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Abstract 

Triacylglycerol (TG) metabolism with its high-energy potential is stringently 

regulated. Unbalanced TG regulation, either too much TG that overwhelms 

cellular storage capacity or too little TG due to defects in adipogenesis, is 

associated with various metabolic disorders. TG can be exported from liver in 

very-low density lipoprotein (VLDL). Although compelling evidence suggests that 

the majority of TG in VLDL is derived from re-esterification of lipolytic products 

released by endoplasmic reticulum-associated lipases, little is known about the 

roles of enzymes that catalyze the re-esterification reaction, acyl-

CoA:diacylglycerol acyltransferases (DGATs). In mammals, two DGAT enzymes 

(DGAT1 and DGAT2) with no homology in primary amino acid sequences are 

encoded by genes belonging to distinct gene families and perform non-redundant 

physiological functions. The research goal was to investigate the contribution of 

DGAT1 and DGAT2 to lipid metabolism and lipoprotein secretion in primary 

mouse and human hepatocytes. 

            Highly selective small-molecule inhibitors of DGAT1 and DGAT2 were 

used to track storage and secretion of lipids synthesized de novo from [3H]acetic 

acid and from exogenously supplied [3H]oleic acid. Inactivation of an individual 

DGAT did not affect incorporation of either radiolabeled precursor into 

intracellular TG, whereas combined inactivation of both DGATs severely 

attenuated TG synthesis. However, inhibition of DGAT2 augmented fatty acid 

oxidation, whereas inhibition of DGAT1 increased TG secretion, suggesting 

preferential channeling of separate DGAT-derived TG pools to distinct metabolic 

pathways. Inactivation of DGAT2 impaired cytosolic lipid droplet expansion, 

whereas DGAT1 inactivation promoted large lipid droplet formation. Moreover, 
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inactivation of DGAT2 attenuated expression of lipogenic genes. Finally, TG 

secretion was significantly reduced upon DGAT2 inhibition without altering 

extracellular apoB levels. 

            The data suggest that DGAT1 and DGAT2 can compensate for each other to 

synthesize TG, but TG synthesized by DGAT1 is preferentially channeled to 

oxidation, while DGAT2 synthesizes TG destined for VLDL assembly.  
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1.1 Pathologies Associated with Abnormal TG 

Metabolism 

Carbohydrates and triacylglycerol (TG) constitute the major energy sources for 

mammals. Energy balance is driven by a dynamic equation of the rate of energy 

intake and expenditure. Digestion of dietary fat is initiated in the stomach by 

acid-stable gastric lipases and amplified in the duodenum/jejunum by a synergic 

action of colipase-dependent pancreatic lipase and bile acids, releasing 2-

monoacyl-sn-glycerol [2-(MG)] and free fatty acid (FA). These glycerolipid 

building blocks are then rapidly taken up by enterocytes via passive diffusion and 

active transport catalyzed by specific transport proteins. Within the enterocytes 

2-MG and FA are re-esterified to TG and assembled into a TG-rich lipoprotein, 

termed chylomicron. Chylomicrons are transported through lymph vessels into 

the circulation, mainly delivering lipids to the adipose tissue for storage. In the 

fasted state, TG breakdown (lipolysis) in white adipose tissue (WAT) is 

stimulated, and the released FA is delivered to peripheral tissues for energy 

consumption. In the liver, the WAT-derived FA is re-synthesized into TG, some of 

which is stored in cytosolic lipid droplets (LDs) of hepatocytes, while the rest is 

assembled into hepatic TG-rich lipoprotein, termed very-low-density lipoprotein 

(VLDL). VLDL enters the bloodstream, where the TG component is hydrolyzed, 

releasing FA to oxidative tissues for fuel consumption, or WAT for storage 

(Figure 1-1). 

            TG metabolism with its high-energy potential is stringently regulated. 

Although nearly all types of eukaryotic cells are capable of storing TG, their 

storing capacities vary considerably. In mammals, the majority of TG is stored in   
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Figure 1-1. Mammalian TG metabolism in fed and fasted states.	
  In the 
fed state (black arrows), TG is digested and absorbed into enterocytes, where the 
hydrolyzed products are resynthesized into TG that packaged into chylomicron 
(CM). CM is transported through lymph vessels into the circulation. CM-TG is 
hydrolyzed by lipoprotein lipase attached to the luminal surface of endothelial 
cells in capillaries. The majority of free fatty acid (FFA) is taken up by the adipose 
tissue, and resynthesized to TG for storage. In the fasted state (blue arrows), 
adipose lipolysis is activated, releasing FFA to peripheral tissues, such as muscle 
and liver. Besides glycogenolysis, liver depends on this exogenous FFA to meet its 
own energy demands, and utilizes the excess FFA to produce TG, some of which 
is stored in hepatocytes in cytosolic lipid droplets, while the rest is secreted into 
the circulation system in very-low density lipoprotein (VLDL). VLDL-TG is 
hydrolyzed by lipoprotein lipase, releasing FFA to oxidative tissues for fuel 
consumption, or adipose tissue for storage. VLDL remnants are then taken up by 
the liver for further metabolism and recycling. Illustration was adapted from Dr. 
Richard Lehner, University of Alberta. 

  

• Fed 
• Fasted 
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WAT. Saturating or overwhelming the physiological capacity of fat 

accommodation is directly correlated with various metabolic disorders, such as 

hyperlipidemia, insulin resistance, hepatic steatosis and cardiovascular disease 

(CVD). On the other hand, chronic or acute loss of fat storage due to inherited or 

acquired defects in adipogenesis, lipolysis and overall TG homeostasis often 

results in comparable metabolic complications. Here, I briefly discuss diseases 

associated with abnormal TG metabolism, reviewing their molecular, cellular and 

physiological etiologies. 

 

1.1.1 Obesity-Related Metabolic Diseases 

A sedentary lifestyle combined with high fat and carbohydrate diets leads to 

positive energy balance that eventually results in obesity. Body mass index 

(weight in kilograms/height2 in meters) is used as a crude assessment of obesity. 

A person with a body mass index of 30 or more is generally considered obese. 

However, a high body mass index is not always correlated to obesity-associated 

metabolic disorders, as obesity is a complex condition with respect to regional 

distribution and biological properties of fat depots.1 Visceral or abdominal fat is 

considered unhealthy and more closely associated with various metabolic 

diseases than peripheral or subcutaneous fat. Thus metabolic aberrations would 

be predicted more critically by the distribution of fat reservoirs rather than the 

absolute fat mass alone.2 Description and characterization of different body fat 

patterning have been developed for its potential prognostic values of metabolic 

abnormalities, but the molecular mechanisms underlying the co-occurrence of 

those metabolic aberrances and visceral obesity are largely unknown.2 
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            Delicate neurohumoral regulatory mechanisms have evolved to maintain a 

constant body weight. The key is a crosstalk between the brain and its targeted 

peripheral centers, including the liver, WAT, intestine and skeletal muscle.3 The 

overall nutritional status was implied by circulating glucose, non-esterified fatty 

acid (NEFA) and hormones such as insulin, leptin, adiponectin, etc., which 

function as neuronal sensitizers; these signals are then transported to different 

centers of the brain by activated neurons, where they are processed and 

integrated, leading to behavioral and metabolic responses. Alternatively, these 

signals are directly recognized by receptors expressed in local 

(autocrine/paracrine) or distant (endocrine) organs. However, during a 

prolonged positive energy balance (obesity), plasma glucose levels remain high, 

which is clinically identified as hyperglycemia. Hyperglycemia stimulates drastic 

and incessant insulin and leptin secretion, which, paradoxiacally, blunt the 

corresponding responses in peripheral tissues, and in a long term, leads to 

apoptosis of overwhelmed pancreatic β cells and low-grade inflammation of 

WAT, and eventually type 2 diabetes, fatty liver and CVD.4 

 

1.1.1.1 Insulin Resistance  

Insulin resistance is largely due to the elevation of plasma NEFA levels that is 

frequently present in obese individuals, especially with ectopic visceral fat 

storage.4 Excess of circulating NEFA is due to surplus ingested fat and to 

overactivated lipolysis in enlarged WAT.4 Excess circulating NEFA is the key to 

hypertriglyceridemia through increased secretion of TG-rich lipoproteins: VLDL 

and chylomicron from liver and small intestine, respectively.4  
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            Skeletal muscle plays a crucial role in insulin-mediated glucose disposal 

after a meal.5 Approximately two thirds of ingested glucose is taken up by the 

skeletal muscle in lean healthy subjects,5 and about 80% of the total glucose is 

absorbed by skeletal muscle in euglycemic hyperinsulinemic conditions.6 

Therefore, type 2 diabetes is thought to be primarily caused by the insulin 

resistance in this particular tissue, followed by β-cell dysfunction and 

hyperlipidemia.7 Glucose is transported into myocytes via glucose transporter 

type 4 (GLUT4), and immediately phosphorylated by hexokinase II. 

Approximately 70% of the resulting intramuscular glucose-6-phosphate is 

diverted to the glycogen synthetic pathway, while the rest enters the glycolytic 

pathway to generate adenosine triphosphate (ATP).8 A high concentration of 

saturated FA in blood attenuates glucose uptake into skeletal muscle by impairing 

GLUT4 function, thereby reducing glucose oxidation and glycogen synthesis in 

myocytes.9 High levels of saturated FA dampen myocellular insulin signaling 

through decreased tyrosine phosphorylation and activation of insulin receptor 

substrate (IRS) 1 and PI3-kinase activity.10-12 The mechanism of saturated FA-

mediated reduction of myocellular insulin signaling is believed to be the result of 

accumulation of highly toxic metabolic intermediates, such as diacylglycerol (DG) 

and ceramides and activation of protein kinase C.13-15 Saturated FA also indirectly 

influences insulin sensitivity via activation of inflammatory signaling pathways 

and inhibition of mitochondrial biogenesis and oxidative capacity.16-18  

            WAT markedly expands to accommodate storage of excess TG, but the 

capacity of WAT lipid loading is not infinite. Once the TG storage limitation is 

exceeded, adipocytes become dysfunctional and insulin-resistant, leading to 

accelerated TG lipolysis that liberates large amounts of FA that enter the 
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circulation and contribute to deterioration of all the features of metabolic 

syndrome.19 Therefore, increasing adipose TG storage capacity may ameliorate 

metabolic complications. For instance, agonists of peroxisome proliferator-

activated receptor (PPAR) γ, thiazolidenediones (TZDs), stimulate adipogenesis 

and have been shown to improve lipid metabolism and insulin sensitivity in 

human trials.20 On the other hand, enlarged WAT in obesity presented an altered 

secretion profile of adipokines with increased leptin and resistin and decreased 

adiponectin.21,22 Changes in the levels of adipokines may play key roles in obesity-

related metabolic diseases. For example, exaggerated resistin secretion is 

associated with adipose pro-inflammation and systemic insulin resistance, as 

resistin increases production of several adipocyte-derived chemotactic molecules 

and pro-inflammatory cytokines in adipocytes, and dampens insulin sensitivity 

via inactivation of GLUT4 and IRS 1/2.23 On the contrary, decreased adiponectin 

in obese patients exacerbates the metabolic syndrome, as adiponectin acts to 

ameliorate insulin resistance by inhibiting adipose lipolysis and improving lipid 

metabolism in skeletal muscle and liver through activation of 5' AMP-activated 

protein kinase and PPARα signaling pathways.24,25 

 

1.1.1.2 Nonalcoholic Fatty Liver Disease 

Obesity is intimately linked to a spectrum of hepatic disorders, known as 

nonalcoholic fatty liver disease (NAFLD), a clinical manifestation of ectopic TG 

accumulation (>5% of liver volume, or weight; or histologically defined as >5% of 

hepatocytes containing visible LDs) in the absence of significant chronic alcohol 

consumption.26,27 Fifteen-45% of adult population are afflicted with NAFLD in 

the modern society, and is even higher in obese populations, particularly in 
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subjects with visceral obesity.28 NALFD is classified into several stages, with the 

majority of patients remaining asymptomatic. The initial stage (steatosis) caused 

by increased hepatic TG content is reversible by weight reduction through 

lifestyle intervention.28 However, 20% of NAFLD individuals can progress to non-

alcoholic steatohepatitis (NASH), where progressive inflammation (lobular and 

portal) is present in addition to steatosis and elevated plasma levels of liver 

enzymes (aspartate aminotransferase and alanine aminotransferase.29 Although 

NASH is a non-fatal disease, some cases may deteriorate to cirrhosis, where 

functional liver tissues become fibrotic, and may lead to hepatocellular 

carcinoma.29,30 Despite the high prevalence of NASH, causal determinants that 

facilitate the progression from steatosis to NASH are poorly understood.  

            A “two hit” mechanism was originally proposed to explain the pathogenesis 

of NAFLD/NASH progression.30-32 Steatosis has been identified as the first hit. 

Steatosis occurs due to lipotoxicity: high-fat meal derived TG-rich lipoprotein 

remnants and enhanced lipolysis in insulin-resistant WAT lead to excess FA 

delivery to the liver. Additionally, obese subjects with NAFLD exhibited increased 

gene expression of hepatic lipase and hepatic lipoprotein lipase (LPL),33,34 and 

fatty acid transporter/CD36 that increases FA influx into hepatocytes.35,36 

Furthermore, enhanced hepatic de novo lipogenesis (DNL) has been frequently 

observed in NAFLD patients.37 Hepatic DNL is stimulated by glycolysis in the 

presence of a high concentration of circulating glucose. Additionally, fructose can 

promote hepatic DNL to a larger extent due to its unique metabolic properties. 

Fructose is rapidly absorbed into liver and phosphorylated by fructokinase, thus 

escaping the key regulatory step on phosphofructokinase that commonly occurs 

during glycolysis.38,39 The mechanisms of how increased hepatic DNL triggers 
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ectopic TG accumulation in liver are largely unknown, because DNL 

quantitatively contributes only to a minor portion of the overall hepatic FA input. 

