 

D6D activity, and therefore decreased EPA and DHA production, has a negative impact on 
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skeletal muscle metabolism, and whether ALA alone versus EPA and DHA consumption can 

mitigate these potential negative metabolic outcomes. 
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Chapter 2: Ghrelin Literature Review 
 
2.1  Introduction 
 

White adipose tissue (WAT) metabolism is tightly regulated by numerous hormones 

including insulin, leptin and adiponectin. As the main storage form of energy in the body, WAT 

releases free fatty acids (FFA) into the circulation in situations where peripheral tissues require 

substrate for energy (e.g. during fasting or exercise). Although ghrelin was first identified as a 

gut-derived hormone involved in regulating appetite and stimulating growth hormone release, 

more recent studies have demonstrated that ghrelin can also modulate WAT metabolism. 

Specifically, ghrelin has been shown to blunt b-adrenergic-stimulated lipolysis in WAT 99. 

Lipolysis, i.e. the breakdown of TAG stores to release FFA into circulation, is a tightly regulated 

process to meet energy demand of other tissues in different energy states of the organism. Insulin 

also inhibits WAT lipolysis, but with obesity or T2D, WAT response to insulin is impaired 100. 

This results in increased circulating FFA, which is associated with metabolic impairments in 

other tissues 101,102. However, it is unknown how the regulatory role of ghrelin in WAT lipolysis 

changes with lifestyle modifications such as HFD consumption or exercise training. This review 

outlines the literature pertaining to ghrelin’s effects on WAT metabolism, highlights potential 

mechanisms that may be involved in ghrelin regulation of WAT lipolysis, and provides evidence 

that lifestyle modifications may change WAT response to ghrelin.  

2.2   WAT metabolism 
 
2.2.1   WAT tissue depots 
 

WAT stores energy in the form of TAG and also acts as an endocrine organ, as it is able 

to release adipokines (e.g. leptin, adiponectin, resistin), which are adipose-derived signalling 

proteins. Not all WAT depots in the body have the same characteristics and role in metabolism. 
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Subcutaneous adipose tissue (SAT) is found underneath the skin and represents approximately 

80% of total body fat in humans 103,104. Visceral adipose tissue (VAT) is found around internal 

organs. VAT represents up to 20% of total body fat in humans, depending on gender and age 103, 

and is more metabolically active than SAT. Human studies have shown that males fat 

distribution differs between males and pre-menopausal females, as males tend to acquire more 

VAT while females acquire more SAT in obesity 105,106. In situations of increased energy intake, 

SAT provides a “safe” depot for TAG storage, while VAT stores excess TAG in larger, insulin-

resistant adipocytes that contribute to metabolic dysfunction. One study in humans found that an 

FFA infusion decreased insulin-stimulated glucose uptake during a hyperinsulinemic-euglycemic 

clamp in males, but the same effect was not observed in females 107. Although VAT response to 

noradrenaline-stimulated lipolysis is higher in VAT compared to SAT in both sexes, basal 

lipolysis is higher in males compared to females in both VAT and SAT depots in obese humans 

108. Interestingly, females have higher b3-adrenergic receptors in both VAT and SAT, and 

therefore potentially increased lipolytic capacity 108. Animal studies have also shown that VAT 

adipocytes have a higher number of b3-adrenergic receptors 109 and increased sensitivity to b3-

adrenergic stimulation 110, leading to greater lipolytic activity relative to SAT 111,112. However, 

VAT is less responsive to insulin’s ability to blunt lipolysis compared to SAT. Since the release 

of FFA from VAT is not as tightly regulated by insulin, this may increase circulating FFA and 

contribute to insulin resistance in other tissues such as liver and skeletal muscle. Therefore, VAT 

dysregulation may contribute significantly to whole-body metabolic dysfunction with obesity 

112,113.  
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2.2.2   WAT lipolysis and reesterification 
 

The release of FFA from adipose tissue is dependent on the hormonal milieu of a given 

situation. Following a meal, there is an increase in circulating energy substrates (i.e., glucose, 

lipids). In response to this, insulin is released from the pancreas and inhibits WAT lipolysis and 

stimulates lipoprotein lipase (LPL) activity 114, leading to lipid storage. In a fasted state, 

circulating insulin levels are low and no longer inhibit WAT lipolysis, while epinephrine and 

glucagon levels are increased. FFA are mobilized via the hydrolysis of TAG stores in WAT to be 

used as an energy substrate by other tissues. In a fasted state, over 50% of circulating FFA are 

derived from WAT lipolysis 114. TAG is sequentially hydrolyzed to diacylglycerol (DAG) and 

then to monoacylglycerol (MAG), resulting in the release of a FFA at each step and a molecule 

of glycerol at the end. Although hormone sensitive lipase (HSL) was initially thought to be the 

main enzyme controlling TAG hydrolysis in WAT 115, studies using HSL KO mice have 

demonstrated the presence of non-HSL dependent hydrolysis 116–118. In fact, the hydrolysis of 

TAG to DAG is catalyzed mainly by adipose triacylglycerol lipase (ATGL). The hydrolysis of 

DAG to MAG is catalyzed by HSL and MAG is hydrolyzed by monoacylglycerol lipase (MGL) 

119. During exercise, when skeletal muscle requires an increased supply of energy substrates, 

circulating catecholamines and sympathetic release of norepinephrine from nerve terminals in 

WAT contribute to increased lipolysis. Catecholamine (epinephrine, norephinephrine) 

stimulation of b-adrenoreceptors, the main signal stimulating lipolysis, increases adenylate 

cyclase activity and intracellular cyclic AMP (cAMP) to activate PKA 120. PKA increases the 

phosphorylation of activating HSL residues (Ser563, Ser660) and decreases the phosphorylation of 

inhibitory HSL residues (Ser565), to promote DAG hydrolysis and subsequent FFA release. 

Although counterintuitive, up to 50-70% of FFA released in WAT lipolysis are taken back up by 
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WAT and re-esterified into TAG 121–124. This process is regulated by PDK4 (pyruvate 

dehydrogenase kinase 4) 125 and phosphoenolpyruvate carboxykinase (PEPCK) 126. PDK4 

inhibits pyruvate dehydrogenase (PDH) to shift pyruvate towards G3P rather than oxidation, 

while PEPCK catalyzes G3P synthesis from oxaloacetate. Re-esterification of FFA requires 

glycerol-3-phosphate (G3P) from glyceroneogenesis. This process re-esterifies FFA that have 

been released from WAT into TAG. 

2.2.3   Changes to WAT function with HFD-induced obesity  
 

Unlike other tissues, WAT has a high capacity to continue to remodel and expand to 

accommodate increased lipid storage with chronic HFD consumption. Although initially the 

number of adipocytes increases (hyperplasia) to accommodate for increased lipid storage, over 

time the size of adipocytes begins to expand (hypertrophy). In diet-induced obesity, adipocyte 

hypertrophy is observed, along with increased macrophage infiltration 127,128 and decreased 

angiogenesis, resulting in tissue hypoxia 129. This leads to chronic inflammation, which is 

thought to contribute to whole-body insulin resistance 130. Proinflammatory cytokines in WAT 

have been shown to downregulate GLUT4 translocation to the cell membrane by inhibiting IR 

tyrosine phosphorylation and downstream cellular insulin signaling pathways 131,132. Increased 

VAT mass in particular is associated with insulin resistance 133, hyperglycemia 134 and 

hypertriglyceridemia 134. VAT also contributes to systemic inflammation in obese individuals 

with T2D to a greater extent than SAT 135.  

Insulin release is stimulated following the intake of dietary carbohydrate, which inhibits 

adipose tissue lipolysis and facilitates the storage of FFA in the form of triacylglycerol (TAG). In 

obese subjects, circulating insulin is increased but is less effective at promoting skeletal muscle 

clearance of circulating glucose and FFA 136. Furthermore, insulin’s ability to suppress TAG 
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lipolysis and FFA release into circulation is impaired in obese humans 137 and rats 138. 

Consequently, obesity is associated with increased basal lipolysis and increased circulating FFA 

139. However, catecholamine-stimulated lipolysis is typically decreased with obesity 139,140. This 

may be caused by decreased adenylyl cyclase activity leading to reduced cAMP levels, as seen in 

adipocytes isolated from obese individuals 140. Decreased catecholamine sensitivity may be a 

protective mechanism to prevent even higher levels of circulating FFA in obesity when basal 

levels are already elevated. In obesity, increased circulating FFA can contribute to metabolic 

impairments in other tissues. 141,142  

2.3   Ghrelin 
 
2.3.1   Ghrelin function 
 

Ghrelin is traditionally known as a “hunger” hormone, as it is released in anticipation of 

mealtime and decreases immediately after 143. Ghrelin was discovered in 1999 144 in a search for 

“orphan receptors” after cloning of the growth hormone secretagogue receptor (GHS-R), a G-

protein coupled receptor, showed a ligand that was able to bind to GHS-R to stimulate growth 

hormone (GH) release 144. There are two forms of ghrelin in circulation. The unacylated ghrelin 

(UnAG) form undergoes n-octanoylation at the Ser3 residue to become acylated ghrelin (AG) 

145,146. This post-translational modification is catalyzed by the enzyme ghrelin-O-acyl-transferase 

(GOAT) 145,146. AG is typically considered the active form as it has a higher receptor binding 

activity compared to the UnAG form. UnAG does not stimulate GH release. UnAG has more 

recently been shown to have a potentially important peripheral role and regulate adipose tissue 

99,147,148 and skeletal muscle metabolism 149–151.  
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2.3.2   Ghrelin and adipose tissue regulation 
 

In recent years, there has been increasing evidence supporting ghrelin’s role in regulating 

glucose and fat metabolism in peripheral tissues 99,147,151–156. However, very little is known 

regarding the effects of ghrelin on WAT. Following ghrelin infusion (2.5 nmol/day for 6 days), 

LPL, acetyl-CoA carboxylase, fatty acid synthase and stearoyl-CoA desaturase gene expression 

increased, which are markers of storage and lipogenesis in WAT 157. Some of these markers were 

shown to be decreased in mice deficient in ghrelin, providing further evidence that ghrelin is 

involved in the regulation of adipose tissue metabolism 157. This study also showed that carnitine 

palmitoyl transferase-1a gene expression, a marker of oxidation, was decreased 157, suggesting 

that ghrelin promotes substrate uptake and storage in adipose tissue, but not substrate utilization. 

Data regarding ghrelin’s regulation of lipolysis varies. Human microdialysis experiments showed 

that infusing acylated ghrelin (5pmol/kg/min) for 5 hours increased SAT lipolysis 154, which is 

contrary to what has been shown in ex vivo ghrelin studies (see below). Co-infusion of both 

ghrelin isoforms decreased circulating FFA, suggesting that both AG and UnAG may regulate 

WAT lipolysis, and that they may exert different effects 158. 

The results from in vivo studies are inconclusive. A previous study from our lab showed 

that although both AG and UnAG had the ability to blunt b-adrenergic stimulated lipolysis in an 

adipose tissue organ culture model (ATOC), the same blunting effect was not observed following 

in vivo AG and UnAG injections in rats in the same study 99. In vivo, ghrelin stimulates the 

release of GH 144, which inhibits insulin release and prevents the blunting of adipose tissue 

lipolysis. Therefore, the interpretation of in vivo ghrelin studies is difficult due to the 

confounding effects of GH, even though it is physiologically relevant. Therefore, to understand 
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the direct effects of ghrelin in the absence of secondary confounding factors, isolated ex vivo 

models are advantageous. 

To our knowledge, very few studies have examined the direct, isolated effects of ghrelin 

on WAT. Our own lab has shown that both AG and UnAG blunt b3 –stimulated glycerol release 

in both SAT and VAT ex vivo via decreased phosphorylation of Ser565 (inhibitory) and Ser660 

(activating) HSL residues 99. In isolated adipocytes, supra-physiological levels of AG blunted b3 

–stimulated glycerol release 147. Therefore, further research is required to elucidate the direct 

effects of ghrelin signaling in WAT in vivo. 

2.3.4   Ghrelin and HFD-induced obesity 
 

The outcomes of human and animal studies investigating how circulating ghrelin is 

changed in obesity are inconsistent. In humans, studies have shown that circulating ghrelin levels 

are decreased with obesity 159–162 and increased with weight loss 159,163,164. One study showed that 

the decrease in circulating ghrelin in obesity is due to decreased UnAG 165. Another study 

measuring ghrelin mRNA levels in VAT obtained from obese individuals showed a positive 

correlation between obesity and adipose tissue ghrelin gene expression 166. Following the 

consumption of a high-fat meal, ghrelin levels are not suppressed in obese individuals 167, 

indicating a possible impairment in the ability to turn off ghrelin’s orexigenic signal. This may 

be a protective mechanism to prevent further increases in already elevated plasma FFA with 

obesity. Central ghrelin resistance may develop gradually with chronic HFD intake, leading to an 

initial increase in circulating ghrelin to counter decreased sensitivity to ghrelin, before ghrelin 

concentrations ultimately decrease 168.  
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2.4   Exercise, WAT Metabolism and Ghrelin 
 
2.4.1   Changes in AT metabolism with exercise 
 

Exercise is known to increase the rate of WAT lipolysis to mobilize FFA as an energy 

substrate via catecholamine-stimulated HSL activation 169. Basal rates of lipolysis are decreased 

in trained compared to sedentary individuals 170. This can be explained by improved WAT 

response to insulin (an inhibitor of lipolysis) with exercise training 171. Other exercise training 

adaptations in WAT include a greater abundance of WAT IR content and increased glucose 

uptake and oxidation 172. Therefore, exercise training can be an important lifestyle intervention to 

alter WAT metabolism.  

Exercise has been shown to improve both catecholamine and insulin regulation of WAT 

lipolysis. With obesity, WAT sensitivity to b-adrenergic stimulation is decreased and may no 

longer contribute significantly to WAT lipolysis in obese individuals, as inhibiting b-adrenergic 

receptors did not cause reduce circulating FFA compared to lean individuals 173. In obese 

humans, decreases in WAT mass following 3 months of aerobic exercise training can be 

attributed to enhanced catecholamine response, resulting in increased liberation of glycerol from 

WAT following b-adrenergic stimulation 174. Isolated adipocytes from HFD-fed mice also 

showed increased catecholamine sensitivity following 12 weeks of high intensity interval 

training175, which can lead to increased mobilization of WAT lipid stores when needed by other 

tissues. Additionally, the rate of basal lipolysis is increased in obese subjects 139, as insulin may 

no longer be able to suppress WAT lipolysis 138,176,177.  Exercise training studies can decrease 

basal lipolysis 170. This could normalize circulating FFA levels in obese individuals and help 

prevent metabolic impairments in skeletal muscle 142 and liver 141.  
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2.4.2   Ghrelin and exercise training 
 

Although exercise training can increase adipose tissue sensitivity to insulin and 

catecholamines, the effects of exercise on ghrelin’s ability to regulate adipose tissue metabolism 

is not yet established. As exercise can influence circulating ghrelin levels, it is plausible to think 

that exercise can improve tissue sensitivity to ghrelin. Results from studies investigating the 

effect of exercise on plasma ghrelin levels in healthy humans are inconsistent, as studies showed 

lower 178–181, higher 182–184, or unchanged plasma ghrelin levels following exercise training 185. 

Circulating ghrelin levels may be altered with obesity; therefore, exercise training may 

“normalize” ghrelin to levels seen in lean individuals. However, data from exercise training 

studies in obese individuals measuring circulating levels are also inconclusive 179,186. It is 

important to note that the length and type of exercise training (e.g. cycling, treadmill running, 

sprint intervals) varied among these studies, which may contribute to the inconsistent findings. 

Results from animal studies are similarly inconsistent, as exercise has been shown to increase 187 

or decrease 185 circulating ghrelin in rats. The regulation of ghrelin levels may be dependent 

more on weight loss rather than exercise itself, as long-term exercise training increases 

circulating ghrelin levels when weight loss is reported in both obese humans and rats 188,189, but 

not in lean subjects 190. The mechanism by which ghrelin modulates WAT metabolism after 

exercise training has not been studied to date, and warrants further investigation, specifically in 

the context of a HFD-induced model of obesity. Exercise has been shown to protect skeletal 

muscle response against diet-induced impairments in insulin and leptin response 191, and 

decrease basal lipolysis in obese subjects 174. Therefore, exercise may also exert protective 

effects against diet-induced impairments in ghrelin control of lipolysis.  
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2.4   Conclusion 
 

Adipose tissue metabolism is regulated by a myriad of hormones, including insulin, 

catecholamines and others. Although historically considered a “hunger” hormone, ghrelin has an 

emerging role as a regulator of peripheral tissue metabolism. Ghrelin’s role in GH secretion is a 

confounding variable that makes it difficult to study the effects of ghrelin in vivo.  In isolated 

adipose tissue, both AG and UnAG blunt b-stimulated WAT lipolysis, potentially via inhibition 

of HSL. Both human and animal studies have demonstrated that ghrelin levels change in obesity 

and with exercise training. However, more research is warranted to determine the mechanisms 

by which ghrelin modulates WAT metabolism, particularly in the context of HFD-feeding and 

exercise training.   
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Chapter 3: Thesis Objectives  
 

There is some evidence suggesting that both D6D activity and ghrelin contribute to the 

regulation of substrate (i.e. glucose and lipid) metabolism in skeletal muscle and adipose tissue 

beyond their respective roles in fatty acid conversion and appetite regulation. However, it is still 

not clear if changes in D6D activity and ghrelin exert direct effects on skeletal muscle glucose 

and lipid metabolism and adipose tissue lipolysis, or how their potential regulatory effects 

change with different lifestyle modifications, such as dietary fat consumption or exercise 

training. Therefore, the purpose of this thesis was to investigate potential mechanisms by which 

changes in D6D activity or ghrelin regulate skeletal muscle and adipose tissue metabolism, and 

how quantity or composition of dietary fat in the diet, or exercise training, influence metabolic 

outcomes in these tissues.  

The objective of the first study (Chapter 4) was to determine the effect of reduced D6D 

activity on whole-body glucose and insulin tolerance in mice fed a high-fat lard diet. We also 

wanted to determine whether potential changes in whole-body glucose and insulin tolerance were 

associated with changes in whole-body substrate utilization, skeletal muscle fatty acid profiles or 

metabolic markers of muscle glucose and fatty acids metabolism. Mice were fed a lard diet 

without the addition of n-3 PUFA (deficient in EPA and DHA). This allowed us to study the 

independent effects of D6D activity on skeletal muscle and whole-body metabolism, uncoupled 

from the conversion of ALA to EPA and DHA. Human studies have shown that individuals with 

decreased D6D activity is associated with an increased risk of T2D and other cardiometabolic 

diseases. We rationalized that reduced D6D activity would impair whole-body glucose tolerance 

in mice fed a HFD. We hypothesized that this impairment in glucose tolerance would be related 

to a reduced abundance of the muscle glucose transporter (GLUT4), decreased glucose and lipid 
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oxidation and increased lipid storage in skeletal muscle, measured by changes in protein markers 

of glucose and lipid metabolism.  

The objective of the second study (Chapter 5) was to determine the independent effects of 

ALA versus EPA and DHA on whole-body glucose and insulin tolerance, skeletal muscle lipid 

content and protein markers of lipid metabolism in the context of a LFD. To isolate the effects of 

ALA from EPA and DHA a whole body Fads2-/- mouse model was used to prevent endogenous 

conversion of ALA to EPA and DHA. We hypothesized that mice unable to convert ALA to 

EPA and DHA would have impaired whole-body glucose tolerance and reduced insulin 

sensitivity, compared to mice with normal D6D activity or mice fed EPA and DHA, as increased 

incorporation of EPA and DHA into cell membranes may increase membrane fluidity and 

improve insulin signaling. We hypothesized that these whole-body metabolic impairments were 

associated with changes in muscle reactive lipid species (i.e. DAG and ceramide) content and 

composition, and protein markers of skeletal muscle lipid metabolism.  

The objective of the third study (Chapter 6) was to investigate the role of AG and UnAG in 

mediating WAT lipolysis following acute and chronic high-fat feeding. Previous work in our lab 

found that ghrelin blunted b-adrenergic stimulated adipose tissue lipolysis as a result of changes 

in HSL phosphorylation. WAT sensitivity to other hormones (e.g. insulin, catecholamines) is 

impaired with HFD-consumption and restored with exercise training. We hypothesized that both 

acute and chronic high-fat feeding could blunt WAT response to ghrelin, resulting in the 

impaired suppression of b adrenoreceptor-stimulated lipolysis. Furthermore, we wanted to 

determine whether a 4-week exercise training protocol could restore WAT response to ghrelin 

after high-fat feeding. We investigated the ability of exercise to rescue HFD-induced metabolic 

impairments as a potential therapeutic strategy rather than a preventative measure. We 
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hypothesized that WAT response to ghrelin in rats fed a high-fat diet could be restored with 

exercise training.  
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CHAPTER 4: Reduced delta-6 desaturase activity partially protects 

against high fat diet-induced impairment in whole body glucose 

tolerance 
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Chapter 4: Reduced delta-6 desaturase activity partially protects 
against high fat diet-induced impairment in whole body glucose 
tolerance 
 
4.1   Abstract 
 

Delta-6 desaturase (D6D), which is encoded by the fatty acid desaturase (Fads2) gene, is 

the rate limiting enzyme for the endogenous production of n-3 long-chain polyunsaturated fatty 

acids (LC-PUFA). The absence of D6D activity in Fads2-/- knock-out mice results in the inability 

to produce eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) and has previously 

been associated with altered glucose and lipid metabolism. Skeletal muscle is a major site for 

insulin-stimulated glucose disposal; however, the consequences of reduced D6D activity on 

skeletal muscle metabolism are unknown. The objective of this study was to examine the role of 

a partial reduction in D6D activity on whole-body glucose tolerance, skeletal muscle fatty acid 

profiles and protein content of key markers of carbohydrate and fat signaling pathways in the 

context of both low- and high-fat diets. Male C57BL/6J heterozygous (Fads2+/-) and wild type 

(WT) mice were fed either a low-fat (LFD; 16% kcal from fat) or high-fat (HFD; 45% kcal from 

fat) diet for 21 weeks. Fads2+/- mice were protected from the HFD-induced impairment in 

glucose tolerance. Unexpectedly, HFD-fed Fads2+/- mice had reduced GLUT4 skeletal muscle 

protein content compared to their WT counterparts. No changes were detected in total protein 

content of key markers of fatty acid uptake, glycogen formation, or substrate oxidation. This 

study shows that reduced D6D activity is partially protective against HFD induced impairments 

in whole-body glucose tolerance but does not appear to be due to increased muscle GLUT4 

content or total content of proteins regulating substrate utilization.  
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4.2.   Introduction 
 

The human fatty acid desaturase (FADS2) gene, which codes for the enzyme delta-6 

desaturase (D6D), is critically important for the endogenous production of n-3 and n-6 long-

chain polyunsaturated fatty acids (LC-PUFA). Humans carrying variants in the FADS2 gene 

show a reduction in D6D activity, resulting in increased amounts of alpha-linolenic acid (ALA; 

18:3n-3) and reduced levels of eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid 

(DHA; 22:6n-3) 192. Although the conversion of ALA to EPA/DHA is a low efficiency process in 

humans, it is an essential way to obtain DHA when these n-3 LC-PUFA are lacking in the diet 

193. Several studies have shown that reduced production of n-3 LC-PUFA has major 

consequences for metabolic health. Variations in the FADS2 gene play a role in glucose and lipid 

metabolism 194, and have been associated with a person's risk for cardiovascular disease 94, T2D 

97 and metabolic syndrome 98. The Fads2 heterozygous (Fads2+/-) mouse is a relevant animal 

model to study the effects of reduced D6D activity, as it produces decreased amounts of n-3 and 

n-6 LC-PUFA 28. However, the effect of reduced D6D activity in the context of a high-fat diet 

(HFD) reflecting the typical Western diet has not been investigated to date.  

