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ABSTRACT 

 

 

REDUCED SCD1 ACTIVITY DECREASES FATTY ACID RE-ESTERIFICATION AND 

ALTERS MARKERS OF GLYCERONEOGENESIS AND LIPOLYSIS IN MURINE 

WHITE ADIPOSE TISSUE AND 3T3-L1 ADIPOCYTES 

 

 

 

Steven Michael Dragos     Advisor: 

University of Guelph, 2017     Dr. David M. Mutch 

 

 

 

This thesis is an investigation of the role of stearoyl-coenzyme A desaturase-1 (SCD1) in 

white adipose tissue (WAT) lipid handling. Using Scd1 knock-out (KO) mice and 3T3-L1 

adipocytes treated with a specific SCD1 inhibitor, it was found that reduced SCD1 activity 

markedly modified major processes involved in WAT lipid handling, resulting in significant 

changes to triacylglycerol (TAG) levels and composition. Furthermore, fatty acid (FA) re-

esterification was decreased, while markers of glyceroneogenesis and lipolysis were altered with 

reduced SCD1 activity. Overall, this thesis demonstrates that SCD1 has a key role in TAG 

metabolism, and that therapeutic or lifestyle approaches targeting a reduction in SCD1 activity in 

WAT may have strong benefits on whole-body lipid handling and, consequently, metabolic 

health.  
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1.0 The Adipose Tissue-Obesity Relationship 

Over the past 20-30 years, the worldwide prevalence of obesity has doubled, with a more 

prominent increase in Western nations
1
. Globally, it is estimated that 600 million adults and 

approximately 41 million children under the age of 5 are obese (body mass index >30kg/m
2
)

1
. In 

Canada, one-quarter of the adult population, and 1 in 10 children are classified as obese
2
. It is 

known that obesity is related to a host of complications, including metabolic syndrome, type-2 

diabetes, coronary heart disease, certain cancers, and many other chronic diseases
1,2

. With a rising 

occurrence worldwide, the health burden of obesity on socioeconomic programs has become 

increasingly significant.  

Obesity develops due to a prolonged state of energy imbalance, where energy intake 

exceeds energy expenditure
3
. This imbalance leads to the storage of excess energy in the form of 

lipid within white adipose tissue (WAT)
3
. Many of the complications seen with obesity arise due 

to alterations within the WAT of obese individuals
4
. Increases in body weight are known to 

disrupt many functions in WAT, such as lipid handling, that ultimately affects whole-body energy 

homeostasis. However, it must be acknowledged that changes in WAT lipid handling in the 

absence of changes in energy balance may have a minimal impact on the development of obesity.  

Nevertheless, understanding the role of WAT in whole-body energy metabolism remains 

critically important. Specifically, it’s important to understand how WAT regulates lipid handling 

and how this is perturbed in the obese state.  
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1.0.1 The Different Types of Adipose Tissue  

1.0.1.1 White Adipose Tissue 

WAT is an areolar connective tissue found throughout the body. It is primarily composed 

of adipocytes surrounded by a thin layer of extracellular matrix (ECM) comprising a backbone of 

collagen fibres and many capillaries
5
. This fraction of WAT is commonly referred to as the 

adipocyte fraction. Adipocytes (i.e., fat cells) typically contain a single large lipid droplet and 

possess few mitochondria, which provide the physiological capability for storing lipids
6
. WAT 

also contains an assembly of fibroblasts, leukocytes, endothelial cells, nerve terminals, blood 

vessels, and preadipocytes that is collectively termed the stromal vascular fraction, or SVF
7
. Both 

the adipocyte fraction and the SVF together have a synergistic effect on the synthesis and 

turnover of the ECM, which is crucial to WAT functioning in both the healthy and obese state
7
. 

In humans, WAT is located in multiple areas around the body, resulting in the 

classification of specific depots. The two most commonly studied WAT depots in humans are 

subcutaneous WAT and visceral WAT, which are analogous to inguinal (iWAT) and epididymal 

(eWAT), respectively, in rodents
8
.  Visceral/eWAT has a well-known association with metabolic 

disease, while subcutaneous/iWAT does not (or may even be inversely correlated with disease 

risk)
8,9

. This association is thought to be connected, in part, to differences in lipid handling in 

response to both diet and de novo lipogenesis (DNL)
8,9

.   

The primary role of WAT is in the regulation of whole-body energy metabolism, in large 

part by handling how lipids are stored and released
10

. Through this lipid regulation, alongside the 

release of adipokines (i.e., proteins secreted from adipocytes), WAT mediates many physiological 

processes, such as appetite, blood pressure, inflammation, and angiogenesis
10

. Thus, as the largest 

energy reserve in the body, WAT plays a significant role in whole-body energy balance
11

.  
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1.0.1.2 Brown Adipose Tissue 

It is worth noting that another form of adipose tissue exists in mammals: brown adipose 

tissue (BAT). WAT and BAT differ markedly in terms of anatomical location, morphology, and 

function. In humans, the major BAT depot is found in the supraclavicular region, with more 

depots along the great blood vessels and in the retroperitoneum
12

. While highly vascularised and 

innervated, BAT is predominantly composed of adipocytes that contain multiple lipid droplets 

and are densely packed with mitochondria
6,12

. This morphology provides the capability for 

thermogenesis – the main function of BAT – through the action of the BAT-specific 

mitochondrial protein UCP-1
12

. Recent research has proposed new functionality of BAT in 

humans, suggesting that regulation of BAT may have therapeutic potential to combat obesity
13

. 

While BAT has a role in whole-body energy balance, the remainder of this literature review will 

focus on WAT.  

 

1.0.2 The Adipocyte 

1.0.2.1 Cellular Commitment & Adipogenesis 

Adipocytes are the main cellular components of WAT, and are derived from pluripotent 

mesenchymal stem cells (MSCs) that have the capacity to develop into several different cell 

types, such as adipocytes, osteocytes, myocytes, and chondrocytes
11,14

. In WAT, MSCs reside in 

the SVF and undergo a multistep process of commitment in which they become restricted to the 

adipocyte lineage
11,14

. Commitment to this lineage involves both diet (i.e., excessive energy 

intake and elevated glucose uptake), and the subsequent generation of metabolic signals involving 

members of the bone morphogenic protein (BMP) and Wnt families
14,15

. This cascade of 
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metabolic signals gives rise to adipocyte precursors (i.e., preadipocytes) from MSCs, which 

subsequently undergo multiple rounds of mitosis before differentiation into mature adipocytes. 

Adipogenesis refers to the differentiation of preadipocytes into mature, lipid-filled 

adipocytes
16

. Regulation of this process is complex, and involves many factors within and outside 

the preadipocyte.  Adipogenesis relies on communication between the preadipocytes themselves, 

as well as between the preadipocytes and the SVF
17

. Cellular communication and signalling 

results in the sequential activation of numerous transcription factors, including the 

CCAAT/enhancer-binding protein (C/EBP) gene family, sterol regulatory element binding 

protein-1 (SREBP-1), insulin-like growth factor I (IGF-l), and peroxisome proliferator activated 

receptor-γ (PPAR-γ)
11,16,17

.  As adipocytes differentiate through the coordinated action of these 

transcription factors, they gradually accumulate lipid and ultimately produce the adipocyte 

phenotype
17

. As mature adipocytes amass in large numbers, they become the predominant cell 

type in WAT
11,16

.  

1.0.2.2 Adipocyte Function 

In WAT, the mature adipocyte contains a single large fat droplet which distends the cell, 

compacting the cytoplasm to a thin layer surrounding the lipid droplet, and pushing organelles to 

the outer edge of the cell
11,15

. While adipocytes have many functions, including an endocrine role 

with the release of adipokines, they play a critical role in the regulation of whole-body energy 

homeostasis by serving as a reservoir for the storage of excess energy as TAG
11,16

. In response to 

the metabolic state of the organism (i.e., fasted or fed), adipocytes play an important role 

regulating circulating fatty acids (FA) levels by coordinating TAG synthesis, storage, and 

lipolysis
16

. As such, the processes that control lipid handling have a large impact on whole-body 

energy homeostasis and significant implications in the development of obesity. 
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1.0.3 WAT Alterations in Obesity 

WAT is unique in that it has the capacity to expand, and can comprise more than 40% of 

total body composition in obese individuals
8
. This can be accomplished by the combination of 

increasing the size of individual adipocytes (hypertrophy) and by producing new adipocytes 

(hyperplasia)
8
. In response to excess energy intake, it has been observed that some WAT depots 

expand first by hypertrophy until a critical threshold is reached (~0.7–0.8 μg cell diameter), upon 

which specific adipokines are released to signal the proliferation and/or differentiation of 

preadipocytes
8,18

. In humans, it was first thought that excessive energy intake caused adipocyte 

hypertrophy, but not hyperplasia, within WAT; however, recent evidence suggests that there may 

be depot-specific differences between subcutaneous/iWAT and visceral/eWAT
19,20

.  

1.0.3.1 WAT Remodelling & Depot-Specific Differences 

Chronic intake of excess energy, as seen with obesity, has been linked to increased 

adipocyte hypertrophy and hyperplasia in both major WAT depots; however, the extent of these 

changes varies between depots
7,20

. Remodelling of WAT (i.e., cell turnover and restructuring of 

the ECM) has been shown to occur predominantly in visceral and eWAT
7
. For example, diets 

high in fat provoke a near complete remodelling of eWAT in male mice, with little change in 

iWAT
7
. Prolonged consumption of a high-fat diet triggers ECM remodelling in eWAT in 

response to adipocyte hypertrophy
7,8

.  Over time, hypertrophied adipocytes become hypoxic, 

leading to adipocyte death
7-9

. This triggers the recruitment of macrophages that surround the 

inflamed and dying cells, forming crown-like structures (CLS)
7
. The macrophages phagocytose 

the lipid and cellular constituents of necrosed adipocytes, causing a phenotypic change from anti-

inflammatory M2 to pro-inflammatory M1 macrophages
7
. M1 macrophages release pro-

inflammatory adipokines (e.g., tumor necrosis factor-α (TNF-α)), leading to further macrophage 
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accumulation, changes to regulatory T cells, and WAT inflammation
7
. As such, WAT 

remodelling and inflammation are critical to the development of metabolic abnormalities, such as 

insulin resistance, in the obese state
7-9

.  

The mechanisms underlying WAT depot differences in obesity are not greatly understood, 

although it is suggested to be linked to differences in adipocyte growth characteristics and ECM 

composition
7,9,20

. It is generally believed that the remodelling seen in eWAT is due to its limited 

capacity for adipocyte hyperplasia, causing adipocyte hypertrophy to occur in order to store 

excess lipid
21

. Adipocyte hypertrophy is associated with ECM stiffness, which limits adipocyte 

size, and in turn leads to ECM remodelling to compensate
7
. iWAT, on the other hand, is 

hyperplasic, and expands predominantly through hyperplasia
21

. Hyperplasic growth is able to 

keep pace with lipid storage for a longer period of time and does not cause ECM stiffness
7
. 

Nevertheless, WAT remodelling, particularly in visceral WAT, is associated with the 

perturbations seen in obese individuals.  

 

1.1 Lipid Synthesis in White Adipose Tissue 

1.1.1 Sources of FAs 

The majority of FAs are taken up by adipocytes as non-esterified fatty acids (NEFAs) 

from the diet and the liver after fat absorption
22

. NEFAs are transported around the body bound to 

albumin, or can be obtained by hydrolysis of TAGs carried by lipoproteins such as chylomicrons 

and very-low-density lipoproteins (VLDLs)
22

. In order to be transported into the adipocyte, TAGs 

must first be hydrolyzed by lipoprotein lipase (LPL) in the endothelium of WAT capillaries
22

. 

Next, through the expression of several FA transporters, adipocytes transport hydrolyzed NEFAs 

into the adipocyte and to the endoplasmic reticulum (ER), where they are esterified to CoA by the 
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enzyme acyl-CoA synthase, forming fatty acyl-CoA
22

. Subsequently, fatty acyl-CoA is carried by 

the acyl-CoA-binding protein where it is ultimately esterified to glycerol-3-phosphate (G3P) to 

form TAG
22

.  

1.1.1.1 De novo Lipogenesis 

FAs can also be synthesized de novo in lipogenic tissues (i.e., the liver and WAT)
22

. While 

the majority of lipid stored in adipocytes comes from the diet and liver, the adipocyte has the 

ability to synthesize new lipids from carbohydrates via DNL
22,23

 (see Figure 1). In humans, DNL 

occurs predominantly within the liver and to a lesser extent in WAT
22,23

. The first step in DNL 

involves carboxylation of acetyl-CoA into malonyl-CoA by the enzyme acetyl-CoA carboxylase 

(ACC)
22

. Next, activation of FA synthase (FAS) allows malonyl-CoA and acetyl-CoA to 

assemble and to elongate the hydrocarbonic chain of the FA into a fatty-acyl CoA (adding a 

malonyl-CoA each time)
22

. In particular, this assembly forms the saturated fatty acid (SFA) 

palmitic acid (16:0), which can then be further elongated by ELOVL6 to form stearic acid 

(18:0)
22,24

. Both 16:0 and 18:0 can be desaturated by stearoyl-CoA desaturase-1 (SCD1; encoded 

by Scd1) to form palmitoleic (16:1n-7) and oleic acids (18:1n-9), which are subsequently 

esterified to G3P to form TAG
22,24,25

. SCD1 plays an important role in TAG synthesis, which will 

be discussed in the following section. The FA composition of TAGs in WAT is approximately 

23% 16:0, 6% 16:1n-7, 5% 18:0, and 47% 18:1n-9, with the rest made up by other fatty acids
26

. 