            One possibility is through the modulation on FA β-oxidation by some of 

the intermediates or products generated during DNL. Studies have shown that de 

novo synthesized FA may serve as a distinct pool of endogenous activators of 

PPARα, regulating energy homeostasis.40 Moreover, carnitine 

palmitoyltransferase 1 (CPT-1) activity is allosterically inhibited by malonyl-CoA, 

a key intermediate formed during the FA de novo synthesis, thereby decreasing 

FA import into mitochondria and thus FA β-oxidation. Nevertheless, FA β-

oxidation in NAFLD patients is more likely to increase rather than decrease, 

based on measurements of plasma β-hydroxybutyric acid (a type of ketone bodies) 

concentration.32,41 This is perhaps not surprising, because although the 

expression and activity of CPT-1 are suppressed, expression of other genes 

involved in FA β-oxidation was reported to be increased.42,43 Moreover, 

tricarboxylic acid cycle was shown to be around two-fold induced in subjects with 

high intrahepatic TG, implying active oxidative metabolism in mitochondria.41 

Paradoxically, mitochondrial paracrystalline inclusions have been described in 

the NASH patients, reminiscent of mitochondrial atrophies due to mutations in 

genes encoding electron transport chain complex.32,44,45 These mitochondrial 

defects may suggest a segregation of oxidative phosphorylation and ATP 

generation. Congruent with this interpretation, obese mice exhibited impaired 

recovery from hepatic energy depletion as their fatty liver disease deteriorated.46 

Furthermore, the gene expression of uncoupling protein 2 was increased in 

steatotic liver, suggesting energy stored in the mitochondrial membrane potential 

was more likely to dissipate as heat.43 Therefore, NAFLD/NASH-related 
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mitochondrial abnormalities may provide a protective mechanism in the liver 

against excessive lipid burden.27 Furthermore, these mitochondrial abnormalities 

are proposed to occur in a yet undetermined fraction of the total mitochondrial 

population, and no mitochondrial insufficiency has been reported.32 

            Finally, secretion of VLDL was increased in subjects with NAFLD, allowing 

a partial removal of hepatic TG, which, however, was insufficient to compensate 

for the rapid TG production.27 Pathophysiological increase of VLDL secretion per 

se may be unable to reverse steatosis in obesity; however, genetic ablation of 

VLDL secretion, such as inactivation of microsomal triglyceride transfer protein 

(MTP), often leads to NAFLD.47,48 

            Uncoupling oxidation enables liver to undertake extensive FA β-oxidation, 

thus enhancing liver tolerance towards excessive lipid burden, which on the other 

hand facilitates lipid peroxidation and production of reactive oxygen species.30 

This detrimental side effect triggers the second hit of NASH pathogenesis: 

reactive oxygen species excess and lipotoxic metabolites such as DG and 

ceramides that induce oxidative stress, pro-inflammatory responses and 

subsequent apoptosis and necrosis. Dietary or adipose lipolysis-derived saturated 

FA, cytokines that are mainly synthesized and secreted from Kupffer cells (liver 

macrophages) and liver-infiltrating monocyte-derived macrophages initiate 

NAFLD progression.49-51 NAFLD progression is also pathologically linked to 

dilated and pro-inflammatory WAT, circulating chemokines, cytokines and innate 

immune cells and compositional changes of the gut microbiota.28,32,52,53 
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1.1.1.3 CVD 

Obesity, abdominal fat in particular, is an independent risk factor for CVD.54 

However, the mechanisms of how visceral obesity increases cardiac morbidity 

and mortality are not well understood. Here I briefly introduce a model linking 

dyslipidemia to the pathogenesis of CVD.  

             Dyslipidemia is characterized by increased circulating TG-rich 

lipoproteins with their major lipid constituents (TG, cholesterol and cholesteryl 

esters), formation of small dense low-density lipoprotein (LDL), and less high-

density lipoprotein (HDL) particles with their associated cholesterol. LDL-

cholesterol is an established and widely accepted cardiovascular risk marker, and 

measurement of apolipoprotein (apo)B molecule and LDL particle numbers has 

been included into clinical lipid examination.55 LDL population is heterogeneous, 

consisting of lipoprotein particles with densities ranging from 1.006 to 1.063 

kg/L. LDL is originally generated from VLDL through LPL-catalyzed TG 

hydrolysis and cholesteryl ester transfer protein-mediated exchange of 

phospholipids (PL) and neutral lipids. LDL oxidation occurs in the 

subendothelial space after crossing the endothelial fenestrations.56 The oxidized-

LDL, known as the bad cholesterol, is taken up by macrophages through 

scavenger receptor-mediated endocytosis, leading to foam cell formation and 

secretion of various cytokines that accelerate atherosclerosis.56 Escalated 

synthesis and secretion of VLDL (LDL precursor) were often found in hepatic 

steatosis and other insulin resistance-related syndromes, as illustrated in 

previous sections. Moreover, the clearance of VLDL might decline in men with 

visceral obesity, as plasma levels of ApoC-III (a natural inhibitor of LPL) are 

elevated, suggesting decreased catabolism of apoB-containing particles.57 

Subjects with insulin resistance were presented with increased activities of 
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cholesteryl ester transfer protein and PL transfer protein, suggesting 

dysregulated lipid transfer among lipoproteins and impaired HDL formation.58 

HDL, known as the good cholesterol, regresses atherosclerotic lesion by 

transporting cholesterol from foam cells to the liver, where it is further processed 

and excreted into bile through a pathway known as reverse cholesterol transport. 

The liver takes up HDL-cholesterol either directly via scavenger receptor B1, or 

through cholesteryl ester transfer protein-mediated cholesteryl esters/TG 

exchange between HDL and apoB-containing lipoproteins, followed by LDL 

receptor-mediated endocytosis.  

 

1.1.2 Genetic Defects in Lipid Storage: Lipodystrophies 

Lipodystrophies are clinically characterized with selective body fat loss and often 

associated with metabolic complications, such as insulin resistance, 

hyperlipidemia and hepatic steatosis.59 This disorder is quite heterogeneous with 

respect to patterns and phenotypes. Congenital generalized lipodystrophy 

(autosomal recessive) and familial partial lipodystrophy (autosomal dominant) 

are the most common types of genetic lipodystrophies.59 A dozen genetic loci have 

been identified in patients with inherited lipodystrophies, including genes 

encoding fundamental enzymes in TG and PL biosynthesis, LD dynamics and 

adipocyte differentiation.59  

             Adipogenesis is a process in which fibroblast-like precursor cells undergo 

growth arrest and subsequent differentiation into mature adipocytes with a large 

unilocular LD occupying most of the cytoplasm. Loss-of-function in certain genes 

disrupts this process and leads to lipodystrophic phenotypes. Subjects with 

dominant-negative single point mutations in PPARγ lack subcutaneous WAT, 
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particularly in limb and hip depots, while preserving visceral fat.60 These patients 

also manifest severe insulin resistance, dyslipidemia, and hepatic steatosis. Other 

gene mutations responsible for partial lipodystrophies include a homozygous 

nonsense mutation in the death-inducing DFFA-like effector (CIDE)C gene, 

encoding a LD-coat protein,61 and two frame-shift mutations in the gene that 

encodes the C-terminus of perilipin1.62,63 Notably, the above gene variances 

account for a relatively small portion of the inherited partial lipodystrophies, the 

most common one of which is caused by mutations in the LMNA gene, encoding a 

protein lamin A/C that is required for the integrity of the nuclear envelope.64 Pre-

lamin A has been reported to co-localize and interact with SREBP1 at the nuclear 

envelope, thus sequestering the active form of SREBP1 from inducing 

adipogenesis.65 However, the reasons why the lamin A/C regulates SREBP1 

selectively in WAT remain largely unexplained. 

            Generalized lipodystrophies were caused by several loss-of-function 

mutations, such as in the Berardinelli–Seip congenital lipodystrophy 2 (BSCL2) 

gene.66 BSCL2, also termed seipin, intercalates into the ER membrane by a 

hairpin-like transmembrane domain.67 In 3T3-L1 cells, Bscl2 gene expression was 

remarkably increased during adipose differentiation; on the contrary, knockdown 

of Bscl2 prevented this process, possibly through downregulation of PPARγ.66 

Moreover, BSCL2 has been suggested to play a crucial role in the biogenesis, 

expansion, distribution and mobilization of lipid droplets (LDs).67 Deletion of 

Bscl2 orthologue in yeast formed enlarged or aggregated LDs, whereas null allele 

of Bscl2 in Drosophila exhibited defects in lipid storage with strikingly shrunk 

LDs in larval fat bodies and young adult fat cells.68,69 Although knocking out Bscl2 

gene expression in the two model animals led to distinct, or more precisely, 
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opposite phenotypes of LDs, an essential role of BSCL2 in PL metabolism has 

been proposed in both models. Ablation of this gene altered acyl chain profiles of 

several PL in yeast and increased levels of total phosphatidic acid (PA) and most 

PA species in Drosophila.68,69 

            Homozygous mutations in the gene that encodes acylglycerol-3-phosphate 

O-acyltransferase 2 (AGPAT2) account for a large subset of patients with 

congenital generalized lipodystrophies, possibly due to inhibition of TG 

biosynthesis and adipocyte differentiation.70 Finally, systemic lipodystrophy was 

caused by a bi-allelic nonsense mutation in the gene encoding caveolin-1, possibly 

through a collapse of cholesterol-rich microdomains in the plasma membrane. 

These microdomains (lipid drafts) are engaged in FA intake, GLUT4 

translocation and insulin signaling in adipocytes.67,70 

 

1.2 TG Biosynthesis in Mammals 

TG serves as the major fat source of energy for most living organisms, and 

protects cells from excess FA-induced toxicity, and provides substrates for PL 

synthesis. TG is assembled into lipoproteins that deliver dietary and 

endogenously synthesized FA to peripheral tissues to satisfy a whole-body energy 

demand. In addition, TG contributes to epidermal barrier protection.71 

Intermediates of TG metabolism, such as FA, lysophosphatidic acid (LPA), PA 

and DG, may serve as essential regulators of FA oxidation, adipogenesis and 

hormone signaling.72 TG consists of a glycerol backbone with hydroxyl groups 

esterified by three FAs that vary in carbon numbers and degrees of desaturation. 

Two major pathways of mammalian TG biosynthesis have been elucidated: the 
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sn-glycerol-3-phosphate pathway, also known as the Kennedy pathway, and the 

MG pathway (Figure 1-2). Most of the acylation reactions are catalyzed by 

enzymes of multiple isoforms that in some cases, encoded by genes that belong to 

distinct gene families, while in others, are derived from alternative splicing and 

post-translational modifications.72 

 

1.2.1 The MG Pathway of TG Synthesis 

While the glycerol 3-phosphate pathway is present in all tissues, only tissues of 

high capacity of TG synthesis employ the MG pathway, such as the small 

intestine, liver, and WAT.73 The MG pathway plays an essential role in fat 

absorption in the small intestine. It has been demonstrated that 75–80% of TG 

synthesis in enterocytes is conducted through the MG pathway during the post-

prandial state.74 TG contained in dietary fat is first hydrolyzed to 2-MG and FA by 

pancreatic lipases in the lumen of the small intestine followed by solubilization in 

bile acid micelles. FA and 2-MG are then absorbed into the intestinal enterocytes, 

where they are re-esterified first into DG by acyl coenzyme A:monoacylglycerol 

acyltransferases (MGATs), and the resulting DG is subsequently converted to TG 

by acyl coenzyme A:diacylglycerol acyltransferases (DGATs). TG is either stored 

in cytosolic LDs or assembled into chylomicrons that are secreted into circulation 

through lymph ducts and function as a lipid source for peripheral tissues. 
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Figure 1-2. TG biosynthesis in mammals. Two major pathways of 
mammalian TG biosynthesis have been elucidated: the sn-glycerol-3-phosphate 
pathway, also known as the Kennedy pathway, and the monoacylglycerol 
pathway. The reactions are shown in a stepwise manner, with essential 
substrates, intermediates and products, and key enzymes illustrated. MGAT: 
acyl-coenzyme A:monoacylglycerol acyltransferase; GPAT: sn-glycerol-3-
phosphate acyltransferase; AGPAT: sn-1-acyl-glycerol-3-phosphate 
acyltransferase; PAP: phosphatidic acid phosphatase; DGAT: acyl-coenzyme 
A:diacylglycerol acyltransferase. 
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1.2.1.1 MGATs 

MGATs synthesize DG by catalyzing the acylation of MG. Three isoforms of 

MGATs have been identified and all are ER membrane proteins. The first 

reported MGAT (MGAT1) encoding gene (Mogat1) was identified based on 

sequence homology to members of the Dgat2 gene family, and is ubiquitously 

expressed in tissues except small intestine.75 In contrast, MGAT2 is most 

abundantly expressed in the small intestine.76 MGAT2-deficient mice exhibited 

less than half of intestinal MGAT activity, and were protected against diet-

induced obesity and the related metabolic disorders, including insulin resistance, 

hypercholesterolemia and hepatic steatosis.77 Chylomicrons were secreted at a 

reduced rate from mice lacking MGAT2, but no fat malabsorption was observed.77 

The protective metabolic phenotype of MGAT2-deficient mice against high-fat 

diet was possibly due to increased energy expenditure and thermogenesis.77 The 

metabolic consequences of Mogat2 global deletion were recently confirmed in 

intestine-specific Mogat2-/- mice, suggesting that the predominant activity of 

rodent MGAT2 is concentrated in the intestine.78 Moreover, the adult-onset 

genetic ablation of Mogat2 was sufficient to confer resistance to diet-induced 

obesity and glucose intolerance.79 Finally, the Mogat3 gene is only expressed in 

the gastrointestinal tract in humans and not rodents.80 MGAT3 uses both MG and 

DG as substrates, and shares higher sequence similarity with DGAT2 than the 

other two MGAT enzymes.80 

 

1.2.2 The sn-Glycerol-3-Phosphate, or Kennedy, Pathway 

The sn-glycerol-3-phosphate/Kennedy pathway is present in most cells, and 

~90% of total TG in hepatocytes has been reported to be produced through this 
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pathway.72 First, a hydroxyl group at the sn-1 position is esterified by glycerol-3-

phosphate acyltransferases (GPATs), generating LPA, followed by a second 

esterification reaction at the sn-2 position, catalyzed by sn-1-acyl-glycerol-3-

phosphate acyltransferases (AGPATs) to form a key intermediate, PA. Next, the 

phosphate group of PA is removed by phosphatidic acid phosphatase (PAP), also 

known as lipin, generating sn-1,2-DG. Finally, DGATs catalyze the last and only 

committed step of the two TG biosynthetic pathways, converting DG to TG. There 

are two branch points in the pathway, one at the level of PA and the other at the 

level of DG. A condensation of PA and cytidine triphosphate (CTP) generates 

CDP-DG that is used in the synthesis of phosphatidylglycerol (PG), 

phosphatidylinositol (PI), and cardiolipin. sn-1,2-DG can be diverted to 

phosphatidylcholine (PC), phosphatidylethanolamine (PE) synthesis, with PC 

and PE can be further converted to phosphatidylserine (PS). 