ALA and linoleic acid (LA; 18:2n-6) are essential fatty acids because they cannot be 

synthesized de novo. The conversion of ALA to EPA and DHA, and LA to arachidonic acid 

(AA; 20:4n-6), is a multi-step process involving several elongation and desaturation steps. D6D 

catalyzes the conversion of ALA to stearidonic acid (18:4n-3) and docosapentaenoic acid (DPA, 

22:5n-3) to DHA, and LA to γ-linolenic acid (GLA, 18:3n-6) and adrenic acid (22:4n-6) to 

docosapentaenoic acid (DPA, 22:5n-6) 20,21. Null D6D activity is associated with changes in fatty 

acid composition of liver and adipose tissue 195,196. In Fads2-/- knock-out (KO) mice, a deficiency 

in membrane phospholipid LC-PUFA is associated with altered lipogenesis and increased 
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hepatic steatosis, but resistance to obesity 92. Despite showing a resistance to obesity, Fads2-/- 

KO mice are paradoxically reported to have reduced insulin sensitivity compared to their wild-

type (WT) counterparts 92. Although Fads2 is lowly expressed in skeletal muscle 22,23, there is a 

limited understanding of the metabolic consequences of reduced whole-body D6D activity in this 

tissue.   

Skeletal muscle has an important role in maintaining glucose homeostasis, and is a major 

site for glucose disposal 197,198, which is promoted by activation of the insulin signaling cascade 

199,200. Obesity, as well as the consumption of high saturated fat diets, is known to impair insulin-

stimulated signaling and glucose uptake in skeletal muscle 201,202. The impairment of insulin 

signaling and glucose uptake in muscle, i.e. insulin resistance 201,202, is associated with altered 

fatty acid composition 40,41, as well as increased accumulation of diacylglycerol and ceramide 

species 42,43. However, EPA and DHA have been shown to prevent and restore HFD-induced 

metabolic impairments in skeletal muscle 6,198. The impact of reduced D6D-mediated conversion 

of ALA into EPA and DHA on metabolic outcomes in skeletal muscle in the context of a HFD 

has not yet been examined. Therefore, the purpose of this study was to investigate how reduced 

D6D activity influences whole body glucose and insulin tolerance, whole body substrate 

utilization, skeletal muscle fatty acid profiles, and various metabolic markers of muscle glucose 

and fatty acid metabolism in the context of both low- and high-fat diets. 

4.3   Methods 
 
4.3.1 Animal housing, experimental diets and tissue collection 
  
Breeding harems consisted of 1 heterozygous Fads2+/- male and 3 heterozygous Fads2+/- female 

C56BL/6J mice per cage fed a modified AIN-93G diet containing corn oil as the principal 

dietary fat source (corn oil diet, D03090904P, Research Diets, New Brunswick, NJ, USA). At 17 
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days of age, offspring were genotyped using DNA extracted from a tail snipping using the 

following primers: Fads2 WT forward (5’-CGGTGGGAGGAGGAGTAGAAGAC-3’), Fads2 

WT reverse (3’-CCTCTCCCTGGTTACCTCCCTTC-5’), Fads2-/- KO forward (5’-

GCTATGACTGGGCA CAACAG-3’) and Fads2-/- KO reverse (3’-

TTCGTCCAGATCATCCTGATC-5’). Su et al 28 previously demonstrated that heterozygous 

Fads2+/- have approximately 50% less D6D activity compared to WT mice. At 3 weeks of age, 

male WT and Fads2+/- offspring were weaned onto one of two modified AIN93G experimental 

diets. Experimental mice were housed individually in cages with a 12:12 hour light:dark cycle 

and fed ad libitum for 21 weeks either a low-fat diet (LFD; 16% kcal from fat) or high-fat diet 

(HFD; 45% kcal from fat) modified to contain either 7% (D16090607, Research Diets) or 24% 

(D16090604, Research Diets) lard w/w, respectively. This study used a long-term 21-week HFD 

to induce obesity-related metabolic impairments, as prolonged HFD-feeding has been proposed 

to better reflect chronic consumption of a Western diet in humans, which not only causes 

hyperglycemia, hyperinsulinemia, but also cardiovascular problems like atherosclerosis 203,204. In 

humans, several factors (ie. genetics, environment) can contribute to the development of 

metabolic impairment in response to chronic HFD consumption over several years 205. In 

comparison, many animal feeding studies span a much shorter amount of time to rapidly induce 

insulin resistance 206. 

Fatty acid composition of experimental diets is indicated in Table 4.1. Body weight and 

food intake were measured weekly. At 24 weeks of age, blood was collected from mice by 

cardiac puncture after anaesthetizing with isoflurane. Animals were then euthanized by 

decapitation and mixed (red and white) gastrocnemius muscle was immediately collected, flash 

frozen in liquid nitrogen and stored at -80 °C for analyses. Blood was allowed to clot for 20 
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minutes and then centrifuged at 800 rcf for 15 minutes at 4°C. Serum was collected and stored at 

-80 °C. 

Table 4.1. Composition of experimental diets. Composition of experimental diets, provided by manufacturer 
(Research Diets Inc., New Brunswick, NJ, USA).  
 
 

Product # D16090607 D16090604 
 Low-fat lard/ARASCO (LF) High-fat lard/ARASCO 

(HF) 
 gm% kcal% gm% kcal% 
Protein 20 20 24 20 
Carbohydrate 64 64 41 35 
Fat 7 16 24 45 
Total  100  100 
kcal/gm  4.0  4.8  
     
Ingredient gm kcal  gm kcal 
Casein 200 800 200 800 
L-Cystine 3 12 3 12 
     
Corn Starch 397.486 1590 205 820 
Maltodextrin 10 132 528 132 528 
Sucrose 100 400 0 0 
     
Cellulose, BW200 50 0 50 0 
     
Lard 66.25 596 196.25 1766 
ARASCO (40% ARA) 3.75 34 3.75 34 
t-Butylhydroquinone 0.014 0 0.014 0 
     
Mineral Mix S10022G 35 0 35 0 
     
Vitamin Mix V10037 10 40 10 40 
Choline Bitartrate 2.5 0 2.5 0 
     
FD&C Yellow Dye #5 0 0 0.05 0 
FD&C Red Dye #40 0.025 0 0 0 
FD&C Blue Dye #1 0.025 0 0 0 
     
Total 1000.05 4000 837.564 4000 
     
Total, gm 70.00  200.00  
gm/4000 kcal  

 

   
C10, Capric 0.0  0.1  
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C12, Lauric 0.1  0.2  
C14, Myristic 0.8  2.3  
C15 0.1  0.2  
C16, Palmitic 13.3  38.4  
C16:1, Palmitoleic 0.9  2.7  
C17 0.2  0.7  
C18, Stearic 7.3  21.1  
C18:1, Oleic 22.2  65.0  
C18:2, Linoleic 16.4  48.2  
C18:3, α-Linolenic 1.0  2.7  
C20, Arachidic 0.1  0.3  
C20:1 

 

0.4  1.2  
C20:2 0.5  1.6  
C20:3, Di-homo-γ-

linolenic acid 

0.1  0.3 

 

 

 
C20:4, Arachidonic 1.7  2.1 

2.10.020.3 

 
C22:1, Erucic 0.1  0.1 

2 

 
C22:5, Docosapentaenoic 0.1  0.2 

3 

 
     
Total 65.4  187.2  
     
Saturated (g) 22.0  63.3  
Monounsaturated (g) 23.6  38.9  
Polyunsaturated (g) 19.8  55.0  
     
Saturated (%) 33.6  33.8  
Monounsaturated (%) 36.1  36.8  
Polyunsaturated (%) 30.3  29.4  
     
n-6 (gm) 18.2  50.5  
n-3(gm) 1.1  2.9  
n-6:n-3 ratio 17.1  17.4  

Note: Weight % in grams (gm%) does not equal 100 as these values do not account for minerals and non-soluble 
fibre in the diet.  
ARASCO refers to a mixture of a high-arachidonic acid oil extracted from the fungus Mortierella alpine and high-
oleic sunflower seed oil.  
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4.3.2 Glucose/insulin tolerance tests 

Two weeks prior to sacrifice, intra-peritoneal glucose tolerance (IPGTT) and insulin 

tolerance (IPITT) tests were performed. Mice were fasted for 6 hours with ad libitum access to 

water prior to intraperitoneal injection with glucose (0.2 g/kg) or insulin (0.75 U/kg). A previous 

study validating fasting times in C57BL/6 mice showed that a 6-hour fast was optimal to detect 

differences in glucose tolerance between chow-fed and HFD-fed mice 207. Longer fasting times 

(overnight and 24 hours) resulted in supressed basal plasma glucose and insulin levels in both 

chow- and HFD-fed animals 207. This was attributed to an increase in insulin sensitivity which 

resulted in faster clearance of glucose, regardless of diet 207. Additionally, administration of 

various doses of glucose (0.5, 1 and 2 g/kg) showed that only 2 g/kg glucose resulted in a robust 

difference between chow- and HFD-fed mice 207.  Blood glucose was measured via tail snip 

using a FreeStyle Lite glucometer (Abbott Diabetes Care Inc.) at baseline (0 minutes) and at 10, 

20, 30, 45, 60, 90, and 120 minutes post-injection. 

4.3.3 Metabolic caging 

One week prior to sacrifice, mice were housed in the Comprehensive Lab Animal 

Monitoring System (CLAMS; Columbus Instruments, Columbus, OH) for approximately 48 

hours to measure oxygen consumption (VO2, ml/kg/min), carbon dioxide production (VCO2, 

ml/kg/min), respiratory exchange ratio (RER, VCO2/VO2), heat production (kcal/kg/min; 

calculated as VO2 × (3.815 + (1.232 × RER)) and activity (infrared beams breaks in the x and y 

planes). All mice had ad libitum access to food and water while in metabolic cages. 

4.3.4 Muscle lipid fraction analyses 

Lipids were extracted from muscle using a modified Folch method 208. Approximately 

100 mg of frozen muscle was homogenized in 1 ml of 0.1 KOH and 2 ml of 2:1 
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chloroform:methanol (Fisher Chemical, Rockford, IL, USA). Homogenate was rinsed with 2 mL 

of 2:1 chloroform:methanol, vortexed, and then flushed with liquid nitrogen and kept at 4 °C 

overnight. Samples were centrifuged at 460 rcf for 10 minutes at 21 °C to separate the phases. 

The chloroform layer was transferred to a small glass tube, evaporated under nitrogen on low 

heat (40 °C) and samples were then reconstituted in chloroform. Silica G-plates (Miles 

Scientific, Newark, DE, USA) were activated by heating at 100°C for an hour, then scored into 2 

cm wide lanes. 100 µL of each reconstituted sample was spotted along the lanes with 25 µL of 

known samples (PL and triacylglycerol) as standards. The plate was run in a solvent mixture (80 

mL petroleum ether, 20 ml ethyl ether, 1 ml acetic acid) in a TLC tank lined with filter paper. 

The plate was coated with 0.1% (w/v) 8-anilino-1-naphthalenesulfonic acid (ANSA) and bands 

were visualized and scraped under UV light. Distinct lipid fractions were collected into glass 

tubes containing 5 µL of 0.1 mg/ml 17:0 fatty acid as an internal standard. 2 mL of both hexane 

and 14% boron trifluoride-methanol solution were added to each sample and then methylated at 

100°C for 1.5 hours. 2 mL of double distilled water was then added to stop methylation and 

samples were centrifuged at 215 rcf for 10 minutes at 21°C to separate phases. The hexane layer 

was extracted into gas chromatography (GC) vials and dried down under nitrogen. An Agilent 

6890N gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) was used to analyze 

fatty acid content. Fatty acids were separated on a DB-FFAP fused silica capillary column (15 m, 

0.1 µm film thickness, 0.1 mm i.d.; Agilent Technologies, Santa Clara, CA, USA).  FA peak 

areas were quantified using EZChrom Elite software (Version 3.3). Fatty acids with an 

abundance <0.1% were excluded from analysis. Fatty acid data are reported as relative 

abundance (% composition). Total PL and triacylglycerol (TAG) content was determined by 
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summing the peak area of all fatty acids in relation to the internal standard and are reported as µg 

per mg of muscle.  

4.3.5 Protein quantification and Western Blot analysis 

 Mixed gastrocnemius muscle was homogenized in cell lysis buffer supplemented with 

phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail (Sigma Aldrich, St. Louis, 

MO). Samples were homogenized for 2 two-minute intervals and then centrifuged at 4°C at 1500 

rcf. Protein concentration of the collected supernatant was determined using a bicinchoninic acid 

(BCA) assay (Thermo Scientific, Rockford, IL, USA). Protein samples were prepared with 

Laemmli sample buffer (Bio-Rad Laboratories Inc., Mississauga, ON, CA) and β-

mercaptoethanol (Sigma-Aldrich, Oakville, ON, Canada) to achieve a final concentration of 1 

µg/µL. Equal amounts of protein (10-20 µg/sample) were separated on a 10% SDS-PAGE gel. 

Protein was transferred to a nitrocellulose membrane (Bio-Rad Laboratories Inc., Mississauga, 

ON, CA) and blocked in 5% non-fat milk in tris-buffered saline with Tween (TBST) for 1 hour. 

Membranes were incubated at 4°C overnight in primary antibodies (1:1000 dilution): pAkt (Ser 

473; cat. no. 9271, Cell Signaling Technology, Danvers, MA, USA), Akt (cat. no. 9272; Cell 

Signaling Technology), GLUT4 (cat. no. ab33780; Abcam, Cambridge, MA, USA), pyruvate 

dehydrogenase E1 alpha unit (PDH; cat. no ab110330; Abcam), FABPpm (also called glutamic-

oxaloacetic transaminase or GOT2; cat. no ab180162; Abcam), glycogen synthase (GS; cat no. 

3893; Cell Signaling Technology), hydroxyacyl-CoA dehydrogenase (bHAD; cat. no. ab154088; 

Abcam), cytochrome C oxidase subunit 4 (COXIV; cat. no. ab16056; Abcam), and 

diacylglycerol O-acyltransferase 2 (DGAT; cat. no. NB100-57851, Novus Biologicals, CO, 

USA). The following day, membranes were washed with TBST and incubated in either goat anti-

mouse or anti-rabbit horseradish peroxidase conjugate secondary antibody (1:3000) in 5% non-
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fat milk in TBST for 2 hours. Protein bands were imaged using ECL (Perkin Elmer, Waltham, 

MA, USA) and Alpha Innotech software. Ponceau S staining was used to confirm equal loading 

and to normalize protein content. 

4.3.6 Statistical analyses  
        

 Statistical analyses were conducted using GraphPad Prism 7 software (GraphPad 

Software Incorporated, La Jolla, CA, USA). Body weight, food intake, IPGTT, IPITT and RER 

data were analyzed using a repeated measures two-way ANOVA test followed by a Bonferroni 

post-hoc test. VO2, VCO2, respiratory exchange ratio (RER; VCO2/VO2), heat production, 

activity, Western blot and fatty acid data were analyzed using a standard two-way ANOVA test 

followed by a post-hoc Bonferroni test. All values are reported as mean ± standard error. A p < 

0.05 was considered statistically significant for all analyses. Asterisks or superscript letters (a, b, c) 

in figures and tables denote significant differences between experimental groups. Values sharing 

a letter are not significantly different. 

4.4   Results 
 
4.4.1 Effects of LFD vs. HFD on body mass, caloric intake and feed efficiency 
 

Animals fed a HFD displayed increased body weight compared to animals fed a LFD 

throughout the 24-week period, regardless of genotype (Figure 4.1A). Animals fed a HFD also 

had a significantly higher caloric intake compared to LFD-fed mice (Figure 4.1B). No 

significant differences in feed efficiency were observed (Figure 4.1C).  
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Figure 4.1: Body weight and food intake in WT and Fads2+/- mice fed low-fat or high-fat diets. A) Body weight 
changes from 6 to 24 weeks. Two-way repeated measures ANOVA showed that the main effects of time and 
experimental group, as well as the time × experimental group interaction, were significant. Bonferroni post-hoc 
testing revealed significant differences between LFD and HFD fed animals at specific time points (i.e. weeks 17-21 
and 23), as indicated by asterisks. There were no significant differences between genotypes within diets. B) Caloric 
intake from 6 to 24 weeks. C) Feed efficiency (calculated as total caloric intake/total body weight gain). No 
significant differences were observed for feed efficiency between the four experimental groups. Values are 
represented as mean ± SEM (n=7-8 mice/experimental group).  
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4.4.2 Effects of LFD vs. HFD on glucose homeostasis 

 Significant differences over time and between experimental groups were observed during 

the IPGTT and IPITT (Figures 4.2A and C). Specifically, the AUC was significantly increased 

during the IPGTT in HFD WT mice compared to both LFD groups, showing the expected 

decrease in glucose tolerance (Figure 4.2B). Glucose tolerance in the HFD Fads2+/- group was 

not significantly impaired compared to the LFD animals, indicating a potential protective effect 

of the Fads2+/- genotype against HFD-induced glucose intolerance. There was a significant 

difference between both LFD and HFD groups 10 minutes after baseline during the IPITT 

(Figure 4.2C); however, no difference in AAC between experimental groups during the IPITT 

was observed (Figure 4.2D). 
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Figure 4.2. High-fat diet impairments in whole-body glucose tolerance are prevented in Fads2+/- mice. Blood 
glucose was measured after a 6 hour fast, before intra-peritoneal injection of glucose (A and B) or insulin (C and D), 
and at specific time points for two hours following injection (n=6-8 mice/experimental group). Two-way repeated 
measures ANOVA showed that the main effects of time and experimental group, as well as the time × experimental 
group interaction, were significant. Bonferroni post-hoc testing showed significant differences between LFD WT and 
LFD Fads2+/- vs. HFD WT (but not HFD Fads2+/-) at specific time points, as indicated by asterisks. The area under 
the curve (AUC) was determined for IPGTT (B) and the area above the curve (AAC) was determined for IPITT (D). 
Data is presented as mean ± SEM (n=7-8 mice/experimental group). Superscript letters (a, b, c) denote significant 
differences between experimental groups (p<0.05). Bars sharing letters are not significantly different from each other.  
 
4.4.3 Effects of LFD vs. HFD on metabolic measurements  

 There was no significant difference in RER over 24 hours (Figure 4.3A). There were no 

significant differences in VO2, VCO2, RER, heat production or activity in either the dark phase 

(Figures 4.3B-F) or the light phase (Figures 4.3G-K) of a 12:12 dark:light cycle. 
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Figure 4.3. Metabolic and activity measurements by a comprehensive lab animal monitoring system 
(CLAMS). RER over 24 hours (A), and metabolic measurements taken in the dark (B-F) and light phases (G-K) of a 
12:12 dark:light cycle. RER was calculated as VCO2/VO2, heat production (calculated as VO2 × (3.815 + (1.232 × 
RER)) and activity was measured as total beam breaks in the x and z axis. RER over 24 hours was analyzed using a 
two-way repeated measures ANOVA. Bonferroni post-hoc testing did not show any significant differences over 24 
hours. All other data was analyzed using a two-way ANOVA. Data is presented as mean± SEM (n=7-8 
mice/experimental group). Superscript letters (a, b, c) denote significant differences between experimental groups 
(p<0.05). Bars sharing letters are not significantly different from each other. 
 
4.4.4 Changes in muscle PL fatty acid composition 

 No difference in DHA content was observed between WT and Fads2+/- mice within the 

two diet groups, while EPA was not detected (Table 4.2). DHA was significantly lower (p=0.03) 

in LFD Fads2+/- mice compared to HFD WT mice. No difference in n-3 DPA content was 

observed between genotypes in LFD fed mice. However, n-3 DPA content was significantly 

lower in LFD WT mice compared to HFD WT (p=0.01). No significant differences in DPA 
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content between genotypes within each diet were observed; however, LFD WT mice had greater 

22:5n-6 content compared to HF Fads2+/- (p=0.01). No significant differences in total muscle PL 

content were observed between the four experimental groups.   

Table 4.2. Fatty acid % composition of phospholipids from mouse mixed gastrocnemius muscle. Values are 
presented as mean±SD (n=4-7 mice/experimental group). A two-way ANOVA was used to examine the main effects 
of genotype (Fads2+/- vs. WT), diet (HFD vs. LFD), as well as their interaction. Superscript letters (a, b, c) denote 
significant differences between experimental groups (p<0.05). Values sharing the same superscript letter are not 
significantly different from one another. Total phospholipid (PL) is reported as µg per mg of muscle. ND, not 
detected.  

 
 

Fatty 
acid LFD WT 

LFD 
Fads2+/- HFD WT 

HFD 
Fads2+/- 

Genotype 
effect 
(p-value) 

Diet 
effect 
(p-
value) 

14:0 1.04±0.69 0.71±0.17 0.54±0.33 0.6±0.08 0.62 0.16 
15:0 0.12±0.07 0.1±0.06 0.09±0.08 0.07±0.07 0.59 0.27 
16:0 24.27±1.32 24.51±1.56 24.67±0.94 25.68±3.45 0.38 0.32 
16:1n-7 2.08±1.08 2.17±0.7 1.28±0.19 1.10±0.25 0.96 0.01 
18:0 12.83±0.85 13.36±1.91 14.14±0.8 13.60±0.65 0.68 0.18 
18:1n-9 7.28±0.72 6.9±0.82 6.64±0.78 6.81±1.87 0.92 0.70 
18:1n-7 3.35±0.84 3.14±0.69 3.14±0.45 2.89±0.44 0.64 0.64 
LA, 
18:2n-6 4.71±2.35 6.79±1.96 7.19±1.08 6.57±1.80 0.31 0.15 

ALA, 
18:3n-3 0.15±0.08 0.26±0.1 0.14±0.13 0.20±0.09 0.06 0.43 

20:1n-9 0.06±0.09 0.16±0.09 0.11±0.16 0.16±0.02 0.10 0.61 
20:2n-6 0.39±0.10 0.53±0.07 0.58±0.38 0.62±0.17 0.30 0.12 
20:3n-6 0.69±0.13 0.6±0.18 0.84±0.3 0.69±0.22 0.26 0.15 
20:4n-6 15.22±0.65 16.32±1.92 12.60±0.23 14.64±1.75 0.04 0.06 
EPA, 
20:5n-3 ND ND ND ND - - 

22:0 0.05±0.07 0.12±0.12 ND 0.10±0.14 0.10 0.30 
22:4n-6 2.89±0.21 3.33±0.66 3.21±0.85 3.00±0.57 0.54 0.87 
DPA, 
22:5n-6 8.13±1.01a 6.75±2.12ab 4.98±1.81ab 3.71±1.66bc 0.20 <0.01 

22:5n-3 2.42±0.45a 2.64±0.88ab 4.01±0.83bc 3.56±1.01ab 0.91 <0.01 
24:0 0.08±0.09 0.12±0.09 0.05±0.07 0.15±0.08 0.11 0.73 
DHA, 
22:6n-3 12.07±2.08ab 10.24±2.71a 15.47±3.08b 14.59±2.48ab 0.25 <0.01 

24:1 1.88±3.52 0.54±0.19 0.33±0.34 0.56±0.29 0.57 0.42 
n-6:n-3 
ratio  2.19±0.45 2.61±0.73 1.50±0.32 1.59±0.31 0.89 0.50 

TOTAL 
PL (µg/mg 
tissue) 

0.43±0.18 0.42±0.20 0.40±0.09 0.42±0.20 0.99 0.85 
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4.4.5 Changes in muscle triacylglycerol fatty acid composition 
 

No effect of genotype or diet was observed in DHA content, while EPA was not detected 

(Table 4.3). No differences in myristic acid (14:0) or myristoleic acid (14:1) were observed 

between WT and Fads2+/- mice within the two diet groups. However, myristic acid was 

significantly higher (p<0.01) in both LFD groups compared to both HFD groups. Myristoleic 

acid (14:1) content was significantly higher in LFD WT compared to HFD WT groups (p=0.04). 