 

1.1.2 SCD1 in Lipid Synthesis 

De novo lipogenesis involves coordinated changes in gene expression and protein content 

of markers that promote the biosynthesis of FAs and lipids (e.g., TAGs). SCD1 is among this 

panel of markers, and plays a critical role in adipocyte TAG metabolism. SCD1 is a 37-kDa 



 

9 
 

membrane bound enzyme located on the ER, and contains four trans-membrane domains
25

. The 

NH2 and COOH terminals, as well as the eight conserved histidine residues, are all positioned 

towards the cytosol
25

. In mammals, Scd1 expression is ubiquitous, but is notably high in WAT, 

BAT, and the liver
25,27,28

. SCD1 functions as a delta-9 desaturase enzyme, and is responsible for 

the conversion of SFAs to monounsaturated fatty acids (MUFAs)
27

. 16:1n-7 and 18:1n-9 are the 

most abundant MUFAs in living organisms and are used in the synthesis of lipid species including 

TAGs, phospholipids, and cholesterol esters
25,27

. By influencing MUFA content, SCD1 has the 

potential to impact signalling processes as well as TAG biosynthesis, which in turn can modify 

whole-body energy metabolism.  

 

1.1.3 TAG Biosynthesis 

In adipocytes, TAG biosynthesis is the result of a multi-step enzymatic process leading to 

the esterification of three fatty acyl-CoAs to a glycerol backbone
22

 (see Figure 1). All of the 

enzymes involved in TAG biosynthesis are found in the ER, including SCD1
22,29

. Briefly, 

lysophosphatidic acid (LPA) is formed by esterification of the first fatty acyl-CoA to G3P by 

G3P-acyltransferase (GPAT)
29

. Next, LPA is esterified to another fatty acyl-CoA and converted 

into phosphatidic acid (PA) by 1-acylglycerol-3-phosphate acyltransferase (AGPAT)
29,30

. 

Phosphatidic acid phosphatase (PAP) converts PA to the intermediate 1,2-diacylglycerol 

(DAG)
29,30

. Synthesis of TAG by diacylglycerol acyltransferase (DGAT) is the final step in TAG 

formation, whereby DGAT esterifies the third fatty acyl-CoA to G3P
29,30

. Approximately 50% of 

the fatty acyl-CoAs in TAG are the MUFAs that are either synthesized by SCD1 from SFAs or 

taken up from the diet
26

. 
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1.1.3.1 Formation of G3P 

TAG synthesis requires a constant supply of G3P, which consequently determines the 

amount of esterification taking place
22

. G3P can be obtained from three sources: 1) 

phosphorylation of glycerol by glycerol kinase (GK), 2) as a product of glycolysis, and 3) from 

non-carbohydrate sources via glyceroneogenesis
22

.  In the liver, GK converts glycerol into G3P
22

. 

However, GK activity in WAT is low, therefore the contribution of this pathway to G3P levels is 

negligible
31,32

. Glucose enters the adipocyte via the GLUT4 transporter
22

. Once inside, glucose is 

phosphorylated and ultimately converted via the glycolytic pathway to dihydroxyacetone 

phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP)
22

. DHAP is then further reduced by 

glycerol phosphate dehydrogenase (GPDH) to form G3P
22

. G3P production through glycolysis 

contributes only a minor amount of the total G3P produced in WAT. The most important source 

for G3P production in adipocytes is glyceroneogenesis
32

. Briefly, pyruvate is carboxylated to 

oxaloacetate, which then leaves the mitochondria and is decarboxylated by cytoplasmic 

phosphoenolpyruvate carboxykinase (PEPCK-C) to form phosphoenolpyruvate
32,33

. 

Phosphoenolpyruvate is then converted to GAP, which is reduced to DHAP by glyceraldehyde-3-

phosphate dehydrogenase
32,33

. DHAP, as previously mentioned, is then converted to G3P by 

GPDH. 
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Figure 1. Brief overview of de novo lipogenesis (DNL; red) and triacylglycerol (TAG) biosynthesis (blue) 

in adipocytes. In the initial DNL step, acetyl-CoA is carboxylated into malonyl-CoA by the enzyme acetyl-

CoA carboxylase (ACC). Next, activation of FA synthase (FAS) allows malonyl-CoA to elongate into a 

fatty-acyl CoA (adding a malonyl-CoA each time). In particular, this assembly forms palmitic acid, which 

can then be further elongated by ELOVL6 to form stearic acid. Both of these fatty acids can be desaturated 

by stearoyl-CoA desaturase 1 (SCD1) to form palmitoleic and oleic acids, respectively, which are 

subsequently esterified to glycerol-3-phosphate (G3P) through TAG biosynthesis. In TAG biosynthesis, 

lysophosphatidic acid (LPA) is formed by esterification of the first fatty acyl-CoA to G3P by G3P-

acyltransferase (GPAT). Next, LPA is esterified to another fatty acyl-CoA and converted into phosphatidic 

acid (PA) by 1-acylglycerol-3-phosphate acyltransferase (AGPAT). Phosphatidic acid phosphatase (PAP) 

converts PA to the intermediate 1,2-diacylglycerol (DAG). Synthesis of TAG by diacylglycerol 

acyltransferase (DGAT) is the final step in TAG formation, whereby DGAT esterifies the third fatty acyl-

CoA to DAG, forming TAG.  
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1.1.4 Obesity & Lipid Synthesis 

Dysregulation of lipid synthesis in the major lipogenic tissues of the human body is often 

observed in obesity
23,34,35

. In obese individuals, hepatic DNL tends to be elevated, leading to 

increased circulating VLDL and ectopic lipid accumulation
34-36

. Increased liver DNL also results 

in excessive lipid storage in WAT through elevated LPL TAG hydrolysis
23,34,35

. Furthermore, 

SCD1 also plays a role in DNL and TAG biosynthesis in obesity, as elevated SCD1 activity has 

been shown to increase lipid synthesis in WAT
25,28

.  However, the effect of obesity on WAT DNL 

remains controversial, and may vary between different WAT depots
23,35-39

. Generally, the effect 

of obesity on WAT lipid synthesis depends on both nutritional and enzymatic regulation, both of 

which are crucial to WAT lipid handling as a whole. 

1.1.4.1 Nutritional Regulation of WAT Lipid Synthesis 

WAT DNL is highly influenced by diet composition and many of the enzymes involved in 

lipogenic regulation are tightly controlled during fasting or feeding
23

. It has been shown that 

excessive carbohydrate consumption stimulates DNL in WAT, which leads to an accumulation of 

TAGs, partly due to elevated SCD1 activity
22,25,37-39

. In contrast, a high-fat/low-carbohydrate diet 

and fasting reduces DNL in WAT
22

. The impact of diet on WAT DNL is also related to altered 

expression and activity of LPL
22,37-39

.  A high-carbohydrate/high-fat diet (similar to the typical 

Western diet) increases LPL expression and activity in the WAT of mice
37

. Interestingly, mice 

with increased LPL activity also have higher rates of DNL and become obese
37

. Furthermore, it 

has been shown that obese middle-aged and older men have increased WAT-LPL activity and 

iWAT DNL
38

. In humans, high WAT-LPL activity has recently been suggested to reduce 

metabolic risk in obese, older women
39

. This effect may be due to WAT depot-specific changes in 

LPL activity in obesity. Serra et al. showed that increased iWAT-LPL activity is associated with 
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reduced visceral adiposity
39

. As previously stated, eWAT depots are positively correlated with 

metabolic dysfunction; therefore reduced visceral adiposity may lessen metabolic complications 

in some obese individuals
9,39

. 
 

WAT DNL is also associated with high blood glucose levels. Dietary glucose uptake 

promotes TAG synthesis through the formation of pyruvate, which can be converted into G3P via 

glyceroneogenesis or into acetyl-CoA to be used in DNL
22

. Glucose uptake also stimulates the 

synthesis of lipogenic enzymes, including GK (for glycolysis) and FAS (for DNL)
22,31,32

. Thus, it 

can be concluded that increased glucose uptake promotes WAT DNL, which may be the 

mechanism behind the increase in WAT DNL seen with a high-carbohydrate diet. However, 

WAT glucose uptake in obese individuals is decreased, leading to lower WAT DNL and elevated 

fasting blood glucose levels
7,34-36

. Indeed, it has been proposed that reactivation of DNL in WAT 

of obese individuals could be a promising strategy for the treatment of obesity-driven diseases
36

. 

1.1.4.2 Hormonal Regulation of WAT DNL in Obesity 

Being highly innervated and vascularised, it is no surprise that both internal and external 

factors have a significant influence on WAT function
22

. Indeed, DNL is regulated by many 

hormones that are produced both outside of (i.e., insulin and growth hormone) and within (i.e., 

leptin) WAT
22,40-44

.  

Insulin is one of the most important hormonal factors that regulate lipid synthesis
22

. 

Blending together both nutritional and hormonal regulation of WAT DNL, insulin increases 

glucose uptake in adipocytes and activates lipogenic and glycolytic enzymes, thereby promoting 

DNL
22,40,41

. A common feature associated with insulin resistance is dysregulated DNL, whereby 

cells fail to respond to the normal actions of insulin that often precedes the development of 
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metabolic disorders
41

. Indeed, irregularities in WAT DNL are commonly observed in obese, 

insulin-resistant patients
41

. It is suggested that the pathogenesis of insulin resistance in WAT may 

begin with altered insulin secretion and action over time
34

. This altered activity may play a role in 

the altered WAT DNL commonly seen in obesity
34,40

. 

Growth hormone also plays an important role in the regulation of DNL
22

. In growth 

hormone-deficient individuals, growth hormone treatment can significantly reduce lipid synthesis 

in WAT, resulting in reduced fat mass
42,43,45

. However, growth hormone was also shown to 

promote adipogenesis in other studies
46,47

. It is believed that the metabolic dysfunctions 

commonly seen in obesity disrupt the physiological factors that regulate growth hormone release 

from the pituitary gland
42,43

. Interestingly, it has been shown that growth hormone antagonizes 

insulin action, promotes insulin resistance, and decreases FAS gene expression in WAT of obese 

individuals
43,48

. These effects may play a part in the decrease in WAT DNL commonly seen with 

obesity.  

The hormone leptin, which is expressed and secreted by adipocytes, acts primarily on the 

hypothalamus to influence energy homeostasis
22

. Since its discovery, it has become well known 

that leptin also limits TAG accumulation in adipocytes by affecting metabolic pathways in 

WAT
22,44

. Specifically, leptin promotes the release of glycerol from adipocytes by stimulating 

lipolysis and FA oxidation, while inhibiting DNL
22,44

. However, most obese individuals have high 

leptin levels, which do not induce the expected loss in WAT mass
44

.  Leptin resistance, 

conceptually similar to insulin resistance, has been suggested to explain the paradox of elevated 

leptin levels in the majority of obese individuals
44

.  
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1.2 Lipid Storage in the Adipocyte 

As previously mentioned, WAT is the largest energy reserve in the body. In WAT, energy 

is stored as lipid in TAG, which can either be endogenously synthesized (through DNL) or 

formed through NEFA uptake from the diet and/or liver after fat absorption
22

.  Once formed, 

TAGs are then stored in the lipid droplet of the adipocyte
10,11

.  

 

1.2.1 The Lipid Droplet 

Lipid droplets are composed of a phospholipid monolayer that envelopes the lipid core
49

. 

In mammalian cells, phosphatidylcholine is the most abundant phospholipid
49,50

. Although lipid 

droplets can vary in size depending on the depot, they can expand up to 100 μm in diameter in 

WAT
50,51

. Within the hydrophobic interior of the lipid droplet, approximately 90% of the lipid is 

in the form of TAG, while monoacylglycerol (MAG) and DAG make up the remaining 10% 

(although these proportions can fluctuate)
50

. 

1.2.1.1 Formation of the Lipid Droplet  

There are several conflicting theories about how lipid droplets form
49,50

. By and large, it 

has been suggested that lipid droplets are derived from the ER, since the enzymes involved in 

TAG biosynthesis (e.g., SCD1, GPAT, AGPAT, and DGAT) are localized predominantly to the 

ER
22,51

. Through this hypothesis, it is thought that TAG in developing lipid droplets forms a lens 

within the hydrophobic environment of the ER bilayer
49,50

. This formation ultimately leads to the 

development of the phospholipid monolayer that coats the droplet and the array of proteins that 

stabilize it within the cytoplasm of adipocytes
50

.  These proteins have a variety of functions, 

including the maintenance of droplet structure, trafficking lipid movement, and the regulation of 

TAG synthesis and lipolysis
50-53

. Two of these proteins in particular, peripilin-1 (PLIN1) and 
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DGAT2, are localized to the lipid droplet surface and the ER membrane, respectively
50-52

. This 

localization influences the ability for other proteins to carry out their functions on the stored 

lipid
51

. For example, PLIN1 acts to reduce TAG lipolysis by binding CG1-58, a protein linked 

with increasing adipose triglyceride lipase (ATGL) catalytic activity to breakdown TAGs
50,51

. 

ATGL is located on the droplet surface, and PLIN1 binding to CG1-58 acts to reduce ATGL 

activity
50-52

. Likewise, localization of DGAT2 in the ER allows the enzyme to catalyze the final 

step in G3P-fatty acyl-CoA esterification, and promotes the activity of other proteins involved in 

TAG biosynthesis, such as GPAT and AGPAT
22,51

.  

1.2.1.2 Lipid Droplet Regulation 

Movement of TAG in and out of the lipid droplet is highly regulated
49

. PAT (perilipin, 

adipophilin, and TIP47) proteins play critical roles in regulating the storage of lipids in 

adipocytes, and their functions have been described in many recent studies
54,55

. Excess NEFAs in 

adipocytes cause lipotoxicity, and cells protect themselves from these effects by either oxidizing 

the NEFAs or storing them within lipid droplets
22,49

. Interestingly, the accumulation of lipids in 

other cell types (such as pancreatic β-cells) has been shown to generate lipoperoxides and other 

reactive oxygen and nitrogen species that trigger cellular apoptosis
22,56

. Thus, it is suggested that 

the lipid droplet in adipocytes comprises mechanisms that regulate lipid mobilization, thereby 

preventing lipotoxic effects both within the adipocyte and in peripheral tissues
22

.  