  

1.2.2.1 GPATs  

GPATs catalyze the first step of glycerolipid biosynthesis, acylating sn-glycerol-3-

phosphate to LPA. The backbone molecule, sn-glycerol-3-phosphate, is mainly 

generated through glycolysis, or to a lesser extent in certain tissues such as the 

liver via direct phosphorylation of glycerol. FA taken up into cells is activated by 

(very) long-chain acyl-CoA synthetases, generating acyl-CoA molecules that are 

channeled to complex lipid synthesis or oxidation.  

            Four GPAT enzymes have been identified, each encoded by a separate 

gene. Mammalian GPATs are integral membrane proteins with active sites 

exposed to the cytosol.72 However, the four GPATs exhibit distinct enzymatic and 

cellular characteristics, including their subcellular locations, substrate 
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preferences and sensitivity to sulfhydryl group modifiers such as N-

ethylmaleimide (NEM).73 

            GPAT1 is located on the outer mitochondrial membrane, and is enriched in 

junction sites between the mitochondria and the ER. The enzyme favors 

saturated FA, palmitic acid in particular, and is insensitive to sulfhydryl 

reagents.73,81 Thirty-50% of hepatic GPAT activity has been ascribed to GPAT1.82 

Adenovirus-mediated overexpression of GPAT1 in chow-fed rats resulted in 

elevated hepatic glucose production, hyperlipidemia, steatosis and insulin 

resistance.83 The essential role of GPAT1 in hepatic TG synthesis was further 

confirmed in Gpat1-/- mice fed high-fat diet, as these mice displayed remarkably 

lower TG contents and improved hepatic insulin sensitivity.84  

            GPAT2 is also located on the mitochondrial outer membrane, but is 

different from GPAT1, as it is sensitive to NEM and shows no preference for 

saturated acyl-CoAs. GPAT2 is most abundantly expressed in testis and may play 

an essential role in spermatogenesis and cell proliferation.85,86 

            The genes encoding GPAT3 and GPAT4 share ~80% identity, and the 

proteins are ER-bound, NEM-sensitive and are responsible for the majority of 

total GPAT activity in mammals.87 Insulin stimulated both GPAT3 and GPAT4 

activity in 3T3-L1 adipocytes, but only Gpat3 gene expression was dramatically 

upregulated during PPARγ agonist-initiated adipocyte differentiation.88 The 

predominant role of GPAT3 during adipogenesis was further confirmed by global 

deletion of Gpat3 in mice, as 80% of adipose GPAT activity was eliminated in 

these mice.89 GPAT4 is also highly expressed in WAT and exerts different effects 

from GPAT3 on adipocyte differentiation, reflected by GPAT4-deficient mice.73 

Gpat4-/- mice exhibited less TG accumulation in WAT and the mice had shrunk 



	
   20	
  

adipocytes, though this lipodystrophic feature did not lead to metabolic 

disorders.84,90 Moreover, GPAT4, similar to GPAT1, plays a critical role for 

hepatic TG synthesis, as Gpat4-/- mice had 50% reduction of liver TG content.73,90 

 

1.2.2.2 AGPATs  

AGPATs catalyze the second acylation reaction, esterifying LPA to PA. AGPAT1-3 

have been experimentally demonstrated to exhibit authentic AGPAT activity, 

though many other enzymes that have similar structures with identical catalytic 

motifs are named AGPATs.73 

            AGPAT1 is expressed in most mammalian tissues, and is enriched in the 

liver, heart, skeletal muscle and pancreas.91,92 Agpat2 shows a different tissue 

distribution, with the highest mRNA levels found in WAT. Mutations in the 

Agpat2 gene have been identified in the congenital generalized lipodystrophy.93 

AGPAT3 is an ER- and Golgi-localized transmembrane protein with four 

conserved acyltransferase motifs; specifically, motif II is partially buried within 

the membrane, followed by motifs III and IV that constitute a long loop oriented 

towards luminal space, and motif I, on the other side, is extruded into cytosol.94 

AGPAT3 regulates Golgi structure and protein trafficking. Overexpression of 

Agpat3 impaired the integrity of the Golgi and both anterograde and retrograde 

protein trafficking possibly through modulation of PA levels.95 It has been 

suggested that AGPAT3 possesses a strong lysophosphatidic acid (LPA) and a 

moderate lysophosphatidylinositol acyltransferase activity, with polyunsaturated 

fatty acyl-CoAs, such as 22:6-CoA and 20:4-CoA as preferential substrates.96,97 

Thus AGPAT3 may function in both de novo and remodeling pathways (Lands' 

cycle, working in concert with phospholipase A2) of PL synthesis.97 
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            Proteins containing the PIsC domain are named AGPAT in the GenBank, 

but the PIsC domain not only defines the protein family of LPA acyltransferase 

but also a more distantly related family (MBOAT) that includes DGAT1, thus 

many of the so-called AGPAT proteins do not exhibit LPA acyltransferase 

activity.73 On the other hand, some proteins that share poor homology with the 

AGPAT family, can catalyze the conversion of LPA to PA. Interestingly, ABHD5, 

besides functioning as a co-activator of ATGL, has been reported to exhibit a LPA 

acyltransferase acitivity using palmitoyl- and oleoyl-CoAs as preferential 

substrates.98 

 

1.2.2.3 PAPs 

PAPs, also known as lipins, translocate from the cytosol to the ER membrane, 

where they convert AGPAT-derived PA to DG.99 The lipin protein family consists 

of three members, lipin-1, -2 and -3; and lipin-1 is comprised of two isoforms, 

lipin-1α and lipin-1β that are generated by alternative mRNA splicing.100 This 

family of proteins is highly conserved in eukaryotes, particularly at the amino-

terminal and carboxy-terminal regions.100 Lipins exhibit unique, though to some 

extent overlapping, tissue expression patterns, implying their nonredundant 

physiological functions. Lipin-1 is primarily expressed in WAT, skeletal muscle, 

and testis; while lipin-2 is preferentially enriched in the liver, brain and kidney; 

and lipin-3 is more frequently found in the liver and the gastrointestinal tract.73,99 

            Lipin-1-deficient mice initially develop fatty liver and 

hypertriglyceridemia, and subsequently present with lipodystrophic features, 

characterized by impaired adipogenesis, decreased TG storage in adipocytes and 

comprehensive insulin resistance.101 Human patients with LPIN1 mutations do 
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not develop lipodystrophy, however, the molecular basis underlying the species 

variability remains unclear.101 Nevertheless, both humans and mice showed 

commensurate correlations between LPIN1/lipin-1 expression in WAT and 

systemic insulin sensitivity, suggesting a conserved and fundamental role of lipin-

1 in adipocyte function and differentiation.101 Separate and specific 

overexpression of lipin1 in the WAT and skeletal muscle promoted obesity, yet 

through different mechanisms: in mature adipocytes lipin-1 upregulated the 

expression of several adipogenic genes, whereas a muscle-specific expression of 

lipin-1 reduced oxygen consumption and energy expenditure.102 Finally, 

Mammalian lipin-1 was found to localize in the nucleus of adipocytes and 

hepatocytes where lipin-1 functioned as a component of the transcriptional 

machinery.99 The subcellular localization of lipin-1 may be regulated by hormone 

(insulin and epinephrine)-mediated (de)phosphorylation.103 

            Lipin-2 is highly expressed in the liver, though it is also expressed in 

preadipocytes where it preceds lipin-1 expression in differentiating 3T3-L1 

adipocytes. Lipin-2 could not rescue defective adipocyte differentiation upon 

lipin-1 depletion, and loss of lipin-2 exerted little effects on adipogenesis.104 

Lipin-2 may primarily function in the liver, as hepatic lipin-2 expression was 

upregulated in neonatal lipin-1-deficient mice, and accompanied with a dramatic 

TG accumulation in the liver.105  

 

1.2.2.4 DGATs 

DGATs catalyze the terminal and only committed step of the two pathways of TG 

biosynthesis, esterifying DG to TG with one molecule of acyl-CoA. Inasmuch as 

DG acts as a precursor for the synthesis of several glycerophospholipid (GPL) 
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species, DGATs determine the branch point of DG metabolism. DG is generated 

either from hydrolysis of PA, a key intermediate of the glycerol-3-phosphate 

pathway, or by esterification of MG during a pathway essential for absorption of 

dietary fat in the small intestine. The first report of DGAT activity was in the 

1950s, however, subsequent attempts to purify this enzyme to homogeneity 

proved difficult.71,106 Only at the end of the last century was the first Dgat gene 

(Dgat1) cloned, based on sequence similarity analysis to acyl-CoA:cholesterol 

acyltransferase.107 A second Dgat gene (Dgat2) was later identified.108,109 The two 

DGAT enzymes are ubiquitously expressed in eukaryotes, and categorized to 

distinct gene families, with Dgat1 belonging to a large family of MBOAT and 

Dgat2 classified into a seven-member gene family, DAGAT,107,109 and recent 

phylogenetic analyses have confirmed their separate evolutionary pathes.110 

 

1.2.2.4.1 Catalytic Functions of DGATs 

Besides their common catalytic function esterifying DG to TG, DGAT1 possesses 

several other acyltransferase activities. First, DGAT1 can synthesize retinyl esters 

from retinol (vitamin A) and fatty acyl-CoA. Dgat1-/- mice exhibited markedly 

reduced acyl-CoA:retinol acyltransferase activities in several tissues and 

perturbed retinol homeostasis in the liver of mice on a high-retinol diet.111 Both 

pharmacological inhibition of DGAT1 activity and genetic deletion of intestinal 

Dgat1 gene resulted in significantly decreased vitamin A absorption in the small 

intestine.112 Second, membranes from insect cells or homogenates from COS7 

cells overexpressing DGAT1 exhibited a MGAT activity and wax monoester and 

diester synthase activities.111 These findings suggest that DGAT1 possesses a less 

discriminating substrate binding domain than that of DGAT2, as the former 
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esterifies not only DG, but also retinol, MG and fatty alcohols, though with 

different affinities.  

 

1.2.2.4.2 Topology and Cell Biology of DGATs 

DGAT1 is integrated with the ER membrane by multiple transmembrane 

domains: 8 based on algorithmic prediction, and 3 determined experimentally.113 

The C-terminal region of DGAT1 was proposed to extrude into the ER lumen and 

accounts for approximately half of the protein. The C terminus, which is essential 

for its catalytic activity, contains a highly conserved histidine residue, while the 

N-terminus may be responsible for its di/tetramerization.113 DGAT1 has been 

demonstrated to have a dual topology within the ER in HepG2 cells, exhibiting 

comparable activities on both the cytosolic and lumenal sides of the ER 

membrane.114 

            DGAT2 is an integral membrane protein with one or two predicted 

transmembrane domains forming a hairpin-like structure with both N- and C-

termini oriented towards the cytosol.115 A four-amino acid sequence (His-Pro-

His-Gly) was conserved in the active sites of the DGAT2 and other characterized 

family members, including MGAT1–3 and wax synthase 1 and 2, with the two 

histidines catalytically indispensable.115 Biochemical fractionation revealed that 

DGAT2 was enriched in mitochondria-associated membranes and was found to 

co-localize with mitochondria and LDs upon oleate loading of cells.116 The ER-

targeting signal of DGAT2 is present within the first transmembrane domain; 

however, deletion of both transmembrane domains maintained DGAT2 

interaction with LDs and the efficiency of TG synthesis.117 DGAT2 was also found 

localized on the surface of LDs in Caenorhabditis elegans intestinal segments 



	
   25	
  

and Drosophila melanogaster Schneider 2 cells, where it has been suggested to 

promote LD expansion via local TG synthesis.118,119 The mechanism of substrate 

channeling onto LDs for DGAT2-catalyzed reaction is unknown but may involve 

ADP-ribosylation factor/coatomer (Arf)/COPI machinery-mediated connection 

between the ER and the LDs.120,121 Co-expression of DGAT2 and MGAT2 in 

nephritic cell lines revealed extensive co-localization of the two enzymes in the 

ER and mitochondria-associated membranes, and on the surface of LDs upon 

oleate supplementation, suggesting that DGAT2 efficiently utilizes MG-derived 

DG as a substrate for TG synthesis.122 On the other hand, DGAT2 was also shown 

to interact with stearoyl-CoA desaturase (SCD)1, an enzyme required for 

desaturation of de novo synthesized FA, thus DGAT2 may preferentially 

incorporate the autonomously synthesized FA into TG.123 

 