No genotype differences were observed in palmitoleic acid (16:1n-7) within diets, although it 

was significantly higher in both LFD groups compared to HFD groups (p<0.01). There were also 

no genotypic differences in stearic acid (18:0), but it was higher in LFD compared to HFD 

groups (p<0.01). No significant differences in total muscle TAG were observed between the four 

experimental groups. 
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Table 4.3. Fatty acid % composition of triacylglycerol from mouse mixed gastrocnemius muscle. Values are 
presented as mean±SD (n=4-7 mice/experimental group). A two-way ANOVA was used to examine the main effects 
of genotype (Fads2+/- vs. WT), diet (HFD vs. LFD), as well as their interaction. Superscript letters (a, b, c) denote 
significant differences between experimental groups. Values sharing the same superscript letter are not significantly 
different from one another. Total triacylglycerol (TAG) is reported as µg per mg of muscle. ND, not detected. 
 

Fatty 
acid 

LFD WT LFD 
Fads2+/- 

HFD WT HFD 
Fads2+/- 

Genotype 
effect 
(p-value) 

Diet effect 
(p-value) 

14:0 1.56±0.14a 1.53±0.26a 0.94±0.14b 1.09±0.16b 0.45 <0.01 
14:1 0.29±0.07a 0.25±0.15ab 0.09±0.11b 0.12±0.09ab 0.85 <0.01 
15:0 0.17±0.03 0.15±0.02 0.15±0.04 0.14±0.02 0.29 0.15 
16:0 18.39±1.27 17.85±1.36 20.09±1.63 18.99±1.13 0.19 0.03 
16:1n-7 13.34±2.03a 11.96±4.0a 5.46±1.14b 5.82±1.72b 0.65 <0.01 
18:0 1.81±0.28a 2.07± 0.86a 4.19±0.74b 3.46±0.69b 0.42 <0.01 
18:1n-9 46.01±2.8 45.59±2.05 49.43±6.51 44.04±3.27 0.10 0.58 
18:1n-7 2.62±1.96 1.74±1.63 1.87±2.17 3.69±2.94 0.64 0.55 
LA, 
18:2n-6 

9.42±5.92 14.47±2.47 13.41±8.83 
18.28±0.96 

0.05 0.11 

18:2 2.0±5.3 0.02±0.04 0.06±0.13 0.02±0.05 0.48 0.50 
ALA, 
18:3n-3 

0.58±0.09 0.74±0.15 0.73±0.10 
0.90±0.39 

0.11 0.11 

18:4n-3 0.17±0.03 0.13±0.08 0.15±0.02 0.14±0.03 0.27 0.81 
20:0 0.05±0.05 0.06±0.06 0.05±0.07 0.04±0.04 0.83 0.76 
20:1n-9 0.30±0.25 0.61±0.08 0.33±0.33 0.48±0.24 0.05 0.65 
20:2n-6 0.34±0.05 0.43±0.05 0.46±0.15 0.47±0.09 0.23 0.07 
20:3n-6 0.19±0.11 0.12±0.07 0.20±0.09 0.13±0.08 0.13 0.84 
20:4n-6 0.77±0.31 0.78±0.19 0.56±0.05 0.56±0.09 0.99 0.04 
20:3n-3 0.11±0.02 0.11±0.02 0.13±0.02 0.13±0.05 0.83 0.12 
EPA, 
20:5n-3 

ND ND ND 
ND 

- - 

22:4n-6 0.34±0.11 0.35±0.09 0.24±0.21 0.39±0.20 0.27 0.70 
DPA, 
22:5n-6 

0.41±0.22 0.32±0.14 0.18±0.16 
0.22±0.15 

0.75 0.05 

22:5n-3 0.17±0.23 0.21±0.17 0.30±0.16 0.22±0.20 0.81 0.47 
DHA, 
22:6n-3 

0.17±0.11 0.14±0.08 0.22±0.03 
0.21±0.02 

0.48 0.08 

24:1 0.09±0.09 0.02±0.03 ND 0.04±0.07 0.66 0.23 
n-6:n-3 
ratio  

16.35±5.49 18.02±5.97 13.53±1.89 
15.11±6.04 

0.44 0.21 

TOTAL 
TAG 
(µg/mg 
tissue) 

0.46±0.21 0.54±0.06 0.46±0.14 0.64±0.33 0.19 0.65 

 

4.4.6 Changes in markers of muscle carbohydrate and fatty acid metabolism 
 

To investigate if the protected glucose tolerance observed in HFD Fads2+/- mice was 

related to changes in skeletal muscle substrate utilization, we analyzed muscle protein content of 
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markers of carbohydrate and fatty acid metabolism, as well as oxidation (Figure 4.4). There 

were no changes in the ratio of pAkt to total Akt (Figure 4.4A). HFD Fads2+/- mice had lower 

total GLUT4 protein content compared to HFD WT mice (Figure 4.4B). GLUT4 content in HFD 

Fads2+/- muscle did not differ from the levels detected in either LFD groups (Figure 4.4B). 

There was no change between experimental groups for PDH (Figure 4.4C) or GS (Figure 4.4D). 

FABPpm content was increased in LFD Fads2+/- mice compared to WT counterparts, but this 

change was not observed in mice fed the HFD (Figure 4.4E). bHAD (Figure 4.4F) and DGAT 

(Figure 4.4G) were unchanged as a result of diet or genotype. No significant differences were 

observed in COXIV content in skeletal muscle (Figure 4.4H). Markers of fatty acid conversion 

(D6D, FADS1, ELOVL2) were not detected in muscle.  
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Figure 4.4. Markers of skeletal muscle carbohydrate and fatty acid metabolism in Fads2+/-mice fed low-fat 
and high-fat diets compared to WT mice. A) pAkt/Akt, B) GLUT 4, C) PDH, D) GS, E) FABPpm, F) bHAD, G) 
DGAT and H) COXIV in mouse mixed gastrocnemius muscle. Data was analyzed using a two-way ANOVA. 
Representative Western blots for all proteins are provided. Data is presented as mean arbitrary units (A.U.) ± SEM 
(n=6-8 mice/experimental group). Superscript letters (a, b, c) denote significant differences between experimental 
groups (p<0.05). Bars sharing letters are not statistically different from each other.  
 
4.5   Discussion 
 

The present study demonstrated that in Fads2+/- mice, with reduced D6D activity, whole-

body glucose tolerance is partially protected from the effects of a HFD compared to WT mice. 

However, the underlying mechanisms for this protection remain unclear since improvements in 

whole-body glucose tolerance were not explained by increased energy expenditure or heat 

production, reduced weight gain, or changes in whole body insulin response or the total content 

of key markers of carbohydrate and fatty acid utilization in skeletal muscle. The current study 

provides novel insights regarding the effects of reduced D6D activity in the context of HFD 

feeding, as well as the first investigations of skeletal muscle carbohydrate and fat utilization in 

this mouse model. Future investigations to uncover the metabolic basis for protected glucose 
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tolerance in Fads2+/- mice fed a HFD, particularly the role of the liver, are warranted and may 

provide important insights that could be translated to humans carrying FADS2 genetic variants. 

Previous studies examining the impact of reduced D6D activity on liver and adipose tissue 

function have used Fads2+/- or Fads2-/- KO mice 28,92,209,210. The Fads2+/- mouse, which was used 

in the present study, has half the expression of Fads2 mRNA compared to WT mice and is 

therefore a more relevant model than Fads2-/-  KO mice to better understand the impact of 

FADS2 polymorphisms in humans 28. The consequences of reduced whole-body D6D activity on 

skeletal muscle metabolism have to the author’s knowledge not been examined to date. Past 

research has shown that supplementary EPA and DHA are able to restore HFD-induced 

impairments in glucose tolerance 6,7. Therefore, we hypothesized that Fads2+/- mice, due to a 

lower production of EPA and DHA, would have impaired glucose tolerance compared to WT 

mice when fed a HFD. We also hypothesized that this impairment in glucose tolerance could be 

related to a reduced capacity to transport glucose, or its subsequent oxidation or storage in 

skeletal muscle. Contrary to our hypotheses, our study demonstrated that Fads2+/- mice were 

partially protected from the HFD-induced impairments in glucose tolerance compared to their 

WT counterparts, although this protection was not related to changes in skeletal muscle substrate 

transport, storage or utilization.  

4.5.1 Body weight changes  
 

Mice fed a HFD weighed more than mice fed a LFD, irrespective of genotype. Previous 

research has demonstrated a body weight lowering effect with the total absence of D6D.  Stoffel 

and colleagues demonstrated that Fads2-/- KO mice have reduced body weight compared to WT 

mice when fed a chow diet supplemented with LA and ALA, but deficient in n-3 and n-6 LC-

PUFA 92. Recently, we also showed that Fads2-/- KO mice fed an ALA-rich LFD without in EPA 
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and DHA have a lower body weight than WT mice fed the same diet, as well as WT and Fads2-/- 

KO mice fed a LFD enriched with EPA and DHA 209. In these previous studies, changes in body 

weight associated with null D6D activity occurred in animals fed a diet supplemented with ALA. 

In the present study, mice were fed a HFD without supplemented ALA, suggesting that 

decreased body weight in mice with reduced D6D activity may be specifically associated with 

ALA consumption, and that these changes may not be seen in animals consuming a diet high in 

saturated fat.  

The increased total body weight seen with the HFD in the present study can be attributed 

to increased caloric intake rather than changes in feed efficiency. Further, our metabolic cage 

data suggests that body weight changes were not attributed to changes in RER or heat 

production. Nevertheless, it would be interesting to complement our findings with future 

analyses of uncoupling proteins in skeletal muscle and brown adipose tissue, which play a role in 

modulating thermogenesis 211. Additionally, RER appeared to be increased in LFD-fed Fads+/- 

mice at the beginning of the dark or active phase (indicating that carbohydrates were the primary 

source of fuel), compared to HFD-fed mice which had lower RERs (indicating a shift to fat 

oxidation). RER values decreased over time in LFD-fed Fads+/- mice throughout the 12-h dark 

period. Therefore, it would be interesting to further analyze the AUC of RER rather than the 

average RER over a 12-h period to see if differences in fuel consumption could explain weight 

differences in this study.  

4.5.2 Glucose metabolism 
 

Previous work by Stoffel et al. demonstrated that Fads2-/- KO mice fed a regular chow 

diet have reduced insulin sensitivity 92. However, in the current study, we observed no further 

impairment in glucose tolerance in HFD Fads2+/- mice; rather a potential protective effect of the 
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Fads2+/- genotype against HFD-induced glucose intolerance, as glucose tolerance in the HFD 

Fads2+/- group was not significantly impaired compared to the LFD animals. Although HFD 

Fads2+/- mice did not necessarily show a statistically significant decrease in IPGTT AUC 

compared to HFD WT mice, the AUC was decreased by ~30% in HFD Fads2+/- mice compared 

to HFD WT. This also occurred in spite of a similar weight gain to HFD WT mice. However, 

utilizing an oral glucose tolerance test (OGTT) rather than in IPGTT may have revealed more 

robust differences in glucose tolerance in the HFD Fads2+/- group compared to LFD groups and 

the HFD WT mice. Previous research has shown there is a 10-20% rate of error with intra-

peritoneal injections 212,213, and we found that increased adiposity of HFD-fed mice made it more 

difficult to ensure precise injections into the intra-peritoneal cavity. Although the OGTT is 

technically more challenged compared to an IPGTT, it stimulates insulin secretion at a faster rate 

resulting in significantly lower plasma glucose levels 207. This may be caused by an increased 

incretin response to oral administration of glucose which does not occur with IP injections. 

Incretins are released in response to glucose in the small intestine and stimulate the release of 

insulin from pancreatic b-cells 214. The use of supra-physiological levels of insulin in the IPITT 

allowed us to assess insulin response but not insulin sensitivity. It has previously been shown 

that HFD feeding effects insulin responsiveness rather than insulin sensitivity 215,216 measured at 

a submaximal insulin stimulus 216. Therefore, measuring endogenous insulin secretion in 

response to a glucose load would be necessary to analyze differences in insulin sensitivity rather 

than the IPITT.  

We hypothesized that this partial protection in glucose tolerance could be explained by 

changes in insulin signaling, or increased content of proteins involved in glucose storage or 

oxidation. However, we found no significant effect on whole body insulin response. 
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Furthermore, total content of GLUT4, the primary insulin-regulated glucose transporter in 

skeletal muscle, was actually lower in HFD Fads2+/- mice compared to HFD WT mice. Skeletal 

muscle glucose transport is stimulated by insulin and contraction and is mediated by the 

translocation of GLUT4 to the cell membrane. However, we were surprised to see that GLUT4 

skeletal muscle content in HFD WT mice showed a robust increase. In previous studies, GLUT4 

gene expression was decreased by ~50-80% in HFD-fed mice 217,218. In obese rats, skeletal 

muscle GLUT4 protein content was decreased by ~50% compared to younger non-obese controls 

219. HFD consumption over 8 weeks has been shown to decreased glucose transport activity by 

~50% (measured via skeletal muscle incubations with radiolabelled glucose) in rats 215,216. These 

changes in muscle glucose transport in response to insulin were not associated with changes in 

muscle GLUT4 protein content 216. However, there was a smaller increase in GLUT4 at the cell 

surface in response to insulin and contraction in HFD-fed rats compared to chow-fed controls 216. 

Therefore, HFD consumption typically decreases GLUT4 expression or translocation to the cell 

membrane. Exercise training has been shown to increase skeletal muscle GLUT4 protein content 

in mice by ~20% compared to sedentary controls 220. Previous research does not support the 

~50% increase in GLUT4 content observed in the current study. Increases in skeletal muscle 

GLUT4 content are typically induced by exercise training rather than HFD consumption. It is 

possible that the increase in GLUT4 observed in the current study may be due to experimental 

error caused by a lack of validation of GLUT4 protein during Western blot experiments. The 

observed molecular weight of the GLUT4 protein was at ~30 kDa rather than 55 kDa, which is 

the predicted molecular weight. However, post-translational modifications of GLUT4 can 

potentially result in discrepancies between predicted and observed GLUT4 molecular weight. 

For example, GLUT4 palmitoylation at Cys-322 is important for GLUT4 translocation 221 and is 
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mediated by DHHC7, a palmitoyl acyltransferase 222. The location of the band should be 

confirmed with a control samples from GLUT4 KO mice in futures studies to ensure the protein 

band was correctly interpreted as GLUT4. We also acknowledge that changes in total GLUT4 

content are unable to distinguish the location of this important protein, i.e. intracellular vs. 

sarcolemmal. Future studies should therefore examine GLUT4 partitioning to the plasma 

membrane under insulin-stimulated conditions to more accurately determine if reduced whole-

body D6D activity has an effect of GLUT4 translocation. 

Neither phosphorylated nor total Akt, pyruvate dehydrogenase (a marker of carbohydrate 

oxidation capacity) or glycogen synthase (a marker of carbohydrate storage capacity) were 

significantly different between experimental groups. Overall, the observed changes in glucose 

tolerance do not appear to be related to increased content of proteins associated with glucose 

uptake, storage or oxidation in skeletal muscle.  

4.5.3 Fatty acid metabolism 
 

The effects of reduced D6D activity on fatty acid transporter protein content, as well as 

the protein content of markers of fatty acid storage and oxidation were also analyzed. It is 

unknown if reduced D6D activity plays a role in modulating skeletal muscle protein content of 

fatty acid transporters or oxidative markers, particularly in models of HFD feeding or obesity. 

HFDs and obesity are typically associated with increased fatty acid uptake in muscle 211, 

although whether fatty acid oxidation is impaired remains controversial. We attempted to 

measure fatty acid translocase (FAT/CD36) protein content in the muscle since it is a major 

protein involved in the transport of fatty acids into skeletal muscle, but due to unresolved 

technical difficulties we were unable to detect it. However, we successfully detected FABPpm. 

FABPpm protein content is increased in skeletal muscle with obesity 223. In our study, there were 
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no changes in FABPpm content in mice fed a HFD. Interestingly, a significant increase in 

FABPpm protein content was observed in Fads2+/- versus WT mice when both were fed a LFD; 

however, this was not associated with higher total TAG or PL content in skeletal muscle. Thus, 

the functional consequence of the increase in FABPpm in LFD Fads2+/- mice is unclear. 

Additionally, no changes were observed in DGAT (fat storage), bHAD (beta oxidation), or 

COXIV (electron transport chain) in skeletal muscle.  

Fatty acid composition of skeletal muscle PL and TAG fractions were generally 

unaffected by reduced D6D. We expected to see significantly lower amounts of EPA and DHA 

in the muscle of Fads2+/- compared to WT mice within each diet. However, EPA was not 

detectable in either lipid fraction, and DHA levels only showed non-significant trends towards 

lower levels in Fads2+/- compared to WT mice. Previous work by Monteiro et al. demonstrated 

that Fads2-/- KO mice fed a 30% lard diet devoid of DHA had none of this n-3 LC-PUFA in liver  

phosphatidylcholine after 8 weeks 210. However, unlike Fads2-/- KO mice that have no D6D 

activity, the Fads2+/- mice used in the current study have reduced D6D activity and are still able 

to endogenously produce some n-3 and n-6 LC-PUFA. Fatty acid composition of muscle has 

previously been shown to be generally unchanged (with the exception of increased 20:2n-6 and 

decreased di-homo-g-linolenic acid; 20:3n-6) in Fads2+/- mice compared to WT 28. Moreover, it 

was shown that dietary n-6:n-3 LC-PUFA ratio had a greater effect on muscle fatty acid 

composition compared to Fads2 genotype 28; therefore the lack of changes in fatty acid 

composition in skeletal muscle in our study may not be surprising given that our diets were not 

supplemented with EPA and DHA and had comparable n-6:n-3 ratios.   
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4.5.4 Limitations/future work       
 
 Certain limitations to our study should be acknowledged. First, and perhaps most 

importantly, we were not able to assess changes to protein involved in insulin signaling, such as 

pAkt/total Akt, or GLUT4 content under insulin-stimulated conditions, to better reflect our 

observations with a glucose tolerance test. Measurements of these protein markers following 

insulin-stimulated conditions would be valuable to confirm if our interpretation of the partial 

protection in glucose tolerance was meaningful. This was due to the additional mice required to 

repeat these measurements under insulin-stimulated conditions, which was simply not feasible. 

Secondly, we did not have sufficient muscle tissue to allow for separation of membrane and 

intracellular pools, which prevented us from determining the more meaningful plasma membrane 

content of GLUT4 and FABPpm. Thirdly, as with many studies, the harvested gastrocnemius 

muscle tissue was mixed, i.e. containing both red and white fibers in order to procure sufficient 

tissue for all measurements. It is possible that separating the red and white sections may have 

revealed fiber-specific differences. However, as this study was examining the role of skeletal 

muscle as a whole in maintaining blood glucose levels, examining the differences between 

different fiber types may not be necessary to understanding why Fads2+/- were partially protected 

from HFD-induced impairments in whole-body glucose tolerance.  

The partial protection against a HFD-induced impairment in glucose tolerance in Fads2+/- 

mice was not associated with altered markers of glucose or fatty acid metabolism in skeletal 

muscle, suggesting that the effect of reduced D6D activity on whole-body glucose tolerance may 

be a result of changes in other important metabolic tissues such as liver or adipose.  In particular, 

future studies should examine the role of the liver in the protection of glucose tolerance in 



 
 

55 
 

Fads2+/- mice fed a HFD, as altered expression of Fads2 was previously shown to influence 

hepatic lipid accumulation, which may influence whole-body glucose handling. 

4.6   Conclusion 
 

Decreased D6D activity partially protected mice from a HFD-induced decrease in glucose 

tolerance. However, a reduction in D6D did not have any effect on total content of key proteins 

involved in carbohydrate and fatty acid metabolism, suggesting that improved glucose tolerance 

may not be a result of altered skeletal muscle glucose and fatty acid uptake, storage or oxidation. 

These findings are the first to show that a reduction in D6D activity has little effect on skeletal 

muscle glucose or fatty acid metabolism, or muscle fatty acid composition.  
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Chapter 5: Improved insulin sensitivity and resistance to weight 
gain in D6D-deficient mice fed a low-fat diet supplemented with 
ALA is not associated with markers of skeletal muscle lipid 
metabolism 
 
5.1   Abstract 
 
 Consumption of omega-3 long-chain polyunsaturated fatty acids (n-3 PUFA) such as 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are associated with improved 

skeletal muscle insulin signaling. EPA and DHA are consumed in the diet or produced to a 

limited extent from ALA. The delta-6 desaturase (D6D) enzyme catalyzes the rate-limiting step 

of this conversion process, but the importance of D6D activity in skeletal muscle metabolism is 

unknown. This study used the Fads2-/- mouse model to investigate the independent effects of 

ALA versus EPA and DHA on whole-body glucose tolerance and insulin sensitivity in the 

context of a low-fat diet. We hypothesized that an inability to produce EPA and DHA from ALA 

would decrease glucose tolerance and insulin sensitivity and would be associated with changes in 

skeletal muscle reactive lipid content and protein markers of glucose uptake, lipid storage, and 

substrate oxidation. Male C57BL/6J Fads2-/-  knockout (KO)  and wild-type (WT) mice were fed 

a low-fat diet (LFD; 16% kcal from fat) supplemented with either ALA-rich flaxseed oil (Flax) 

or EPA- and DHA- rich menhaden oil for 21 weeks. A 2-way ANOVA showed significant 

effects of diet (p=0.0164) and a diet × genotype interaction (p=0.0332) on insulin sensitivity. 

Post-hoc testing revealed that flax-fed Fads2-/- mice had higher insulin sensitivity compared to 

menhaden-fed Fads2-/- mice (p=0.0254). Increased insulin sensitivity was not associated with 

any changes in whole-body metabolic measurements, skeletal muscle lipid content, and protein 

markers of glucose uptake, lipid storage and substrate oxidation. These results demonstrate that 

dietary supplementation of ALA in mice lacking the ability to convert ALA to EPA and DHA 
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improves whole-body insulin sensitivity in the context of a LFD, independent of changes in 

skeletal muscle metabolic markers.   