 

1.2.2 Lipid Turnover in Obesity 

It has been demonstrated that there is a high turnover of lipids in human WAT
57

. During 

the 10 year lifespan of an adipocyte, its lipid content is renewed approximately six times
57

. This 

may be due to the high metabolic requirement of TAG mobilization. However, WAT lipid 



 

17 
 

turnover is markedly altered in human obesity, possibly due to a combination of excess TAG 

storage, decreased lipolysis, and altered adipokine secretion
57

. The rate of lipid turnover runs 

parallel to the ability of other factors (e.g., catecholamines) to stimulate lipolysis
 
and is inversely 

correlated with the release of pro-inflammatory adipokines (e.g., TNF-α)
57

. Thus, adipocyte TAG 

turnover is important for the adipocytes’ capacity to increase lipid storage, and dysregulation may 

underline the pathologic conditions seen with obesity, such as insulin resistance and WAT 

inflammation. 

 

1.3 Lipolysis of Stored TAG 

To meet the energy requirements of the organism, lipolysis of WAT TAG serves as an 

energy source within the tissue itself and for other tissues
58

. During periods of energy demand 

(i.e., fasting or exercise), lipase-mediated hydrolysis of TAG results in the release of NEFAs and 

glycerol
22,58

. For this release to occur, a number of extra- and intracellular events are required, 

involving the action of multiple enzymes that prompt adipocytes to undergo lipolysis
21,49,50 

. The 

released NEFAs can be used directly within the adipocyte (for energy or synthesis of membrane 

phospholipids), secreted and used as energy by other tissues, or re-esterified back into TAG
50,58

. 

The released glycerol is typically taken up by peripheral tissues or the liver, where it is used as a 

substrate for gluconeogenesis
50,58

. Since lipids are an important source of energy for the body, 

regulation of WAT lipolysis is critical to whole-body lipid handling. 

 

1.3.1 The Lipolysis Process 

Lipolysis of TAG is stimulated by β-adrenergic hormone signaling through the activation 

of protein kinase A (PKA) and protein kinase G (PKG)
49,50,59

. In WAT (and many other tissues), 
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PKA is involved in enzymatic phosphorylation, which encompasses the transfer of high-energy 

phosphate groups from donor molecules, such as ATP, to target proteins
22,58,59

. Likewise, PKG 

also phosphorylates target proteins
22,50,59

. Briefly, initiation of lipolysis involves phosphorylation 

of PLIN1 and hormone sensitive lipase (HSL), which triggers a series of events that lead to TAG 

hydrolysis
50

. Phosphorylation of PLIN1 allows translocation of HSL from the cytosol to the lipid 

droplet, where it can then act on lipid substrates
50,57,58

. PLIN1 phosphorylation also leads to the 

release of CGI-58, which can then interact with ATGL to promote its full activation
57

. ATGL acts 

on TAG to hydrolyze a fatty acyl chain, resulting in the formation of DAG and a NEFA
30,50

. DAG 

is subsequently hydrolyzed by HSL, to generate MAG and a second NEFA
30,50

. Finally, MAG 

lipase (MGL) then hydrolyzes MAG, producing glycerol and a third NEFA
30,50

.  

1.3.1.1 PKA Stimulation of Lipolysis   

PKA is a key regulator of WAT lipolysis. PKA (and PKG, to a lesser extent) is 

responsible for simultaneously phosphorylating HSL and PLIN1 in the adipocyte
22

. Upon 

phosphorylation, HSL translocates from the cytosol to the lipid droplet, where it binds to FA 

binding protein-4 (FABP-4), allowing for HSL to hydrolyse DAG
22

. Concurrently, PKA 

phosphorylates PLIN1 which displaces the enzyme from the lipid droplet
22

. This displacement of 

PLIN1 is essential for the translocation of HSL as it otherwise restricts HSL access to the lipid 

droplet, thereby preventing lipolysis
22

. PLIN1 phosphorylation by PKA is critical for hydrolytic 

HSL activity during lipolysis, as adipocytes isolated from PLIN1 knockout mice show a loss of 

lipolytic activity following β-adrenergic stimulation
22,60

.  

1.3.1.2 ATGL in WAT Lipolysis 

It was initially believed that HSL was the sole enzyme responsible for TAG lipolysis
22

. 

This is primarily because HSL has a higher capacity than ATGL to hydrolyze TAGs in vitro
59

.  
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However, it is now known that ATGL activity is significant in the hydrolysis of TAG in vivo
22,59

. 

ATGL is highly expressed in humans and rodents; however, its regulation in response to β-

adrenergic stimulation remains unclear
22,61

. ATGL can be phosphorylated by PKA, though it is 

uncertain whether this modification is vital for ATGL activity
22

. It is known, however, that ATGL 

activity is associated with phospho-PLIN1 activity
22,57

. As touched upon earlier, it has been 

shown that phosphorylation of PLIN1, which results in its displacement to the cytosol, also causes 

the dissociation of CGI-58 from the surface of the lipid droplet
50,51

. This dissociation leaves CGI-

58 freely available to interact with ATGL. Increased CGI-58 has been previously associated with 

enhanced ATGL activity
50,51

. ATGL exhibits 10-fold higher substrate specificity for TAG than 

DAG and selectively assumes the first step in TAG hydrolysis
59

. Overall, the lipolytic activities of 

both ATGL and HSL are responsible for more than 95% of TAG hydrolysis in 3T3-L1 

adipocytes
22

.  

 

1.3.2 Regulation of Lipolysis  

Lipolysis of TAG in WAT is regulated at many steps, involving several enzymes and 

pathways (see Figure 2). Regulation involves the activities of several key enzymes in response to 

β-adrenergic stimulation of lipolysis. These regulators act to control lipolysis within WAT, which 

is critical to whole-body lipid flux. 

1.3.2.1 Key Players in the Regulation of Lipolysis 

In humans, catecholamines, insulin, and natriuretic peptides (NPs) are amongst the 

primary regulators of lipolysis in WAT
22,62,63

. These factors are implicated in the regulation of 

key secondary messengers, cAMP and cGMP, which are involved in the activation of PKA and 

PKG, respectively
22

.  
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Catecholamines are considered the primary factors that promote lipolysis in adipocytes
22

. 

The regulatory effects of catecholamines occur as a result of intracellular signalling triggered by 

activation of the β1, β2, β3, and α2 adrenergic receptors
22,62

. The β-adrenergic receptors activate 

adenylate cyclase (AC), a plasma membrane enzyme that catalyzes the formation of cAMP
22,63

. 

The formation of cAMP activates PKA and therefore promotes lipolysis
63

. In contrast, α2 

adrenergic receptors inhibit AC activation and thus prevents the formation of cAMP and, 

ultimately, lipolysis
22,63

. Overall, factors such as diet, physical activity, and the degree of 

adiposity affect the interplay between the lipolytic β-adrenergic and the anti-lipolytic α2-

adrenergic pathways
63

.   

Insulin activates lipogenic and glycolytic enzymes, thereby stimulating lipogenesis
22,40,41

. 

This suggests that insulin activity is anti-lipolytic
22

. In fact, insulin is suggested to be the most 

important anti-lipolytic hormone in vivo
63

. This anti-lipolytic action is mediated through the 

activation of phosphodiesterase-3B (PDE-3B), which degrades cAMP
22

. Degradation of cAMP 

prevents activation of PKA, and thus lipolysis
22

.  

Similar to catecholamines, it has been suggested that NPs are important stimulating agents 

for lipolysis
22,62

. NPs first emerged as potent regulators of lipolysis in human WAT, especially 

during exercise-stimulated lipolysis
62

. This regulating effect is primarily due to the role of NPs in 

stimulating PKG activity
62

. Studies have shown that large adipocytes express higher levels of NP 

receptor A on their membranes compared to small adipocytes
58,64

. NPs act via NP receptor A 

activation, which enhances cGMP levels, leading to PKG activation
22,62

. PKG (alongside PKA) is 

involved in the phosphorylation and activation of PLIN1 and HSL
22,62

. Moreover, the lipolytic 

effect promoted by NPs appears to be unaffected by the anti-lipolytic action of insulin
22

.  
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As an interesting note, lipolysis has also been suggested to be stimulated by both growth 

hormone and leptin, which were previously discussed in regards to lipogenesis
22,65

. As growth 

hormone significantly reduces lipogenesis in WAT, it would be plausible to suggest it may 

stimulate lipolysis
42

. Indeed, in vitro studies have shown that growth hormone stimulates lipolysis 

in human adipocytes, while growth hormone-deficient individuals have reduced lipolysis and 

plasma NEFA concentrations
 66,67

. However, the mechanism by which growth hormone exhibits 

its effects is not fully established, although it is thought to involve pathways used by 

catecholamines (cAMP- and PKA-dependent pathways)
59

.  For leptin, it is known that the 

hormone acts to suppress AMP-activated protein kinase (AMPK) activity, which has been shown 

to have anti-lipolytic properties in vitro
22,59

. In murine and human adipocytes, AMPK 

phosphorylates HSL at Ser
565

, an inhibitory site, which prevents HSL translocation to the lipid 

droplet
59

. Thus, inhibition of an anti-lipolytic pathway by leptin can be considered lipolytic in 

itself. However, recent evidence has associated increased lipolysis with AMPK activity in vivo, 

where human ATGL appears to be phosphorylated at Ser
404

 by the enzyme
57

. Thus, these 

contradictory data may be explained by differences in AMPK action on the two lipases involved 

in TAG lipolysis. 
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Figure 2. Overview of the regulation of lipolysis in white adipocytes. Protein kinases A and G (PKA and 

PKG) phosphorylate hormone-sensitive lipase (HSL) and perilipin-1. These phosphorylations lead to 

triacylglycerol (TAG) hydrolysis involving the sequential activity of adipose triglyceride lipase (ATGL), 

HSL, and monoacylglycerol lipase (MGL). Catecholamines (and possibly growth hormone), via β-

adrenergic receptor activation, catalyze cAMP production and promote lipolysis. Natriuretic peptides, 

through cGMP stimulation and subsequent PKG activation, also promote lipolysis. Leptin, through AMPK 

activation, suppresses lipolysis; however, AMPK action in vivo and in vitro is contradictory. In an 

inflamed adipocyte, tumor necrosis factor-α (TNF-α) production results in increased lipolytic activity. 

Insulin, through activation of phosphodiesterase-3B, inhibits catecholamine-induced lipolysis via the 

degradation of cAMP. G3P, glycerol-3-phosphate; AMPK, AMP-activated protein kinase; LPL, 

lipoprotein lipase; GLUT4, glucose transporter 4; NEFA, non-esterified fatty acid. +, promotion; -, 

inhibition. Adapted from Lafontan et al.59. 
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1.3.3 Lipolysis and Obesity 

The relationship between obesity and lipolysis is a widely-debated topic. Some studies 

show increases in the rates of WAT lipolysis in obese individuals, while others show the 

opposite
50,57

. Increased WAT lipolysis results in elevated levels of circulating NEFAs, which are 

thought to be important etiologic agents in the development of insulin resistance and 

inflammation in obesity
50

. Conversely, a reduction in the rate of lipolysis would align with the 

obese phenotype. As described in the following subsections, this paradox may be explained 

through the effect of obesity on different WAT depots as well as on key lipolysis regulators. 

1.3.3.1 Depot-Specific Differences in Lipolysis with Obesity 

As in the case of lipogenesis, the rate of TAG lipolysis has been shown to vary in a depot-

specific manner with obesity
8,9,57

. For example, studies examining the effects of catecholamines 

in obese individuals have shown decreased lipolysis in subcutaneous WAT, but increases in 

visceral WAT
57,68

. Aligning with this concept, several major defects have previously been 

described in subcutaneous WAT depots of obese and overweight individuals
9,57,68

. In addition to 

catecholamines, NP-mediated lipolysis also seems to be reduced in the subcutaneous depots of 

obese subjects
63,68

. Sengenès et al. showed that the lipolytic effect of NPs in situ was only 

enhanced with body weight reduction
69

. Since adipocytes in obese individuals are generally larger 

in diameter due to increased lipid accumulation, it has been suggested that hypertrophied 

adipocytes in obese subcutaneous WAT may underlie this depot-specific effect
57

. 

1.3.3.2 Changes in Lipolysis Regulators with Obesity 

Aside from catecholamines and NPs, obesity has also been linked to the alteration of other 

regulators of WAT lipolysis, including insulin. The relationship between obesity, lipolysis, and 

insulin regulation has been studied extensively by examining insulin resistance. NEFAs derived 



 

24 
 

from adipocyte lipolysis are known to play a critical role in the development of insulin resistance 

in obesity
57

. Decreased lipolytic response to catecholamines in obese individuals may be a factor 

that promotes lipid accumulation, leading to adipocyte hypertrophy
57

. With adipocyte 

hypertrophy, the basal rate of lipolysis is increased, which may escalate delivery of NEFAs to 

peripheral tissues – causing insulin resistance
57

. Furthermore, insulin sensitivity can be improved 

in mice fed a high-fat diet and treated with an HSL inhibitor, reducing TAG lipolysis
57

. Together, 

these data suggest that an initial increase in TAG lipolysis resulting in excess NEFA release 

causes insulin resistance, which in turn reduces levels of lipolysis in WAT, which is commonly 

seen in obesity. 

In obesity, TNF-α acts as another important regulator of WAT lipolysis. Hypertrophied 

adipocytes, as observed in obesity, are associated with WAT inflammation, catalyzing the release 

of pro-inflammatory adipokines
69

. Specifically, the association is seen with the heightened release 

of TNF-α, which originates from WAT
57,69

. TNF-α release from WAT is enhanced with obesity 

and has been shown to have lipolytic effects in adipocytes
57,70

. TNF-α signalling pathways 

interact with PLIN1 expression and phosphorylation, as well as lipase expression
59

. In particular, 

TNF-α causes increased phosphorylation and decreased expression of PLIN1, and downregulation 

of G0S2, a negative regulator of ATGL
57,59,71

. These data support the view that TNF-α activation 

is important for the control of TAG lipolysis in obese individuals
57

.  