1.2.2.4.3 Physiological Roles of DGATs 

Genetic ablation of individual Dgat genes in adipocytes failed to interfere with 

the TG synthesis and LD formation, suggesting a compensatory function of 

DGAT1 and DGAT2 in adipose TG production.124 Moreover, TG accumulation and 

LD biogenesis were abolished in the adipocytes that were differentiated from 

Dgat1-/-/Dgat2-/- mouse embryonic fibroblasts, suggesting the two DGATs in 

combination accounted for the vast majority of TG production in the murine 

WAT.124 Despite the seemingly redundant roles of DGAT1 and DGAT2 in the TG 

synthesis in the murine WAT, their physiological functions vary greatly with 

distinct tissue expression patterns. Dgat1 and Dgat2 genes are expressed 

ubiquitously, with the former expressed the highest in small intestine, liver, 
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adipose tissue, and mammary gland, and the latter showed the highest expression 

in liver and adipose tissue.71 

            Whole-body DGAT1-deficient mice are lean, resistant to diet-induced 

obesity, which may be attributed to an increased metabolic rate, a higher level of 

physical activity, and mildly impaired lipid absorption due to delayed gastric 

emptying and suppressed chylomicron secretion.71,125 Neither intervention in food 

intake nor detectable fat malabsorption was observed.125 Higher levels of 

thermogenesis may also contribute to enhanced energy expenditure, as the body 

temperature was increased and the expression of uncoupling protein 1 was 

upregulated by ~70% in brown adipose tissue of Dgat1-/- mice.126,127 To support 

this speculation, Dgat1-/- mice suffered from hypothermia and low plasma 

glucose levels when challenged with caloric restriction and cold challenge.126 TG 

content was substantially decreased in WAT, skeletal muscle, liver and mammary 

epithelial tissue in the DGAT1-deficient mice fed with high-fat diet, accompanied 

with enhanced insulin and leptin sensitivity.125,127 Moreover, absence of DGAT1 in 

cardiac muscle prevented buildup of lipotoxic intermediates, such as DG and 

ceramide, possibly through decreased FA delivery into cardiomyocytes due to 

reduced mRNA levels of Cd36 and Lpl.128 DGAT1 deficiency did not appear to 

affect metabolic flexibility, as DGAT1-deficient muscle took up more glucose as a 

compensatory source of energy, therefore resulting in improved insulin 

sensitivity. The expression of all three Ppar genes (α, β/δ, γ) was downregulated, 

as well as a number of their target genes involved in FA oxidation, while 

expression of glucose transporters was increased.128 

            A study in Dgat1-/- mice suggested TG resynthesis in mouse intestine thus 

chylomicron assembly did not require DGAT1 activity, as TG accumulated in 
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large cytosolic LDs and chylomicron-sized particles in the lumen of the ER and 

the Golgi apparatus in enterocytes.129 Plasma TG levels in Dgat1-/- mice decreased 

at 1 h, but not at 4 h following intragastric administration of a bolus of corn oil, 

suggestive of a delayed fat absorption but no malabsorption.129 Additional 

experiments in mice and rats suggested that attenuated postprandial serum TG 

levels were largely due to the DGAT1 deficiency-induced delay of chylomicron 

secretion.112,130 

            A selective, competitive DGAT1 inhibitor, T863, markedly delayed the 

intestinal fat absorption, blunted an immediate postprandial excursion of plasma 

TG after an acute lipid challenge, and promoted TG accumulation in distal small 

intestinal fragments, reminiscent of the phenotypes from the global genetic 

abrogation of Dgat1 expression.131 Prolonged DGAT1 inhibition (2 weeks) in high-

fat-diet-induced obese mice showed enhanced insulin sensitivity with 

upregulated phosphorylation of hepatic IRS2 and protein kinase B, ameliorated 

steatosis and increased glucose uptake in differentiated 3T3-L1 adipocytes.131 This 

chronic DGAT1 inhibition in obese mice also resulted in a moderate decrease of 

weight gain, despite no difference in food intake between inhibitor-treated and 

vehicle-treated control mice.131 In contrast, a rapid and significant decrease of 

food intake was observed upon acute DGAT1 inhibition in diet-induced obesity, 

accompanied with increases of intestinal FA oxidation and ketogenesis.130 

            Additionally, Dgat1-/- mice exhibited elevated secretion of gut hormones, 

including glucagon-like peptide-1 and peptide tyrosine-tyrosine when fed with 

normal chow or a high-fat diet.132 Alterations in gastrointestinal peptides upon 

DGAT1 inhibition may contribute to the beneficial effects on appetite and energy 

expenditure. However, these results begged the question whether the reduction of 
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chylomicron secretion in DGAT1-deficient mice is due to a delayed gastric 

emptying via glucagon-like peptide-1 overproduction or a lack of TG synthesis via 

DGAT1 inactivation. Recent studies have found that chylomicron secretion was 

reversibly blocked or permanently hampered upon pharmacological inhibition of 

DGAT1 or intestine-specific deletion of Dgat1 gene, respectively, independent of 

gastric emptying, as neither bypassing the stomach through duodenal oil 

injection, nor inhibiting the glucagon-like peptide-1 receptor by an antagonist, 

exendin (9-39), failed to correct the reduced chylomicron secretion.112 Finally, 

ablation of Dgat1 expression in apoE knockout mice reduced atherosclerosis, 

foam cell formation and aortic inflammation, ameliorated hyperlipidemia, and 

improved intestinal and macrophage cholesterol metabolism.133 

            All the above beneficial observations suggested that DGAT1 inhibition 

could be used to treat lipid metabolic disorders in humans. However, loss-of-

function mutations in the human DGAT1 have been reported to cause extreme 

congenital diarrheal disorders.134 A further investigation uncovered that human 

small intestine expresses only DGAT1,135 while rodents also express DGAT2. 

Therefore, DGAT1 inactivation in humans might potentially result in severe side 

effects. 

            Despite all the advantages conferred by DGAT1 deficiency in mice either by 

genetic or chemical modulation, overexpression of Dgat1 did not lead to opposite 

phenotypes. For example, athletic training naturally increased TG storage in 

heart and skeletal muscle, accompanied with an enhanced DGAT1 activity, and 

improved lipotoxicity and insulin sensitivity.128,136 Similar metabolic benefits were 

observed in several transgenic mouse models. Myocellular overexpression of 

DGAT1 mitigated the toxic effects of free FA and DG by channeling them into TG 
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synthesis, so that the DG-induced protein kinase C signaling pathway and several 

downstream effectors were suppressed, leading to increased IRS1/protein kinase 

B activation and GLUT4 translocation.136 Similarly, cardiomyocyte-specific Dgat1 

transgenic mice exhibited a doubling in TG content and reduced cardiac DG, free 

FA and ceramide levels.128 Crossing these mice with mice overexpressing long-

chain acyl-CoA synthetase 1, a model of cardiomyopathy, significantly improved 

cardiac function and survival rates.128 In addition, overexpression of Dgat1 in 

macrophages and adipocytes (aP2-Dgat1 transgenic mice) showed enhanced 

glucose metabolism and reduced inflammation.137 The relative contributions of 

adipocytes and macrophages to these beneficial phenotypes were discriminated 

by bone marrow transplantation of an aP2-Dgat1 transgenic mouse into 

irradiated wild-type mice.137 Interestingly, the selective overexpression of Dgat1 

in monocyte-derived macrophages was sufficient to protect mice against diet-

induced insulin resistance and attenuated activation and accumulation of 

inflammatory M1 macrophage in the WAT.137  

            In contrast, DGAT2-mediated TG synthesis is indispensable for mouse 

perinatal development, as DGAT2-deficient mice died within a few hours after 

birth.138 The carcass TG contents of Dgat2-/- mice were reduced by ~90%, 

suggesting a whole-body TG deprivation may contribute to the early mortality.138 

Another determinant of the early death was defective epidermal barrier 

protection, which resulted in rapid dehydration.138 Therefore, DGAT2 plays an 

obligatory role in the antenatal period. Despite DGAT2 accounting for only a 

small portion (~20%) of the total DGAT activity in an in vitro assay, its pivotal 

role may lie in the in vivo TG synthesis.71,114 
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            In addition, DGAT2 appeared to exert a highly rate-limiting effect on de 

novo TG synthesis, as biased pharmacological inhibition of DGAT2 or genetic 

suppression of Dgat2 expression dramatically (~70%) reduced incorporation of 

3H-glycerol and 14C-acetate, but not 14C-oleate into cellular and secreted TG; as 

glycerol and acetate contribute to the de novo synthesized pool of TG, while 

oleate represents the exogenous source of FA for TG synthesis.114,139 Similarly, 

inactivation of DGAT2 by selective small molecule inhibitors (JNJ-DGAT2-A and 

–B) or siRNA knockdown significantly attenuated incorporation of isotope-

labeled glycerol, but not oleate, into TG.139 

            Several antisense oligonucleotide (ASO) studies suggested an essential role 

of DGAT2 in hepatic TG metabolism and apoB-containing lipoprotein secretion. 

ASO reduced Dgat2 mRNA levels solely in WAT and liver, with correspondingly 

decreased DGAT activity in the liver but not the WAT.140 The ASO-mediated 

downregulation of hepatic DGAT2 activity led to marked changes in hepatic lipid 

metabolism, including a dramatic reduction of liver TG, decreased expression of 

several lipogenic genes, increased FA oxidation, and impaired VLDL secretion.140 

Another group using an identical ASO to abrogate Dgat2 expression also reported 

decreased hepatic TG contents, a reduction of apoB-containing lipoprotein 

particles in number but not size, and improvement of metabolic disorders 

induced by leptin deficiency.140,141 

            Furthermore, studies in Dgat2 transgenic mice further confirmed DGAT2 

as a critical regulator of hepatic TG metabolism. Liver-specific overexpression of 

Dgat2 increased levels of various lipid intermediates, such as DG, ceramides and 

free FA (16:1, 18:1 and 18:2), but they were protected from high-fat-diet-induced 

inflammation and ER stress.142 These Dgat2 transgenic mice developed steatosis, 
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but exhibited normal glucose tolerance and insulin signaling transduction, with 

increased expression of genes involved in hepatic lipogenesis and FA oxidation.142 

However, whether and how the increased hepatic Dgat2 expression affects VLDL 

secretion is unknown. 

 

1.3 Liver TG Metabolism  
Liver is composed of parenchymal cells (hepatocytes) and nonparenchymal cells 

(Kupffer cells, hepatic stellate cells and sinusoidal endothelial cells), with the 

former occupying ~80% of the total liver volume.143 Liver plays an important role 

in energy balance, detoxification, immune response and protein synthesis. From 

a perspective of energy homeostasis, liver intricately coordinates and 

synchronizes carbohydrate and lipid metabolism according to changes in 

nutritional states. In the fed state, glucose serves as the major energy supply for 

the liver. Active glycolysis generates acetyl-CoA, the basic substrate for de novo 

FA synthesis. Excess FA is incorporated into a variety of glycerolipids, with the 

neutral lipids stored in cytosolic LDs in hepatocytes as a physiological reservoir of 

energy to support acute and extended periods of nutrient deprivation. 

            During the early stage of fasting, hepatic glycogenolysis provides the 

primary source of energy, which is supplemented by gluconeogenesis during a 

prolonged fasting when glycogen reserves are exhausted. Additionally, FA 

oxidation is stimulated to produce acetyl-CoA, supplying substrates for both 

gluconeogenesis and ketogenesis. Besides hydrolysis of endogenous TG pools in 

hepatocytes, exogenous FA generated from adipose lipolysis is delivered to the 

liver. The excess FA is reesterified to TG, which can be stored in LDs or secreted 
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in VLDL. Hepatic TG biosynthesis, consumption and secretion are of great 

significance to the whole body energy homeostasis; however, the regulation of TG 

metabolism is largely unclear. Hepatocellular TG stored in distinct depots 

(cytosol or ER lumen) is highly dynamic, undergoing robust lipolysis and 

reesterification cycle. This TG turnover can provide FA for oxidation and up to 

60-80% of VLDL-TG.144 

 

1.3.1 Lipid Storage in Hepatocytes 

TG in hepatocytes is distributed into three subcellular compartments: cytosolic 

LDs, ER lumenal LDs and apoB-containing primordial lipoprotein particles. 

Cytosolic LDs are the major intracellular lipid reservoir in hepatocytes, providing 

substrates for energy metabolism, membrane synthesis and production of lipid-

derived molecules, such as bile salts and hormones.147 This dynamic organelle is 

also involved in cellular events that are irrelevant to lipids per se, such as 

sequestration of hydrophobic proteins destined for degradation and hepatitis C 

virus assembly.145,146 

            LDs comprise a neutral lipid core (TG and cholesteryl esters) surrounded 

by a polar lipid monolayer that, in mammals, mainly consist of PC.147 The lipid 

composition varies in hepatocellular LDs under nutritional or genetic 

stresses.148,149 Specific proteins that possess amphipathic α-helices bind to LDs 

and regulate lipid synthesis, metabolism and lipoprotein assembly in 

hepatocytes.147 In eukaryotes, LDs primarily arise from the ER and remain linked 

to this organelle, but the molecular mechanisms of LD biogenesis are not fully 

understood.150 Several models of LD formation have been proposed. Generally, 

TG synthesized within the ER bilayer may form a lens-like structure, and as TG 
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accumulating in the ER intramembranous space, LDs grow, mature and may 

eventually bud off.150 Alternatively, the entire LDs are excised from the ER bilayer 

through a bicelle formation mechanism.147,151 

            LDs grow by expansion and coalescence to accommodate more TG. Neutral 

lipids might be synthesized locally at LDs, or transferred from ER through 

membrane connections and interorganelle transport. Lack of surfactants on LD 

surfaces destabilizes the oil phase boundary, resulting in high surface tension that 

predisposes LDs to coalescence.147 However, LD fusion may only occur by 

experimental manipulations, such as genetic ablation of CTP: phosphocholine 

cytidyltransferase alpha, the rate-limiting enzyme in PC synthesis.152-154  

            Besides the ER, other organelles were found in close proximity to LDs, 

such as mitochondria, endosomes and peroxisomes, suggesting an essential role 

of LDs in energy homeostasis, lipid trafficking and membrane lipid synthesis.147 

Rab GTPases are required for vesicular trafficking and membrane fusion. Rab18 

was found to localize particularly on small LDs and mediate the connections 

between LDs and the ER, thus facilitating TG translocation and mobilization.155,156 

Moreover, Rab18 co-localized with perilipin 2 in HepG2 cells, but their 

expression levels were regulated in a reciprocal manner.155 Endogenous Arf1 

GTPase and coatomer (COPI) complex were found localized on the surface of LDs 

in Drosophila Schneider 2 cells and mammalian NRK cells,120 and identified in a 

LD proteomic study in CHO K2 cells.157 The Arf1/COPI machinery is required for 

bidirectional membrane trafficking and was found to be critical for LD targeting 

of specific proteins that are involved in lipid synthesis and lipolysis.120,158 

Depletion of Arf1/COPI complex in Drosophila Schneider 2 cells resulted in 

defects in lipolysis and a more dispersed distribution of LDs.159 
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1.3.2 De Novo FA Synthesis  

Liver uses glucose not only for acute energy demands but also for glycogenesis; 

when the latter is replenished, excess glucose is shunted to FA de novo synthesis 

during the fed state. Cytosolic acetyl-CoA is the initial substrate for mammalian 

FA biosynthesis. Carboxylation of acetyl-CoA generates malonyl-CoA by acetyl-

CoA carboxylase (ACC) in a biotin-dependent mode. Mammals have two isoforms 

of ACC, ACC1 and ACC2, encoded by separate genes, Acaca and Acacb. ACC1 and 

ACC2 share considerable sequence similarities and an identical catalytic domain, 

but show distinct tissue distributions, with the former highly expressed in 

lipogenic tissues, such as liver and adipose tissue, while the latter primarily found 

in heart and skeletal muscle, and also to a lesser extent in the liver.160,161 Seven 

molecules of malonyl-CoA and one molecule of acetyl-CoA form palmitic acid 

(16:0) via 7 rounds of the Claisen condensation, reduction and dehydration 

reactions, which are all undertaken by a multifunctional enzyme: fatty acid 

synthase (FAS). Palmitic acid is elongated by fatty acyl-CoA elongases in the ER 

to generate long-chain FA, which can be further desaturated by SCDs.  