5.2   Introduction 
 
 Alpha-linolenic acid (ALA; 18:3n-3) is an essential fatty acid that cannot be produced de 

novo by humans and must be obtained through dietary sources 224. Long-chain omega-3 

polyunsaturated fatty acids (n-3 PUFA) that can be synthesized endogenously from ALA, such 

as eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), are 

associated with many health benefits 225,226. EPA and DHA are primarily obtained by consuming 

fatty fish, as well as by the limited endogenous conversion of ALA through several elongation 

and desaturation steps. The rate limiting enzyme in this process is delta-6 desaturase (D6D), 

which catalyzes the conversion of ALA to stearidonic acid (18:4n-3) and docosapentaenoic acid 

(DPA, 22:5n-3) to DHA 20,21 . However, D6D-mediated conversion of ALA to EPA and DHA is 

low. Only 1-9% of ALA is converted into EPA, and only 1-4% is converted into DHA 33, 

whereas the remainder of ALA consumed through the diet either undergoes FA oxidation 227–229 

or is incorporated into PL cell membranes 8. Although the synthesis-secretion rate of DHA is not 

different compared to EPA or other ALA products, the turnover of DHA synthesized from ALA 

is significantly slower, and the half-life is longer, compared to other ALA products 230. 

Therefore, decreased DHA turnover contributes to the maintenance of plasma and tissue DHA 

230. North Americans typically consume a lower amount of EPA and DHA (136 mg/day) 

compared to ALA (1584 mg/day) 63. This is important because reduced levels of EPA and DHA 

have been associated with an increased risk of developing metabolic diseases 231.  

Skeletal muscle is a key peripheral tissue that modulates whole-body glucose levels. EPA 

and DHA supplementation have been shown to mitigate high-fat diet (HFD)-induced 



 
 

59 
 

impairments in muscle insulin signaling and whole-body glucose tolerance in mice 6,7. EPA and 

DHA may decrease reactive lipid accumulation in skeletal muscle 80,232,233, or through the 

incorporation of LC n-3 PUFA into membrane PL to increase membrane fluidity and increase 

GLUT4 translocation to the cell membrane 234. In contrast, less is known about the effect of ALA 

on muscle insulin signaling. Studies have shown that ALA preserves muscle insulin response and 

reduces markers of oxidative stress in obese animals 48, and co-treatment of muscle cells with 

ALA and linoleic acid were shown to prevent palmitate-induced insulin resistance compared to 

untreated cells 235. However, it is not known if ALA alone, compared to EPA and DHA, exerts 

independent effects on skeletal muscle metabolism in the context of a LFD. Previous research 

has demonstrated that mice lacking DHA (and therefore absent ALA conversion) fed a normal 

diet containing ALA are resistant to weight gain, although the mechanisms by which this occurs 

have not been established in detail 92. Therefore, the purpose of this study was to compare the 

independent effects of ALA versus EPA and DHA supplementation in a murine model lacking 

D6D, on various metabolic outcomes in skeletal muscle (markers of glucose uptake, insulin 

signaling, substrate storage and oxidation) in the context of LFD consumption.  

5.3   Materials and methods 
 
5.3.1 Animal housing, experimental diets and tissue collection 
 
 Heterozygous male and female Fads2+/- C56BL/6J mice in breeding harems were fed a 

modified AIN-93G diet containing corn oil as the primary source of fat (cat. no. D03090904P, 

Research Diets, New Brunswick, NJ, USA). Offspring were genotyped (cat. no. F-170S, Thermo 

Scientific) at 17 days of age using the following primers: Fads2 WT forward (5’-

CGGTGGGAGGAGGAGTAGAAGAC-3’), Fads2 WT reverse (3’-

CCTCTCCCTGGTTACCTCCCTTC-5’), Fads2-/- forward (5’-GCTATGACTGGGCA 
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CAACAG-3’) and Fads2-/- reverse (3’-TTCGTCCAGATCATCCTGATC-5’). Male WT and  

Fads2-/-  mice were weaned at 3 weeks of age and housed in individual cages with a 12:12 hour 

light:dark cycle. Mice were fed ad libitum from 3-24 weeks of age (21 weeks total) one of two 

modified low-fat (16% kcal) AIN-93G diets containing either flaxseed oil (D12041404, Research 

Diets) or menhaden oil (D12041404, Research Diets). The fatty acid composition of 

experimental diets is reported in Table 5.1. Body weight and food intake were measured weekly 

until 24 weeks of age, at which time mice were anesthetized using isofluorane and euthanized by 

cardiac puncture and decapitation. Mixed (red and white) gastrocnemius muscle was collected, 

flash frozen in liquid nitrogen and stored at -80 °C until further analysis. 
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Table 5.1. Composition of experimental dietsa.  
 

Product # D12041404 D12041407 
 Low-fat flax/ARASCOb 

 

 

 

 

Low-fat 
Menhaden 
  gm%c kcal% gm% kcal% 

Protein 20 20 20 20 
Carbohydrate 64 64 64 64 
Fat 7 16 7 16 
Total  100  100 
kcal/gm  4.0  4.0  
     
Ingredient gm kcal  gm kcal 
Casein 200 800 200 800 
L-Cystine 3 12 3 12 
     
Corn Starch 397.486 1590 397.486 1590 
Maltodextrin 10 132 528 132 528 
Sucrose 100 400 100 400 
     
Cellulose, BW200 50 0 50 0 
     
Flaxseed oil 66.25 596 0 1766 
Menhaden oil 0 0 70 630 
ARASCO (40% ARA) 3.75 34 0 0 
t-Butylhydroquinone 0.014 0 0.014 0 
     
Mineral Mix S10022G 35 0 35 0 
     
Vitamin Mix V10037 10 40 10 40 
Choline Bitartrate 2.5 0 2.5 0 
     
FD&C Yellow Dye #5 0.025 0 0 0 
FD&C Red Dye #40 0.025 0 0 0 
FD&C Blue Dye #1 0 0 0.05 0 
     
Total 1000.05 4000 1000.05 4000 
     
Total, gm 70.00  70.00  
gm/4000 kcal  

 

   
C10, Capric 0.0  0.1  
C12, Lauric 0.0  0.2  
C14, Myristic 0.0  4.8  
C15 0.0  0.3  
C16, Palmitic 3.2  10.2  
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C16:1, Palmitoleic 0.0  6.8  
C16:2 0.0  1.1  
C16:3 0.0  1.1  
C16:4 0.0  1.1  
C17 0.0  0.3  
C18, Stearic 2.4  1.8  
C18:1, Oleic 12.4  6.7  
C18:2, Linoleic 10.9  1.3  
C18:3, α-Linolenic 36.6  1.1  
C18:4, Stearidonic 0.0  2.2  
C20, Arachidic 0.0  0.1  
C20:1 

 

0.0  1.1  
C20:2 0.0  0.1  
C20:3, Di-homo-γ-

linolenic acid 

0.0  0.3 

 

 

 
C20:4, Arachidonic 1.5  1.5 

2.10.020.3 

 
C20:5, Eicosapentaenoic 0.0  9.9  
C22:1, Erucic 0.1  0.2 

2 

 
C22:4, Clupanodonic 0.0  0.1  
C22:5, Docosapentaenoic 0.0  2.0 

3 

 
C22:6, Docosahexaenoic  0.0  7.2  
C24, Lignoceric 0.0  0.4  
C24:1 0.0  0.1  
     
Total 67  62.6  
     
Saturated (g) 5.6  18.2  
Monounsaturated (g) 12.4  14.9  
Polyunsaturated (g) 48.9  29.5  
     
Saturated (%) 8.4  29.1  
Monounsaturated (%) 18.6  23.9  
Polyunsaturated (%) 73.1  47.0  
     
n-6 (gm) 12.4  3.2  
n-3(gm) 36.6  22.3  
n-6:n-3 ratio 0.3  0.1  

a Composition of experimental diets from manufacturer (Research Diets Inc., New Brunswick, NJ, USA).  
b Weight % in grams (gm%) does not equal 100 as these values do not account for minerals and non-soluble fibre in 
the diet.  
c ARASCO refers to a mixture of a high-arachidonic acid oil extracted from the fungus Mortierella alpine and high-
oleic sunflower seed oil.  
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5.3.2 Glucose and insulin tolerance tests 
 

Intra-peritoneal glucose (IPGTT) and insulin (IPITT) tolerance tests were performed at 

approximately 22 weeks of age. Following a 6-hour fast with ad libitum access to water, mice 

were injected intraperitoneally with glucose (2 g/kg body weight) or insulin (0.75 U/kg body 

weight), with a week between IPGTTs and IPITTs. A FreeStyle Lite glucometer (Abbott 

Diabetes Care Inc.) was used to measure blood glucose via the tail vein immediately prior to 

injection and at 10, 20, 30, 45, 60, 90 and 120 minutes post-injection. Area under the curve 

(AUC) for IPGTT was determined as the total peak area above the baseline at t=0 minutes using 

the trapezoid rule. Area above the curve for IPITT was determined as the area above the baseline 

at t=0 minutes using the trapezoid rule.  

5.3.3 Metabolic caging 
 

Mice were placed in a Comprehensive Lab Animal Monitoring System (CLAMS; 

Columbus Instruments, Columbus, OH) for 48 hours at approximately 23 weeks of age to 

measure oxygen consumption (VO2, ml/kg/min), carbon dioxide production (VCO2, ml/kg/min), 

respiratory exchange ratio (RER, VCO2/VO2), energy expenditure (kcal/min; calculated as VO2 

× (3.815 + (1.232 × RER)) and activity (infrared beams breaks in the x and y planes). 

5.3.4 Muscle lipid fraction analyses 
 

TAG, DAG, and PL analysis: Intramuscular lipids (DAG, TAG and PL fractions) were 

analyzed by gas-liquid chromatography (GLC). Briefly, lipids were extracted in chloroform-

methanol solution (2:1, vol/vol) containing the antioxidant (butylated hydroxytoluene) and an 

internal standard (heptadecanoic acid) 236. After overnight extraction, water was added. Samples 

were centrifuged (10 min., 3 000 rpm) and the lower layer was collected. Lipid fractions were 

separated by thin-layer chromatography (TLC) on silica gel plates (Silica Plate 60, 0.25 mm; 
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Merck, Darmstadt, Germany) with a heptane/isopropyl ether/acetic acid (60:40:3, vol/vol/vol) 

resolving solution. Dried silica plates were visualised under ultraviolet light to identify DAG, TAG 

and PL fractions. Scraped silica bands corresponding to DAG fraction were eluted using a 

chloroform/methanol solution (9:1, vol/vol) and an organic phase underwent transmethylation in 

14% boron trifluoride‐methanol (BF3) solution 237. Simultaneously, the gel bands with TAG and 

PL fractions were eluted with a diethyl ether/hexane (1:1, vol/vol) and a 

chloroform/methanol/water (5:5:1, vol/vol/vol), respectively, and then transmethylated according 

to the Christie method 238. The fatty acid methyl esters were extracted using a pentane, which was 

then evaporated under a stream of nitrogen gas.  Subsequently, samples were dissolved in a hexane 

and analyzed by a Hewlett‐Packard 5890 Series II gas chromatograph, an Agilent J&W CP‐Sil 88 

capillary column (50 m × 0.25 mm inner diameter), and a flame‐ionization detector (Agilent 

Technologies, Santa Clara, California). Fatty acid data are reported as % composition of total fatty 

acids. Total TAG, DAG and PL content was determined by summing the peak area of all fatty 

acids and are reported as nmol per g of muscle. 

 Ceramide analysis: The samples of muscle tissue were homogenized and lipids were 

extracted in a chloroform-methanol solution (2:1 vol/vol) with antioxidant 236. After overnight 

extraction, water was added. The samples were then centrifuged (10 min., 3 000 rpm) and lower 

layer was collected. Lipids were then separated using thin-layer chromatography (TLC) on silica 

gel plates (Silica Plate 60, 0.25 mm; Merck) using a diethyl ether/hexane/acetic acid (90:10:1, 

vol/vol/vol) resolving solution. Dried silica plates were visualised under ultraviolet light to identify 

ceramide fraction. Pentadecanoic acid (C15:0; Sigma‐Aldrich) was added as an internal standard 

to scraped silica bands corresponding to the ceramide lipid fraction. The samples underwent 

transmethylation in 14% boron trifluoride‐methanol (BF3) solution 237. The fatty acid methyl esters 
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were extracted using a pentane, which was then evaporated under a stream of nitrogen gas.  

Subsequently, samples were dissolved in a hexane and analyzed by a Hewlett‐Packard 5890 Series 

II gas chromatograph, an Agilent J&W CP‐Sil 88 capillary column (50 m × 0.25 mm inner 

diameter), and a flame‐ionization detector (Agilent Technologies). Fatty acid data are reported as 

% composition of total fatty acids. Total ceramide content was determined by summing the peak 

area of all fatty acids and are reported as nmol per g of muscle. 

5.3.5 Protein quantification and Western Blot analysis 
 

Mixed gastrocnemius muscle was homogenized in cell lysis buffer with 

phenylmethylsulfonyl fluoride (PMSF) and a protease inhibitor cocktail (Sigma Aldrich, St. 

Louis, MO). The homogenate was centrifuged at 4°C at 1500 rcf and supernatant was collected. 

Protein concentration of the supernatant was analyzed using a bicinchoninic acid (BCA acid) 

assay (Thermo Scientific, Rockford, IL, USA). Protein samples were diluted to a concentration 

of 1 µg/µL.  Equal amounts of protein were separated on 10% SDS-PAGE gels and transferred 

to a nitrocellulose membrane (Bio-Rad Laboratories Inc., Mississauga, ON, CA). Membranes 

were blocked in 5% bovine serum albumin (BSA; Sigma Aldrich) in 1× tris-buffered saline with 

0.1% Tween (TBST) for 1 hour. Membranes were incubated overnight at 4°C in the following 

primary antibodies: pAkt (Ser 473; cat. no. 9271, Cell Signaling Technology, Danvers, MA, 

USA), Akt (cat. no. 9272; Cell Signaling Technology), hydroxyacyl-CoA dehydrogenase 

(bHAD; cat. no. ab154088; Abcam), diacylglycerol O-acyltransferase 1 (DGAT-1; cat. no. 

ab54037, Abcam), diacylglycerol O-acyltransferase 2 (DGAT-2; cat. no. ab237613, Abcam) and 

glycerol-3 phosphate acyltransferase 1 (GPAT; cat. no. PA520524, Invitrogen, Waltham, MA, 

USA). Following overnight incubation in primary antibody, membranes were washed in 1× 

TBST (3 × 5 minutes) and incubated in either goat anti-mouse or anti-rabbit horseradish 
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peroxidase conjugate secondary antibody (1:3000) in 5% BSA in 1× TBST for 2 hours. Protein 

bands were imaged and quantified using Alpha Innotech software. All protein content was 

normalized to Ponceau S staining.  

5.3.6 Statistical analyses 
 

GraphPad Prism 7 software (GraphPad Software Incorporated, La Jolla, CA, USA) was 

used for all statistical analyses. Body weight, food intake, IPGTT and IPITT data were analyzed 

using a repeated measures two-way ANOVA followed by Bonferroni post-hoc testing. Feed 

efficiency, VO2, VCO2, RER, energy expenditure, activity, Western blot and fatty acid data were 

analyzed using a standard two-way ANOVA test followed by Bonferroni post-hoc testing. All 

values are reported as mean ± standard error. A p<0.05 was considered statistically significant 

for all analyses. Asterisks or superscript letters (a, b, c) in figures and tables denote significant 

differences between experimental groups. Values sharing a letter are not significantly different. 

5.4   Results 
 
5.4.1 Effects of diet and genotype on body weight, caloric intake and feed efficiency 
 

Flax Fads2-/- mice had a significantly lower body weight compared to Menhaden Fads2-/- 

in weeks 6-23 (Figure 5.1A). In weeks 7, 9 and 10, Flax Fads2-/- mice had a significantly lower 

body weight compared to Flax WT mice (p<0.05) and compared to Menhaden WT mice at week 

12 (p<0.05; Figure 5.1A). There were no differences in caloric intake (Figure 5.1B) or feed 

efficiency (Figure 5.1C) between experimental groups.  
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Figure 5.1. Body weight, caloric intake and feed efficiency in WT and Fads2-/- mice fed a flax or menhaden 
diet. A) Body weight changes from 4-6 weeks. Two-way repeated measures ANOVA showed that the main effects 
of time and experimental group, as well as the time × experimental group interaction, were significant. Bonferroni 
post-hoc testing revealed significant differences between groups at weeks 13-23, as indicated by asterisks.  B) 
Caloric intake from 4 to 24 weeks. Two-way repeated measures ANOVA showed that the main effects of time was 
significant. Bonferroni post-hoc testing revealed significant differences between groups at weeks 7 (Men Fads2-/- 

compared to Flax Fads2-/- and Men WT) and 9 (Flax Fads2-/- and Men WT), as indicated by asterisks. C) Feed 
efficiency (calculated as total caloric intake/total body weight gain). Values are represented as mean ± SEM (n=8-12 
mice/experimental group). Asterisks (*) or superscript letters (a, b, c) in figures and tables denote significant 
differences between experimental groups. Values sharing a letter are not significantly different. 
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5.4.2 Effects of diet and genotype on blood glucose measurements 
 
 No significant differences were observed between experimental groups during the IPGTT 

(Figure 5.2A and 5.2B). There was a significant difference in the interaction between time and 

experimental groups (p=0.0260) during the IPITT (Figure 5.2C). Analysis of the area above the 

curve (AAC) of the IPITT showed a significant effect of diet (p=0.0164) and diet × genotype 

interaction (p=0.0332). Post-hoc testing revealed that Flax Fads2-/- mice had significantly 

improved insulin response (p=0.0210) compared to Menhaden Fads2-/- mice, with no significant 

differences in AAC compared to WT mice fed either a flax or Menhaden diet (Figure 5.2D).  
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Figure 5.2. Insulin sensitivity is increased in flax-fed Fads2-/- mice compared to menhaden-fed Fads2-/- mice. 
Blood glucose was measured after a 6 hour fast, before intra-peritoneal injection of glucose (A and B) or insulin (C 
and D), and over two hours following injection (n=8-12 mice/experimental group). Two-way repeated measures 
ANOVA showed that the main effect of time, as well as the time × experimental group interaction, were significant 
during the ITT (C). The area under the curve (AUC) was determined for IPGTT (B) and the area above the curve 
(AAC) was determined for IPITT (D). A 2-way ANOVA showed significant diet and diet × genotype effects. Post-
hoc testing showed that AAC was significantly increased in flax-fed Fads2-/- mice compared to menhaden-fed 
Fads2-/- mice. Bars sharing letters are not significantly different from each other. Data is presented as mean +/- SEM 
(n=8-12 mice/experimental group). 
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5.4.3 Effects of diet and genotype on metabolic measurements 
 
 A 2-way ANOVA showed significant effects of diet on VO2 (Figure 5.3B and 5.3G) 

during the light phase (p=0.0270) as well as the dark phase (p=0.0360). However, post-hoc 

testing did not reveal further differences between groups. No significant differences were 

observed between experimental groups for VCO2, RER or energy expenditure in either the dark 

phase or light phase (Figures 5.3A-5.3I). A 2-way ANOVA showed significant effects of diet 

(p=0.0003), genotype (p=0.0018) and diet × genotype (p=0.0205) on activity (Figure 5.3J) 

during the light phase, but not during the dark phase (Figure 5.3E). Post-hoc testing revealed 

that Flax Fads2-/- mice had significantly higher activity during the light phase compared to Flax 

WT (p=0.0015), Menhaden WT (p<0.0001) and Menhaden Fads2-/- (p=0.0011) mice (Figure 

5.3J). 
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Figure 5.3. Metabolic and activity measurements by a comprehensive lab animal monitoring system 
(CLAMS). Metabolic measurements taken in the dark (A-E) and light phases (F-J) of a 12:12 dark:light cycle. RER 
was calculated as VCO2/VO2 and activity was measured as total beam breaks in the x and z axis. Two-way ANOVA 
showed a significant increase in activity during the light cycle in flax-fed Fads2-/- mice compared to all other groups. 
Data is presented as mean± SEM (n=8-12 mice/experimental group). Bars sharing a letter are not significantly 
different. 
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5.4.4 Effects of diet and genotype on muscle TAG content and composition 

   There were no significant differences in total skeletal muscle TAG content (Figure 

5.4A). For relative fatty acid content, there was a significant diet effect on ALA content, where 

post-hoc testing showed that flax-fed mice had increased ALA incorporation into TAG compared 

to menhaden-fed mice, independent of genotype (Table 5.2). There was a significant diet effect 

on EPA content, where post-hoc testing revealed that mice fed a menhaden diet had decreased 

EPA incorporation into TAG compared to all other experimental groups, independent of 

genotype (Table 5.2). There was a significant diet effect on DHA content (p<0.0001). Post-hoc 

testing revealed significantly higher DHA content in mice fed menhaden compared to flax. DHA 

was absent in mice fed the flax diet, while no difference in DHA was observed in WT and 

Fads2-/- mice fed the menhaden diet (Table 5.2).  
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Table 5.2. Fatty acid % composition and total TAG content from mouse mixed gastrocnemius muscle.  
 
Fatty acid FLAX WT FLAX 

Fads2-/- 
MEN WT MEN 

Fads2-/- 
Genotyp
e effect 
(p-value) 

Diet 
effect 
(p-value) 

14:0 0.02±0.00a 0.02±0.00a 0.07±0.00b 0.07±0.00b 0.7814 <0.0001* 
16:0 0.17±0.01a 0.18±0.01a 0.34±0.00b 0.34±0.01b 0.8922 <0.0001* 
16:1 0.14±0.01a 0.15±0.01a 0.23±0.00b 0.24±0.01b 0.0537 <0.0001* 
18:0 0.01±0.00a 0.01±0.00a 0.02±0.00b 0.20±0.00b 0.9368 <0.0001* 
18:1n-9c 0.33±0.01a 0.35±0.02a 0.21±0.00b 0.04±0.01b 0.5168 <0.0001* 
18:2n-6c 0.10±0.00a 0.10±0.00a 0.03±0.00b 0.04±0.00b 0.3308 <0.0001* 
ALA, 18:3n-3 0.22±0.01a 0.17±0.03a 0.01±0.00b 0.01±0.00b 0.1264 <0.0001* 
20:0 N.D. N.D. N.D. N.D. - - 
20:4n-6 N.D. N.D. N.D. N.D. - - 
EPA, 20:5n-3 0.00±0.00a 0.00±0.00a 0.03±0.00b 0.03±0.00b 0.5627 <0.0001* 
22:0 N.D. N.D. N.D. N.D. - - 
DHA, 22:6n-3 0.00±0.00 a 0.0±0.00 a 0.05±0.01 b 0.05±0.01 b 0.4824 <0.0001* 
24:0 N.D. N.D. N.D. N.D. - - 
24:1 N.D. N.D. N.D. N.D. - - 
TOTAL TAG 
content  
(µg/mg dry 
weight) 

306171.86 
±79810.35 

190272.61 
±40871.03 

263444.81 
±64679.76 

307858.14 
±43180.79 

0.4899 0.6259 

Notes: Values are presented as mean±SEM (n=6-7 mice/experimental group). A two-way ANOVA was used to 
examine the main effects of genotype (WT vs. Fads2-/-), diet (Flax vs. Menhaden), as well as their interaction. 
Superscript letters denote significant differences between experimental groups. Asterisks (*) denote significant main 
effects. Total ceramide content is reported as absolute µg per mg of dry muscle. N.D., not detected. Fatty acid data 
generated by A. Chabowski. 
 