 

1.4 TAG Fatty Acid Re-esterification 

Lipolysis is associated with re-esterification of some lipolyzed NEFA back into TAG
56

. It 

has been demonstrated that a significant part (up to 50%) of the released NEFAs during lipolysis 

are re-esterified back into TAG within the adipocyte
31,72,73

. This leads to a recycling process, 
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which results in the conservation of some TAG, thereby preventing large concentrations of FAs 

from accumulating in and around the tissue that can be cytotoxic
31

. Thus, lipolysis and FA re-

esterification work synergistically to control net NEFA release from WAT, which regulates lipid 

handling at the whole-body level. 

Similar to TAG synthesis, FA re-esterification requires G3P. Under lipolytic conditions, 

G3P is not formed from glycolysis due to decreased glucose utilization in WAT
31,74

. Furthermore, 

G3P formation directly from released glycerol during lipolysis is absent, since GK activity is low 

in WAT
31,32

. Indeed, it has been shown that glycerol is not metabolized to any significant extent 

within WAT
72,75

. In vitro studies have shown that glycerol is released from the adipocyte during 

lipolysis, along with NEFAs that were not re-esterified
62,75

. In humans, most of the glycerol from 

WAT is released into circulation and used by the liver for gluconeogenesis
31

. Since G3P does not 

arise from glucose or from the glycerol released during lipolysis, it must therefore be provided 

from an alternate source.  

 

1.5 Glyceroneogenesis in WAT Lipid Handling 

Glyceroneogenesis is the process by which G3P is synthesized from gluconeogenic 

precursors
32

. Through the glyceroneogenic pathway, non-carbohydrate precursors are converted 

into G3P (see Figure 3)
33

. Glyceroneogenesis plays an essential role in DNL, lipolysis, and FA re-

esterification. During glyceroneogenesis, pyruvate is carboxylated to oxaloacetate, which then 

leaves the mitochondria and is decarboxylated by cytoplasmic PEPCK to form 

phosphoenolpyruvate
32,33

. PEPCK-C (encoded by Pck1) activity is rate-limiting in the 

glyceroneogenic pathway
74

. Phosphoenolpyruvate is then converted to GAP, which is reduced to 

DHAP by glyceraldehyde-3-phosphate dehydrogenase
32

. DHAP, as previously mentioned, is then 
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converted to G3P by GPDH. It is worth noting that a second, mitochondrial form of PEPCK 

exists (PEPCK-M), encoded by Pck2, which functions similarly to PEPCK-C, but is regulated 

differently than the cytosolic form
32

. Regulation of PEPCK-M occurs through Pck2 expression, 

although the mechanism(s) by which Pck2 expression is controlled has not been extensively 

studied
32

. Ratios of these two isoforms vary between humans and rodents in a tissue-dependent 

manner. For example, in the rodent liver, approximately 95% corresponds to the cytosolic form of 

PEPCK, whereas in the human liver, there are equal amounts of the two isoforms
21

. Within WAT, 

the ratio of PEPCK-C:PEPCK-M is unknown. This suggests that Pck2 may play a significant role, 

alongside Pck1, in glyceroneogenesis in a tissue-specific manner. 

Overall, the glyceroneogenic pathway contributes to the regulation of WAT lipid handling 

by playing a key role in TAG synthesis and FA re-esterification. It has only recently been shown 

that dysregulation of glyceroneogenesis has profound pathophysiological effects that may 

influence the development of obesity-related complications, thus demonstrating its importance to 

whole-body lipid handling
32,74

. 

 

1.5.1 Glyceroneogenesis Regulation 

  1.5.1.1 Induction of Glyceroneogenesis 

Research has been extensive in characterizing factors involved in the regulation of 

glyceroneogenesis. It has been shown that β-adrenergic agonists (i.e., catecholamines) act to 

stimulate PEPCK gene expression
31

. Since the β-adrenergic pathway stimulates cAMP 

production, which in turn activates PKA activity, this effect on glyceroneogenesis coincides with 

β-adrenergic stimulation of lipolysis
22

. This was shown to be the case both in WAT explants and 

in 3T3-F442A adipocytes, where both glyceroneogenesis and lipolysis were elevated with cAMP 
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stimulation
31

. Since a significant portion of NEFAs released during lipolysis are re-esterified back 

into TAG, the concomitant stimulation of glyceroneogenesis would generate the G3P required for 

FA re-esterification.   

Similarly, it has been suggested that thiazolidineiones (TZDs) induce PEPCK gene 

transcription in WAT
31,76

. TZDs (e.g., rosiglitazone) are commonly used as an anti-diabetic 

treatment in individuals with type-2 diabetes
76

. It is known that sustained elevation of plasma 

NEFAs can cause insulin resistance, leading to type-2 diabetes
31

. Thus, it is plausible that TZDs 

exert their anti-diabetic action by inducing FA re-esterification and glyceroneogenesis, thereby 

reducing levels of circulating NEFAs. This has recently been shown in both cultured adipocytes 

and in Wistar rats, where glyceroneogenesis was increased as a result of the induction of PEPCK 

expression
77

. As an interesting note, it is speculated that the insulin-sensitizing effects of TZDs 

causes apoptosis of hypertrophied adipocytes, leading to the appearance of new, smaller and more 

insulin sensitive adipocytes alongside infiltration of M2 macrophages
7,78

. Together, these data 

suggest that TZD action (possibly in part through the effect on glyceroneogenesis) regulates WAT 

remodelling. 

Finally, it has been demonstrated that both monounsaturated FAs (MUFAs) and 

polyunsaturated FAs (PUFAs) are able to regulate PEPCK expression in adipocytes
79

. This up-

regulation is unique to adipocytes, as the effect of these fatty acids on PEPCK expression has not 

been observed in other cell types or tissues
31

. Interestingly, neither HSL nor ATGL expression are 

effected by MUFA/PUFA treatment in adipocytes, suggesting a specific effect on 

glyceroneogenesis
31

. 
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1.5.1.2 Glyceroneogenesis Reduction 

Many factors are capable of reducing glyceroneogenesis in WAT. Diet composition, 

glucose, and glucocorticoids are a few examples of factors that can inhibit PEPCK activity
31,79

. 

Antras-Ferry et al. showed that re-feeding fasted rats with a high-carbohydrate diet caused a 

reduction in PEPCK mRNA and activity in WAT
79

. This result indicates that a high-carbohydrate 

diet can repress glyceroneogenesis, and also decrease FA re-esterification. Similarly, studies 

utilizing glucose supplementation have shown inhibition of PEPCK activity in adipocytes, 

identical to the impact of the high-carbohydrate diet on glyceroneogenesis
31

. Finally, 

glucocorticoids, which are stress hormones that have anti-inflammatory properties, also inhibit 

PEPCK expression and activity
31

. This effect on PEPCK may be the mechanism behind the anti-

inflammatory characteristics of glucocorticoids, thereby reducing FA re-esterification in WAT in 

order limit TAG accumulation
31

. 

 

1.5.2 The Role of Glyceroneogenesis in FA Re-esterification 

As in the case of DNL, glyceroneogenesis has been shown to be the predominant source 

of G3P for FA re-esterification, consuming non-carbohydrate substrates to replenish TAG 

stores
31-33

. First described by Reshef et al., G3P production via glyceroneogenesis actively limits 

NEFA output during lipolysis by providing substrate needed for FA re-esterification
31,33

. Studies 

have indicated that glyceroneogenesis is important in whole-body lipid homeostasis by 

influencing WAT FA re-esterification and that dysregulation of this pathway may have profound 

pathophysiological effects
32

. 



 

29 
 

 

Figure 3. Regulation of glyceroneogenesis in adipocytes. Through the glyceroneogenic pathway, pyruvate 

is eventually converted to glucose-3-phosphate (G3P) which is required for FA re-esterification. Pyruvate 

is carboxylated to oxaloacetate (OA) in the mitochondria, which is decarboxylated by cytoplasmic 

phosphoenolpyruvate carboxykinase (PEPCK-C) in the adipocyte to form phosphoenolpyruvate (PEP). 

PEP is then converted to glyceraldehyde-3-phosphate (GAP), which is reduced to dihydroxyacetone 

phosphate (DHAP) by glyceraldehyde- 3-phosphate dehydrogenase (GPDH). DHAP is then converted to 

G3P by GPDH. β-agonists, thiazolidineiones (TZDs), mono-unsaturated FAs (MUFAs) and poly-

unsaturated FAs (PUFAs) act to stimulate PEPCK-C activity. Glucose, glucocorticoids and diets high in 

carbohydrates act in reducing PEPCK-C activity. TAG, triacylglycerol; NEFA, non-esterified fatty acid. +, 

promotion; -, inhibition. 
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1.5.3 Glyceroneogenesis in the Obese State 

Dysregulation of WAT glyceroneogenesis alters both TAG levels in WAT and the amount 

of NEFAs released into the blood
32

. In obesity, it is a common occurrence for increased WAT 

TAG accumulation, partly through elevated glyceroneogenic activity and FA re-esterification
32

. In 

contrast, decreased glyceroneogenic activity increases serum NEFA levels, causing a decline in 

fat mass and promoting insulin resistance
32

. Mice that over-express Pck1 in WAT become obese; 

which is attributed to increased glyceroneogenesis and FA re-esterification
32,80

. This was seen 

specifically in eWAT, where hypertrophied adipocytes and elevated fat mass were observed
80

. 

Despite increased eWAT fat mass, these mice showed decreased circulating NEFAs and normal 

leptin levels
80

. These data may implicate Pck1 as a potential obesity gene, and dysregulated 

glyceroneogenesis (through PEPCK activity), in obesity development
80

.  

Since PEPCK is rate-limiting in the glyceroneogenic pathway, changes in the activity of 

this enzyme could be an etiological factor in the development of obesity
80,81

. Olswang et al. 

genetically engineered mice that lacked Pck1 gene expression
81

. These mice had significantly 

increased lipolysis in WAT, and approximately 25% of the mice were notably lipodystrophic with 

mild insulin resistance (possibly due to lipid accumulation in non-adipose tissues)
81

. The 

phenotype of these mice is consistent with the glyceroneogenic role of adipocyte PEPCK
81

. 

Franckhauser et al. created transgenic mice that over-expressed PEPCK in WAT
80

. These mice 

were observed to be obese, possibly due to increased FA re-esterification rates in eWAT
80

. 

Interestingly these mice also appeared to have a slightly increased sensitivity to insulin
80

. 

Altogether, these studies suggest that both lipogenic and lipolytic activity in WAT is directly 

influenced by glyceroneogenesis through PEPCK, and that dysregulation of these processes may 

play a part in the common metabolic abnormalities seen in obese individuals.   
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1.6 Conclusions 

With a rising occurrence worldwide, the health burden of obesity has become increasingly 

significant. The prolonged imbalance of energy intake and expenditure seen with obesity leads to 

alterations in WAT lipid handling. Specifically, these alterations involve changes in lipogenesis, 

lipolysis, FA re-esterification and glyceroneogenesis. Dysregulation of these processes 

significantly impacts net NEFA release from WAT, which has both direct and indirect effects on 

peripheral tissues. Consequently, the processes involved in WAT lipid handling are highly 

regulated. Movement of TAG in and out of the lipid droplet is controlled by a variety of factors, 

including protein kinases, lipases, secondary messengers, enzyme catalysts, and hormones. 

Altered signalling between these factors has a substantial effect on WAT energy metabolism and 

may result in many complications related to obesity.  In view of the wide range of health 

problems associated with improper lipid storage and release, it is critical to understand the role of 

WAT lipid handling on metabolic health.  
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2.0 Research Objective 

 The primary objective of this thesis was to examine the role of stearoyl-coenzyme A 

desaturase-1 (SCD1) in white adipose tissue (WAT) using two models: a whole-body Scd1 

knockout (KO) mouse and 3T3-L1 adipocytes treated with a specific SCD1 inhibitor. 

Specifically, the aim was to study how reduced SCD1 activity influences the major processes 

involved in WAT lipid handling; namely glyceroneogenesis, lipolysis, and fatty acid (FA) re-

esterification. To accomplish this objective, analyses were conducted to examine WAT 

triacylglycerol (TAG) composition, non-esterified FA (NEFA) and glycerol accumulation from 

cultured WAT, and WAT gene expression in wild-type (WT), heterozygous (HET), and Scd1 KO 

mice. Furthermore, NEFA and glycerol accumulation, as well as gene and protein expression, 

were analyzed in SCD1-inhibited 3T3-L1 adipocytes.  

 

2.1 Hypotheses 

 The extent to which reduced SCD1 activity impacts the major processes involved in WAT 

lipid handling is relatively unclear. The primary hypothesis was that reduced SCD1 activity in 

WAT would cause a reduction in glyceroneogenesis, principally through decreased 

phosphoenolpyruvate carboxykinase (PEPCK) activity. Further, it was also hypothesized that FA 

re-esterification would be diminished, and TAG lipolysis would be down-regulated.    
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3.0 Abstract 

White adipose tissue (WAT) has a critical role in lipid handling. Previous work 

demonstrated that SCD1 is an important regulator of WAT fatty acid (FA) composition; however, 

its influence on the various interconnected pathways influencing WAT lipid handling remains 

unclear. Our objective was to investigate the role of SCD1 on WAT lipid handling using Scd1 

knock-out (KO) mice and SCD1-inhibited 3T3-L1 adipocytes by measuring gene, protein, and 

metabolite markers of glyceroneogenesis, lipolysis, and FA re-esterification. Triacylglycerol 

(TAG) was higher in inguinal WAT (iWAT) from KO mice compared to wild-type (WT), but 

significantly lower in epididymal WAT (eWAT). SCD activity, as reflected by FA composition, 

was decreased in both WAT depots in KO mice. FA re-esterification, measured with a 

NEFA:glycerol ratio, was reduced in both WAT depots in KO mice, as well as SCD1-inhibited 

3T3-L1 adipocytes. Pck1, Atgl, and Hsl gene expression were reduced in both WAT depots of KO 

mice, while Pck2 and Pdk4 gene expression showed depot-specific regulation. Pck1, Atgl, and Hsl 

gene expression were reduced, and PEPCK protein content ablated, in SCD1-inhibited 

adipocytes. Our data provides evidence that SCD1 has a broad impact on WAT lipid handling by 

altering TAG composition in a depot-specific manner, reducing FA re-esterification, and 

regulating markers of lipolysis and glyceroneogenesis. 