            ACCs and FAS are rate-limiting enzymes in FA de novo synthesis, and thus 

under tight regulations by hormones and nutrients.61 ACCs are switched on/off 

via reversible dephosphorylation and phosphorylation on a single serine residue, 

respectively.162 The phosphoryl group is mounted by 5'-AMP-activated protein 

kinase that is activated when energy charge is low, and removed by phosphatases. 

Palmitoyl-CoA also inhibits ACCs, serving as a feedback control.162 
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            FAS is mainly regulated at the transcriptional level, essentially by 

SREBP1.61 Hepatic expression of Srebf1c and the nuclear translocation of its 

mature form were remarkably induced by refeeding fasted animals with a high-

carbohydrate diet, which led to increased expression of lipogenic genes, including 

Acaca, Fas, Scd1, Gpat and genes encoding key enzymes involved in cytosolic 

acetyl-CoA and NADPH production.163 Specific deletion of the first exon of the 

Srebf1c gene with the Srebf1a transcript intact diminished but did not completely 

eliminate the refeeding-stimulated enhancement in Acaca and Fas gene 

expression.164 As a matter of fact, SREBP1a is a much stronger activator of hepatic 

lipogenesis, as the Srebf1a transgenic mice exhibited four-times increased 

expression of Acaca and Fas genes in the liver than the Srebf1c transgenic 

mice.165 Moreover, the livers in the Srebf1a transgenic mice were only slightly 

enlarged with a moderate increase in TG, but not cholesterol, whereas the liver 

expansion of the Srebf1c transgenic mice appeared to be tremendous, owing to an 

accumulation of both TG and cholesterol.165 

 

1.3.3 FA Oxidation 

Liver FA oxidation is suppressed in the fed state, and stimulated in the fasted 

state, providing energy for itself as well as the extrahepatic tissues by generating 

ketone bodies (β-hydroxybutyric acid, acetoacetic acid, and acetone) that are 

transported through the circulation. In mammals, mitochondria and peroxisomes 

take the major responsibility for FA β-oxidation, while γ-oxidation is restricted to 

the smooth ER.166 



	
   36	
  

            The mitochondrion is responsible for all short (<C8), medium (C8~C12) 

and the majority of the long (>C12) chain FA β-oxidation.167 Acyl-CoA is first 

transported into the mitochondria via the carnitine shuttle that is comprised 

CPTI, CPTII and a translocase. CPTI catalyzes the formation of fatty acyl-

carnitine for translocation across the mitochondrial inner membrane. CPTI is 

transcriptionally activated by PPARα and allosterically inhibited by malonyl-CoA, 

especially by the ACC2-derived, locally produced malonyl-CoA. Each cycle of β-

oxidation is initiated by a dehydrogenation reaction to form a trans-double bond 

between the carbon-2 and carbon-3, which is catalyzed by the long-chain acyl-

CoA dehydrogenase, followed by hydration, oxidation of a hydroxyl group to a 

keto group, and thiolysis. The cycle continues until the entire even-numbered 

saturated FA is decomposed into basic subunits of acetyl-CoA, with concomitant 

production of reducers, FADH2 and NADH.  

            In mammals, the peroxisome takes an exclusive responsibility for very 

long-chain FA (>C20) β-oxidation, and can also utilize long-chain FA as a 

substrate.167 However, because acyl-CoA oxidase, the first and rate-limiting 

enzyme of the mammalian peroxisomal β oxidation, is incapable of processing 

medium-chain FA, thus the chain-shortened acyl-CoA is exported to 

mitochondria for complete oxidation.167 

 

1.3.4 VLDL Assembly and Secretion 

TG, due to its hydrophobicity, is assembled into TG-rich lipoproteins for their 

transport through the circulatory system. Differences in FA compositions of 

hepatic intracellular TG and plasma VLDL-TG revealed an indirect transfer of TG 
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for VLDL maturation.168 It has been established that the majority (60-80%) of TG 

in VLDL is derived from mobilization of hepatic TG storage via lipolysis and re-

esterification cycle.144,153 This sinuous supply of TG for VLDL maturation 

overcomes the inability of TG stored in the cytosolic LDs to cross the lipid bilayer 

of the ER and provides a mechanism for the regulation of VLDL secretion 

independently of plasma FA and intracellular TG concentration.169 

            Nascent VLDL forms by co-translational lipidation of the apoB molecule 

with cholesteryl esters and TG to generate a neutral lipid core that is surrounded 

by amphiphilic lipids, including PL and cholesterol, and other associated-

apolipoproteins, apoE and apoC-I (Figure 1-3). The availability of lipids, TG in 

particular, in proximity to VLDL assembly sites is crucial for VLDL maturation, 

as insufficient TG supply results in apoB misfolding and degradation. This 

process that initially generates small, dense, lipid-poor primordial apoB particles 

is facilitated by MTP. MTP is a heterodimer composed of a large (97 kDa) lipid 

transfer protein and a small (55 kDa) multifunctional enzyme-protein disulfide 

isomerase.170,171 Dissociation of these two subunits resulted in the abrogation of 

MTP activity.170 MTP is encoded by Mttp, a gene predominantly expressed in 

hepatocytes and enterocytes, where it participates in the assembly of VLDL and 

chylomicrons, respectively. However, the subcellular location of MTP remains a 

matter of controversy. Both the large and small subunits have been observed to 

localize in the rough ER membrane and the Golgi apparatus using electron and 

confocal microscopies, and the localization was confirmed by 

immunoprecipitation of the Golgi fractions.170,172 Genetic ablation of hepatic Mttp 

inhibited TG transfer into the ER lumen, leading to drastically impaired VLDL 

assembly and hypolipidemia,48 whereas adenovirus-mediated 3-fold 

overexpression of Mttp elevated VLDL secretion by more than 70%.173 
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            The primordial VLDL is further lipidated with a bulk of TG to form mature 

secretion-competent VLDL, and this process has been suggested to be 

independent of MTP.174,175 Inactivation of MTP in murine primary hepatocytes 

resulted in a significant reduction of apoB100 in the microsomal lumenal 

compartment as well as in the culture medium, whereas only a slight decrease of 

secreted apoB48 with less TG associated was observed.176 The disparate effects of 

MTP inhibition on apoB48 and apoB100 secretion suggest distinct roles of MTP 

in two stages of VLDL maturation: on the first stage, MTP is required for TG 

transfer onto a lipid-free apoB polypeptide during its translation/translocation to 

form a poorly (partially) lipidated primordial apoB particle, but on the second 

stage, a further lipidation to form a mature secretion-competent VLDL is 

independent of MTP.176 

            Several cytosolic LD-associated proteins also influence VLDL maturation. 

For instance, adenovirus-mediated overexpression of perilipin 2 in primary rat 

hepatocytes increased cytosolic TG storage and concomitantly decreased 

secretion of TG, apoB100 and apoB48.177 In contrast, siRNA-mediated 

knockdown of perilipin 2 significantly dampened cytosolic LD accumulation, 

while increasing the secretion of apoB48 in VLDL of relatively larger diameters.177 

Deficiency of CIDEB, a protein found on the ER membrane and the surface of 

LDs, increased cytosolic TG deposition and diminished size but not number of 

VLDL particles.178 ABHD5, a modulator of lipolysis that resides on the surface of 

LDs and/or in the cytosol, has been reported to promote mobilization of cytosolic 

TG for VLDL secretion in hepatoma cells, which was dependent on E600-

sensitive TG lipase(s).179,180 ASO-mediated ablation of Abhd5 expression 

significantly decreased hepatic TG hydrolase activity and neutral lipid 

secretion.181 On the other hand, liver-specific knockout of Abhd5 also reduced 
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Figure 1-3. Schematic illustration of VLDL structure. VLDL is composed 
of a bolus of neutral lipids [triacylglycerol (TG) and cholesteryl ester (CE)] that 
are surrounded by a monolayer of amphiphilic lipids, including phospholipids 
and cholesterol, with specific apolipoproteins associated, initially ApoB, ApoE 
and ApoC-I. ApoC-II is later donated by high-density lipoprotein in the 
circulation.  



	
   40	
  

hepatic TG hydrolase activity, but the VLDL-TG secretion was comparable with 

that of wild-type mice.182 The discrepancies of the effects of ABHD5 on VLDL 

secretion in the two mouse models require further investigation. Moreover, it 

would be important to identify which TG hydrolase is activated by ABHD5 if the 

involvement of ABHD5 in the VLDL assembly is confirmed. Notably, gain- or 

loss-of-function of ATGL, currently the only known target of ABHD5, failed to 

exert any effect on hepatic TG secretion, suggesting a dispensable role of ATGL in 

the VLDL maturation.183-185 

            An ER-lumen-localized TG hydrolase (TGH), termed carboxylesterase 1d, 

has been suggested to play a role in the VLDL secretion. The hydrolysis of 

hepatocellular TG destined for VLDL assembly was significantly augmented or 

dampened by activation or inhibition of TGH activity, respectively, in both in 

vitro and in vivo experiments.186-190 Another ER-localized lipase, arylacetamide 

deacetylase, which is homologous to hormone-sensitive lipase, may also 

contribute to the VLDL maturation based on preliminary transfection studies in 

hepatoma cells.191,192 

            Finally, vesicular trafficking proteins also contribute to VLDL secretion, as 

nascent and/or mature VLDL demands transport from the ER to the Golgi for 

exocytosis. The COPII complex facilitates ER budding, and functions in the 

anterograde transport of apoB100 and other typical hepatic secretory proteins, 

such as albumin and transferrin.193 The COPII complex consists of five major 

subunits, including the Sar1b GTPase. Transfection of dominant-negative Sar1b 

in McA cells inhibited anterograde trafficking of apoB to a certain extent.193 

Mutations of Sar1b have been identified in humans, and were associated with 

reduced chylomicron production and severe fat malabsorption due to impaired 
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activation of COPII complex.194 In contrast, COPI vesicles are classically known to 

transport retrograde cargoes from the Golgi to the ER. Recent studies have also 

suggested their engagement in the bidirectional transport, trafficking small 

anterograde cargoes forward (from cis to trans face) within the cisternae of 

Golgi.195,196 The localization of COPI at the Golgi and the anterograde transport 

were impaired by an Arf1 mutant that is restricted to its GDP-bound inactive 

form, leading to decreased secretion of apoB100-VLDL of higher Svedberg 

flotation rate.197 Consistently, chemical inhibition of the Golgi brefeldin-A-

resistance guanine nucleotide exchange factor 1 (GBF1) by brefeldin A blocked 

the Arf-mediated recruitment and activation of COPI complex, resulting in 

decreased VLDL assembly and secretion.198 Moreover, Arf1 has been reported to 

activate phospholipase D that catalyzes a conversion of PC to PA.199 

Overexpression of phospholipase D significantly increased secretion of VLDL at 

both maturation stages, but with a stronger effect on the second stage of VLDL 

maturation.197,200 Notably, phospholipase D activity was required for Sar1b-

mediated recruitment of COPII complex and ER export, therefore a modulation 

of lipid composition might be pre-requisite for vesicle formation and secretion.201  

 

1.4 Thesis Objectives, Rationale and Hypotheses 

VLDL assembly is largely regulated by the availability of TG in hepatocytes. 

Although compelling evidence indicates the majority of TG in VLDL is derived 

from re-esterification of lipolytic products released by ER-localized lipases, little 

is known about roles of the two DGATs in this process. Based on the different 

phenotypes of Dgat1-/- and Dgat2-/- mice, these two DGAT enzymes appear to 
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perform non-redundant physiological functions. To dissect the distinct 

contributions of DGAT1 and 2 in lipid metabolism and lipoprotein secretion in 

liver cells, I inactivated DGAT1 and 2 separately or in combination with highly-

selective, small-molecule inhibitors of DGAT1 and DGAT2 in primary mouse and 

human hepatocytes, tracked the storage and secretion of lipids with radioisotope 

labeling, and performed secretory apoB analysis. 

            LDs synthesized through the DGAT1- or DGAT2-dependent pathways may 

be predisposed to different uses. To distinguish the potential differences of 

DGAT1- and DGAT2- derived LDs, I inactivated DGAT1 and 2 individually or in 

combination during TG synthesis, and labeled LDs with a fluorescent FA 

analogue for morphological analysis or with radioisotopes for metabolic studies, 

including FA oxidation and TG secretion. I hypothesized that DGAT1- and 2-

synthesized TG undergo preferential metabolic use in oxidation, storage or 

secretion, and the cytosolic LDs containing DGAT1- or DGAT2-derived TG may 

exhibit distinct morphologies in primary hepatocytes.  
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CHAPTER II MATERIALS AND METHODS 
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2.1 Materials 

2.1.1 Chemicals and Reagents 

Chemicals and reagents used in this thesis are listed in Table 2-1. 