5.4.5 Effects of diet and genotype on muscle PL content and composition 

There were no significant differences in total skeletal muscle PL content (Figure 5.4A). 

For relative fatty acid content, there were significant diet and genotype effects on ALA content, 

where post-hoc testing revealed that Flax Fads2-/- mice had increased ALA incorporation into PL 

compared to all other experimental groups (Table 5.3). Further, Flax Fads2-/- mice had increased 

ALA incorporation into PL compared to Flax WT (Table 5.3). There was a significant diet effect 

(p<0.0001) on EPA content in PL. Post-hoc testing revealed that Menhaden-fed mice had 

significantly increased EPA content compared to Flax Fads2-/- (Table 5.3). There was a 

significant diet and genotype effect (p<0.0001) on DHA content, where post-hoc testing revealed 

that mice fed a menhaden diet has increased DHA content compared to mice fed a flaxseed diet 
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(Table 5.3) Additionally, Flax Fads2-/- mice had significantly lower DHA content in skeletal 

muscle PL compared to all other groups. 

Table 5.3. Fatty acid % composition and total PL content from mouse mixed gastrocnemius muscle.  
 

Fatty acid FLAX WT FLAX 
Fads2-/- 

MEN WT MEN 
Fads2-/- 

Genotype 
effect 
(p-value) 

Diet effect 
(p-value) 

14:0 0.01±0.00a 0.01±0.00a 0.02±0.00b 0.03±0.00b 0.6419 <0.0001* 
16:0 0.29±0.01ab 0.27±0.01b 0.32±0.01ac 0.32±0.01c 0.3231 <0.0001* 
16:1 0.03±0.00 0.04±0.00 0.04±0.00 0.04±0.00 0.3259 0.3314 
18:0 0.15±0.00a 0.15±0.00a 0.13±0.00b 0.12±0.00b 0.0966 <0.0001* 
18:1n-9c 0.07±0.00a 0.09±0.01a 0.04±0.00b 0.05±0.01b 0.0574 <0.0001* 
18:2n-6c 0.07±0.00a 0.11±0.00b 0.01±0.00c 0.01±0.00cd <0.0001* <0.0001* 
ALA, 
18:3n-3 0.04±0.00a 0.05±0.00 b 0.00±0.00 c 0.00±0.00cd <0.0001* 0.0001* 

20:0 N.D. N.D. N.D. N.D. - - 
20:4n-6 0.11±0.00 0.27±0.00 0.03±0.00 0.04±0.00 <0.0001* <0.0001* 
EPA, 20:5n-
3 0.01±0.00ab 0.00±0.00a 0.02±0.00c 0.01±0.00bc 0.2036 <0.0001* 

22:0 N.D. N.D. N.D. N.D. - - 
DHA, 
22:6n-3 0.22±0.01a 0.01±0.00b 0.38±0.01c 0.37±0.01c <0.0001* <0.0001* 

24:0 N.D. N.D. N.D. N.D. - - 
24:1 N.D. N.D. N.D. N.D. - - 
TOTAL PL 
content  
(µg/mg dry 
weight) 

67012.89 
±5788.01 

73590.56 
±15510.55 

69525.32 
±5422.79 

68902.48 
±4291.80 

0.9964 0.4060 

Notes: Values are presented as mean±SEM (n=6-7 mice/experimental group). A two-way ANOVA was used to 
examine the main effects of genotype (WT vs. Fads2-/-), diet (Flax vs. Menhaden), as well as their interaction. 
Superscript letters denote significant differences between experimental groups. Asterisks (*) denote significant main 
effects. Total ceramide content is reported as absolute µg per mg of dry muscle. N.D., not detected. Fatty acid data 
generated by A. Chabowski. 
 
5.4.6 Effects of diet and genotype on muscle DAG content and composition 

There was a significant diet × genotype effect (p=0.0188) in total skeletal muscle DAG 

content. Post-hoc testing did not reveal further differences in total DAG content between 

experimental groups (Figure 5.4C). For relative fatty acid content, there was a significant diet 

effect on EPA incorporation into DAG, but post-hoc testing did not reveal any differences 

between experimental groups (Table 5.4). A 2-way ANOVA showed a significant diet effect on 

DHA content, where post-hoc testing revealed that mice fed a flaxseed diet had decreased DHA 
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incorporation into DAG compared to all other experimental groups (Table 5.3). 

 

Table 5.4. Fatty acid % composition and total DAG content from mouse mixed gastrocnemius muscle.  

 
Fatty acid FLAX WT FLAX 

Fads2-/- 
MEN WT MEN 

Fads2-/- 
Genotype 
effect 
(p-value) 

Diet 
effect 
(p-value) 

14:0 0.05±0.01ab 0.05±0.01ab 0.09±0.01abc 0.10±0.01c 0.4143 0.0020* 
16:0 0.24±0.02a 0.32±0.02b 0.34±0.01b 0.33±0.01b 0.0649 0.0036* 
16:1 0.10±0.01ab 0.09±0.01a 0.15±0.01b 0.15±0.02b 0.8190 0.0004* 
18:0 0.08±0.01 0.11±0.030 0.09±0.01 0.09±0.01 0.2152 0.9534 
18:1n-9c 0.22±0.01a 0.19±0.01ab 0.15±0.01b 0.15±0.012 0.2510 0.0007* 
18:2n-6c 0.10±0.01 0.07±0.01 0.04±0.00 0.04±0.00 0.3176 0.4855 
ALA, 
18:3n-3 

0.14±0.03 0.11±0.01 0.02±0.00 0.01±0.00 0.3313 0.4482 

20:0 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.6036 0.9171 
20:4n-6 0.02±0.01 0.02±0.00 0.01±0.00 0.01±0.00 0.3324 0.1529 
EPA,  
20:5n-3 

0.01±0.00 0.01±0.00 0.02±0.00 0.02±0.00 0.7460 0.0033* 

22:0 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.00 0.6828 0.8915 
DHA, 
22:6n-3 

0.02±0.00a 0.01±0.00a 0.06±0.00b 0.06±0.01b 0.3898 <0.0001 

24:0 0.01±0.00 0.01±0.00 0.01±0.00 0.01±0.0 0.6547 0.1872 
24:1 N.D. N.D. N.D. N.D. - - 
TOTAL 
DAG 
content 
(µg/mg dry 
weight) 

5082.40 
±322.60 

3694.18 
±258.41 

3888.23 
±327.93 

7176.76 
±496.89 

0.2743 0.5478 

Notes: Values are presented as mean±SEM (n=6-7 mice/experimental group). A two-way ANOVA was used to 
examine the main effects of genotype (WT vs. Fads2-/-), diet (Flax vs. Menhaden), as well as their interaction. 
Superscript letters denote significant differences between experimental groups. Asterisks (*) denote significant main 
effects. Total ceramide content is reported as absolute µg per mg of dry muscle. N.D., not detected. Fatty acid data 
generated by A. Chabowski. 
 
5.4.7 Effects of diet and genotype on muscle ceramide content and composition 

There was a significant genotype effect (p=0.0344) on total skeletal muscle ceramide 

content (Figure 5.4D). Post-hoc testing did not reveal further differences in total ceramide 

content between experimental groups. For relative fatty acid content, a 2-way ANOVA showed 

significant genotype (p=0.0350) and diet (p=0.0172) effects for arachidonic acid (AA; 20:4n-6) 

content and a significant diet effect (p=0.0034) for DHA (Table 5.5). Post-hoc testing revealed 

that Flax Fads2-/- mice had increased AA content (p=0.0132) and decreased relative DHA 
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content (p=0.0487) in ceramides extracted from muscle compared to Menhaden Fads2-/- mice 

(Table 5.5).  

 
Table 5.5. Fatty acid % composition and total ceramide content from mouse mixed gastrocnemius muscle.  
 
 

Fatty 
acid 

FLAX WT FLAX  
 Fads2-/- 

MEN WT MEN  
 Fads2-/- 

Genotype 
effect 

(p-value) 

Diet effect 
(p-value) 

14:0 0.05±0.00 0.05±0.01 0.05±0.01 0.05±0.00 0.7950 0.9543 
16:0 0.26±0.01 0.28±0.01 0.29±0.02 0.25±0.02 0.7944 0.6593 
16:1 0.04±0.00 0.04±0.00 0.04±0.00 0.04±0.01 0.1271 0.9076 
18:0 0.31±0.01 0.29±0.01 0.27±0.01 0.27±0.02 0.2674 0.0871 
18:1n-9c 0.06±0.00 0.06±0.00 0.05±0.00 0.06±0.00 0.7905 0.3261 
18:2n-6c 0.01±0.00 0.02±0.00 0.01±0.00 0.01±0.01 0.2200 0.1890 
ALA, 

18:3n-3 0.02±0.00 0.02±0.00 0.02±0.00 0.02±0.01 0.1215 0.7927 

20:0 0.02±0.00 0.02±0.00 0.02±0.00 0.02±0.00 0.4953 0.9574 
20:4n-6 0.04±0.00ab 0.05±0.01a 0.03±0.00ab 0.04±0.01b 0.0350* 0.0172* 
EPA, 

20:5n-3 N.D. N.D. N.D. N.D. - - 

22:0 0.03±0.00 0.03±0.00 0.03±0.00 0.04±0.00 0.6299 0.4450 
DHA, 

22:6n-3 0.05±0.00ab 0.03±0.00a 0.10±0.03ab 0.10±0.01b 0.6536 0.0034* 

24:0 0.04±0.01 0.04±0.00 0.05±0.01 0.04±0.01 0.3879 0.6164 
24:1 0.05±0.00 0.05±0.00 0.05±0.00 0.06±0.00 0.2680 0.8093 
TOTAL 

ceramide 
content 
(µg/mg 
dry 
weight) 

464.82±27.28 545.96±25.93 456.29±31.58 514.84±39.22 0.0344* 0.5266 

Notes: Values are presented as mean±SEM (n=6-7 mice/experimental group). A two-way ANOVA was used to 
examine the main effects of genotype (WT vs. Fads2-/-), diet (Flax vs. Menhaden), as well as their interaction. 
Superscript letters denote significant differences between experimental groups. Asterisks (*) denote significant main 
effects. Total ceramide content is reported as absolute µg per mg of dry muscle. N.D., not detected. Fatty acid data 
generated by A. Chabowski. 
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Figure 5.4. Total skeletal muscle TAG, PL, DAG and ceramide content. Total absolute fatty acid content 
analyzed in skeletal muscle lipid species (µg/mg dry weight). A two-way ANOVA was used to examine the main 
effects of genotype (WT vs. Fads2-/-), diet (Flax vs. Menhaden), as well as their interaction. Data is presented as 
mean± SEM (n=6-7 mice/experimental group). Fatty acid data generated by A. Chabowski. 
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5.4.5 Effects of diet and genotype on markers of muscle glucose and fatty acid metabolism 
 
 The ratio of phosphorylated Akt (pAkt) to total Akt content was subsequently analyzed in 

mouse gastrocnemius to confirm the lack of difference in skeletal muscle DAG and ceramide 

content. No changes in the ratio of pAkt to total Akt (Figure 5.5A), or in total Akt alone, were 

observed between the four experimental groups. There were no changes in bHAD, a marker of 

FA oxidation in the muscle, with genotype or diet (Figure 5.5B). Muscular protein content of 

DGAT 1 and DGAT 2 was also analyzed, which catalyze TAG and PL synthesis from 

diacyglycerol (DAG), and GPAT, which catalyzes the first step of TAG and PL synthesis from 

Acyl CoA. There were no changes between experimental groups in DGAT 1 (Figure 5.5C), 

DGAT 2 (Figure 5.5D) or GPAT (Figure 5.5E). 
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Figure 5.5. Markers of skeletal muscle carbohydrate and fatty acid metabolism. A) pAkt/Akt, B) bHAD, C) 
DGAT 1, D) DGAT 2 and E) GPAT in mouse mixed gastrocnemius muscle. Data was analyzed using a two-way 
ANOVA. Representative Western blots for all proteins are provided. All data was normalized to Ponceau staining. 
Data is presented as mean arbitrary units (A.U.) ± SEM (n=6-8 mice/experimental group).  
 
5.5   Discussion 
 

The present study demonstrated that ALA consumption in the absence of EPA/DHA 

improved insulin sensitivity and decreased body weight compared to mice consuming EPA- and 

DHA-rich diets. Increased insulin sensitivity and decreased body weight were not associated 

with changes in energy expenditure, or skeletal muscle protein markers of glucose uptake, lipid 

storage or substrate oxidation. The Fads2-/- mouse model was used to study the independent 

effects of ALA consumption compared to EPA/DHA, as these mice are unable to endogenously 

convert ALA to EPA and DHA. Skeletal muscle is an important regulator of whole-body glucose 

metabolism 22,23. Therefore, it was hypothesized that mice unable to convert ALA into 
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EPA/DHA would show an impairment in glucose tolerance and decreased insulin sensitivity due 

to changes in skeletal muscle metabolism.  

5.5.1 ALA consumption in Fads2-/- mice prevents weight gain and improves insulin response 
 

In the present study, Fads2-/- mice fed ALA in the absence of EPA and DHA had 

significantly lower body weight compared to Fads2-/- mice fed a diet supplemented with EPA 

and DHA. Flax Fads2-/- mice also had decreased body weight compared to WT groups, 

regardless of diet. This is in line with previous research from Stoffel et al. in Fads2-/-  mice 

consuming a regular chow diet supplemented with LA and ALA (but absent of EPA and DHA) 

92, as well as in our own lab in Fads2-/-  mice fed an ALA-supplemented diet for 9 weeks 209. 

Previous research showed that Fads2-/- mice had decreased insulin response compared to WT 

mice, despite their resistance to diet-induced weight gain when fed a regular chow diet 92. A 

decrease in insulin response was not observed in the current study; in fact, Fads2-/- mice in the 

current study showed both increased insulin response and resistance to weight gain. The mice in 

the current study were fed diets supplemented with LC n-3 PUFA, rather than a regular chow 

diet, which have been shown to improve glucose tolerance and insulin response 6–8,48. It had been 

previously shown that mice with reduced D6D activity, i.e. Fads2+/-, were partially protected 

from HFD-induced weight gain and impaired glucose tolerance 239. However, it is also 

interesting to note that Fads2-/- mice fed EPA and DHA did not show as great of a decrease in 

blood glucose levels and after 30 minutes following insulin injection had blood glucose levels 

closer to baseline compared to other groups. Although the WT and ALA-supplemented Fads2-/- 

had larger declines in blood glucose in response to insulin , it is possible that the Fads2-/- mice 

fed EPA and DHA had improved blood glucose regulation to prevent hypoglycemia in response 

to insulin. Unfortunately, we did not measure plasma insulin after fasting or during the IPGTT to 
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determine if endogenous levels of insulin in response to glucose were decreased in Fads2-/- mice 

fed EPA and DHA, which would allow us to determine changes in insulin sensitivity. A supra-

physiological level of insulin was used in the IPITT rather than sub-maximal levels, which 

allowed us to measure insulin response but not insulin sensitivity per se.  

The decreased body weight observed in Flax Fads2-/- mice in the present study could not 

be attributed to changes in RER, caloric intake or feed efficiency. Interestingly, Flax Fads2-/- 

mice had increased activity during their inactive light phase of the 24-hour light:dark cycle, 

compared to all other experimental groups. It is possible that this increase in activity could 

contribute to increased insulin response observed in the Flax Fads2-/- group. However, the 

increase in activity was not reflected in total energy expenditure and heat production. We also 

did not analyze ambulatory activity from stereotypy (repetitive behaviour such as grooming). No 

previous studies have investigated the contribution of ambulatory versus stereotyped behaviour 

to total energy expenditure. Increased stereotypy such as grooming can be viewed as an indicator 

of stress in mice 240. Although speculative, increased activity during the less active phase in Flax 

Fads2-/- mice may indicate increased sensitivity to changes in environment, perhaps due to 

changes in cognitive development and behaviour associated with a lack of DHA.  EPA and DHA 

have been shown to decrease stereotyped behaviours in mice associated with stress 241. The 

supplementation of EPA and DHA in aging mice improved cognitive and emotional (eg. anxiety) 

skills 242. In a mouse model of neurodegenerative disease, increased endogenous n-3 PUFA 

production was shown to protects against cognitive deficits and prevent spontaneous motor 

activity 243. Although the role of n-3 PUFA on mouse cognitive function has been investigated in 

terms of aging and neurological disease, the effect of different n-3 PUFA on cognitive 

development and stress responses is beyond the scope of this study. Overall, fish oil 
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supplementation has been shown to improve cognitive performance, decrease anxiety and reduce 

spontaneous locomotor activity measured by several behavioural and cognitive tests in an animal 

model 244 . No animal studies have investigated the differences between ALA compared to EPA 

and DHA on mitigating increased stereotypy due to stress.  

Both animal and human studies have provided evidence that ALA consumption prevents 

weight gain, but the mechanisms by which this occurs is not understood. Mice fed ALA-enriched 

DAGs had decreased weight gain compared to TAG-fed controls, accompanied by increased 

expression of genes involved in fatty acid uptake and increased FA oxidation 245. Some human 

studies have reported that increased serum ALA content is associated with decreased adiposity 

246,247. ALA incorporated into DAGs and consumed by obese human individuals also decreased 

visceral fat depots by increasing FA oxidation, measured as 13CO2 breath recovery rate, 

compared to TAG consumption 247. To analyze markers of FA oxidation in the present study, we 

measured changes in bHAD protein in skeletal muscle and RER. The lack of significant 

differences in bHAD protein content or RER suggest there were no changes in FA oxidation. In 

the context of a low-fat diet, it may be difficult to see significant changes in skeletal muscle in 

these measures of increased fatty acid uptake and oxidation, as there is no increased availability 

of fat compared to HFD-feeding experiments 248,249. Future studies looking at the effect of an 

ALA-supplemented HFD on body weight are required to confirm if ALA plays a protective role 

against diet-induced weight gain in a metabolically impaired model. 

5.5.2 Improved insulin sensitivity is independent of changes in lipid storage markers and lipid 

content 

To determine whether a decrease in reactive lipid species could contribute to the 

improved insulin sensitivity in the Flax Fads2-/- group, DAG and ceramide fatty acid 
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composition and total content in skeletal muscle were also analyzed. DAGs can interrupt insulin 

signaling via PKC activation, which prevent the tyrosine-phosphorylation and activation of the 

insulin receptor 68–71, while ceramides inhibit the phosphorylation of Akt to prevent GLUT4 

translocation to the cell membrane and subsequent glucose uptake 250–252. In the present study, 

there were no differences in total DAG content between the four experimental groups of mice; 

however, a significant genotype effect of ceramide content was observed, but post-hoc testing 

failed to show changes in skeletal muscle ceramide content in the Fads2-/- groups compared to 

WT. Independent of total ceramide content, a significant increase in DHA incorporated into 

skeletal muscle ceramides was observed in Menhaden Fads2-/- mice compared to Flax Fads2-/- 

mice. EPA content in ceramides was not detected in mice fed Menhaden oil, which was opposite 

to what we had expected. However, no studies to date have measured n-3 PUFA incorporation 

into skeletal muscle ceramides. A few studies have shown that EPA and DHA decreased total 

ceramide concentrations both in vivo and in vitro in skeletal muscle 80,81,232, which could restore 

insulin signaling through re-activation of Akt signaling and GLUT4 translocation to the cell 

membrane. Most research on the effects of n-3 PUFA on reactive lipid species is conducted in 

HFD-fed animals, where the accumulation of DAGs and ceramides are thought to be key 

contributors to the development of HFD-induced skeletal muscle insulin resistance. It was 

probably not surprising to see a lack of differences in DAG and ceramide content in the present 

study, as LFD consumption does not increase reactive lipid species content or impair insulin 

signaling 43,253. Future studies should analyze DAG and ceramide content to determine if ALA 

alone can decrease reactive lipid storage in mice fed a HFD. 

There is evidence pointing to the composition of lipid stores modulating skeletal muscle 

metabolism, rather than total content alone. Decreased membrane fluidity may result in impaired 
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insulin signaling, as more rigid membranes can impair the translocation/docking of important 

signaling molecules involved in the uptake of glucose 234,254. Incorporation of EPA and DHA 

into membrane PL increases membrane fluidity 60,61. The present study saw that EPA and DHA 

were incorporated into skeletal muscle PL in mice fed a menhaden diet, but not in Fads2-/- mice 

fed a flaxseed diet. Our findings contradict the idea that EPA and DHA incorporation into cell 

membrane are beneficial to insulin signaling compared to ALA because flax-fed Fads2-/- mice 

had increased insulin sensitivity, as demonstrated by the decreased IPITT AAC. A higher degree 

of unsaturation could make the fatty acid more susceptible to oxidation, as double-bonded carbon 

atoms are more prone to free radical formation 255,256. Unfortunately, there have been no studies 

comparing the effect of ALA compared to EPA and DHA on membrane fluidity and insulin 

signaling to date, and it remains an area for future investigation.  

To confirm the lack of changes seen in skeletal muscle lipid content, total protein content 

of DGAT 1 and DGAT 2 was analyzed, which catalyze PL synthesis as well as the final step in 

TAG synthesis from DAG 257 and GPAT, which catalyzes the first step of TAG and PL synthesis 

from Acyl CoA 258. Even in the absence of diet-induced obesity, overexpression of GPAT has 

been shown to induce insulin resistance in the liver as well as mild skeletal muscle insulin 

resistance 259. However, no changes were observed in the present study in any of these markers 

of TAG synthesis. We postulate that the lack of changes in these markers in the present study is 

due to the fact that a low-calorie, low-fat diet is unlikely to lead to increased lipid accumulation 

compared to the consumption of a high-calorie, high-fat diet 253. These results aligned with our 

experiments measuring lipid species content in skeletal muscle, as no changes were seen in TAG 

and PL content or protein markers of TAG or PL synthesis.  
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5.5.3 Limitations and future work 
 

Our data showed that although glucose uptake did not change depending on diet or 

genotype, insulin sensitivity was increased in Fads2-/- mice fed a LF Flax diet compared to 

Fads2-/- mice in the current study fed a LF Menhaden diet. Unfortunately, due to difficulties in 

generating Fads2-/- mice, a second set of animals was unable to be generated, which would be 

useful in measuring protein markers of insulin signaling in skeletal muscle under insulin-

stimulated conditions. Additionally, as the red and white gastrocnemius samples were not 

separated due to insufficient tissue quantity, differences between muscle fiber types were unable 

to be analyzed. This could have decreased variability in our results, as “red” slow-twitch muscles 

are more sensitive to insulin compared to “white” fast-twitch muscles and have increased 

capacity for glucose uptake 211,260. However, mitochondrial protein content of PDH, creatine 

kinase and electron chain complexes have been shown to be similar in red and white skeletal 

muscle (independent of total mitochondrial content) 261, therefore the use of mixed 

gastrocnemius muscle is considered appropriate and are commonly used in studies investigating 

skeletal muscle function and whole-body glucose uptake 262–264.   

The present study showed a genotype effect on ceramide content in skeletal muscle. 

Although post-hoc testing failed to reveal further differences between experimental groups, 

perhaps these differences would be exacerbated in the context of metabolic impairment. A 

limitation of the current study was the use of only a LFD that may not have created sufficient 

metabolic stress; therefore, a future study using a HFD may provide greater insights to the 

metabolic effects of D6D activity.  