 

Keywords: adipose tissue, lipolysis and fatty acid metabolism, triglycerides, lipases, adipocytes, 

stearoyl CoA desaturase-1, phosphoenolpyruvate carboxykinase  
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3.1 Introduction 

White adipose tissue (WAT) has an important role in whole-body lipid handling. When 

energy intake outweighs energy expenditure (e.g., during the fed state or with obesity), adipocytes 

in WAT act as reservoirs and sequester this excess energy as triacylglycerol (TAG) in lipid 

droplets
11,59

. In contrast, when the body requires energy (e.g., during fasting or exercise), TAGs 

are broken down and mobilized as non-esterified fatty acids (NEFA)
59

. These NEFAs can then be 

oxidized directly within the adipocyte, secreted into circulation for use by other tissues (such as 

the liver and muscle), or re-esterified back into TAG (~0.2%, 50.1%, and 49.7% of NEFAs, 

respectively)
22,31,73,82

. Perturbations in WAT lipid handling processes, such as lipogenesis and 

lipolysis, are characteristic of metabolic diseases such as obesity and type-2 diabetes
22,83

. Given 

the worldwide prevalence of these metabolic diseases, it is imperative to improve our 

understanding of the factors controlling WAT lipid handling (a term used hereon to encompass 

TAG biosynthesis, FA re-esterification and lipolysis). 

TAG lipid stores in WAT are regulated by a number of highly inter-connected and 

coordinated processes. TAG synthesis in adipocytes involves fatty acid (FA) esterification to 

glycerol-3-phosphate (G3P)
31

. These FAs are either synthesized directly within the adipocyte via 

de novo lipogenesis, or obtained through lipoprotein lipase (LPL)-mediated hydrolysis of TAG-

enriched particles, such as chylomicrons or hepatic-derived lipoproteins
22,31

. In WAT, the 

formation of G3P from glycerol is negligible due to low glucokinase activity
73

. Instead, G3P in 

WAT is primarily generated via glyceroneogenesis
31,73,84

. During periods of energy demand, 

TAGs are broken down through the sequential action of several lipolytic enzymes - adipose 

triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceride lipase (MGL); 

resulting in the release of NEFAs from the glycerol backbone
59

. A significant proportion (up to 
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50%) of the NEFAs released during lipolysis is re-esterified back into TAG within the 

adipocyte
31,59,73

. Consequently, the highly interconnected processes of TAG synthesis, 

glyceroneogenesis, lipolysis, and FA re-esterification regulate net NEFA release and, more 

broadly, WAT lipid handling.  

A key enzyme involved in TAG synthesis is stearoyl-CoA desaturase-1 (SCD1, encoded 

by the Scd1 gene), which catalyzes the conversion of saturated fatty acids palmitate (16:0) and 

stearate (18:0) into monounsaturated fatty acids (MUFAs) palmitoleate (16:1n-7) and oleate 

(18:1n-9), respectively
25,85

. Moreover, it is these MUFAs that are preferentially esterified to G3P 

to form TAG
25,27,86

. Several lines of evidence now suggest that SCD1 may influence lipid 

handling more extensively than previously appreciated. First, a downregulation in hepatic Scd1 

expression caused a marked decrease in phosphoenolpyruvate carboxykinase (PEPCK, encoded 

by the Pck1 gene) expression in rodents, which is the rate-limiting enzyme for 

glyceroneogenesis
31,73,87

. Second, reduced SCD1 activity using a specific inhibitor decreased 

TAG levels in 3T3-L1 adipocytes, and concomitantly inhibited the expression of genes regulating 

TAG synthesis
24

. Finally, SCD1 inhibition in cardiomyocytes was shown to decrease the levels of 

lipogenic proteins and increase lipolysis
88

. Collectively, these independent studies suggest that 

SCD1 has a broad influence on lipid handling in various tissues. 

The aim of the present study was to investigate the role of SCD1 on WAT lipid handling 

by examining key gene, protein, and metabolite markers of glyceroneogenesis, lipolysis, and FA 

re-esterification in Scd1 knock-out (KO) mice and 3T3-L1 adipocytes. We hypothesized that 

reduced SCD1 activity would decrease FA re-esterification in a WAT-depot specific manner via 

the differential regulation of key markers of glyceroneogenesis and lipolysis. This study provides 

new insights regarding the role of SCD1 as a broad regulator of WAT lipid handling.  
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3.2 Materials and Methods 

3.2.1 Chemicals and reagents 

Cell culture reagents including Dulbecco’s modified Eagle’s medium (DMEM), 0.25% 

trypsin-ethylenediaminetetraacetic acid, and penicillin-streptomycin were purchased from 

Hyclone Laboratories (Logan, UT, USA). Rosiglitazone, human insulin, dimethyl sulfoxide 

(DMSO; ⩾99.9% purity), 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX), fatty 

acid free bovine serum albumin (BSA; ⩾98% purity), medium 199 (M199), and fetal bovine 

serum (FBS) were purchased from Sigma Aldrich (St. Louis, MO, USA). Primary antibodies for 

SCD1 (#2438), ATGL (#2439), T-HSL (#4107), phospho Ser-660 HSL (#4126), phospho Ser-563 

HSL (#4139), and phospho Ser-565 HSL (#4137) were purchased from Cell Signaling 

Technology (Danvers, MA, USA), while the primary antibody for α-tubulin (#7291) was obtained 

from Abcam (Toronto, ON, Canada). The primary antibody for PEPCK (#10004943) and the 

specific SCD1 inhibitor (CAY10566) were purchased from Cayman Chemical (Ann Arbor, MI, 

USA).  

3.2.2 Animal husbandry and sample collection 

The Scd1 knockout line (C57BL/6 background) is a generous gift from Dr. J. Ntambi 

(Scd1<tm1Ntam>; University of Wisconsin-Madison). Mice were generated at the University of 

Quebec in Montreal (UQAM) animal facilities. The UQAM Animal Care and Use Committee 

approved all animal experimental protocols. Only male mice were used in this study (Scd1+/+ 

(WT), Scd1 +/- (HET) and Scd1 -/- (KO) genotypes).   

WT, HET and KO mice were fed a standard chow diet (Charles River; rodent chow #5075 

(See App. Table S2 for diet composition)) ad libitum from weaning until 9 weeks of age. The 
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mice were housed (maximum 4 per cage) at constant 23°C and 48% air humidity, with a 12h light 

- 12h dark cycle. After a 4h fast, all mice were anesthetized with isofluorane and CO2. Blood was 

collected by cardiac puncture, used to measure circulating glucose with a glucometer, and then 

stored on ice for approximately 30min. Serum was isolated after centrifugation at 4°C for 15min 

at 1500 × g and stored at −80°C. Inguinal WAT (iWAT) and epididymal WAT (eWAT) were 

collected from all mice. Approximately 40 mg of each WAT tissue was immediately rinsed in 

1×PBS, flash frozen in liquid N2, and stored at −80°C for gas chromatography. The remainder of 

the tissue was used for adipose tissue organ culture, as described below. 

 

3.2.3 Adipose Tissue Organ Culture (ATOC) 

iWAT and eWAT from WT, HET, and KO mice (n=6 per genotype per WAT depot) were 

excised, weighed, and immediately placed in 15mL conical tubes containing oxygenated M199 

media and 1% penicillin–streptomycin. Approximately 70 mg of tissue was minced and placed 

into a well of a twelve-well plate containing 2 mL of oxygenated M199 media supplemented with 

1% penicillin–streptomycin, 50 μU insulin, and 1.25 nM DEX. Samples were incubated at 37°C 

in 5% CO2 for 24h. After 24h, media was removed, tissue was washed with 1×PBS, and 1 mL of 

fresh M199 (supplemented with 2% BSA and DMSO) was added. Aliquots of media were taken 

at 0h, 2h, 4h, and 24h and flash frozen in liquid N2. After 24h, the minced tissue was collected, 

flash frozen in liquid N2, and stored at −80°C.  

 

3.2.4 Gas chromatography 

All solvents were purchased from Fisher Scientific (Waltham, MA, USA), unless 

otherwise specified. Excised iWAT and eWAT were homogenized in 3.0 mL of 0.1 M KCl. A 
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chloroform:methanol solution (2:1v/v) was added to homogenized samples, according to Folch et 

al.
89

. Samples were vortexed, and then flushed with N2 before being stored at 4°C overnight. 

Samples were centrifuged at 420 × g for 10min to separate phases. The chloroform layer was 

dried under N2 and then reconstituted in 100 μL of chloroform. Silica G plates (VWR, 

Mississauga, ON, Canada) were activated by heating for 1h at 100°C. Samples were run alongside 

standards for 30min in a solvent mixture containing 80 mL petroleum ether, 20 mL ethyl ester, 

and 1 mL acetic acid. Fractions were visualized using 8-anilino-1-naphthalenesulfonic acid 

(Sigma Aldrich) under UV light. Bands corresponding to TAG fractions were identified and 

transferred into acid-washed vials containing the internal standard 17:0 (PL—2 μL × 1 mg/mL; 

TAG—6 μL × 10 mg/mL). Hexane (2 mL) and 14% boron trifluoride-methanol (2 mL; Sigma 

Aldrich) were added and samples were methylated for 1.5h at 100°C. Samples were cooled and 

centrifuged at 420 × g for 10min. The lower hexane layer containing methylated FAs was 

transferred into GC vials, and dried down under a gentle stream of N2. TAG fractions were 

reconstituted in 1.5 mL of hexane in GC vials. FA methyl esters were quantified using an Agilent 

6890N gas chromatograph with a flame ionized detector and separated on a Supelco SP-2560 

fused silica capillary column (100m, 0.2 μm film thickness, 0.25mm; Sigma Aldrich). Hydrogen 

was used as the carrier gas and set at a constant flow rate of 30 mL/min. Samples were injected in 

splitless mode, with injector and detector ports set at 250°C. FA methyl esters were eluted 

through the column using a temperature program as follows: 0.2min at 60°C, then increasing 

13°C/min until a temperature of 170°C was reached. 170°C was held for 4min, then increased 

6.5°C/min to 175°C, increased 2.6°C/min to 185°C, increased 1.3°C/min to 190°C, and finally 

increased 13°C/min to 240°C and held at this temperature for 13min. The run time per sample 

was 37.77min. FAs were identified by comparing peak retention times with those of the known 
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FA standard peaks (Nu-Chek-Prep, Elysian, MN, USA). Peak areas were determined using 

EZChrom Elite software (Version 3.3.2) to quantify the individual FAs present.  

 

3.2.5 Cell culture experiments 

Murine 3T3-L1 preadipocytes were obtained from ATCC (Rockville, MD, USA). 3T3-L1 

preadipocytes were cultured in 5% CO2 and 100% humidity at 37°C for all experiments. Prior to 

treatments, cells were maintained in basic media, which consisted of DMEM supplemented with 

1% penicillin-streptomycin and 5% heat-inactivated FBS. Cells were seeded at a density of 6.0 × 

10
4
 cells per well in six-well plates or at 1.3 × 10

5
 cells per T25 flask. The SCD1 inhibitor 

(SCD1inhib) and rosiglitazone (Rosi) were diluted in DMSO to stock concentrations of 10 μM and 

1 mM, respectively. Final working concentrations of 10 nM SCD1inhib and 1 μM Rosi were made 

by further diluting the stock solutions in adipocyte culture media. These concentrations of 

SCD1inhib and Rosi were selected based on dose–response experiments to identify the dose that 

maximized effectiveness while avoiding cell toxicity. Toxicity was assessed with the Promega 

CytoTox 96
®

 Non-Radioactive Cytotoxicity Assay (Madison, WI, USA).  

Adipocyte differentiation was induced 2 days post-confluence (i.e., day 0) using an 

established differentiation cocktail that consisted of IBMX (0.5 mM), DEX (1 μM) and human 

insulin (5 μg/ml) in basic media. On day 2 and day 4, medium was replaced with fresh 

maintenance media (MM) which consisted of basic media supplemented with only human insulin. 

On day 5, MM was replaced with serum-free MM (SF-MM) supplemented with 2% BSA for the 

remaining duration of experiments. Throughout the entire experiment, adipocytes were also 

treated with either 10 nM SCD1inhib, 1 μM Rosi or an equivalent volume of DMSO (control 

condition). RNA, protein, and media collections took place on day 7. All experiments were 
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performed with technical replicates in at least three different passages to ensure that results were 

not passage-specific.  

 

3.2.6 Dual RNA and protein extraction 

Total RNA was extracted from 3T3-L1 adipocytes and ATOC tissue using the Qiagen 

RNeasy Mini Kit (Qiagen, Mississauga, ON, Canada). Total protein was extracted from 3T3-L1 

adipocytes using a modified acetone precipitation protocol, as previously described
90

. Briefly, 

after spinning samples through an RNeasy spin column, four parts acetone was added to the flow 

through. The column was retained for standard RNA extraction, and the flow through was 

incubated for at least 30min at − 20°C before centrifugation at 13,000 rpm for 10min. The protein 

pellet was then dried and re-suspended in 10% sodium dodecyl sulfate. For the ATOC tissue, after 

homogenization and prior to the RNeasy spin column step, 70 μL of chloroform was added to the 

homogenate and spun at 8000 × g to remove lipid. After centrifugation of 3T3-L1 and ATOC 

samples, the aqueous phase was removed and loaded onto the RNeasy spin column for RNA 

extraction according to manufacturer's instructions. RNA and protein were stored at − 80°C until 

further analysis.  