Table 2-1. Chemicals and Reagents   

NAME OF CHEMICAL  SOURCE  

[3H]Acetic acid (0.1 Ci/mmol)  Perkin Elmer 

[9,10(n)-3H]Oleic acid (54.6 Ci/mmol) Perkin Elmer 

[1-14C]Oleic acid (56.3 mCi/mmol) Perkin Elmer 

70% perchloric acid   Sigma-Aldrich 

Acetone    Fisher Scientific 

Albumin Standard   Thermo Scientific 

Amersham ECL Western Blotting Detection Reagent GE Healthcare 

Ammonium Chloride Sigma-Aldrich 

Bodipy 493/503 Dye   Molecular Probes 

Bodipy FL C12   Molecular Probes 

Bovine Serum Albumin [(BSA), FA free]  Sigma-Aldrich 

Bradford Protein Assay Reagent  Bio-Rad 

Laboratories 

Chloroform   Sigma-Aldrich 
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Collagenase, Type IV   Sigma-Aldrich 

CompleteTM Protease Inhibitor Cocktail Tablets Roche Diagnostics 

Cupric Sulphate   Fisher Scientific 

CytoScint™-ES Liquid Scintillation Cocktail MP Biomedicals 

deoxynucleotides triphophates (dNTPs) Invitrogen 

DGAT1 Inhibitor (PF-04620110)  Pfizer  

DGAT2 Inhibitor (Example 109B) Pfizer  

Dimethyl Sulfoxide (DMSO)  Sigma-Aldrich 

DNAse I    Invitrogen 

Dulbecco's Modified Eagle's Medium (DMEM) 

DMEM, high glucose, no glutamine, no methionine, no 

cysteine 

Gibco 

Gibco 

EasyTagTM EXPRESS35S Protein Labeling Mix, [35S], 

11mCi/ml 

Invitrogen 

Ethylene Diaminetetraacetic Acid Disodium Salt (EDTA) Fisher Scientific 

Ethylene Glycol Tetraacetic acid (EGTA) Sigma-Aldrich 

Fetal Bovine Serum (FBS)  Gibco 

Formaldehyde, 16% EM Grade  Thermo Scientific 

Fumed Silica (Cab-O-Sil)  Sigma-Aldrich 
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G418 (Geneticin)   Invitrogen 

Glycerol    Fisher Scientific 

Golgicide A     Sigma-Aldrich 

HEPES    Sigma-Aldrich 

Heptane    Fisher Scientific 

Horse Serum   Gibco 

Isopropyl Ethanol   Fisher Scientific 

Magnesium Chloride   BDH  

Methanol    Fisher Scientific 

Oligo dT Primers   Invitrogen 

Penicillin Streptomycin (Pen Strep)   Gibco 

Platinum® SYBR® Green qPCR SuperMix-UDG Invitrogen 

Ponceau S Solution   Sigma-Aldrich 

Potassium Bromide   BDH  

Prestained SDS-PAGE Standards (low/high range) Bio-Rad 

Laboratories 

ProLong® Gold Antifade Mountants Molecular Probes 
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RPMI-1640 Medium 

Saponin 

  Sigma-Aldrich 

Sigma-Aldrich 

Sodium Chloride   BDH  

Sodium Dodecyl Sulphate (SDS)  Bio-Rad 

Laboratories 

Sucrose    Fisher Scientific 

SuperScript® II Reverse Transcriptase Invitrogen 

SuperSignal™ West Dura Extended Duration Substrate Invitrogen 

Triton X-100   Fisher Scientific 

TRIzol® Reagent   Invitrogen 

UltraPure™ Tris Buffer (powder format) Invitrogen 

 

2.1.2 Antibodies 

Antibodies used in this thesis are listed in Tables 2-1 and 2-2. 

Table 2-2. Primary Antibodies 

ANTIGEN NAME IgG 

SPECIES 

DILUTION SOURCE 

ApoB Goat 1:5,000 Chemicon 

MTP Rabbit 1:5,000 Dr. David Gordon 
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Calnexin Rabbit 1:10,000 Stressgen 

SREBP1 Rabbit 1:1,000 Drs. M. Brown 

and J. Goldstein 

Lamin A/C Rabbit 1:2,000 Cell Signaling 

GAPDH Rabbit 1:10,000 Abcam 

Golgi α-Mannosidase II Rabbit 1:500 Dr. Tom Hobman 

 

Table 2-3. Secondary Antibodies 

NAME 

Horseradish Peroxidase-Conjugated Goat-Anti-Rabbit IgG 

Horseradish Peroxidase-Conjugated Mouse-Anti-Goat IgG 

Texas Red-Conjugated Donkey-Anti-Rabbit IgG (H+L) 

The first two secondary antibodies were used for immunoblotting at 1: 5,000 

dilutions and were from Pierce Biotech; the last secondary antibody was used for 

immunofluorescence staining at 1:100 dilution and was from Jackson 

ImmunoResearch. 

 

2.1.3 Primer Sequences 

Primer sequences used for real-time PCR in this thesis are listed in Table 2-3. 

Table 2-4. Primer Sequences for Real-Time PCR Analysis 
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2.1.4 Buffers And Solutions 

Compositions of buffers and solutions used in this thesis are listed in Table 2-4. 

Table 2-5. Buffers and Solutions 

NAME COMPOSITION 

Perfusion Buffer 1X Hank’s Balanced Salt Solution (no calcium, no 

magnesium, no phenol red), 20mM glucose, 4.0 mM 

NaHCO3, 2.5 mM HEPES, 0.5 mM EGTA, pH 7.4 

Collagenase Buffer 1X Hank’s Balanced Salt Solution (calcium, 

magnesium, no phenol red), 20mM glucose, 4.0 mM 

NaHCO3, 2.5 mM HEPES, 100 collagenase U/mL, pH 

7.4 

GENE SYMBOL FORWARD REVERSE 

DGAT1 Dgat1 GGATCTGAGGTGCCATCGT CCACCAGGATGCCATACTTG 

DGAT2 Dgat2 GGCTACGTTGGCTGGTAACTT TTCAGGGTGACTGCGTTCTT 

Cyclophilin Ppia TCCAAAGACAGCAGAAAACTTTCG TCTTCTTGCTGGTCTTGCCATTCC 

ACC1 Acaca GGCGACTTACGTTCCTAGTTG AGGTGTCGATAAATGCGGTCC 

FAS Fasn TTCCGTCACTTCCAGTTAGAG TTCAGTGAGGCGTAGTAGACA 

SCD1 Scd1 CACCTCCCTCCGGAAAT AGCGCTGGTCATGTAGTAGAAA 

SREBP1c Srebf1c ATGGATTGCACATTTGAAGAC CTCTCAGGAGAGTTGGCACC 



	
   50	
  

Phosphate Buffered 

Saline (PBS) 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 

KH2PO4, pH 7.4 

Tris Buffered Saline 

(TBS) 

20 mM Tris-HCl, 150 mM NaCl, pH 7.4 

Tris Buffered Saline 

with Tween®20 

(TTBS) 

20 mM Tris-HCl, 150 mM NaCl, pH 7.4, 0.1% (v/v) 

Tween 20 

Tris-Glycine SDS 

Running Buffer 

10 g of SDS, 30.3 g of Tris base, 144.1 g Glycine, 

dissolved in 1 L ddH2O, pH 8.3 

Tris-Glycine SDS 

Transfer Buffer 

192 mM Glycine, 24 mM Tris, 20% (v/v) Methanol, 

pH ~8.3 

4X SDS-PAGE 

Loading Buffer 

200 mM Tris-HCl, pH 6.8, 8% SDS, 40% (v/v) 

Glycerol, 40% 2-mercaptoethanol (v/v), 0.4% 

Bromophenol Blue 

Ponceau Red Buffer 0.2% (v/v) Ponceau Solution, 3% (w/v) 

Trichloroacetic acid, 3% (w/v) Sulfosalicylic Acid 

Methionine/Cysteine-

free DMEM 

500 ml DMEM with high glucose, no glutamine, no 

methionine, no cysteine; 1 mM Sodium Pyruvate 

Homogenization 

Buffer 

250 mM Sucrose, 50 mM Tris-HCl, 1 mM EDTA, pH 

7.4 
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Hypertonic Buffer 10 mM HEPES, 420 mM NaCl, 1.5 mM MgCl2, 2.5% 

(v/v) Glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 

pH 7.4 

RIPA Buffer 50 mM Tris-HCl, 50 mM NaCl, 0.5% Sodium 

Deoxycholate, 0.1% SDS, 1% (v/v) Triton X-100, 

pH 8.0 

 

2.2 Animals 

All animal procedures were approved by the University of Alberta’s Animal Care 

and Use Committee and were in accordance with guidelines of the Canadian 

Council on Animal Care. All mice used in this study were 2-3 months old 

C57BL/6J females maintained on chow diet (PicoLab Rodent Diet 20; LabDiet, 

Richmond, IN) with ad libitum access to distilled water. Unless otherwise stated, 

all mice were fasted overnight before experiments. 

 

2.3 General Methodology 

2.3.1 Preparation And Culture of Primary Mouse Hepatocytes 

Primary mouse hepatocytes were isolated by collagenase perfusion of livers from 

wild type C57BL/6J mice based on a method published previously.202 Mice were 

deeply anesthetized before a midline incision was made to separate the skin from 

abdominal muscle. Then the hepatic portal vein was exposed by carefully moving 
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the intestines away from the abdominal cavity with a cotton swab. Next ligatures 

were made loosely around the portal vein and the lower vena cava. A proper cut 

was made on the portal vein to insert a feeding needle, which was then 

repositioned and held in place by tying the ligature above. While the liver was 

perfused at 1.5 mL/min, the left side of the rib cage and the diaphragm were cut 

to expose the heart. Then another ligature around the upper vena cava was 

loosely made. Then the first ligature around the lower vena cava was untied to 

allow the perfusate to run out of the heart until no blood was visible. At this time 

the upper vena cava was tied off to swell the liver for two minutes. The liver was 

then digested by addition of collagenase solution for about 5 minutes until the 

liver appeared granulated and inelastic. The fully digested liver was then removed 

from the mouse and transferred to a 60-mm dish, further minced with scissors 

and suspended in pre-warmed DMEM supplemented with 15% FBS by pipetting 

up and down twelve times. Cells were then filtered through a sterilized coarse 

filter, centrifuged at 200 x g for 2 min, and resuspended in the same medium, 

followed by a finer filtration and resuspension. Cells were counted with a 

hemocytometer, and plated on 60-mm collagen-coated dishes (BD BioCoatTM) at 

a confluence of 2.0 X 106 cells/dish for the following metabolic studies, or on 

collagen-coated coverslips (BD BioCoatTM) in six-well plates at 2.0 X 105 cells/well 

for microscopic analysis. Cell were incubated for 4 h for attachment at 37 °C in 

humidified air containing 5% CO2 before experimental procedures. 

 

2.3.2 Preparation of Primary Human Hepatocytes 

The procedure was performed at the Service of Digestive Tract Surgery, 

University of Alberta. Briefly, human liver samples were obtained from resection 
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specimens far away from the tumor margin in patients undergoing operations for 

therapeutic purposes. Ethical approval was obtained from the University of 

Alberta's Faculty of Medicine Research Ethics Board, and all patients consented 

to participate in the study. Primary human hepatocytes were isolated and purified 

by collagenase-based perfusion of the liver fragments (~20 g). Isolated primary 

hepatocytes were plated on 60-mm collagen-coated dishes at a density of 1.5 × 

106 cells/dish and kept at 37 °C in humidified air containing 5% CO2 for 4 h in 

RPMI-1640 culture medium containing 15% FBS before changing to experimental 

medium. 

 

2.3.3 Subcellular Fractionation of Primary Hepatocytes 

Mouse hepatocytes were washed with ice-cold PBS twice, 5 min each time, and 

suspended in ice-cold homogenization buffer (Table 2.1.5) containing the 

Complete Protease Inhibitor Cocktail (1 tablet/20 mL), 2 mL/sample, and 

disrupted with a homogenizer bearing a 15.6-µm clearance ball (Isobiotec, 

Heidelberg, Germany) for 30 strokes. One mL of homogenate per sample was 

kept for further analysis, while the other mL was subjected to subcellular 

fractionation. Specifically, cellular debris and nuclei were removed by 

centrifugation at 600 x g for 15 min at 4 °C, and the supernatants were 

centrifuged at 426,247 x g for 1 h at 4 °C in a TLA-100.2 rotor (Beckman Coulter, 

Inc.). Supernatants (cytosol) were collected, and pellets (membranes) were 

resuspended in 1 mL of the same homogenization buffer containing protease 

inhibitors.  
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2.3.4 Nuclear Protein Extraction 

Primary mouse hepatocytes, 1 X 107 cells for each treatment, were collected in 2 

mL of ice-cold homogenization buffer, and homogenized using a motor-driven 

Potter Elvehjem homogenizer at medium speed for 10 stokes. A drop of cells (~10 

µl) was dripped onto a glass slide for examination under a compound light 

microscope to verify efficient lysis of the cells and intactness of the nucleus (a 

non-lysed cell appears as a dark nucleus surrounded by a halo of relatively bright 

cytoplasm). Nuclei were pelleted by centrifugation at 500 x g for 20 min at 4 °C, 

and the supernatants were transferred to a 1 mL polycarbonate ultracentrifuge 

tube suited for a TLA 100.2 rotor and centrifuged at 426,247 x g for 1 h at 4 °C to 

extract post-nuclear membranes, which were then resuspended in 100 µL RIPA 

buffer (Table 2.1.5) for immunoblotting analysis. Nuclear pellets were washed 

with the ice-cold homogenization buffer and briefly rinsed with hypertonic buffer 

(Table 2.1.5), then resuspended in 100 µl of hypertonic buffer by vigorous 

vortexing and incubated on a rocking platform on ice for 2 h. The mixtures were 

then centrifuged at 426,247 x g at 4 °C for 1 h in a TLA-100 rotor, and the 

supernatants (nuclear extracts) were collected for immunoblotting analysis. 

 

2.3.5 Bradford Protein Assay 

Protein concentration was determined with the Protein Assay Reagent (BioRad). 

Ten µL of each protein standard (albumin at 0, 0.0625, 0.125, 0.25 and 0.5 

mg/mL) was added in duplicate to the first line of wells in a 96-well plate. Cells 

were homogenized by sonication at a medium speed (level 2.5) for 20 seconds. 

Ten µl of the cellular homogenates were loaded into each well in triplicate. 

Standards and samples of each well were then reacted with 200 µL of Protein 
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Assay Reagent diluted 1:5 for several minutes at room temperature. 

Measurements were read at an absorbance of 595 nm.  