Additionally, future studies should investigate the role of the liver in regulating whole-

body glucose tolerance and insulin sensitivity. Circulating insulin levels are regulated by insulin 
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secretion from pancreatic b-cells as well as the liver, which plays an important role in mediating 

insulin clearance via the CEACAM1 receptor 265. Increased insulin release from pancreatic b-

cells and impaired hepatic insulin clearance and degradation can lead to an increase in circulating 

insulin 265. Increased insulin promotes SREBP-1 activation to ultimately promote de novo 

lipogenesis. The liver also has high FADS2 gene expression compared to skeletal muscle 23, and 

therefore changes in D6D activity may have a greater influence on liver metabolism compared to 

skeletal muscle.  

5.6   Conclusion 
 

Mice with null D6D activity fed an ALA-rich diet had improved insulin sensitivity and 

decreased body weight compared to their EPA- and DHA-fed counterparts. However, the 

independent effects of ALA consumption did not result in changes in skeletal muscle lipid 

content or protein markers involved in glucose uptake or lipid storage and oxidation. This study 

suggests that a lack of ALA conversion to EPA and DHA may not be detrimental to insulin 

signaling and downstream skeletal muscle metabolic processes in the context of a LFD. 
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Chapter 6: Regulation of adipose tissue lipolysis by ghrelin is 
impaired with high-fat diet feeding and is not restored with exercise 
 
6.1 Abstract 
 

Ghrelin is released from the stomach as an anticipatory signal prior to a meal and 

decreases immediately after. Previous research has shown that both acylated (AG) and 

unacylated (UnAG) ghrelin blunt adrenoreceptor-stimulated lipolysis in rat white adipose tissue 

(WAT) ex vivo. We investigated whether acute or chronic consumption of a high fat diet (HFD) 

impaired the ability of ghrelin to regulate adipose tissue lipolysis, and if this impairment could be 

restored with exercise. After 5 days (5d) of a HFD, or 6 weeks (6w) of a HFD (60% kcal from 

fat) with or without exercise training, inguinal and retroperitoneal WAT was collected from 

anesthetized rats for adipose tissue organ culture. Samples were treated with 1 µM CL 316,243 

(CL; lipolytic control), 1 µM CL+150 ng/ml AG or 1 µM CL+150 ng/ml UnAG. Incubation 

media and tissue were collected after 2 hours. Colorimetric assays were used to determine 

glycerol and free fatty acid (FFA) concentrations in media. Western blots were used to quantify 

the protein content of lipolytic enzymes and ghrelin receptors in both depots. CL stimulated 

lipolysis was evidenced by increases in glycerol (p<0.0001) and FFA (p<0.0001) concentrations 

in media compared to control. AG decreased CL-stimulated glycerol release in inguinal WAT 

from 5d LFD rats (p=0.0097). Neither AG nor UnAG blunted lipolysis in adipose tissue from 5d 

or 6w HFD-fed rats, and exercise did not restore ghrelin’s anti-lipolytic ability in 6w HFD-fed 

rats. Overall, this study demonstrates that HFD consumption impairs ghrelin’s ability to regulate 

adipose tissue lipolysis.  
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6.2   Introduction 
 

Ghrelin is classically known as an appetite-regulating hormone 266. It is produced in the 

stomach and released as an anticipatory signal prior to a meal and decreases immediately after. 

Recent studies expanded upon the classical role of ghrelin to demonstrate its regulatory effects 

on peripheral tissue (e.g. white adipose tissue, muscle) carbohydrate and lipid metabolism  99,152–

155,267. Ex vivo, ghrelin has been shown to blunt b adrenoreceptor-stimulated lipolysis in 

adipocytes 147, and in rat subcutaneous and visceral white adipose tissue (WAT) via the 

suppression of hormone-sensitive lipase activity (HSL) 99, a major enzyme regulating 

triglyceride hydrolysis. Although the acylated isoform of ghrelin (AG) is typically considered to 

be metabolically active, we have shown previously that the unacylated isoform of ghrelin 

(UnAG) has a greater role in the regulation of CL-stimulated lipolysis in WAT 99. Both AG and 

UnAG blunt adrenergic-stimulated lipolysis and fatty acid reesterification in cultured adipose 

tissue of chow-fed rats 99 and ghrelin’s anti-lipolytic effect has also been observed in muscle 151. 

Thus, ghrelin may be decreasing lipolysis in preparation for the upcoming storage of fatty acids 

following a meal (by inhibiting HSL), while simultaneously maintaining circulating fatty acid 

levels (by inhibiting WAT reesterification) to spare blood glucose.  

To date, the specific regulatory role of ghrelin in WAT metabolism following high-fat 

feeding has not been studied.  In response to high-fat diet (HFD) consumption, many tissues 

show altered membrane structure and an impaired response to many hormones (insulin, leptin, 

adiponectin) involved in the regulation of substrate metabolism. Given ghrelin’s role in 

regulating WAT lipolysis, we hypothesized that a HFD could contribute to the development of 

WAT resistance to ghrelin. Such resistance could result in impaired control of lipolysis and 

increased circulating fatty acids prior to a meal.  However, it is unknown whether the 
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consumption of a HFD can alter the ability of WAT to respond to ghrelin. Previous work in our 

lab using rats has demonstrated that ghrelin no longer stimulates oxidation in muscle to protect 

that tissue from fatty acid-induced impairments in insulin signaling following chronic HFD 

consumption 153. This strongly suggests that HFD may cause ghrelin resistance in muscle. 

Whether this is true in adipose tissue needs to be determined and is the focus of the current 

study.  

Therefore, the purpose of this study was to investigate the role of both ghrelin isoforms 

(AG and UnAG) in mediating WAT lipolysis and fatty acid reesterification following acute and 

chronic high-fat feeding using an adipose tissue organ culture (ATOC) model. In addition, we 

also implemented an exercise training condition, as chronic exercise training is known to prevent 

or reduce the resistance to numerous hormones induced by a HFD 191,268. Further, exercise 

training has been documented to improve the control of basal lipolysis and release of circulating 

FFA in obese individuals 174. We hypothesized that both acute (5 days, 5d) and chronic (6 weeks, 

6w) consumption of a HFD would blunt the response of WAT to ghrelin, resulting in impaired 

suppression of b adrenoreceptor-stimulated lipolysis. Furthermore, we hypothesized that WAT 

response to ghrelin would be restored in chronic HFD fed rats with the implementation of a 4-

week exercise training protocol.  

6.2   Materials and Methods 
 
6.2.1 Animal housing, experimental diets and tissue collection  
 

Animal experimental procedures were approved by the Animal Care Committee at the 

University of Guelph (Animal Utilization Protocol #4121). Male Sprague-Dawley rats (6-7 

weeks of age, weighing 150-175 g for 5-day experiments; 4-5 weeks of age, weighing 75-100 g 

for 6-week experiments) were obtained from Charles Rivers Laboratories. Rats were housed at 
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22-24 °C in groups of 3-4 in cages with a 12-h:12-h dark:light cycle and fed ad libitum for either 

5 days (5d) or 6 weeks (6w) a low-fat diet (LFD; 10% kcal from fat; D12450J, Research Diets) 

or high-fat diet (HFD; 60% kcal from fat; D12492, Research Diets). Composition of diets is 

indicated in Table 6.1. Body weight and food intake were measured weekly. As the aim of this 

study was to investigate WAT lipolytic response to ghrelin in the context of metabolic 

impairment, the 60% HFD was used to rapidly elicit metabolic perturbations following 5d or 6w 

of experimental diet (ie., increased adiposity, decreased glucose tolerance). At 5d or 6w, rats 

were anesthetized by intraperitoneal injection of 6 mg sodium pentobarbital/100 g body weight 

prior to collection of subcutaneous inguinal white adipose tissue (iWAT) and visceral 

retroperitoneal adipose tissue (RP).  
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Table 6.1. Composition of experimental dietsa.  
 

a Composition of experimental diets, provided by the manufacturer Research Diets Inc., New Brunswick, NJ, USA). 
 
6.2.2 Exercise protocol 
 

A subset of rats receiving a HFD for 6 weeks began an exercise training protocol after 2 

weeks of HFD consumption (EX experimental group). The objective of the exercise training 

protocol in this study was to investigate if HFD-induced metabolic impairments could be 

rescued. Starting the exercise protocol 2 weeks after HFD consumption provided sufficient time 

Formulation 
Class  
Description 

Ingredients D1245-J 
Rodent diet with 
10% kcal fat 

D12492 
Rodent diet 
with 60% kcal 
fat 

Grams (g) Grams 
(g) 

Protein Casein, Lactic, 30 Mesh 200.00 200.00 

Cystine, L 3.00 3.00 
Carbohydrate Starch, Corn 506.20 - 

Lodes 10 - 125.00 
Sucrose, Fine Granulated 72.80 72.80 

Fiber Solka Floc, FCC200 50.00 50.00 
Fat Soybean Oil, USP 25.00 25.00 

Lard 20.00 245.00 
Mineral S10026B 50.00 50.00 
Vitamin Choline Bitartrate 2.00 2.00 
 V10001C 1.00 1.00 
Dye Dye, Yellow FD&C #5, 

Alum. Lake 35-42% 
0.04 - 

Dye, Blue FD&C #1, Alum. 
Lake 35-42% 

0.01 0.05 

Total   1055.05 773.85 
Caloric Information: Physiological Fuel Values (% kcal) 

    
Protein 20 20 
Fat 10 60 
Carbohydrate 70 20 
Energy Density 3.82 kcal/g 5.21 kcal/g 
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to induce impairments in both adipose tissue and skeletal muscle, as animal studies have shown 

that skeletal muscle insulin resistance takes 10-14 days to develop in response to a HFD 

compared to adipose tissue, which takes only 3-7 days 43,269. Therefore, exercise was used as a 

potential therapeutic strategy rather than as a preventative measure. The exercise protocol 

continued for the remaining 4 weeks of the HFD. Rats were acclimatized to the treadmill prior to 

the start of the protocol for 3 days by spending 5, 10 and 15 minutes on a treadmill. The protocol 

increased in intensity every week. In week 1, rats ran at a speed of 10 m/min for 1 hour at a 0% 

incline. For week 2, rats trained at a speed of 15 m/min at a 5% incline for 1 hour; in week 3, the 

speed was maintained at 15 m/min for 1 hour at a 10% incline, interspersed with 5 maximum 

effort intermittent sprints/day. In week 4, rats ran at a speed of 20 m/min for 1 hour at a 10% 

incline with 5 intermittent maximum effort sprints/day. Rats were monitored throughout the 

entire exercise period. Gentle prodding with test tube brushes was used to encourage rats to 

maintain their pace over 1 hour. Rats that did not respond to prodding with test tube brushes 

were allowed to rest for ~10 minutes, before running again for a total of 1 hour of training/day. 

This is similar to previous training protocols used in our lab 270,271. These protocols were used to 

Rats were trained by A. Lovell and E. Hoecht.  

6.2.3 Glucose tolerance test protocol in 6wk-fed rats 
 

During the 5th week of diet, an IPGTT was performed on overnight fasted rats. Fasting 

blood glucose (t=0 min) was measured via tail vein using a FreeStyle Lite glucometer before rats 

were injected intraperitoneally with 2.0 g/kg body weight glucose solution. Subsequent blood 

glucose measurements were taken at t=15, 30, 45, 60, and 120 min following injection.  
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6.2.4 Ex vivo lipolysis and signaling 
 

Both iWAT and RP (~350 mg) were collected from rats under anesthesia for ATOC 

experiments. Tissue samples were minced and placed into warmed (37 °C) and gassed (95% O2, 

5% CO2) M199 media supplemented with 5 mM glucose, 1% antibiotic/antimycotic, 50 uU 

insulin and 2.5 nM dexamethasone. Some rats, particularly in the short-term diet portion of the 

study, did not have enough WAT for all ATOC treatments. In these instances, WAT samples 

from two rats were pooled to have sufficient quantities available for all treatments. After 24 h of 

incubation, media was removed, and fresh media added to the ATOC samples. During this 

second 24 h incubation, the following treatments were added to the samples: control (CON), 

lipolytic stimulus (1 µM CL316,243; CL), lipolytic stimulus plus acylated ghrelin (1 µM 

CL+150 ng/ml AG), lipolytic stimulus plus unacylated ghrelin (1 µM CL+150 ng/ml UnAG). 

Concentrations of CL and AG/UnAG were identical to that previously used in our lab99. While 

the ghrelin concentration is higher than normal physiological levels, it elicits detectable effects in 

tissue based on previous dose-response work 147. After 2 h of treatment, sampled media and 

WAT were snap frozen in liquid nitrogen and stored at -80 °C until analysis.  

An ex vivo model was chosen to eliminate the confounding variable of growth hormone, 

as in vivo injections of ghrelin increase growth hormone secretion to ultimately increase 

lipolysis. Previous work in our lab investigated the effect of CL, CL+AG and CL+UnAG (1 

mg/kg) intraperitoneal injections 99. CL injections in rats increased lipolysis after 30 mins, 

demonstrated by a 2-fold increase in circulating glycerol and free fatty acids 99. However, AG 

and UnAG were unable to blunt lipolysis in vivo, in contrast to what has been shown in ex vivo 

experiments 99,147. Therefore, an ex vivo model is necessary to elucidate the specific effects of 

ghrelin on lipolytic response in WAT.  
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6.2.5 Glycerol quantification         

 As an index of lipolysis, glycerol content of the ATOC media was quantified using a 

sensitive glycerol assay kit (cat. nos. G7793, F6428, Sigma Aldrich; mean %CV=7.35). 

6.2.6 FFA quantification         

 FFA content in ATOC media was quantified using a FFA assay (comprised of the 

following components: cat. nos. 995-34791, 993-35191, 999-34691, 991-34891, 276-76491, 

Wako Diagnostics; mean %CV=3.3). In conjunction with the glycerol measurement, this was 

used to calculate primary fatty acid reesterification in WAT as follows: (3 × glycerol release into 

media) - measured fatty acid release 272. 

6.2.7 Protein quantification and Western blot analysis 
 

 WAT samples were homogenized in cell lysis buffer supplemented with 

phenylmethylsulfonyl fluoride (Roche) and protease inhibitor cocktail (Sigma Aldrich). Soleus 

muscle samples were collected and homogenized to analyze COXIV protein content to confirm a 

positive training effect. Samples were homogenized for 2 minutes and centrifuged at 4°C at 1500 

rcf. Supernatant was collected and protein concentration was determined using bicinchoninic 

acid (Thermo Scientific). Protein samples were prepared with Laemmli sample buffer (Bio-Rad 

Laboratories, Inc.) and β-mercaptoethanol (Sigma Aldrich) to achieve a final concentration of 1 

ug/ul. Protein was loaded and separated using a 10% SDS-PAGE gel, then transferred to a 

nitrocellulose membrane (Bio-Rad Laboratories Inc.) and blocked in 5% non-fat milk in Tris-

buffered saline with Tween (TBST) for 1 h. Membranes were incubated at 4 °C overnight in 

primary antibodies (1:1000 dilution): total HSL (cat. no. 4107, Cell Signaling Technology), 

phospho-HSL Ser 660 (cat. no. PA5-64494, Invitrogen), phospho-HSL Ser 565 (cat. no 4137, 

Cell Signaling Technology), CRFR-2 (cat. no. ab104368, Abcam), GHS-R1 (cat. no. sc-374515, 
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Cell Signaling Technology), and COXIV (cat. no. ab16056, Abcam). Membranes were washed 

with TBST and incubated in either goat anti-mouse or anti-rabbit horseradish-peroxidase-

conjugated secondary antibody (1:2000 dilution) in 5% non-fat milk in TBST for 2 h. Protein 

bands were imaged using ECL (Perkin Elmer) and Alpha Innotech software. All protein content 

was normalized to Ponceau S staining. 

6.2.8 Statistics 
 

Statistical analyses were conducted using GraphPad Prism 8 software (GraphPad 

Software Incorporated). Body weight, weekly food intake and IPGTT data were analyzed using a 

repeated measures two-way ANOVA test followed by a Tukey post-hoc test. IPGTT AUC was 

quantified by calculating peak area above baseline blood glucose concentration (mmol/L) at t=0 

mins for each animal. Adipose tissue depot weights and total food intake were analyzed using a 

student’s t-test. A repeated-measures, one-way ANOVA using a Greenhouse-Geisser correction 

to adjust for lack of sphericity, followed by a Tukey post-hoc test, was performed for glycerol, 

FFA, fatty acid re-esterification and Western blot data. All values are reported as mean ± 

standard error mean.  A p < 0.05 was considered statistically significant for all analyses.  

6.3   Results 
 
6.3.1 Effect of 5d and 6w HFD on body weight, adiposity and caloric intake 
 
 Body weight did not significantly differ between 5d LFD and HFD rats (Table 6.2), 

although caloric intake was significantly increased with the HFD (p<0.0001; Table 6.2). A 5d 

HFD significantly increased iWAT (p=0.0305) and RP (p=0.0110) adipose depot weights (Table 

6.2).  

Rats fed a 6w HFD had significantly increased body weight compared to rats fed a 6w 

LFD (p=0.0075), but not 6w HFD-fed rats undergoing a 4-week exercise training intervention 
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(EX) (Figure 6.1A). Total caloric intake was significantly greater in the 6w HFD group (p<0.05) 

compared to both 6w LFD and 6w EX groups (Figure 6.1B). A 6w HFD significantly increased 

(p<0.05) iWAT and RP depot weights compared to 6w LFD-fed rats (Figures 6.1C and 6.1D). 

A 4-week exercise training intervention resulted in decreased iWAT depot weight compared to 

rats fed a 6w HFD (p=0.0057; Figure 6.1C). To confirm a positive training response, muscle 

subunit IV of cytochrome c oxidase (COXIV) protein content was assessed. COXIV is a 

biomarker of increased mitochondrial oxidative phosphorylation in skeletal muscle, and gene 

expression is increased in as little of 15 days of training in rats. We measured protein content to 

ensure there was a functional outcome rather than an increase in gene expression, which may not 

translate to changes in protein content 273. Trained rats (2.04 A.U. ± 0.29 S.E.M.) exhibited a 

104% increase in COXIV relative to LFD-fed sedentary rats (1.0 ± 0.17; p=0.006) and a 63% 

increase in COXIV relative to HFD-fed sedentary rats (1.25 ± 0.13; p=0.04).  

Table 6.2. Body weight, caloric intake, iWAT and RP depot weights in rats fed either a low-fat (LFD) or high-
fat diet (HFD) for 5 days (5d)a.  
 

 LFD HFD p-value 
Initial body weight (g) 151.9±2.8 151.2±1.9 p=0.9969 
Final body weight (g) 229.7±3.2 239.0±4.0 p=0.1031 
Total caloric intake 
(kcal) 

324.4±1.3 439.6±11.8 p<0.0001 

iWAT depot weight (g) 2.3±0.2 3.15±0.40 p=0.0305 
RP depot weight (g) 1.0±0.1 1.42±0.15 p=0.0110 

a Bonferroni post hoc testing showed a significant increase (p<0.05) in caloric intake, and iWAT and RP depot 
weight in HFD-fed compared to LFD-fed rats. All data are presented as mean ± S.E.M.  (n=11-12 rats/groups).    
 

6.3.2 Effect of 6w HFD on whole-body glucose tolerance 
 

6w HFD-fed rats had significantly higher blood glucose levels compared to 6w LFD-fed 

rats at 30 (p=0.0152), 45 (p=0.0485) and 120 (p=0.0228) minutes (Figure 6.1E) during the 

intraperitoneal glucose tolerance test (IPGTT). There was a trend towards an increase in the area 
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under the curve (AUC) during the IPGTT in rats fed a 6w HFD compared to a 6w LFD 

(p=0.0605, Figure 6.1F), demonstrating a decrease in glucose tolerance.  

 

 

Figure 6.1.  Body weight (Figure 1A), caloric intake (Figure 1B), iWAT and RP depot weights (Figures 1C-D) 
and blood glucose measurements (Figures 1E-F) in rats fed either a low-fat (LFD), or high-fat diet with (EX) 
and without (HFD) a 4-week exercise intervention. Bonferroni post hoc testing showed a significant increase in 
body weight in HFD-fed compared to LFD-fed rats. Asterisks (*) denote significant differences between treatment 
groups (p<0.05).  Data are presented as mean ± S.E.M.  (n=8-10 rats/group). Blood glucose was measured after an 
overnight (~8-10 h fast), before intraperitoneal injection of glucose and at 15, 30, 45, 60, 90, and 120 minutes post-
injection. Bonferroni post hoc testing showed a significant difference in blood glucose between LFD and HFD at 30, 
45, and 120 minutes post-injection, as indicated by asterisks. No significant difference was observed between EX 
and LFD or HFD groups. The AUC was analyzed using an unpaired t-test. Data are presented as mean±S.E.M. (n=4-
6 rats/group). 
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6.3.4 Ghrelin blunts CL-induced lipolysis in iWAT in 5d LFD, but not HFD rats 
 

Ex vivo in iWAT from 5d LFD-fed rats, CL significantly increased glycerol (Figure 2A; 

p<0.0001) and FFA release (Figure 6.2B; p<0.0001) compared to CON. AG decreased CL-

stimulated glycerol (Figure 2A; p=0.0097) release (Figure 6.2B; p=0.0111). In RP, CL 

significantly increased glycerol (Figure 2A; p=0.0030) and FFA release (Figure 6.2B; p=0.0005) 

compared to CON, but neither AG nor UnAG decreased CL-stimulated glycerol or FFA release 

(Figures 6.2A and 6.2B). In 5d HFD-fed rats, CL significantly increased glycerol (Figure 2A; 

p<0.0001) and FFA release (Figure 6.2B; p<0.0001) in both iWAT and RP. However, neither 

AG nor UnAG were able to decrease CL-stimulated glycerol or FFA release (Figures 6.2A and 

6.2B).  

In iWAT, CL significantly increased fatty acid reesterification in both 5d LFD-fed 

(p=0.0009) and HFD-fed rats (p=0.0003) compared to CON, but neither AG nor UnAG altered 

CL-stimulated fatty acid reesterification compared to CON (Figure 6.2C). In RP, there was no 

CL-stimulated increase in fatty acid reesterification in either 5d LFD-fed or HFD-fed rats 

(Figure 6.2C)  
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Figure 6.2. Ex vivo effects of CL, CL+AG and CL+UnAG compared to CON on glycerol release (Figure 
6.2A), fatty acid release (Figure 6.2B) and reesterification (Figure 6.2C) in both iWAT and RP after 5D of 
diet. Repeated measures one-way ANOVA showed significant differences in phosphorylation of HSL in treatments 
compared to CON. Superscript letters denote significant differences between treatment groups (p<0.05). All data are 
presented as mean±S.E.M (n=6-10 rats/group). 
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6.3.5 Ghrelin does not blunt lipolysis in iWAT or RP AT from 6w LFD and HFD rats 
 

Also ex vivo, in iWAT and RP from 6w LFD-fed, HFD-fed and EX rats, CL significantly 

increased glycerol (Figure 6.3A; p<0.05) and FFA release (Figure 6.3B; p<0.05) compared to 

CON. Both AG and UnAG failed to decrease CL-stimulated glycerol and FFA release in all 

groups (Figures 6.3A and 6.3B).  