 

3.2.7 Real-time RT-PCR 

Single stranded cDNA was synthesized from 1 μg or 0.5 μg (for 3T3-L1 cells or ATOC 

tissue, respectively) total RNA using a High-Capacity cDNA Reverse Transcription Kit (Life 

Technologies, Burlington, ON, Canada). Amplification of cDNA was conducted using a BioRad 

CFX96 RT-PCR detection system and SSo FAST EvaGreen Supermix (BioRad Laboratories, 

Mississauga, ON, Canada) using the following protocol: 95°C for 30sec, 95°C for 4sec, and 
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55.9°C for 4sec, repeated for 40 cycles. Primers for Scd1, Scd2, Pdk4, Pck1, Pck2, Atgl, Hsl, and 

Pparγ were designed using the online Roche Universal Probe Library and Assay Design Center 

(App. Table 1). Data were normalized using Nono as the housekeeping gene, and expressed as 

fold changes relative to control samples using the comparative delta-Ct (ΔΔCt) method. 

 

3.2.8 Western blot analyses 

Equal amounts of protein (30μg) were heat-denatured for 10min at 95°C and allowed to 

cool before separation by sodium dodecyl sulfate polyacrylamide gel electrophoresis on 10% 

resolving gels. Proteins were transferred to nitrocellulose membranes at 200 mA and membranes 

were subsequently blocked in Tris-buffered saline-0.1% Tween-20 supplemented with 5% non-fat 

dry milk with gentle agitation for 1h at room temperature. Primary antibodies were diluted in 

Tris-buffered saline-0.1% Tween-20/5% BSA. Membranes were incubated in primary antibody 

overnight at 4°C with gentle agitation. The membranes were then washed two times in Tris 

buffered saline-0.1% Tween-20. Afterwards, membranes were incubated in Tris-buffered saline-

0.1% Tween-20/1.0% non-fat dry milk supplemented with horseradish peroxidase-conjugated 

secondary antibodies (Jackson Immuno-Research Laboratories, West Grove, PA, USA) at a 

dilution of 1:2000 for 1h at room temperature. Protein bands were detected with ECL Plus and 

imaged using a FluorChem HD2 Imaging System (ProteinSimple, San Jose, CA, USA). All 

primary antibody dilutions were used at 1:1000, except for α-tubulin which was 1:5000. Relative 

band intensities were quantified using Alpha Innotech Software (San Leandro, CA, USA), with α-

tubulin used as the internal control. 
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3.2.9 NEFA and glycerol measurements 

The concentrations of NEFA and glycerol in culture media (both 3T3-L1 adipocytes and 

ATOC) and fasted serum were measured using commercially available kits (Wako Diagnostics, 

Richmond, VA, USA and Sigma Aldrich, respectively), following the manufacturer's instructions. 

Samples were run in duplicate and the average coefficient of variance was <7%. 

 

3.2.10 Statistical analysis 

A one-way ANOVA followed by Tukey's post-hoc test was used for all analyses. Data are 

reported as standard error of the mean (SEM). Statistical significance was set at P<0.05.  

 

3. 3 Results 

3.3.1 Blood glucose and NEFA:glycerol accumulation are reduced in Scd1 KO mice 

Blood serum glucose levels in KO mice were significantly lower than WT mice (Figure 

4a), with no statistical differences seen between KO and HET or HET and WT groups. A trend 

towards an increase in serum glycerol levels in KO mice compared to HET (p=0.08) was 

observed (Figure 4b), but no difference was detected between KO and WT mice. Serum NEFA 

concentrations were comparable between the three genotypes (Figure 4c); however, KO mice had 

a significantly lower NEFA:glycerol ratio compared to HET mice (Figure 4d). There was no 

difference in the NEFA:glycerol ratio between HET and WT animals. See App. Table S3 for full 

TAG lipid composition results. 
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3.3.2 WAT lipid composition is altered in Scd1 KO mice in a depot-specific manner 

Depot differences were observed when considering WAT TAG content in the three 

genotypes. TAG content was significantly greater in iWAT from KO mice compared to WT mice, 

with HET mice showing intermediate levels (Figure 4e). In contrast, TAG content was 

significantly lower in eWAT from KO mice compared to WT and HET animals. The abundance 

of key FAs related to SCD1 activity (i.e., 16:0, 16:1n-7, 18:0, and 18:1n-9) were measured in both 

iWAT and eWAT depots of all mice. Levels of 18:0 were significantly higher in both iWAT and 

eWAT from KO mice, with no change in 16:0 compared to WT and HET animals (data not 

shown). Levels of 16:1n-7 were reduced in both depots from KO mice compared to WT and HET, 

while 18:1n-9 was reduced only in eWAT. Using these FA values, we also calculated ratios to 

estimate SCD1 activity (i.e., SCD-16 = 16:1n-7 / 16:0 and SCD-18 = 18:1n-9 / 18:0). As 

expected, SCD activity estimated with both ratios was reduced in iWAT and eWAT from KO 

mice compared to WT and HET mice (Figure 4f-g). FA data generally revealed that both ratios in 

HET mice were intermediate to that observed for WT and KO animals. No difference was 

detected with the SCD-18 estimate in eWAT between WT and HET animals.  

 

3.3.3 FA re-esterification is decreased in ex-vivo WAT from Scd1 KO mice 

ATOC was used to study how SCD1 contributes to WAT lipid handling in iWAT and 

eWAT depots. No significant difference in glycerol accumulation in ATOC media was observed 

between the mice (Figure 5a); however, significant increases in NEFA accumulation in the media 

of cultured iWAT and eWAT from KO mice compared to WT mice were observed after 24 hrs 

(Figure 5b). These differences were also seen more rapidly than 24 hrs in both depots, as 

evidenced by a higher NEFA accumulation in ATOC media in WAT from KO mice during a 24 



 

47 
 

hr time course (Figure 5c-d). There was an increase in the NEFA:glycerol ratio in ATOC media 

collected from eWAT of KO mice compared to WT and HET animals, as well as an increase in 

ATOC media from iWAT of KO mice compared to WT mice (Figure 5e).  

 

3.3.4 Expression of WAT lipid handling genes is reduced in Scd1 KO mice 

WAT used for ATOC experiments was also used to examine potential changes in 

expression of key genes involved lipid handling. Pck1, Scd1, Atgl, and Hsl were all significantly 

reduced in both WAT depots from KO mice compared to WT mice (Figure 5f-g). Pck2 and Pparγ 

gene expression was only significantly reduced in iWAT from KO and HET mice compared to 

WT mice, while Pdk4 was only lower in eWAT from KO mice compared to WT and HET mice. 

No differences in Scd2 expression were observed in either depot. Data generally revealed that the 

expression of these genes in HET mice was intermediate to that observed for WT and KO 

animals. 

 

3.3.5 Reduced SCD1 activity in differentiating 3T3-L1 preadipocytes decreases FA re-

esterification while altering the expression of markers of lipid handling 

We next investigated if the commonly used 3T3-L1 adipocyte cell culture model could be 

used to study the changes in WAT lipid handling observed in Scd1 KO mice. With SCD1inhib 

treatment, we observed no difference in glycerol accumulation (Figure 6a), higher NEFA 

accumulation (Figure 6b), and a significant increase in the NEFA:glycerol ratio in the cell media 

compared to the DMSO control (Figure 6c). Rosiglitazone was used as a positive control and 

showed the opposite effects to SCD1inhib treatment, with an increase in glycerol accumulation, 
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lower NEFA accumulation, and a decrease in the NEFA:glycerol ratio in the cell media compared 

to the DMSO control.   

Differentiating preadipocytes treated with SCD1inhib showed a significant reduction in the 

expression of Pck1, Scd1, Scd2, Atgl, Hsl, and Pparγ genes (Figure 6d). No changes in Pck2 or 

Pdk4 gene expression were observed with SCD1 inhibition. PEPCK protein content was lower 

with SCD1inhib treatment compared to the DMSO control; however, SCD1, ATGL and T-HSL 

protein levels were unchanged (Figure 6e). There was no difference in p660-HSL, p563-HSL, or 

p565-HSL protein levels with SCD1inhib treatment (Figure 6f). As expected, rosiglitazone 

treatment generally increased gene and protein expression of the lipid handling markers (Figure 

6d-f). 
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Figure 4. Serum and white adipose tissue (WAT) fatty acid changes in Scd1 knock-out mice compared to 

wild-type and heterozygotes. Changes between the three genotypes (WT, HET, and KO) are shown for 

blood glucose (a), serum glycerol levels (b), serum NEFA levels (c), and serum NEFA:glycerol 

accumulation (d). Total TAG content measured in inguinal WAT (iWAT) and epididymal WAT (eWAT) 

(e). SCD activity was estimated using the SCD-16 (16:1n-7 / 16:0) and SCD-18 (18:1n-9 / 18:0) ratios, as 

shown in (f) and (g), respectively. Bars with different letters are significantly different from one another 

(p<0.05). All values expressed as mean ± SEM (n=6 per genotype).  
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Figure 5. The role of SCD1 in ex vivo WAT collected from WT, HET, and KO mice. Glycerol (a) and 

NEFA (b) levels at 24h. NEFA accumulation over a 24h time course from iWAT (c) and eWAT (d), where 

significant differences between KO and WT at each time point are indicated by “*”. NEFA:glycerol 

accumulation ratio (e) in the media of cultured iWAT and eWAT. Relative gene expression of key genes 

involved in WAT lipid handling in iWAT (f) and eWAT (g). Bars with different letters are significantly 

different from one another (p<0.05). Bars with no letters indicates no difference between the three 

genotypes for that gene. All values expressed as mean ± SEM (n=6 per genotype). 
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Figure 6. SCD1 regulation of lipid handling in differentiating 3T3-L1 preadipocytes. Glycerol levels (a), 

NEFA levels (b), and the NEFA:glycerol accumulation ratio (c) in the media of cultured cells treated with 

DMSO, SCD1inhib, or the positive control rosiglitazone (Rosi).  Relative expression of key genes involved 

in WAT lipid handling (d), as well as their corresponding protein levels (e), including different 

phosphorylated HSL sites (Ser660, 563 and 565, respectively) (f). Representative blots of relative protein 

expression are illustrated in (g). Bars with different letters are significantly different from one another 

(p<0.05). All data was collected at day 7 of treatment/differentiation from three different passages. Data is 

expressed as mean ± SEM (n=9). 
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3.4 Discussion 

The present study examined the role of SCD1 on lipid handling in different WAT depots 

from Scd1 KO mice, as well as an adipocyte cell model treated with a specific SCD1 inhibitor. 

Collectively, our findings highlight the broad implications of reduced SCD1 activity in different 

WAT depots. Specifically, our results provide important new insights regarding the impact of 

SCD1 on FA re-esterification, and markers of glyceroneogenesis and lipolysis in adipocytes. 

Together, we anticipate that these findings will help to better understand how altered SCD1 

activity contributes to the perturbations in lipid handling observed with common metabolic 

diseases. 

We observed a significant reduction in fasting blood glucose levels in Scd1 KO mice 

compared to WT mice. This aligns with previous findings showing improved glucose tolerance 

and insulin action in Scd1 KO mice
91

. We found no difference in serum NEFA levels between KO 

and WT mice; however, NEFA:glycerol accumulation was reduced in KO mice, primarily due to 

elevated serum glycerol content. In humans and rodents, it is estimated that ~80% of circulating 

glycerol stems from WAT lipolysis
92,93

. The remaining ~20% of glycerol comes from lipolysis in 

other tissues, such as liver and muscle, and/or release of glycerol via the hydrolysis of circulating 

very low density lipoproteins (VLDL)
92

. Thus, an increase in systemic glycerol content may be 

indicative of elevated global lipolysis in Scd1 KO mice. A previous study by Lee et al. suggested 

that the increased energy expenditure observed in Scd1 KO mice was, at least partly, related to 

increased thermogenesis and lipolysis in brown adipose tissue (BAT)
94

. Recently, Zhang et al. 

showed elevated lipolysis in both BAT and WAT was associated with reduced Scd1 expression in 

miR-378 transgenic mice
95

. While the causal link between miR-378 and Scd1 was not definitive, 

it is interesting to note that miR-378 transgenic mice have a similar phenotype to that of Scd1 KO 
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mice, including a lean body type and resistance to obesity
95

. Thus, an elevation in whole-body 

lipolytic activity aligns with the reduced adiposity phenotype observed in Scd1 KO mice
91

. 

We investigated the impact of reduced SCD1 levels on FA profiles in distinct WAT 

depots. Interestingly, we observed depot-specific changes in TAG levels in Scd1 KO mice 

compared to WT and HET animals. Specifically, Scd1 KO mice showed reduced TAG content in 

eWAT and increased TAG content in iWAT, compared to the other genotypes. The reduction in 

TAG content observed in eWAT aligns with previous data from our lab showing that reduced 

SCD1 activity in 3T3-L1 adipocytes led to a decrease in TAG levels
24

. Reduced TAG content in 

BAT was also reported in Scd1 KO mice
94

. The depot-specific changes in TAG content observed 

in the current study suggest an overall improvement in metabolic health of Scd1 KO mice. Indeed, 

eWAT lipid content is positively correlated with metabolic disease, whereas iWAT tends to be 

associated with metabolic benefits
9,96

. Thus, a decrease in TAG content in eWAT and an increase 

in iWAT suggests a repartitioning of FA storage that would improve whole-body metabolic 

status. As such, the depot-specific changes in TAG content may provide a partial explanation for 

the improvements in metabolic function in Scd1 KO mice previously reported by Ntambi et al.
91

.  