 

2.3.6 Radioisotopic Labeling 

2.3.6.1 [3H]-Labeling 

Isolated primary mouse or human hepatocytes in DMEM or RPMI supplemented 

with 15% FBS and antibiotics (50 U/mL penicillin/streptomycin), respectively, 

were incubated for 4 h during which attachment to the collagen-coated dishes 

occurred. Then hepatocytes were washed three times with serum-free medium, 5 

min per wash, and incubated for 4 h in 2 ml of serum-free medium containing 5 

µCi of [3H]oleic acid and 0.4 mM oleic acid/0.5% BSA, or 10 µCi of [3H]acetic 

acid and 50 µM acetate. Some media and cells (Pulse incubations) were harvested, 

and lipids were extracted using chloroform-methanol (2:1, v/v) and resolved by 

thin-layer chromatography (TLC). Radioactivity in various lipid classes was 

determined by liquid scintillation counting. Cellular protein concentrations were 

determined by Bradford Protein Assay. Remaining cells were washed three times 

with serum-free medium, 5 min per wash, then incubated with 2 mL of serum-

free medium for another 4 h or overnight (Chase incubations); cells and media 

were collected and lipids analyzed as described above. DGAT inhibitors alone or 

in combination were dissolved in DMEM and introduced 1 h before Pulse or 

Chase experiment as indicated in figure legends. 
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2.3.6.2 [14C]- and [3H]-Oleic Acid Double Labeling 

Primary mouse hepatocytes attached to collagen-coated dishes were washed three 

times with serum-free DMEM, 5 min per wash, and incubated overnight (12-16 h) 

in 2 mL of DMEM containing 1 µCi of [14C]oleic acid and 0.4 mM oleic acid/0.5% 

BSA ([14C] labeling). Cells were then washed three times with 0.5%BSA DMEM, 5 

min per wash, and incubated with supplement-free DMEM for 1 h in the presence 

or absence of DGAT1 and 2 inhibitors alone or in combination, followed by 

another incubation in 2 ml of DMEM containing 5 µCi of [3H]oleic acid and 0.4 

mM oleic acid/0.5% BSA for 4 h ([3H] labeling). Media were collected, and cells 

were washed with PBS twice before harvest. Intracellular and secreted lipids were 

extracted using chloroform-methanol (2:1, v/v) and resolved by TLC. 

Radioactivity in [3H]TG and [14C]TG was determined by liquid scintillation 

counting, and normalized to cellular protein mass measured by Bradford Protein 

Assay. 

 

2.3.6.3 [35S]Methionine/Cysteine Labeling  

Cultured hepatocytes were washed three times with DMEM, 5 min per wash, and 

incubated for 4 h in 2 mL of DMEM containing 0.4 mM oleic acid/0.5% BSA, or 

50 µM acetate. Next, cells were washed three times with DMEM, 5 min per wash, 

and incubated with regular DMEM in the presence or absence of DGAT inhibitors 

alone or in combination for 1 h, then washed with Methionine/Cysteine-free 

DMEM (Table 2.1.5), 5 min per wash, and incubated for 1 h with [35S]-Protein 

Labeling Mix (200 µCi/mL) in the Methionine/Cysteine-free DMEM (2 mL/dish). 

Media were then removed, and cells were briefly washed with DMEM before 
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incubation with DGAT inhibitors overnight (12-16 h). Finally media were 

collected for VLDL density analysis as described (see section 2.3.13).  

 

2.3.7 FA Oxidation Measurement 

Chase media obtained from [3H]oleic acid and [3H]acetic acid labeling studies 

were analyzed for the content of acid soluble metabolites (ASMs) resulting from 

FA β-oxidation. Thirty µL of 20% BSA and 16 µL of 70% perchloric acid were 

added to 200 µL of culture medium from each sample. Samples were then 

centrifuged at 21,130 x g for 5 min before an aliquot (50 µL) of the supernatant 

was used for liquid scintillation counting. 

 

2.3.8 Lipid Extraction and Separation by TLC 

For lipid extraction and isolation by TLC,203 4 mL of chloroform/methanol (2:1, 

v/v) with 100 µg of each non-radioactive lipid carrier (phosphatidylcholine, oleic 

acid, trioleoylglycerol and cholesteryl oleate) were added to 1 mL of cellular or 

medium sample and mixed thoroughly by vigorous vortexing. The mixture was 

then centrifuged at 425 x g for 5 min in a table top centrifuge (Eppendorf 5810R) 

to separate lipid and aqueous phases. The lower phase (lipid) was collected with a 

doubled Pasteur pipette and evaporated under N2. The residue was dissolved in 

100 µL of chloroform and loaded onto a 20 X 20 cm TLC plate, which was 

immediately placed in a neutral lipid solvent tank (heptane: isopropyl ether: 

acetic acid, 600:400:40) to resolve neutral lipids for ~1 h duration. Alternatively, 

before the plate was placed in the neutral lipid solvent tank, PL were resolved by 

placement first in a tank containing chloroform/methanol (2:1, v/v) to migrate 
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lipids to ~1.5 cm above the origin, TLC plates were then briefly dried and placed 

in a PL solvent tank (chloroform: methanol: acetic acid: H2O, 500:300:80:40) for 

~20 min. Plates were dried thoroughly in air before visualization. 

2.3.9 Detection of (Non)-Radioactive Lipids 

2.3.9.1 Semi-quantification of Lipids by Charring 

TLC plates containing resolved lipids were thoroughly infiltrated with 3% cupric 

sulfate, followed by 8% phosphoric acid, and heating at 180°C for 10 min. Lipid 

spots were captured by G:BOX Chemi XX6 (Syngene, MD) with the upper white 

light on, then quantified by GeneTools (Version 4.03.00). TG spots were 

normalized to total PL. 

 

2.3.9.2 Liquid Scintillation Counting 

Lipids on TLC plates were visualized by staining overnight with iodine. Lipid 

spots were circled scraped onto weighing papers and transferred to scintillation 

vials. Five mL of the CytoScint scintillation cocktail (MP Biomedicals) were 

thoroughly mixed with each sample by vigorous vortexing. Radioactivity was 

measured by a scintillation counter (Beckman LS 6500). 

 

2.3.10 Immunoblotting 

Hepatocytes were harvested in 2 mL of cold-PBS and sonicated at medium speed 

(level 2.5) for 20 seconds. An aliquot (30 µL) of each sample was mixed with 10 

µL of 4X SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer (Table 

2.1.5), and boiled for 5 min to denature protein. Samples were then loaded into 
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wells of a 10-well SDS polyacrylamide gel. The concentration of polyacrylamide in 

gels depended on the molecular mass of target proteins (10% for proteins of <150 

kDa, 4% for proteins of >150 kDa). The proteins were stacked at 60 V and 

separated at 100 V using a BioRad Mini-PROTEAN 3 system. Proteins resolved 

by PAGE were transferred to Immobilon-P transfer membrane (PVDF) 

membranes (Millipore Canada) in transfer buffer for 2 h at a constant voltage of 

100 V. Membranes were quickly rinsed with TTBS, blocked with 5% skim milk in 

TTBS for 1 h at room temperature, and washed with TTBS 3 times, 10 min per 

time. Next, the membranes were incubated with primary antibodies diluted in 3% 

BSA in TTBS overnight at 4°C. On the next day, membranes were washed with 

TTBS 3 X 10 min, followed by incubation with HRP-conjugated secondary 

antibodies diluted 1: 5,000 in 5% skim milk in TTBS for 1 h at room temperature. 

Finally, membranes were washed again under the same regimen, and 

immunoreactivity was detected by G:BOX Chemi XX6 (Syngene, MD) using 

Supersignal West Dura or Pierce ECL Western Blotting Detection Reagents 

(Thermo Scientific). Quantitative analyses were performed with GeneTools 

(Version 4.03.00). For apoB precipitation, 1 mL of medium of each sample was 

mixed with 60 µL of 50 mg/mL of Cab-O-Sil (fumed silica) and incubated on a 

test tube rotator at 4°C for 1 h. The media were then centrifuged at 15294 x g at 4 

°C for 5 min in a table top centrifuge (Eppendorf 5817R). The supernatant was 

removed, and the pellet was resuspended with 40 µL of pre-warmed 4 X SDS-

PAGE loading buffer. The proteins were analyzed by immunoblotting as 

described above. 
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2.3.11 mRNA Expression Analysis 

2.3.11.1 RNA Isolation from Primary Hepatocytes 

Cultured hepatocytes were briefly washed with PBS before 1 mL of Trizol reagent 

was applied to each dish to lyse cells. The mixture was then transferred to a 

RNAse-free tube and incubated at room temperature for 5 min, before 200 µL of 

chloroform were added. The aqueous phase containing RNA was collected after 

centrifugation at 13,000 x g at 4 °C for 15 min. RNA was precipitated with an 

equal volume of isopropanol and centrifugation at 13,000 x g at 4 °C for 15 min. 

The purified RNA was further washed with 1 mL of 75% RNAse-free ethanol to 

remove salts. The RNA was pelleted by centrifugation as above, dried at room 

temperature for several minutes, and dissolved in an appropriate amount of 

RNAse-free water. RNA concentration was determined by a NanoDrop 2000 

spectrophotometer (Thermo Scientific). 

 

2.3.11.2 Reverse Transcription 

Two µg of RNA were incubated with DNAse 1/buffer mixture at room 

temperature for 15 min to remove any potentially remaining DNA contamination. 

DNAse 1 activity was terminated by heating at 65 °C for 10 min in the presence of 

EDTA to maintain the integrity of RNA. A total of 11 µl of the DNAse 1-digested 

RNA sample was mixed with 200 ng of Oligo dT primer, 45 ng of random 

hexamers and 10 mMols of dNTPs, and heated at 65 °C for 5 min. Meanwhile, the 

reverse transcriptase, Superscript III, was mixed with its 1X buffer and 0.1 µM 

DTT. The enzyme mixture was then added to the RNA substrate mixture. The 
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reverse transcription system (20 µL) was incubated at 50 °C for 50 min, followed 

by termination at 70 °C for 15 min. 

 

2.3.11.3 Real-Time Polymerase Chain Reaction 

Real-time quantitative polymerase chain reaction (qPCR) was performed with the 

Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen) in the 

STEPONEPLUS Real-Time PCR System (Applied Biosystems). Twenty µl of 

cDNA were combined from all samples, and diluted 1:10, followed by serial 1:4 

dilutions to generate four points in the standard curve. cDNA samples were 

diluted 200 times, and 4 µl of the diluted cDNA was used as template. Primers for 

tested genes are listed in Table 2.1.4. All target genes were normalized to a 

housekeeping gene, Ppia, encoding cyclophilin. 

 

2.3.12 Lipoprotein Density Determination 

A total of 2 ml medium was collected from hepatocytes incubated with [35S]-

Protein Labeling Mix (200 µCi/mL), and centrifuged at 425 x g at 4 °C for 5 min 

to precipitate cell debris. 1.8 mL of supernatant were combined with 100 µL of 

plasma from an overnight-fasted, chow-fed wild type female mouse, 100 µL of 

Complete Protease Inhibitor Cocktail (X20), and 0.97 g desiccated KBr. The 

mixture was gently placed into a 5.0-ml polypropylene Quick-Seal tube and 

overlaid with 3 mL of 0.9% NaCl. The fully filled Quick-Seal tube was then sealed 

by a pre-heated sealing machine (Laborgeraete-Beranek, Weinheim, Germany). 

The tubes were placed in a VTi 65.2 rotor, centrifuged at 416,000 x g for 1 h at 8 

°C, and decelerated at the slowest speed (#9). The stratified tubes were carefully 
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held with a test tube clamp on an iron stand. A 18 G, 1.5 inch needle was inserted 

at the top of the tube and connected to a Mini-Peristaltic pump (Harvard 

Apparatus) set at a speed of 0.8 mL/min (slowest). A 23 G, 1 inch needle was 

used to punch a hole at the bottom of the tube to allow samples to drip in a 

density-dependent way. Ten fractions, 0.5 ml each, with densities ranging from 

1.006 g/mL (fraction 10) to 1.21 g/mL (fraction 1), were collected into each tube. 

ApoB was precipitated by addition of Cab-O-Sil to each fraction and analyzed by 

electrophoresis on SDS-4% polyacrylamide gels. Proteins were transferred to 

PVDF membranes, which were exposed to Kodak BioMax MR films for 48 h 

before developing. 

  

2.3.13 Confocal Fluorescence Scanning Microscopy 

Mouse hepatocytes were plated onto collagen-coated coverslips in 6-well dishes 

at 2 X 105 cells/well, and incubated with DMEM containing 6 µM Bodipy FL C12 

combined with 0.4 mM oleic acid/0.5% BSA for 4 h. Some cells were harvested at 

this point (Pulse), while other cells were washed three times with DMEM, and 

incubated for an additional 4 h in DMEM before fixation (Chase). DGAT 

inhibitors were introduced 1 h before Pulse or Chase incubation as indicated in 

figure legends. Cells were washed with PBS twice, 5 min per time, and fixed with 

4% paraformaldehyde for 10 min. Cells were washed again with PBS, 2 X 5 min, 

and mounted onto glass slides with a small drop of Prolong Gold Antifade 

Reagent with DAPI, and stored in the dark overnight. The following day, slides 

were sealed with nail polish. Images were collected with a confocal laser scanning 

microscope (Leica TCS SP5, LAS AF Lite 3.2 software; Leica Microsystems, 

Wetzlar, Germany) equipped with a Leica PLAN APO 100X/1.44 oil M25 
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objective. The 488-nm laser line was used to image Bodipy FL C12, and emission 

signals were collected with a band pass 500–530 nm filter-IR blocking. Z-stacks 

covering entire cells were projected, and lipid droplet numbers and sizes were 

quantified and analyzed with ImageJ 1.48V. 

            McA cells stably expressing FLAG-tagged hepatic lipase were plated onto 

coverslips in 6-well dishes at a concentration of 1 X 105 cells/well, and incubated 

in DMEM containing 10% FBS, 10% HS, 50 U/mL penicillin/streptomycin and 

250 µg/ml G418 overnight. On the next day, cells were washed with PBS twice, 5 

min per time, and fixed with 4% paraformaldehyde for 10 min. Cells were washed 

again with PBS, 2 X 5 min, followed by an immunofluorescence staining 

procedure. First, free-aldehyde groups of the fixative were quenched by 

incubating cells with 50 mM NH4Cl-PBS for 20 min at room temperature. 