In all 6w experimental groups, CL significantly increased fatty acid reesterification 

(p<0.0001) compared to CON, but neither AG nor UnAG blunted CL-stimulated fatty acid 

reesterification compared to CON (Figure 6.3C), with the exception of RP from 6w EX rats, 

which did not show any significant CL-stimulated changes in reesterification (Figure 6.3C).  
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Figure 6.3. Ex vivo effects of CL, CL+AG and CL+UnAG compared to CON on glycerol release (Figure 3A), 
fatty acid release (Figure 3B) and reesterification (Figure 3C) in both iWAT and RP after 6 weeks of diet. 
Repeated measures one-way ANOVA showed significant differences in phosphorylation of HSL in treatments 
compared to CON. Superscript letters denote significant differences between treatment groups (p<0.05). All data are 
presented as mean±S.E.M (n=7-10 rats/group). 
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6.3.6 Ghrelin does not blunt CL-stimulated HSL phosphorylation in iWAT or RP AT in 5d or 6w 

experimental groups 

In iWAT and RP from 5d LFD-fed and HFD-fed rats, there were no ex vivo differences 

with CL or CL+ghrelin treatments compared to the control group in the phosphorylation of HSL 

at activating residue Ser660 or inhibitory residue Ser565 (Figures 6.4A and 6.4B). After 6w, there 

were no differences in the phosphorylation of HSL at the Ser660 or Ser565 residues in any 

treatments compared to the control group in either iWAT or RP depots from LFD-fed, HFD-fed 

and EX groups (Figures 6.5A and 6.5B). 



 
 

104 
 

 

Figure 6.4. Ex vivo effects of CL, CL+AG and CL+UnAG compared to CON on phosphorylated HSL/total 
HSL in iWAT of 5d groups. Repeated measures one-way ANOVA did not show significant differences in 
phosphorylation of HSL in treatments compared to CON. Representative Western blots for all proteins are provided. 
All data are presented as mean arbitrary units (AU)±S.E.M (n=8-9 rats/group). 
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Figure 6.5. Ex vivo effects of CL, CL+AG and CL+UnAG compared to CON on phosphorylated HSL/total 
HSL in iWAT of 6w groups. Repeated measures one-way ANOVA showed no significant differences in 
phosphorylation of HSL in treatments compared to CON. Representative Western blots for all proteins are provided. 
All data are presented as mean arbitrary units (AU)±S.E.M (n=4-5 rats/group). 
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6.3.7 Ghrelin receptor expression in AT following HFD and exercise training  
 

The main ghrelin receptor is GHS-R1 144; however, a previous report suggested that 

ghrelin may exert some effects in skeletal muscle through CRFR-2 149. Therefore, we examined 

the expression of both receptors in WAT. There were no significant differences in CRFR-2 

expression in iWAT or RP from HFD-fed rats compared to LFD-fed after 5d (Figure 6.6A). 

Following 5d of a HFD, GHS-R1 expression in iWAT was significantly decreased (p=0.0041) 

compared to a LFD (Figure 6.6A).  

 A 6w HFD did not increase ghrelin receptor expression in rats compared to a 6w LFD 

(Figure 6.6B). Following a 4-week exercise intervention, GHS-R1 expression was significantly 

increased in iWAT compared to LFD-fed (p=0.0101) and HFD-fed (p=0.0315) rats (Figure 

6.6B), and RP AT (Figure 6.6B) compared to LFD-fed rats (p=0.0041). There were no 

significant differences in CRFR-2 expression in iWAT or RP (Figure 6.6B). 
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Figure 6.6. Protein content of ghrelin receptors CRFR-2 and GHS-R1 in iWAT of 5d groups (Figure 
6A) and 6w groups (Figure 6B). Protein content was analyzed using an unpaired t-test. Superscript letters 
denote significant differences between treatment groups (p<0.05). Representative Western blots for all 
proteins are provided. All data are presented as mean arbitrary units (AU)±S.E.M (n=10-12 rats/group). 
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Ghrelin, a hormone that spikes before mealtime and decreases immediately after, has 

previously been shown to directly blunt beta-stimulated lipolysis in WAT, likely as a mechanism 

to decrease fatty acid mobilization prior to the consumption of meals. As little as 3-7 days of 

HFD feeding can impair substrate handling in WAT 43,269; therefore, we hypothesized that a 
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long-term effects of HFD consumption on ghrelin, we hypothesized that impaired ghrelin 

regulation of lipolysis could be restored with an exercise intervention. In the current study, the 

ability of ghrelin to blunt CL-stimulated lipolysis in iWAT ex vivo was lost with 5d of a HFD 

compared to a LFD as hypothesized. However, ghrelin’s ability to modulate lipolysis was not 

due to changes in HSL phosphorylation. Additionally, exercise failed to restore the ability of 

ghrelin to regulate lipolysis in iWAT. Our findings suggest that ghrelin’s ability to modulate 

WAT lipolysis is rapidly lost with short-term HFD consumption. Following 6 weeks of a HFD 

(with or without exercise), ghrelin did not have any effects on regulating WAT lipolysis.  

6.4.2 Ex vivo model eliminates confounding variables   
 

Studies investigating the role of ghrelin on WAT lipolysis show contradicting results 

across different models. Ex vivo, ghrelin has been shown to blunt b adrenoreceptor-stimulated 

lipolysis in adipocytes 147, and in rat subcutaneous and visceral WAT 99 via the suppression of 

HSL, a major rate-limiting enzyme controlling triglyceride hydrolysis. Interestingly, these same 

effects were not observed in vivo following ghrelin infusion 99,154,155, highlighting the difficulty 

in assessing ghrelin’s independent metabolic effects in vivo due to confounding factors. 

Specifically, ghrelin is a potent stimulator for growth hormone (GH) secretion 144, which may 

inhibit insulin release and thereby allow lipolysis to occur relatively unimpeded. Furthermore, 

GH has been shown to promote lipolysis in WAT directly by activating HSL. Therefore, it is 

difficult to untangle the effects of ghrelin in a more physiologically relevant in vivo model 

compared to our ex vivo work.  

6.4.3 CL is an appropriate b -adrenergic receptor agonist to evaluate WAT lipolysis 
 

We also chose CL as a b-adrenergic agonist rather than other pharmacological agents 

such as isoproterenol or physiological agents such as epinephrine. Although both CL and 
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isoproterenol are both potent stimulators of b3-adrenergic receptor activity compared to 

epinephrine 274,275, CL is a highly selective b3-adrenergic receptor agonist with a more potent 

response 275,276, whereas isoproterenol is a non-selective b-adrenergic receptor agonist 275,277. In 

rodents, b1, 2, and 3 subtypes are all expressed in white adipocytes, but contribute to different 

functions. Activation of the b3-adrenergic receptor promotes lipolysis in rodents 262. Therefore, 

the use of CL as a b-adrenergic agonist is appropriate for experiments investigating WAT 

lipolysis. Physiological agents such as epinephrine are less potent and specific compared to CL, 

as epinephrine stimulates both a- and b-adrenergic receptors 262. Additionally, the effect of 

epinephrine is not specific to adipose tissue and causes other physiological effects just as 

vasoconstriction and vasodilation 278. Importantly, a previous study in our lab used CL injections 

in rats to stimulate WAT lipolysis in vivo via b3-receptors and to stimulate WAT lipolysis ex vivo 

99, and therefore it was also important to keep our use of b-adrenergic agonist consistent to build 

on previous experiments in the lab.  

 
6.4.4 Short-term HFD consumption impairs ghrelin’s ability to blunt glycerol release from iWAT 
 

Both AG and UnAG have been shown to reduce b-adrenergic stimulated lipolysis ex vivo 

in isolated adipocytes 147, and in cultured subcutaneous and visceral WAT explants in previous 

work published by our lab 99. Although the acylated form of ghrelin is traditionally considered to 

be the more metabolically active form, we have shown previously that the unacylated form of 

ghrelin plays an active role in blunting CL-stimulated glycerol release in RP via changes in HSL 

phosphorylation, but not ATGL, another lipolytic enzyme 99. The present study demonstrated 

that AG had a greater effect on blunting CL-stimulated iWAT lipolysis ex vivo than UnAG 

(which also appeared to decrease lipolysis but did not reach significance), and ghrelin’s anti-
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lipolytic effect was lost with 5d of consuming a HFD. We chose to analyze ghrelin’s effects on 

modulating lipolysis after 5d of HFD-feeding, as studies investigating the timing of WAT insulin 

resistance have shown that WAT insulin response is lost in as little as 3-7 days 43,269. Although 

our endpoint represents a “middle ground” in terms of timing of insulin resistance, we 

acknowledge that ghrelin resistance may have occurred earlier than 5d in iWAT in these animals. 

In fact, human research has shown an impaired post-prandial decline in ghrelin after a single 

high-fat, but not high-carbohydrate meal 167. Elucidating the exact timepoint at which WAT 

ghrelin resistance occur is beyond the scope of this study, and may differ with different dietary 

fat content, age and size of animals. Despite changes in adipose tissue HSL phosphorylation 

status in a previous study 99, the present study did not show differences in HSL phosphorylation 

that could explain differences seen in glycerol and FFA release with ghrelin treatment. As we 

only measured HSL phosphorylation after 2 hours of CL treatment, it is possible that we missed 

earlier transient changes in HSL phosphorylation in adipose tissue samples and were able to only 

see functional changes in glycerol and FFA release in the media. Future work could sample 

media at various time points prior to 2 hours post-treatment and measure HSL phosphorylation 

as well as upstream ERK activation, which phosphorylates HSL to stimulate lipolysis 279 , over 

the course of the treatment. The cell lysis buffer used to homogenize adipose tissue samples 

contains a phosphatase inhibitor to prevent dephosphorylation of proteins, but perhaps future 

experiments can utilize an additional phosphatase inhibitor in the buffer to ensure that HSL is not 

dephosphorylated during sample preparation. In accordance with our data, the protein content of 

the ghrelin receptor growth hormone secretagogue receptor type 1a GHS-R1a was decreased in 

iWAT of HFD-fed compared to LFD-fed rats. Ghrelin receptors (GHS-R1a) have been measured 

in pancreatic islet cells 280, and both isoforms of ghrelin play a role in the regulation of pancreatic 
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b-cell insulin release 281, which has a strong effect on suppressing WAT lipolysis 282. It is 

plausible that ghrelin also acts via receptors in WAT to directly modulate lipolysis. A recent 

study demonstrated that adipose tissue-specific deletion of GHS-R protected against HFD-

induced insulin resistance as well as inflammation and fibrosis in adipose tissue, further 

supporting the hypothesis that ghrelin exerts its effects in adipose tissue via GHS-R 283. To our 

knowledge, this study is the first to investigate the direct response of WAT lipolysis to ghrelin 

treatment in rats fed a HFD. Previous work has focused only on ghrelin secretion after high-fat 

meal consumption in humans, showing that consuming 1 or 2 high-fat meals may 284 or may not 

285 impair ghrelin’s appetite regulating effects.   

Unlike previous work in our lab using adipose tissue 99, ghrelin treatment did not blunt b-

adrenergic stimulated lipolysis in the RP AT depot. However, this previous study used a standard 

chow diet (24% kcal protein, 18% kcal fat, 58% kcal from carbohydrate), while rats used in the 

current study were fed a LFD with approximately 7% kcal coming from added sucrose (20% 

kcal protein, 10% kcal fat, 70% kcal carbohydrate). One study suggested that sensitivity to 

ghrelin is circulating ghrelin is decreased with sucrose consumption, as diets high in fat and 

sucrose were found to decrease fasting serum ghrelin, which is typically increased to stimulate 

appetite, but this did not have an effect on food consumption 286. It is not yet known how dietary 

macronutrient composition, such as the addition of sucrose, can affect ghrelin regulation of 

metabolism. 

6.4.5 Ghrelin’s ability to blunt iWAT glycerol release is lost with age/size, regardless of diet  
 
 Although we initially hypothesized that consumption of a HFD (short or long term) 

would impair ghrelin’s ability to blunt b-adrenergic stimulated lipolysis in WAT, we were 

surprised to observe that ghrelin’s anti-lipolytic effects in iWAT in rats fed a LFD for 6w was 
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also lost. However, the rats in the 6w LFD group weigh more and were older than the rats in the 

5d LFD group. Changes in the role of ghrelin with increased age has not yet been established and 

in the present study we simply cannot disentangle the effects of age and body/tissue weight. 

Ghrelin KO mice have demonstrated resistance to aging-related increases in fat mass and weight 

gain 287. In humans, plasma levels of acylated ghrelin have been shown to decline with age even 

in healthy adults 288, although this past study did not investigate potential changes in ghrelin 

function. It is plausible that a gradual decline of ghrelin levels with healthy weight gain or age 

may result in the loss of some of ghrelin’s functions, including the ability to modulate WAT 

lipolysis. Future studies could explore the timing at which the regulatory effects of ghrelin on 

lipolysis are lost. We also investigated ghrelin’s ability to modulate reesterification. Although 

CL significantly increased FFA reesterification in all depots, ghrelin did not increase or decrease 

calculated reesterification. Although counterintuitive, it has been consistently observed that 50-

70% of FFA are reesterified back into TAG 121–124. It is currently unknown why this occurs, but 

one study shows evidence for selective fatty acid re-uptake of less polar FFA 289. Only a single 

study in our own lab has previously measured ghrelin’s effect on FFA reesterification, which 

found that although AG blunted lipolysis, FFA concentration in the media was maintained 99. 

This aligns with what was observed in the current study in iWAT and suggests that AG may 

have an inhibitory effect on FFA reesterification. However, without further experiments, such as 

measuring FFA reesterification using radiolabelled tracers, it is difficult to eludicate ghrelin’s 

ability to regulate reesterification.  

6.4.6 Exercise does not restore ghrelin’s ability to blunt iWAT glycerol release  
 

Results of studies exploring the effects of exercise training on basal and stimulated 

lipolysis in adipocytes isolated from humans are equivocal, as lower, no change, or higher basal 
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lipolysis have been reported following exercise intervention compared to sedentary controls 

174,290–293. Whether ghrelin plays a role in potential exercise-stimulated changes in lipolysis is 

unknown. Some studies show an association between long-term exercise training and increased 

ghrelin levels when there is weight loss in human subjects 188 and rats 189, and no changes in 

ghrelin levels in normal-weight subjects 190, suggesting that regulation of ghrelin levels is 

dependent more on body weight than exercise. In a study by Mifune et al 189, HFD-fed rats had 

decreased serum ghrelin compared to chow-fed rats, which was restored to normal levels with 

voluntary wheel running; however, the study was not mechanistic in nature and did not explore 

ghrelin regulation of WAT metabolism. In our study, a 4-week exercise training intervention 

increased adipose tissue GHSR-1a content compared to the 6w HFD-fed group with no exercise. 

However, regardless of this increase in ghrelin receptor content, we found no evidence that 

exercise training restored ghrelin’s antilipolytic effect in WAT.  It is well established that 

exercise protects muscle from a HFD-induced loss of response to hormones like insulin and 

leptin 174. Exercise acutely induces a stress response in activated muscle, such as increasing 

reactive oxygen species (ROS) production 294, triggering pathways that results in numerous 

physiological adaptations including increased mitochondrial biogenesis 295 and reduced 

inflammatory cytokine production 296. Such effects may potentially protect or restore the 

response of muscle to various hormones. The results of the current study demonstrate that 

although the exercise intervention group had lower WAT depot weights, exercise was not able to 

restore ghrelin’s ability to blunt lipolysis in this tissue. 

6.4.7 Limitations  
 

There are a few factors that could account for discrepancies between previously reported 

results. Since rats are fasted overnight and given food in the morning prior to the experiment, we 
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are not certain when rats last ate as we did not monitor food intake of individual rats at this time. 

This could lead to variability in circulating ghrelin levels, and potentially affect how WAT 

responds to ghrelin exposure ex vivo. There are also regional differences in b-adrenergic receptor 

distribution between, and even within, WAT depots depending on the state of adipocyte 

differentiation 297,298, as well as differences in lipolytic activity between depots 299.  

6.4.8 Conclusions 
 
 Acylated ghrelin blunts CL-induced lipolysis, measured by WAT glycerol release, in 

iWAT from young, small rats fed a LFD for 5d. However, both short-term HFD consumption 

and time (6w, regardless of dietary fat intake) impaired ghrelin’s ability to blunt lipolysis.  

Exercise training did not restore the ability of ghrelin to modulate lipolysis. In this study, the 

observed reduction in lipolysis was not associated with altered phosphorylation of inhibitory or 

activating sites of HSL. These findings are the first to demonstrate the development of ghrelin 

resistance in WAT, and furthermore, that this cannot be rescued by chronic exercise. Future 

studies are required to elucidate in greater detail the signaling mechanisms by which ghrelin 

modulates adipocyte lipolysis, and particularly in the context of different lifestyle interventions 

like diet or exercise.  
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Chapter 7: Integrative Discussion 
 

In North America, increased energy intake is a major contributing factor to the 

development of obesity and metabolic diseases such as Type 2 diabetes (T2D). In response to 

HFD consumption, adipose tissue insulin resistance can develop in as little as 3-7 days 91,269, 

followed by systemic hyperglycemia and decreased insulin response in other peripheral tissues 

like skeletal muscle 300. There is evidence that both n-3 PUFA and ghrelin contribute to the 

regulation of skeletal muscle and adipose tissue metabolism and can be influenced by lifestyle 

modifications such as dietary fat consumption and exercise. This thesis examined the effects of 

D6D activity (and altered ALA conversion to EPA/DHA) and ghrelin on adipose and skeletal 

muscle substrate metabolism, respectively. The studies presented in this thesis further our 

understanding of how diet and exercise modifications can modulate enzyme and hormone 

regulation of peripheral tissue substrate metabolism. As the studies in this thesis were conducted 

in animal models, this discussion will evaluate the translatability of these results to human 

research. This discussion will also propose future research directions to determine the signaling 

pathways by which n-3 PUFA and ghrelin exert their effects in peripheral tissue.    

7.1   D6D activity and skeletal muscle metabolism 
 
 The first two studies in this thesis examined the relationships between D6D, a rate 

limiting enzyme involved in the conversion of ALA to EPA and DHA, various n-3 PUFA, and 

whole-body glucose tolerance and skeletal muscle glucose and lipid metabolism. This represents 

an entirely new area of investigation regarding D6D activity. Specifically, we aimed to 

determine whether changes in D6D activity were able to regulate whole-body metabolic 

measurements, skeletal muscle fatty acid composition and protein markers independently of n-3 

PUFA supplementation in the context of a high fat diet, or if metabolic changes were caused by 
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different n-3 PUFA (ALA vs. EPA and DHA) in the context of a low fat diet. Prior to these 

studies, human studies showed associations between reduced D6D activity, decreased EPA and 

DHA levels, and improvements in insulin signaling and metabolic disease development. 

However, no studies have previously looked at the effects of D6D and subsequent changes in n-3 

PUFA status in skeletal muscle, a key tissue involved in modulating whole-body glucose 

metabolism. Therefore, this thesis investigated potential underlying mechanisms by which D6D 

activity and n-3 PUFA status contribute to changes in skeletal muscle metabolism. We analyzed 

whole-body metabolic measurements, skeletal muscle fatty acid composition and protein 

markers of glucose and lipid metabolism in the context of LFD- or HFD-feeding, and with or 

without the supplementation of specific n-3 PUFA. Mice with reduced D6D activity fed a lard 

diet were partially protected from HFD-induced glucose tolerance, independent of changes in 

dietary n-3 PUFA intake. This was not related to changes in body weight, food intake, whole-

body substrate utilization or energy expenditure, or changes in activity, skeletal muscle fatty acid 

content or markers of glucose or lipid uptake, storage or oxidation. In the first study of this 

thesis, we did not investigate how n-3 PUFA consumption can modulate skeletal muscle 

metabolism using a model of reduced D6D expression. Since reduced D6D activity appeared to 

be partially protective against HFD-induced impairments in whole-body glucose metabolism in 

the first study, the second study in this thesis investigated whether absent D6D function 

influenced whole-body glucose metabolism in LFD-fed mice supplemented with either ALA or 

EPA/DHA. This allowed us to isolate the differential effects of ALA from EPA and DHA (i.e. 

without endogenous conversion to EPA and DHA); something that has not been studied 

previously. Unfortunately, we were unable to include HFD-fed mice in this study, as the 

challenges of breeding mice prevented us from producing more Fads2-/- mice. Although we 
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expected approximately 25% of offspring to be a Fads2-/- genotype when breeding Fads2+/- 

females with Fads2+/-  males based on a previous study reporting Mendelian distribution  of 

offspring23, we saw that Fads2-/- offspring were produced at a much lower frequency. Although 

body weight was decreased and insulin sensitivity was increased in Fads2-/- mice fed ALA 

compared to mice fed EPA and DHA, we did not observe any significant changes in whole-body 

metabolic measurements, skeletal muscle reactive lipid content or markers of glucose uptake, 

lipid storage or substrate oxidation to explain our findings. In summary, these studies suggest 

that reduced or absent conversion of ALA (into EPA and DHA) can cause changes in whole-

body glucose metabolism, but not as a result of changes in skeletal muscle substrate metabolism.  

7.1.1 Relevance to human research 
 

Several studies have shown that EPA and DHA supplementation in humans improves 

insulin sensitivity in both healthy and obese individuals 9,10,41; therefore, we hypothesized that a 

reduction in the ability to endogenously produce EPA and DHA may be detrimental to metabolic 

health. The first thesis study showed that mice with decreased D6D activity (i.e. Fads2+/- 

heterozygous mice) were partially protected from HFD-induced impairments. Further, the second 

thesis study showed that ALA consumption in the absence of D6D activity (i.e. Fads2-/- mice) 

increased insulin sensitivity and decreased weight gain. This second study was conducted only in 

LFD-fed animals, which did not have any diet-induced metabolic impairments per se.  

The consumption of EPA and DHA is lower than 0.1 g/day in over half of adults 18. As 

higher amounts (1.6 g/day) of ALA are consumed by North Americans, the endogenous 

conversion of ALA is an important source of EPA and DHA. There is no adequate intake (AI) 

for EPA and DHA, while the AI for ALA is between 1.1-1.6 g/day with no defined upper limit 

301. However, the endogenous conversion of ALA to EPA and DHA is very low in humans. As 
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discussed in Chapter 1, only 1-9% of ALA is converted into EPA and 1-4% is converted into 

DHA 33. Although the endogenous conversion of ALA to EPA and DHA is low, minor allele 

carriers of SNPs in the FADS2 gene were reported to have decreased estimated D6D activity, 

resulting in increased ALA levels and even lower levels of EPA and DHA compared to major 

allele carriers 192. FADS2 risk alleles have been associated with impaired glucose and lipid 

metabolism 194 and with a higher risk of cardiovascular disease 94, T2D 97 and metabolic 

syndrome 98 in obese individuals. The dietary and metabolic contexts of human studies are 

important, as reduced D6D activity in young, healthy individuals may not cause metabolic 

impairments alone. In one study examining the role of FADS2 polymorphisms on metabolic 

markers such as blood glucose and TAG levels in response to marine n-3 PUFA supplementation 

in young, healthy males between 18-25 years of age with a normal body mass index (BMI), 

minor allele carriers of FADS2 SNPs had greater increased in red blood cell EPA levels during 

supplementation95. However, this did not translate to differences in blood glucose and other 

cardiometabolic markers between genotypes 95. This study showed that dietary consumption of 

EPA and DHA reduces cardiometabolic markers rather than genotype in young, healthy 

population 95. Therefore, decreased D6D activity in humans may only have detrimental effects 

on glucose and lipid metabolism in the context of obesity or T2D as it does not appear to 

contribute to further reductions in blood glucose or TAG levels in healthy individuals. 