We also observed the expected reduction in estimated SCD activity in Scd1 KO mice, as 

seen by decreases in 16:1n-7 and 18:1n-9, and increases in 18:0. Reduced SCD activity in Scd1 

KO mice aligns with findings by Yew Tan et al., who reported that adiposity in mice is positively 

correlated with estimated SCD activity
97

. The lack of significant change in 16:0 levels and large 

increase in 18:0 in both WAT depots in Scd1 KO mice may be attributed to concomitant increases 

in ELOVL6 activity, which converts 16:0 into 18:0
24,97

. We previously reported that 3T3-L1 

adipocytes treated with a specific SCD1 inhibitor increased ELOVL6 activity
98

. Moreover, Yew 

Tan et al. showed that ELOVL6 has a high specificity for 16:0 (compared to 16:1n-7) in both 
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mice and human WAT
97

. Thus, these results in mice substantiate previous in vitro work from our 

group.  

The depot-specific differences in TAG content noted in Scd1 KO mice provided a strong 

rationale to more broadly examine lipid handling in these two WAT depots. We found that 

indices of FA re-esterification in both iWAT and eWAT of Scd1 KO mice was significantly 

reduced compared to WT and HET animals. Relative rates of FA re-esterification can be 

estimated by measuring the ratio of NEFA:glycerol accumulation in culture media, where a 3:1 

NEFA:glycerol accumulation ratio would indicate absence of FA re-esterification. In cultured 

WAT, NEFA accumulation was 3-fold and 4.8-fold higher for iWAT and eWAT, respectively, 

from Scd1 KO mice compared to WT mice. Since we did not detect significant differences in 

circulating blood NEFA levels, this suggests that the increased NEFAs released from WAT are 

most likely being taken up by peripheral tissues elsewhere in the body.  

Reductions in FA re-esterification seen in Scd1 KO mice were also observed in 3T3-L1 

adipocytes treated with a specific SCD1 inhibitor (SCD1inhib). Specifically, we observed lower 

glycerol and significantly higher NEFA and NEFA:glycerol accumulation (1.9:1) in the cell 

media of SCD1-inhibited adipocytes compared to the control. In contrast, 3T3-L1 adipocytes 

treated with rosiglitazone (our positive control) showed reduced NEFA and higher glycerol 

accumulation, and a subsequent decrease in NEFA:glycerol accumulation (0.06:1). This was 

expected, since rosiglitazone is known to promote FA re-esterification and reduce lipolysis in 

WAT
99

. Collectively, our data shows that SCD1 plays an important role regulating FA re-

esterification in WAT. 
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We speculated that the reduction in FA re-esterification may be due to a decreased 

production of G3P. Pck1 and Pck2, both which encode PEPCK, as well as Pdk4 are genes 

involved in glyceroneogenesis in WAT. We observed a reduced expression of Pck1 and Pck2 

gene expression in iWAT, while Pck1 and Pdk4 gene expression were reduced in eWAT from 

Scd1 KO mice. We also saw a reduction in Pck1 gene expression, as well as PEPCK protein, in 

3T3-L1 adipocytes treated with SCD1inhib, while rosiglitazone treatment up-regulated these 

markers. In accordance, it was previously shown that reduced Scd1 activity was associated with a 

reduction in hepatic PEPCK expression and, correspondingly, hepatic gluconeogenesis
87

. Thus, 

our data suggests that glyceroneogenesis is reduced when SCD1 activity is reduced in WAT and 

adipocytes. However, to definitively show an SCD1-mediated reduction in the glyceroneogenic 

pathway in WAT will require future biochemical experiments using radiolabelled pyruvate.  

ATGL and HSL (as well as MGL) are responsible for the sequential hydrolysis of TAG, 

resulting in NEFA and glycerol release. NEFA and glycerol accumulation, although not exact 

measures, are widely used endpoints of lipolytic flux, and an increase in these markers would 

indicate elevated lipolysis
100,101

. As previously mentioned, we observed increased NEFA 

accumulation from cultured iWAT and eWAT. However, we also observed reduced Atgl and Hsl 

gene expression in iWAT and eWAT from Scd1 KO mice, suggesting a reduction in WAT 

lipolysis. Differentiating preadipocytes treated with SCD1inhib also showed a significant reduction 

in Atgl and Hsl gene expression and lower glycerol accumulation; however, ATGL and T-HSL 

protein levels were unchanged. Furthermore, there was no difference in the phosphorylation status 

of HSL. Similar to cultured WAT, NEFA accumulation was higher in SCD1-inhibited adipocytes. 

When considering both the WAT and 3T3-L1 data, we speculate that impact of reduced SCD1 

activity on WAT TAG lipolysis may be secondary to changes in FA re-esterification and 
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glyceroneogenesis. We suggest that the increase in NEFA accumulation is due to reduced 

glyceroneogenesis and FA re-esterification, as previously discussed, and that the down-regulation 

of Atgl and Hsl are possible compensatory mechanisms. In other words, since FA re-esterification 

is reduced, lipolysis may be down-regulated in order to conserve TAG. However, it is important 

to note that the relationship between SCD1 activity and lipolysis may involve other tissues as well 

(e.g., liver). In comparison to the global Scd1 KO model used in the current study, Flowers et al. 

noticed no changes in lipolysis with a WAT-specific deletion of SCD1 in mice
102

. Furthermore, 

previous studies reported increased lipolysis in the heart and BAT of Scd1 KO mice
88,94

. The 

current study examined lipolytic markers under non-stimulated conditions; therefore, future 

studies should consider examining the relationship between SCD1 and lipolysis in ATOC tissue 

and/or 3T3-L1 adipocytes under stimulated conditions. 

In conclusion, the present study revealed that SCD1 has a broad role regulating WAT lipid 

handling, and that these effects vary in a depot-dependent manner. Our findings suggest that 

reduced SCD1 activity alters WAT lipid handling by regulating TAG synthesis, FA re-

esterification, glyceroneogenesis, and lipolysis. Moreover, the repartitioning of fat away from 

eWAT and towards iWAT in Scd1 KO mice is suggestive of a metabolically more favourable 

deposition of TAG. Importantly, we have shown that SCD1 has an important role in FA re-

esterification and, consequently, NEFA release from WAT. This is particularly relevant given that 

metabolically compromised states like obesity and type-2 diabetes are associated with increased 

SCD1 expression and activity. Together, our findings support the notion that therapeutic or 

lifestyle approaches that target a reduction in SCD1 activity in WAT may have strong benefits on 

whole-body lipid handling and, consequently, metabolic health.  
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4.0 Integrative Discussion 

 Chapter 1 provided an overview of the major processes involved in lipid handling in white 

adipose tissue (WAT), including triacylglycerol (TAG) synthesis, storage, and lipolysis. As 

outlined, these processes are heavily interconnected and often rely on similar pathways and 

enzymes. As the chapter progressed, components of WAT lipid handling that are altered in the 

obese state were discussed. In obesity, de novo lipogenesis (DNL), TAG storage, lipolysis, and 

glyceroneogenesis are all altered in WAT. An important mediator of these processes is stearoyl-

CoA desaturase-1 (SCD1). Metabolically compromised states like obesity are associated with 

increased SCD1 expression and activity, which may play a role in the changes in TAG 

accumulation, lipolysis and glyceroneogenesis seen in obese individuals
28,32,50,57,84

.  

 The objective of this thesis was to study the role of SCD1 in WAT lipid handling using 

Scd1 knock-out (KO) mice and 3T3-L1 adipocytes treated with a specific SCD1 inhibitor. In both 

models, it was shown that reduced SCD1 activity caused marked alterations in TAG composition, 

FA re-esterification, lipolysis and glyceroneogenesis. Specifically, in the Scd1 KO mice, TAG 

levels and composition were altered in a WAT depot-specific manner, while FA re-esterification 

was diminished and markers of both glyceroneogenesis and lipolysis were down-regulated in both 

models. These results validate the notion that the major processes involved in WAT lipid handling 

are intimately connected, and suggest that SCD1 plays a key role in linking the processes 

together.  

While these findings have generated several new insights into the role of SCD1 in WAT 

lipid handling, future studies are needed to further elucidate the impact of the enzyme on specific 

pathways. First, there is little research linking SCD1 activity with the rate of glyceroneogenesis in 
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WAT. It was previously shown that SCD1 inhibition caused a downregulation of Pck1 (encoding 

PEPCK, which is rate-limiting in glyceroneogenesis) in 3T3-L1 adipocytes, while decreased 

hepatic Scd1 expression caused a marked decrease in PEPCK expression in rodents
24,87

. Similarly, 

this thesis showed a decrease in WAT Pck1 and PEPCK expression, alongside changes in Pck2 

and Pdk4 (also involved in glyceroneogenesis) gene expression in both Scd1 KO mice and SCD1-

inhibited adipocytes. Together, these data suggest that glyceroneogenesis is reduced in WAT of 

Scd1 KO mice; however, a change in markers of the pathway may not be indicative of a true 

change in the overall rate. Therefore, future research should aim to measure a change in the rate 

of WAT glyceroneogenesis, possibly via radioactive labelling of pyruvate, which is converted to 

G3P in the pathway. Since Scd1 KO mice are resistant to diet-induced obesity, and WAT 

glyceroneogenesis tends to be elevated in obese individuals, discerning SCD1 regulation of 

glyceroneogenesis in the KO mice will better our understanding of the metabolic dysfunctions 

associated with obesity
32,80,91

.  

Radioactive labelling of pyruvate would provide the capability of distinguishing not only 

the amount of pyruvate being converted to G3P via glyceroneogenesis, but also to fatty acyl-CoA 

for DNL. TAG biosynthesis tends to be increased in obesity, resulting in higher accumulation of 

TAG in WAT
22

. Scd1 KO mice have diminished WAT TAG biosynthesis, reduced TAG 

accumulation in epididymal WAT (eWAT), and reduced lipid accumulation in the heart; however, 

the amount of lipid from DNL (versus from the diet) in these instances is unknown
88,91

. Thus, 

determining the amount of pyruvate being converted to fatty acyl-CoA in the KO mice may 

clarify the extent to which DNL occurs in WAT and the mechanism behind SCD1 regulation of 

this process. 



 

61 
 

Another prospective study should consider investigating the impact of diet composition on 

Scd1 KO mice. Our current study utilized a standard chow diet; however, it would be beneficial to 

examine the influence of a high-carbohydrate diet and a diet rich in monounsaturated FAs 

(MUFAs) and/or polyunsaturated FAs (PUFAs) on Scd1 KO mice WAT metabolism. As 

discussed in Chapter 1, a high-carbohydrate diet stimulates DNL in WAT
22,37-39

. Since Scd1 KO 

mice show decreased TAG biosynthesis, analysis of WAT carbohydrate metabolism in KO mice 

may further improve our knowledge of SCD1 regulation of WAT DNL. Also, the effect of the 

high-carbohydrate diet on WAT lipolysis and glyceroneogenesis could be examined, both of 

which may be altered to compensate for changes in DNL. This analysis would be beneficial given 

that high-carbohydrate intake is typical of the Western diet, and could, at least in part, clarify the 

mechanisms behind alterations in lipolysis and glyceroneogenesis that occur with obesity. 

Furthermore, it has been demonstrated that both MUFAs and PUFAs are able to promote PEPCK 

protein expression in adipocytes
79

. Despite extensive studies, the mechanism by which MUFAs 

and PUFAs activate PEPCK is still unresolved
31,79

. Since we showed that Pck1 gene expression 

and PEPCK protein expression are down-regulated in Scd1 KO mouse WAT and SCD1-inhibited 

adipocytes, respectively, it would be intriguing to determine if MUFA and/or PUFA 

supplementation is able to rescue these changes. If so, MUFA and/or PUFA supplementation 

would potentially up-regulate glyceroneogenesis, or at least prevent a down-regulation in Scd1 

KO mice, and thus alter the rates of FA re-esterification, lipolysis, and consequently, whole-body 

lipid handling.   

Interestingly, similar to MUFAs and PUFAs, thiazolidinediones (TZD) induce Pck1 gene 

transcription in WAT
31,76

. TZDs are commonly used as an insulin-sensitizing treatment in 

individuals with type-2 diabetes
31,76

. Since reduced SCD1 activity decreased Pck1 gene 
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expression in mice and adipocytes, it would be interesting to determine if the insulin-sensitizing 

effects of TZDs involve changes in SCD1 activity in WAT. We attempted to treat 3T3-L1 

adipocytes with both an SCD1 inhibitor and rosiglitazone (a potent TZD) simultaneously, in an 

effort to determine if rosiglitazone treatment could rescue changes in Pck1 gene expression and 

TAG composition seen in SCD1-inhibited adipocytes. However, this treatment combination was 

cytotoxic, further enhancing the need for in vivo analysis of whether TZDs negate the effects of 

SCD1 deficiency in WAT. This analysis would clarify part of the mechanism behind the insulin-

sensitizing effects of TZDs, and perhaps more importantly, aid in developing therapeutic 

approaches to treat metabolic abnormalities. 

In many instances, the major WAT lipid handling processes display WAT depot-

specificity. For example, remodelling of WAT in obesity occurs predominantly in eWAT and not 

iWAT, while PPARγ agonists (i.e., TZDs) cause the expansion of iWAT, but not eWAT
7,103

. 

Furthermore, specific to eWAT, mice with elevated glyceroneogenesis and FA re-esterification 

were shown to become obese
32,80

. This thesis shows depot-specific differences in the 

accumulation of WAT TAG content in Scd1 KO mice, with a decrease in eWAT and an increase 

in iWAT. Together, these data suggest that the anatomical location of WAT plays a role in how 

TAG synthesis and lipolysis are regulated. This depot-specificity is important, given the 

contrasting metabolic roles of the different depots. As previously discussed, TAG accumulation in 

iWAT, compared to eWAT, is potentially favourable in obesity
8,9,103

. Indeed, TZD-induced 

increases in iWAT lipid accumulation is associated with metabolic improvements in obese 

individuals. Conversely, the adverse effects of elevated eWAT may be due to a combination 

between: 1) its location near the liver, 2) increased potential for inflammation due to adipocyte 

preference towards hypertrophy in this depot, and 3) adipokine secretion. Adipokines secreted 
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from WAT have potent metabolic effects on other organs, such as the liver, which is exacerbated 

in eWAT due to close proximity to the liver
57,103

. Compared with iWAT, eWAT secretes higher 

amounts of pro-inflammatory adipokines (e.g., TNF-α), and lower amounts of metabolically 

beneficial adipokines, such as leptin
103

. Thus, future studies with Scd1 KO mice should examine 

phenotypical differences (e.g., cell size) in adipocytes between WAT depots, as well as utilize 

adipose tissue organ culture (ATOC) to analyze secretion media from the different depots to 

determine changes in adipokine profiles. Overall, defining the role of SCD1 in the WAT depot-

specific variations will improve our understanding of metabolic abnormalities in obesity. 