Additionally, the mechanisms by which reduced D6D activity can influence whole-body glucose 

tolerance have not been studied in humans. The first thesis study used a Fads2+/- heterozygous 

mouse, which is physiologically relevant to investigate skeletal muscle signaling pathways that 

may underlie the associations between human FADS2 SNPs and markers of metabolic disease 

risk. Our first study was able to examine the impact of reduced D6D activity (without additional 
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n-3 PUFA supplementation) on markers of increased T2D risk, such as whole-body glucose 

tolerance and insulin sensitivity, in mice fed a HFD. The diets used in the study only provided 

~1.4% of total fat intake as ALA, similar to the North American diet which contains about ~1-

1.3% of total fat intake as ALA 301,302. Our results showing that Fads2+/- mice had a modest 

increase in glucose tolerance following HFD consumption do not agree with findings from 

human studies showing an association between FADS2 polymorphisms and increased T2D risk 

97. Our findings are unlikely to be caused by changes in skeletal muscle metabolism, as we did 

not see any differences in skeletal muscle lipid content or protein markers of glucose and lipid 

uptake, storage and oxidation. However, without further mechanistic studies to determine the 

mechanism by which this occurs (discussed below), we are unable to explain this discrepancy 

between our findings and past human studies. 

The second thesis study found that ALA consumption in the absence of D6D activity 

improved insulin sensitivity and prevented weight gain. ALA consumption can still contribute to 

improvements in whole-body metabolic outcomes, although EPA and DHA are more widely 

studied. The few human studies investigating the consumption of ALA or flaxseed oil in short-

term randomized clinical trials reported decreased fasting blood glucose levels and markers 

associated with insulin resistance (e.g. HOMA-IR index, LDL, TAG, and BMI) 303,304 which is in 

agreement with results from animal work 8,48,305–307. However, human studies are unable to 

differentiate between the metabolic effects of ALA compared to EPA and DHA consumption, as 

ALA can be endogenously converted into EPA and DHA. Without ablating ALA conversion to 

EPA and DHA, it is impossible to determine if the beneficial metabolic effects of ALA can be 

attributed to ALA alone, rather than endogenously produced EPA and DHA. While many studies 

have shown that EPA and DHA consumption are associated with decreased risk of 
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cardiometabolic disease 308, a systematic review and meta-analysis found little evidence that 

EPA and DHA consumption are associated with T2D risk specifically in North American cohorts 

compared to Asian cohorts 309. It is also important to note that in healthy humans, EPA and DHA 

supplementation has  been reported to have little effect on glucose metabolism or insulin 

resistance 310–313.  Overall, the metabolic benefits of ALA consumption are under-studied 

compared to EPA and DHA.  

In addition to the present thesis studies and the others highlighted in this Discussion, 

further research is required to elucidate the independent mechanisms by which ALA (without 

secondary effects of downstream conversion into EPA and DHA) can improve insulin sensitivity 

or HFD-induced metabolic impairments. Human research provides some evidence of an 

association between the FADS2 gene, decreased ALA conversion, and metabolic markers of 

disease with obesity or T2D 98,192,194,314. Unfortunately, there is no research to date outside of the 

present studies regarding the specific role of ALA compared to EPA and DHA in the metabolic 

functioning of muscle, particularly in terms of glucose and lipid metabolism.  While we 

acknowledge that human research is important to determine the physiological effects of reduced 

endogenous EPA and DHA production, it is not feasible to investigate the downstream effects in 

peripheral tissue without invasive methods. Therefore, the mouse model used in this thesis is 

valuable to help further our understanding of the independent roles of different n-3 PUFA on 

tissue substrate metabolism. 

7.1.2 Limitations and future directions 
 
 No previous studies have examined the role of D6D in modulating skeletal muscle 

glucose and lipid metabolism. Previous research has focused on the beneficial metabolic effects 

of n-3 PUFA (e.g. improved insulin signaling, glucose uptake etc.) rather than focusing on n-3 
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PUFA conversion regulated by D6D. The findings of the first and second study of this thesis 

represent a new area of investigation of how D6D activity and n-3 PUFA conversion impacts 

skeletal muscle metabolism. However, further research beyond the scope of this thesis is 

required to determine the mechanism by which D6D activity and n-3 PUFA consumption 

modulate weight gain, glucose tolerance and insulin sensitivity. 

The first thesis study investigated reduced D6D activity in the absence of changes in 

dietary n-3 PUFA intake. The heterozygous Fads2+/- mouse model used in the first study is 

physiologically more relevant to human carriers of FADS2 polymorphisms, since SNPs in this 

gene are associated with a reduction in D6D activity rather than the complete ablation of D6D 

activity. However, the Fads2+/- mouse does not allow us to investigate the differential effects of 

ALA compared to EPA and DHA by ablating D6D activity, as low levels of endogenous 

conversion of ALA occurs Fads2+/- mice. Therefore, the homozygous Fads2-/- mouse may be a 

better model to use in future studies to isolate the independent effects of different n-3 PUFA on 

skeletal muscle and whole-body metabolism.  

Western blot analysis of markers of insulin signaling did not reveal differences to support 

the partial protection against HFD-induced glucose intolerance in Fads2+/- mice in the first study, 

or increased insulin sensitivity in Fads2-/- mice fed ALA versus EPA and DHA in the second 

study. However, animals were euthanized, and tissue was collected in non-insulin stimulated 

conditions. In future studies, it would be valuable to measure skeletal muscle protein content of 

pAkt/total Akt following insulin injections, and to analyze membrane-bound versus intracellular 

GLUT4 content. Unfortunately, challenges with breeding prevented us from producing a 

separate set of Fads2-/- mice to complete these additional experiments, and it would realistically 
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take several years to generate enough mice to analyze insulin-stimulated protein signaling 

pathways.  

The second study in this thesis further support the idea that the whole-body Fads2-/- 

mouse model is resistance to the development of weight gain 92,209. As we did not see decreased 

protein content of markers regulating skeletal muscle FFA uptake or oxidation, it is plausible that 

decreased lipogenesis could contribute to decreased body weight in Fads2-/- mice. Due to the 

lack of changes in skeletal muscle protein markers of lipid metabolism, there was not enough 

evidence to support the hypothesis that whole-body metabolic changes were caused by altered 

metabolic function in skeletal muscle. Furthermore, markers of lipogenesis such as SREBP-1, 

FAS and ACC should be measured in tissues such as adipose and liver, which are major sites for 

de novo lipogenesis (DNL). Unpublished preliminary findings from our lab suggest that mice fed 

a LFD containing Flax and lacking whole-body D6D activity have increased lipid accumulation 

in the liver, as well as reduced WAT adipocyte size. A redirection of lipid storage may contribute 

to changes in whole-body glucose tolerance; however, this hypothesis needs to be tested in the 

context of a HFD, as minor differences in lipid storage in mice consuming a LFD may not 

translate to whole-body changes in glucose metabolism. Increased hepatic de novo lipogenesis is 

associated with insulin resistance 315. The expression of Fads2 and other genes involved in the 

conversion of fatty acids are regulated by SREBP-1 316, and one study found that mice with 

elevated Fads2 gene expression were resistant to hepatic lipid accumulation 317. A very recent 

study using Fads2-/- mice consuming an n-3 PUFA deficient diet saw increased hepatic TAG and 

cholesterol content compared to WT controls, and was associated with increased expression of 

SREBP-1 and decreased plasma VLDL 93. In addition to lipogenic markers, it would also be 

important to measure lipid species content in adipose tissue and liver samples to determine the 



 
 

124 
 

influence on whole-body glucose tolerance and insulin sensitivity. Lipid storage as TAG in 

adipose tissue or the liver are not detrimental to insulin signaling compared to increased DAG or 

ceramide content. Additionally, circulating FFA should be measured as these are associated with 

the development of insulin resistance.  

Overall, these studies provide the basis for an exciting new area of investigation into the 

role of D6D activity in glucose and insulin metabolism. Although our studies did not support the 

idea that impaired conversion of ALA to EPA and DHA contributes to whole-body metabolic 

changes, further work under insulin-stimulated conditions is required to confirm our results. 

There is also evidence indicating D6D activity in other peripheral tissues such as liver and 

adipose tissue may contribute to improvements in whole-body glucose and insulin sensitivity, 

and prevention of weight gain.  

7.2   Ghrelin and adipose tissue lipolysis 
 
 The third study in this thesis investigated the role of the hormone ghrelin in modulating 

WAT lipolysis in the context of HFD consumption, and whether an exercise training intervention 

could restore potential HFD-induced impairments in ghrelin response. Our lab has previously 

shown that both AG and UnAG blunt b-adrenergic stimulated WAT lipolysis via HSL 

phosphorylation in an ex vivo model 99. Following HFD consumption, peripheral tissues can 

develop an impaired response to hormones such as insulin 318, leptin 319 and adiponectin 320. Our 

lab has demonstrated that HFD consumption impairs skeletal muscle insulin signaling 153. In this 

study, ghrelin was unable to protect skeletal muscle from acute palmitate-induced insulin 

resistance in HFD-fed animals 153, suggesting that HFD consumption may lead to the 

development of ghrelin resistance in skeletal muscle. The past study by Cervone et al 153 did not 

include a LFD control group, nor did it investigate the timing of ghrelin resistance development. 
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However, previous research by our group and others has pointed to adipose tissue as another 

target for ghrelin’s metabolic effects 99,147,321. Both the current study and previous research in our 

lab demonstrated that ghrelin was able to blunt b-adrenergic stimulated WAT lipolysis in small, 

young animals fed a normal chow or LFD for 5 days. Prior to the current study, it was unknown 

whether lifestyle changes such as HFD consumption and exercise could impact ghrelin’s ability 

to modulate WAT lipolysis. This novel study showed that as little as 5 days of HFD-feeding 

impairs the WAT response to ghrelin in an ex vivo model, potentially through a decrease in the 

ghrelin receptor GHS-R1a. Additionally, 6 weeks of LFD or HFD consumption led to the 

development of WAT ghrelin resistance. A recent study showed that GHS-R in WAT could be 

involved in the development of HFD-induced insulin resistance 283, further supporting ghrelin’s 

role in regulating WAT metabolism. Exercise has been shown to decrease basal WAT lipolysis 

and HSL activity and improve the lipolytic response to b-adrenoreceptors in obese subjects 174. 

In the present study, a 4-week exercise training intervention was unable to restore ghrelin’s 

ability to blunt WAT lipolysis. Therefore, our study does not support our hypothesis that exercise 

could restore HFD-induced WAT ghrelin resistance. 

7.2.1 Relevance to human research 
 
 Consumption of a HFD for only 5 days impaired WAT response to ghrelin. After 6 weeks 

of both LFD and HFD diet, WAT response to ghrelin was impaired. Therefore, it was difficult to 

determine if the observed WAT ghrelin resistance in both 6-week dietary groups was simply a 

result of increased weight/fat gain, age or prolonged sedentary behaviour. Research in human 

subjects support the hypotheses that both obesity and aging can influence circulating ghrelin 

levels. Several studies have demonstrated that obesity is inversely associated with ghrelin levels 

161,162,322,323. However, not all studies are in agreement, as some studies analyzing WAT obtained 
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from biopsies found no changes 324 or elevated WAT ghrelin protein levels in obese individuals, 

despite no change in ghrelin mRNA expression 166. Although human studies have measured 

changes in circulating ghrelin levels with obesity, the impact of circulating ghrelin isoforms on 

lipolytic signaling in WAT has not been studied in humans. Unfortunately, it is difficult to 

elucidate ghrelin’s ability to blunt lipolysis in humans, as ghrelin stimulates growth hormone 

secretion, which increases WAT lipolysis. Studies in which ghrelin is infused into subjects 154,155 

did not demonstrate the same decrease in lipolysis as seen in ex vivo studies in adipocytes 147 or 

cultured adipose tissue 99. Only one human study has shown that infusion of AG and UnAG 

together is able to reduce circulating FFAs 158. Without using more invasive methodology (e.g. 

WAT biopsies, microdialysis), it is not possible to isolate ghrelin’s ability to modulate peripheral 

tissue metabolism. The third thesis study utilized an ex vivo model which was able to isolate the 

independent effects of both AG and UnAG isoforms on WAT lipolysis. We showed that HFD-

induced ghrelin resistance occurred in WAT in as little as 5 days, as treatment of AG or UnAG 

was no longer able to blunt WAT glycerol release stimulated by CL, a b-adrenergic agonist. We 

did not measure circulating ghrelin levels in our study. Although we saw decreased WAT GHS-

R content, we are unable to rule out other factors that may contribute to the ghrelin resistance in 

vivo, such as decreased sensitivity of GHS-R to ghrelin. The mechanism by which ghrelin 

resistance develops with HFD consumption remains an area for future investigation.  

In the third thesis study, we were surprised to see that 6w of LFD also impaired WAT 

response to ghrelin. However, these animals were older compared to those in our 5 day feeding 

groups. In humans, studies have shown that circulating AG levels decline with aging in healthy 

individuals 288,325. Additionally, most human studies measure total ghrelin rather than levels of 

acylated and unacylated ghrelin, although ghrelin levels may not fully represent the “active” 
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form of ghrelin involved in modulating WAT metabolism. Whether the response of target tissues 

to ghrelin also becomes altered with aging is unknown. Human studies are unable to determine if 

aging-associated changes in circulating ghrelin translate to functional metabolic effects in 

peripheral tissues. The findings from our ex vivo study suggest that increased age and/or size 

may impair ghrelin’s functional role in blunting WAT lipolysis, regardless of dietary fat content.  

7.2.2 Limitations and future directions 
 

In the third thesis study, the use of an ex vivo model has allowed us to isolate potential 

mechanisms by which ghrelin directly modulates WAT lipolysis in the context of lifestyle 

modifications such as HFD consumption and exercise. Although our use of an ex vivo model has 

less physiological relevance as it isolates WAT, it allows us to eliminate ghrelin-induced growth 

hormone release as a confounding variable. The ex vivo model used in our lab demonstrated that 

ghrelin blunted WAT lipolysis, whereas these effects were not observed in vivo in the same study 

99. Therefore, the ex vivo model (ATOC or adipocyte cell culture) remains the best method to 

elucidate the mechanism by which ghrelin modulates peripheral tissue metabolism, as well as the 

timing of ghrelin resistance development.  

The third thesis study is the first to report the influence of short versus long term HFD 

consumption on ghrelin’s ability to modulate WAT lipolysis. Specifically, we found that 6 weeks 

of diet resulted in the development of WAT ghrelin resistance, regardless of dietary fat content. 

Based on these findings, we hypothesize that increased size, age, or prolonged sedentary 

behaviour may contribute to ghrelin resistance. If aging contributes to declining ghrelin levels or 

decreased GHS-R sensitivity to ghrelin, future rat studies should investigate the timing of the 

proposed WAT ghrelin resistance development. Interestingly, unpublished data from our lab 

showed that skeletal muscle response to ghrelin following 5d of HFD is not impaired, while the 
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present thesis study revealed that WAT ghrelin resistance occurs with as little as 5d of HFD. 

These findings may not be surprising given the difference in timing of insulin resistance in 

different peripheral tissues, as WAT insulin resistance in response to HFD occurs prior to the 

development of diet-induced skeletal muscle insulin resistance 91,269,300. Adipose tissue samples 

could be collected weekly following 1-6 weeks of LFD consumption to determine the time point 

at which WAT response to ghrelin is impaired. To rule out the effect of prolonged sedentary 

behaviour on ghrelin resistance, LFD-fed rats should be divided into sedentary and exercising 

groups. It would also be important to measure circulating AG and UnAG levels, in addition to 

WAT ghrelin receptor content. Our results from the third thesis study suggest that WAT GHS-

R1 content decreases with 5 days of HFD. Although we did not directly compare ghrelin receptor 

levels between the 5d diet and 6w diet portions of the study, we did not observe changes in WAT 

GHS-R1 content between 6-week LFD- and HFD-fed animals. Interestingly, another study has 

shown that WAT GHS-R1 content increases with age 326. Additionally, the deletion of GHS-R in 

aging mice decreased the expression of genes involved in glucose and lipid uptake as well as 

lipogenesis in WAT and decreased whole-body adiposity, providing further evidence that ghrelin 

signaling may be altered with age 327. If ghrelin’s ability to blunt WAT lipolysis is lost with age, 

then we hypothesize that ghrelin resistance could contribute to the increase in circulating FFA 

and insulin resistance in aging 328.  Future studies should aim to differentiate between changes in 

ghrelin or ghrelin receptor levels, or decreased ghrelin receptor sensitivity, as contributing 

factors for ghrelin resistance. 

 There is little research investigating the specific mechanism by which ghrelin regulates 

WAT metabolism, and the present study is one of few to conduct a preliminary investigation of 

potential mechanisms. Our data did not support the idea that changes in HSL phosphorylation are 
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the main mechanism by which ghrelin regulates WAT lipolysis, although previous work in the 

lab found that ghrelin inhibited the phosphorylation of stimulatory HSL resides Ser563 and Ser660 

99. However, we may have missed earlier transient changes in HSL phosphorylation, as ATOC 

media samples were only collected 2 hours following ghrelin treatment. A study dedicated to 

investigating time-course changed in potential signaling proteins may reveal signaling 

mechanisms by which ghrelin is able to blunt lipolysis. Inconsistent results between a small 

number of studies make it difficult to speculate on potential mechanisms by which ghrelin 

modulates WAT lipolysis. Past research in our lab did not show evidence for a role for ATGL, 

which is a major contributor to the breakdown of TAG stores in WAT, or other signaling 

pathways (AMPK/ACC, ERK) as regulators of ghrelin action in WAT 99. Therefore, these 

signaling pathways were not pursued further in the present thesis study.  To our knowledge, this 

study was the first to determine if diet and exercise can modulate ghrelin regulation of WAT 

lipolysis using an ex vivo model. As the focus of this study was not mechanistic in nature and 

ghrelin signaling is still poorly understood, this area of research remains a future opportunity for 

investigation.  

7.3   Sex differences 
 

All studies in this thesis utilized male animals only, as there are sex differences n-3 

PUFA regulation, and in body weight gain in response to HFD consumption. In C57BL/6 mice, 

sex is a significant modifier in terms of metabolic effects of HFD consumption. One study 

investigating sex differences between male and female C57BL/6 mice after consuming a HFD 

(42% kcal from fat) for 12 weeks showed that male mice had worsened control of blood glucose 

levels (demonstrated by increased blood glucose levels at all points during an IPGTT) compared 

to female mice, and a slower glucose clearance rate 329. Additionally, HFD-fed female mice did 
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not show differences in glucose clearance rats compared to chow-fed female controls 329. Male 

mice also had increased fat mass, plasma insulin levels, markers of fatty liver (aspartate 

aminotransferase and alanine transaminase) and increased cholesterol levels compared to females 

329. Another study showed that aged (18 month old) C57BL/6 female mice did not have increased 

body fat compared to younger (6 month old) counterpart, or age related decreases in glucose or 

insulin response 330. However, male mice had age-related increased in body fat and glucose and 

insulin response 330. Therefore, to specifically investigate HFD-induced metabolic impairments 

in C57BL/6 mice, using males would be more useful compared to females, as these impairments 

would be more pronounced. Similar results have been observed in Sprague-Dawley rats, as 

female rats consuming a HFD (45 % kcal from lard) for 4 weeks did not become obese, but 

males had significant weight gain, compared to LFD-fed controls (10% kcal from lard) 331. There 

are also sex differences in the utilization of the n-3 PUFA and the regulation of the D6D 

pathway. Research measuring the amount of ALA recovered in 13CO2 in the breath showed that 

women has decreased ALA oxidation compared to males 228,229. Additionally, both animal and 

human studies have demonstrated that females have increased hepatic gene expression of FADS2 

332, higher estimated D6D activity 332–334, and increased liver and plasma DHA content compared 

to males 332,333. It is interesting to note that 12 months of EPA and DHA supplementation 

increased EPA levels in females significantly more than in males 335. As DHA is important 

during pregnancy, perhaps the decrease in ALA oxidation and increase in D6D activity and n-3 

PUFA content is an adaptation to promote healthy fetal development 336–338. In females, estrogen 

plays a role in regulated lipid metabolism and storage. Specifically, estrogen has been shown to 

increase PPARa activity, which can stimulate D6D activity 336. Although the use of males in our 
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study allows us to avoid the confounding variable of estrogen, it would be interesting to study 

how absent D6D activity influences whole-body glucose metabolism in females in the future. 

7.4   Statistical analyses 
 

Prior to running ANOVAs, normal distribution was confirmed using a D’Agostino-Pearson 

normality test. This test calculates how far skewness (symmetry of distribution) and kurtosis 

(peakedness of the curve) differs from the values expected with a normal distribution 339. When 

running a repeated measures ANOVA, the assumption of sphericity was also tested. In a repeated 

measures ANOVA, at least one factor is a within-subject variable, which refers to replicate 

measurements in the same subject. For example, body weight and food intake were measured 

over a period of several weeks in thesis studies 1 and 2, and different treatments were applied to 

the adipose tissue from the same rat in thesis study 3. Sphericity requires that variance between 

the differences of related scores is equal 340. Epsilon is a measure of the deviation from sphericity 

340. In the third thesis study investigating ghrelin’s role in modulating WAT lipolysis, the 

assumption of sphericity was not met, as epsilon was less than one. This meant that the variance 

of differences between treatments was unequal. Therefore, a Greenhouse-Geisser correction was 

used to correct for lack of sphericity and to prevent inflation of the F-statistic.  

In thesis studies 1 and 2, we used the Bonferroni post-hoc test if the ANOVA F-statistic 

was significant. Although less powerful than the Tukey post-hoc test commonly used in 

statistical analyses, it is more stringent. We preferred to be more conservative in our statistical 

analyses to reduce the probability of Type 1 errors, or detecting significant differences when 

there is no difference between groups. However, we acknowledge that the use of a less 

conservative Tukey post-hoc tests may have revealed differences between groups in measures of 

protein content, which could potentially explain differences in functional measures (i.e., glucose 
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tolerance and insulin sensitivity tests) observed in these studies. Based on previous animal 

experiments in the lab, 12 animals/experimental group would be necessary to detect differences 

between groups with 80% power and alpha=0.05 8,48,270,341. As our sample sizes were as low as 6 

animals/group in the first thesis study, our experiments may not have had enough statistical 

power to detect differences between groups. For example, we did not detect a significant 

difference in IPGTT AUC between HFD-fed animals in the first thesis study, although the 

Fads2+/-  mice showed a 30% decrease in AUC. When computing post-hoc power analyses 

(G*Power 3.1.), given n=6-7 per group and an effect size of Cohen’s d=1.30 (alpha=0.05, two-

tailed), we only achieved ~63% power 342. Therefore, there is only a 63% probability of detecting 

a significant difference between groups. Generally, a power of 80% is considered acceptable for 

research. 

7.5   Conclusion 
 
This thesis highlights the diversity of mechanisms by which substrate metabolism in peripheral 

tissue can be regulated.  Taken together, these novel studies further our understanding of how 

D6D and n-3 PUFA, as well as ghrelin, contribute to the regulation of skeletal muscle glucose 

and lipid metabolism, and AT lipolysis, specifically in the content of lifestyle modifications 

study such as diet and exercise. Further research is required to elucidate specific signaling 

pathways involved, and to translate these findings to human research.
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