Although only slightly touched upon in this thesis, it is worth discussing the role of SCD1 

in brown adipose tissue (BAT). Specifically, determining the relationship between SCD1 activity 

and BAT TAG metabolism would help to further elucidate the effect of SCD1 on whole-body 

lipid handling. It has been shown that not only is BAT metabolically active, but also widely 

distributed in adult humans
6,103

. Furthermore, similar to Scd1 KO mice, animals that have high 

BAT levels are protected against obesity
6,103

. A prospect in this area would be to find approaches 

that increase the amount or activity of BAT, which may have therapeutic potential to combat 

obesity
6,7,103

. Research examining the relationship between SCD1 activity and TAG lipid handling 

in BAT is limited. Lee et al. showed elevated basal thermogenesis (the main function of BAT) 

and BAT lipolysis in Scd1 KO mice
94

. This lines up with the improved energy expenditure seen in 

SCD1-deficient mice
91,104

. FA oxidation was also significantly increased in BAT of Scd1 KO 

mice, and may also help explain the improved energy expenditure seen in these mice
84

. Finally, 

AMPK activation in BAT was also increased in Scd1 KO mice, as well as in SCD1-inhibited 

adipocytes
84,105

. As previously discussed, AMPK activity increases lipolysis in vivo; however, it is 

also responsible for phosphorylation and inactivation of acetyl-CoA carboxylase (ACC), which 
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converts acetyl-CoA to malonyl-CoA for DNL
22,57,84

. Thus, AMPK activation in BAT may induce 

TAG lipolysis and reduce DNL in BAT. Future studies should aim to examine how reduced 

SCD1 activity within BAT affects the other major aspects related to TAG metabolism, namely 

TAG composition, FA re-esterification, and glyceroneogenesis. These analyses would determine 

if the aforementioned changes seen in BAT with reduced SCD1 activity are at least partly due to 

altered TAG metabolism within BAT. Overall, understanding the functional abilities of both 

WAT and BAT, as well as the role of SCD1 in these distinct adipose tissues, may bring new 

therapeutic tools to treat the obesity epidemic and related alterations in lipid handling. 

 

4.1 Conclusions 

This thesis discussed the processes involved in WAT lipid handling and how perturbations 

in these processes are associated with reduced SCD1 activity and obesity. Investigations showed 

that SCD1 activity has a broad impact on these processes in WAT. In particular, it was shown that 

reduced SCD1 activity alters TAG composition in a WAT depot-specific manner, decreases FA 

re-esterification, and modifies markers of lipolysis and glyceroneogenesis in WAT. Future studies 

utilizing Scd1 KO mice should consider to: 1) determine the impact of reduced SCD1 activity on 

the rate of glyceroneogenesis in WAT, 2) examine the effects of diet composition and TZD 

treatment on the major WAT lipid handling processes, 3) analyze differences in adipocyte 

phenotype and adipokine profiles to further elucidate the WAT depot-specific differences in TAG 

metabolism, and 4) evaluate the impact of reduced SCD1 activity on TAG composition, FA re-

esterification, and glyceroneogenesis in BAT. Together, these studies would provide a greater 

understanding of how reduced SCD1 activity influences both whole-body lipid handling, and 

consequently, metabolic health.  
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APPENDIX 

Gene 
Oligo Sequence (5’-3’) 

Forward Reverse 

Scd1 AAGTGGCAACGAACACACTG AACTGGTGATGTTCCAGAGGA 

Scd2 GGCCCACATACTGCAAGAG TTCAAACTTCTCGCCTCCAT 

Pdk4 CGCTTAGTGAACACTCCTTCG CTTCTGGGCTCTTCTCATGG 

Pck1 GGAGTACCCATTGAGGGTATCAT GCTGAGGGCTTCATAGACAAG 

Pck2 CAGGGTCTTATCCGCAAACT CACATCCTTGGGGTCTGTG 

Atgl TGACCATCTGCCTTCCAGA TGTAGGTGGCGCAAGACA 

Hsl CACAAAGGCTGCTTCTACGG GGAGAGAGTCTGCAGGAACG 

Pparγ TGCTGTTATGGGTGAAACTCTG CTGTGTCAACCATGGTAATTTCTT 

Nono CCCCACCAATACCTGCAA TTCAGGTCAATAGTCAAGCCTTC 

Table S1. Mouse primer sequences used to examine WAT lipid handling. Primer sequences validated. 

Scd, stearoyl-CoA desaturase; Pdk, pyruvate dehydrogenase; Pck, phosphoenolpyruvate carboxykinase; 

Atgl, adipose triglyceride lipase; Hsl, hormone-sensitive lipase; Ppar, peroxisome proliferator-activated 

receptor; Nono, non-POU-domain-containing, octamer binding protein. 
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General Constituents (%) Amino Acids (%) Vitamins Minerals 

Crude Protein 18.1 Arginine 0.99 
Menadione 

(mg/kg) 
8.8 Calcium (%) 0.97 

Crude Fat 4.5 Cysteine 0.46 Thiamin (mg/kg) 80.0 Phosphorus (%) 0.85 

Crude Fibre 3.4 Glycine 0.83 
Riboflavin 

(mg/kg) 
7.0 Potassium (%) 0.67 

Ash 6.7 Histidine 0.40 Niacin (mg/kg) 98.0 Magnesium (%) 0.17 

Nitrogen Free Extract 57.3 Isoleucine 0.70 
Pantothenic Acid 

(mg/kg) 
30.0 Sodium  (%) 0.30 

Water 10.0 Leucine 1.28 Choline (mg/g) 1.6 Chloride  (%) 0.54 

Chemical Constituents (%) Lysine 1.06 
Folic Acid 

(mg/kg) 
8.0 

Fluorine 

(mg/kg) 
35.0 

Neutral Detergent 

Fibre 
14.1 Methionine 0.39 

Pyridoxine 

(mg/kg) 
9.0 Iron (mg/kg) 170.0 

Acid Detergent Fibre 4.6 Phenylalanine 0.82 Biotin (mcg/kg) 350.0 Zinc (mg/kg) 70.0 

Energy Tyrosine 0.51 
Vitamin B12 

(mcg/kg) 
26.0 

Manganese 

(mg/kg) 
87.0 

Total Digestible 

Nutrients (%) 
75.0 Threonine 0.63 Vitamin A (IU/g) 41.0 Copper (mg/kg) 12.0 

Gross Energy (kcal/g) 4.1 Tryptophan 0.22 Vitamin D3 (IU/g) 2.2 Cobalt (mg/kg) 0.34 

Physiological Fuel 

Value* (kcal/g) 
3.4 Valine 0.83 Vitamin E (IU/kg) 90.0 Iodine (mg/kg) 0.50 

      
Selenium 

(mg/kg) 
0.20 

Table S2. Chemical and nutrient composition of the standard chow diet (Charles River rodent chow 

#5075). Chemical composition data is based upon ingredient analysis information. Nutrient composition 

may vary due to the natural variation in ingredient composition. Nutrients were calculated based on a 90% 

dry matter basis. *Physiological fuel value (kcal/g) = ((protein % x 4) + (fat % x 9) + nitrogen free extract 

% x 4)) + 100. 
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FA (%  

Total) 

iWAT eWAT 

WT HET KO WT HET KO 

12:0 0.32 ± 0.05 0.21 ± 0.01 0.13 ± 0.01 0.18 ± 0.07 0.18 ± 0.02 0.09 ± 0.01 

14:0 1.86 ± 0.21 1.37 ± 0.08 1.84 ± 0.19 1.48 ± 0.16 1.42 ± 0.15 1.56 ± 0.05 

15:0 0.24 ± 0.03 0.37 ± 0.06 0.21 ± 0.02 0.21 ± 0.01 0.20 ± 0.02 0.21 ± 0.02 

16:0 22.95 ± 0.86 29.28 ± 1.61 27.31 ± 1.52 25.92 ± 1.78 26.64 ± 0.53 29.01 ± 1.79 

18:0 2.20 ± 0.27 2.69 ± 0.41 19.62 ± 2.03 2.14 ± 0.22 2.65 ± 0.25 12.85 ± 0.91 

19:0 ND 0.22 ± 0.03 ND 0.07 ± 0.004 0.09 ± 0.01 0.06 ± 0.004 

20:0 0.12 ± 0.01 0.11 ± 0.01 0.27 ± 0.02 0.08 ± 0.01 0.09 ± 0.01 0.20 ± 0.03 

24:0 0.12 ± 0.02 0.29 ± 0.03 0.08 ± 0.02 0.20 ± 0.04 0.15 ± 0.04 0.11 ± 0.01 

Total SFA 27.81 ± 0.12 34.56 ± 0.22 49.47 ± 0.34 30.29 ± 0.25 31.42 ± 0.07 44.08 ± 0.26 

14:01 0.39 ± 0.04 0.46 ± 0.06 ND 0.13 ± 0.01 0.21 ± 0.03 0.12 ± 0.02 

16:1c9 7.59 ± 0.49 5.56 ± 0.59 1.25 ± 0.07 7.60 ± 0.34 4.98 ± 0.56 1.51 ± 0.22 

17:1c10 0.33 ± 0.01 0.47 ± 0.12 ND 0.27 ± 0.01 0.26 ± 0.02 0.12 ± 0.01 

18:1c9 32.20 ± 1.30 21.53 ± 2.89 20.37 ± 0.76 31.05 ± 1.66 33.31 ± 0.81 20.63 ± 1.10 

18:1c11 2.29 ± 0.15 2.95 ± 0.45 1.66 ± 0.12 2.56 ± 0.14 1.93 ± 0.25 1.42 ± 0.11 

19:1c7 ND 0.25 ± 0.04 ND 0.11 ± 0.01 0.15 ± 0.03 0.02 ± 0.001 

20:1c11 1.66 ± 0.09 1.02 ± 0.19 1.34 ± 0.15 1.20 ± 0.07 1.24 ± 0.12 1.13 ± 0.06 

22:1n9 0.26 ± 0.02 0.24 ± 0.03 0.37 ± 0.05 0.07 ± 0.005 0.10 ± 0.02 0.06 ± 0.002 

Total MUFA 44.73 ± 0.17 32.47 ± 0.34 24.99 ± 0.11 42.98 ± 0.20 42.19 ± 0.11 25.02 ± 0.13 

18:2n6 23.61 ± 1.03 28.81 ± 1.35 22.68 ± 1.64 23.34 ± 0.63 22.67 ± 1.51 27.53 ± 0.97 

18:3n6 0.17 ± 0.02 0.21 ± 0.05 0.12 ± 0.01 0.15 ± 0.02 0.15 ± 0.03 0.14 ± 0.02 

20:2n6 0.21 ± 0.02 0.11 ± 0.01 0.11 ± 0.01 0.19 ± 0.01 0.09 ± 0.03 0.19 ± 0.02 

20:3n6 0.36 ± 0.04 0.39 ± 0.10 0.18 ± 0.03 0.23 ± 0.01 0.23 ± 0.01 0.17 ± 0.01 

20:4n6 0.27 ± 0.02 0.27 ± 0.02 0.19 ± 0.03 0.21 ± 0.04 0.25 ± 0.03 0.18 ± 0.01 

22:4n6 0.22 ± 0.01 0.25 ± 0.02 ND 0.11 ± 0.02 0.14 ± 0.03 0.07 ± 0.01 

Total n-6 24.84 ± 0.17 30.02 ± 0.22 23.27 ± 0.30 24.24 ± 0.10 23.54 ± 0.25 28.28 ± 0.16 

18:3n3 1.20 ± 0.05 1.48 ± 0.15 1.21 ± 0.08 1.21 ± 0.05 1.33 ± 0.03 1.47 ± 0.15 

18:4n3 0.20 ± 0.03 0.23 ± 0.03 0.17 ± 0.02 0.18 ± 0.02 0.19 ± 0.03 0.15 ± 0.03 

20:3n3 ND 0.18 ± 0.02 ND 0.05 ± 0.003 0.14 ± 0.05 0.10 ± 0.03 

20:5n3 0.16 ± 0.01 0.36 ± 0.06 0.15 ± 0.02 0.19 ± 0.02 0.12 ± 0.02 0.18 ± 0.04 

22:5n3 0.43 ± 0.17 0.26 ± 0.03 0.17 ± 0.02 0.18 ± 0.01 0.25 ± 0.05 0.12 ± 0.02 

22:6n3 0.32 ± 0.01 0.36 ± 0.07 0.32 ± 0.02 0.31 ± 0.02 0.31 ± 0.06 0.24 ± 0.04 

Total n-3 2.32 ± 0.03 2.87 ± 0.02 2.01 ± 0.01 2.13 ± 0.01 2.35 ± 0.01 2.26 ± 0.02 

Total FA (%) 99.71 ± 0.48 99.93 ± 0.80 99.75 ± 0.75 99.63 ± 0.56 99.49 ± 0.43 99.63 ± 0.57 

Table S3. Triacylglycerol (TAG) fatty acid (FA) composition in inguinal white adipose tissue (iWAT) and 

epididymal (eWAT) of wild-type (WT), Scd1 heterozygous (HET) and Scd1 knock-out (KO) mice. Data 

was obtained via gas chromatography and is presented as ± SEM (n=6 per genotype). ND, no data. 