Second, cells were permeabilized with 0.05% saponin in PBS for 15 min, then 

washed with TBS, 2 X 5 min, followed by another wash with TTBS for 5 min. 

Third, cells were blocked with 3% BSA in TTBS for 1 h at room temperature, 

followed by incubation with anti-Golgi α-Mannosidase II primary antibody 

diluted 1:500 in 3% BSA in TTBS on a low-speed tilting shaker at 4 °C overnight; 

cells were protected from light by wrapping them in foil. The following day, cells 

were washed with TTBS 3 times, 10 min each time, and incubated with Texas 

Red-conjugated donkey anti-rabbit secondary antibody diluted 1:100 in 3% BSA 

in TTBS for 1 h at room temperature in the dark, followed by 3 X 10 min washes 

with TTBS. Finally, cells were stained with 6 µM Bodipy 493/503 dye in PBS for 

15 min, and washed with PBS, 2 X 5 min. Cells were briefly rinsed with ddH2O to 

remove remaining salts before they were mounted onto glass slides. Image 

collection and analysis were done as described above. In addition, a 561-nm laser 
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line (~ 30% relative intensity) was used to image Texas Red fluorescence, and 

signals were collected with a long-pass 615-nm filter. 

 

2.3.14 Statistical Analysis 

Data are presented as the mean ± SEM. Analysis was performed using GraphPad 

PRISM 4 software. Significant differences between groups were determined by 

one-way ANOVA followed by Bonferroni post-tests. P<0.05 was interpreted as 

significantly different.  
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3.1 Overview 

The assembly of secretion-competent VLDL is dependent on the provision of 

lipids, TG in particular. DGAT 1 and 2 catalyze the final step in mammalian TG 

biosynthesis, the two enzymes share no homology in primary amino acid 

sequence, and are encoded by genes belonging to distinct gene families.71 The two 

DGATs perform non-redundant physiological functions, reflected by distinct 

phenotypes upon genetic or pharmacological inhibition of one 

DGAT.125,131,138,140,204 While extensive investigation of DGATs has been undertaken 

in tissues such as adipose, small intestine and skin, less is known about their 

roles in hepatic TG synthesis and secretion. The majority (60-80%) of TG in 

VLDL is derived from re-esterification of lipolytic products in hepatocytes.144,153 It 

has been shown that lipases involved in the hydrolysis of preformed TG include 

ER-localized carboxylesterase 1d/TGHand arylacetamide deacetylase,189,190,192 

however, it has not been determined which DGAT catalyzes the re-esterification 

of DG to support VLDL maturation. 

            Topological studies separated DGAT activities in hepatic microsomes into 

overt, cytosolic side-localized, and latent, lumenal side-localized.115,205,206 This led 

to a hypothesis that the overt DGAT activity might be responsible for the 

synthesis of TG stored in cytosolic LDs, while the latent DGAT activity would 

mainly contribute to the formation of lumenal LDs, lipidation of primordial ApoB 

particles and maturation/expansion of VLDL.207,208 DGAT1 is suggested to 

contain multiple transmembrane domains,113 and have a dual topology within the 

ER of HepG2 cells, exhibiting comparable activities on both cytosolic and luminal 

sides of the ER membrane.114 In contrast, DGAT2 was postulated to be 

intercalated into the ER bilayer through one or two transmembrane domains, 
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with both the N and C termini oriented toward the cytosol.115 In addition to its ER 

localization, DGAT2 was found on the surface of LDs in Caenorhabditis elegans 

intestinal segments and Drosophila melanogaster Schneider 2 cells.118,119,206 

Thus, DGAT2 would be predicted to contribute to the overt activity. However, 

divergent DGAT1 and 2 topologies might not be sufficient to assign specific roles 

of these enzymes in channeling TG for distinct metabolic functions because there 

appears to be a functional crosstalk between TG residing in cytosolic LDs and ER 

lumenal LDs.209,210  

            To investigate the distinct contributions of the two DGATs to hepatic TG 

synthesis, deposition in LDs, and TG secretion in VLDL, I pharmacologically 

inhibited their activities in primary mouse and human hepatocytes with potent, 

highly selective small molecule inhibitors. Moreover, because some studies 

showed DGAT2 preferentially utilized endogenously synthesized FA to form TG 

in the HepG2 hepatoma cell line, whereas DGAT1 was primarily responsible for 

exogenous FA esterification,114,139 I tracked lipids synthesized from FA made de 

novo, or from exogenously supplied oleic acid.  

 

3.2 Results 

3.2.1 DGAT1 and DGAT2 Can Compensate for Each Other to 

Synthesize TG. 

To investigate individual DGAT function in TG synthesis in primary mouse 

hepatocytes, we inhibited DGAT1 or DGAT2 activities individually or together by 

small molecule inhibitors, then assessed de novo synthesis of TG by incubation 
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with [3H]acetic acid and incorporation of exogenously supplied [3H]oleic acid into 

TG. Cells were incubated with 50 µM  [3H]acetic acid or 0.4 mM [3H]oleic acid, 

respectively. Cellular TG mass did not change after 4 h incubation with acetate, 

while it was augmented after 0.4 mM oleate supplementation (Figure 3-1), 

indicating that excess exogenous oleate contributed to significant enhancement of 

the hepatic TG pool, while FA synthesized de novo from acetate did not 

significantly increase intracellular TG content. TG synthesis from de novo 

synthesized FA (acetate precursor) was not affected by the inhibition of either 

DGAT1 or DGAT2 alone, and was slightly decreased in DGAT2-inactivated cells 

incubated with oleate. Inactivation of both DGAT1 and DGAT2 dramatically 

reduced TG synthesis (>80%) irrespective of whether FA was endogenously 

synthesized (Figure 3-2A) or supplied exogenously (Figure 3-3A). Moreover, 

DGAT inhibitors did not affect mRNA expression of either Dgat1 or Dgat2 

(Figure 3-4). Therefore, DGAT1 and DGAT2 can compensate for each other to 

synthesize TG in mouse hepatocytes, though DGAT2 appears to be more efficient 

in esterifying exogenous FA. 

 

3.2.2 Inhibition of DGATs Influences sn-1,2-DG and GPL 

Synthesis. 

Sn-1,2-DG is at the pivotal junction of the Kennedy pathway of glycerolipid 

synthesis and can be converted to either PC, PE or TG.  Destinations of sn-1,2-DG 

for energy storage as TG or membrane-forming PC and PE are controlled by 

enzymes, the DGATs and the CDP-choline/ethanolamine:sn-1,2-DG 

phosphocholine/phosphoethanolamine cytidylyltransferases 
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Figure 3-1. Influence of DGAT inhibition on intracellular TG mass 
under different treatments. Mouse hepatocytes were incubated in DMEM 
without any other addition (Blank), or with 0.4 mM oleate/0.5% BSA or with 50 
µM acetate for 4 h, in the presence or absence of DGAT1 or DGAT2 inhibitors 
alone or in combination. TG levels were normalized to total PL. Data are 
presented as mean ± SEM. **P<0.01, ***P<0.001 between two groups indicated 
with downward-pointing arrows based on three independent biological 
replicates. Abbreviations: TG, triacylglycerol; PL, phospholipid. 

   



	
   70	
  

 

 

Figure 3-2. Influence of DGAT inhibition on various lipid species 
generated from de novo synthesized FA. Mouse hepatocytes were 
incubated in DMEM containing 10 µCi [3H]acetic acid and 50 µM acetate for 4 h 
in the presence or absence of DGAT1 or DGAT2 inhibitors alone or in 
combination. Incorporation of [3H]acetic acid into intracellular A, TG; B, sn-1,2-
DG; C, PC; D, PE; E, combined PI and PS; F, FA; normalized to total cellular 
protein. Data are presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 
versus control (DMSO) based on three independent biological replicates. 
Abbreviations: TG, triacylglycerol; DG, diacylglycerol; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine; 
FA, fatty acid. 
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Figure 3-3. Influence of DGAT inhibition on various lipid species 
generated from exogenous oleic acid. Mouse hepatocytes were incubated in 
DMEM containing 5 µCi [3H]oleic acid combined with 0.4 mM oleate/0.5% BSA 
for 4 h in the presence or absence of DGAT1 or DGAT2 inhibitors alone or in 
combination. Incorporation of [3H]oleic acid into intracellular A, TG; B, sn-1,2-
DG; C, PC; D, PE; E, combined PI and PS; normalized to total cellular protein. 
Data are presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 versus 
control (DMSO) based on three independent biological replicates. Abbreviations: 
TG, triacylglycerol; DG, diacylglycerol; PC, phosphatidylcholine; PE, 
phosphatidylethanolamine; PI, phosphatidylinositol; PS, phosphatidylserine. 
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Figure 3-4. Inhibition of individual DGAT does not affect expression of their 
mRNAs. Mouse hepatocytes were incubated in DMEM containing 50 µM acetate for 4 
h, in the presence or absence of DGAT1 or DGAT2 inhibitors alone or in combination. 
The abundance of Dgat1 and Dgat2 mRNA was determined by real-time qPCR. Data are 
presented as the ratio of Dgat1 or Dgat2 expression to cyclophilin expression. Values are 
normalized to DMSO (control) where the gene/cyclophilin ratio was set as 1. N.S. 
indicates no significant difference from the control based on three independent 
biological replicates. 
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respectively. I postulated that inhibition of DGAT1 or DGAT2 would reduce esterification 

of sn-1,2-DG to TG and increase channeling of sn-1,2-DG to GPL synthesis. Indeed, 

combined inhibition of DGAT1 and DGAT2 resulted in accumulation of sn-1,2-DG, which 

also occurred to a lesser but significant degree upon inhibition of DGAT2 but not DGAT1 

alone (Figures 3-2B and 3-3B). These results suggest a more active role of DGAT2 in 

hepatic TG synthesis, in agreement with previous reports showing that reduction of 

Dgat2, but not Dgat1, expression by ASO decreased hepatic TG levels in high-fat diet-

induced obese mice.140,204 

          While increased sn-1,2-DG availability from de novo lipogenesis (acetate) did not 

lead to enhanced PC or PE synthesis (Figure 3-2C-D), sn-1,2-DG produced from 

exogenous oleic acid was channeled to GPL synthesis (Figure 3-3C-D). Moreover, 

inactivation of both DGATs augmented the formation of PI and PS, regardless of the acyl 

donor (de novo synthesized or exogenous FA) (Figures 3-2E and 3-3E). 

 

3.2.3 DGAT2 Promotes, Whereas DGAT1 Restricts Cytosolic LD 

Growth in Mouse Hepatocytes. 

PC acts as a surfactant to prevent LD coalescence, and genetic ablation of 

CTP:phosphocholine cytidylyltransferase alpha, the rate-limiting enzyme in PC 

synthesis, results in giant LDs.152,211,212 I therefore hypothesized that the observed 

increased PC synthesis from exogenous oleate (Figure 3-3C) would alter LD morphology. 

To test this hypothesis, LD biogenesis was stimulated by incubation of hepatocytes with 

oleate together with a trace of Bodipy FA analogue. The experimental protocol is laid out 

as presented in the schematic diagram [Figure 3-5A(1)], and representative images  
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Figure 3-5. DGAT2 promotes, whereas DGAT1 restricts, cytosolic LD growth 
in mouse hepatocytes. A, Schematic diagrams of chronological orders of oleate + 
Bodipy FA incubations and drug treatments. DGAT inhibitors were introduced (1) before 
or (2) after incubation with oleate/BSA and Bodipy FA. B, Morphology of LDs in 
representative cells of each group. LDs were marked by fluorescently labeled lipids after 
incubation with Bodipy FL C12 (green), nuclei were counterstained with DAPI (blue). 
Confocal midsections are shown. Scale bar = 10 µm. 
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Figure 3-5. DGAT2 promotes, whereas DGAT1 restricts cytosolic LD growth 
in mouse hepatocytes. Quantification of LDs in 30 random cells of each group from 
(1) and (2) experiments. Z-stacks including entire cells were projected, in which sizes and 
numbers of LDs were determined by ImageJ 1.48V. C, Cells were analyzed from the (1) 
experiment. Distributions of LD areas between 0.02 to 5 µm2 are shown in the first 
panel, with the tail region (3-5 µm2) enlarged. Ratios of LDs with areas larger than 3 µm2 
to the total in each cell are shown in the second panel. D, Cells were analyzed from the 
(2) experiment. Distributions of LD areas between 0.02 to 10 µm2 are shown in the first 
panel with the tail region (5-10 µm2) enlarged. Ratios of LDs with areas larger than 3 and 
5 µm2 to the total in each cell are shown in the second and third panels, respectively. 
Numbers of LDs per cell and the mean areas of individual LDs are shown in the last two 
panels. Data are presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 versus 
control (DMSO) based on three independent biological replicates.  
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from this experiment are shown in the upper panel of Figure 3-5B. Thirty cells were 

analyzed in each group. The number of LDs per cell did not change unless both DGATs 

were inactivated. The mean area of an individual LD and the percentage of LDs with 

areas larger than 3 µm2 were increased when DGAT1 was inhibited alone, and the 

frequency of small LDs (area <1 µm2) was decreased upon DGAT1 inhibition, whereas 

DGAT2 inhibition tended to exert opposite effects (Figure 3-5C).  

            Next, we investigated whether any morphological changes would occur in LDs 

containing preformed TG, in other words, when DGAT activity was inhibited during TG 

turnover. The experimental protocol is shown in the schematic diagram [Figure 3-5A(2)] 

and representative images from this experiment are shown in the lower panel of Figure 

3-5B. Thirty cells from each condition were analyzed. When DGAT2 or both DGATs were 

inhibited, the frequency of small LDs (area <1 µm2) was increased, accompanied with a 

slight increase of the number of LDs per cell, while the mean area and the ratio of LDs 

with areas larger than 3 µm2 tended to decrease, additionally, LDs with areas larger than 

5 µm2 accounted for a significantly decreased portion of the total LDs per cell (Figure 3-

5D). DGAT1 inhibition alone exerted no significant influence on the size and number of 

preformed LDs (Figure 3-5D). The mean area of individual LD containing preformed as 

opposed to newly synthesized TG was larger, although the intracellular TG content did 

not change, suggesting that LD coalescence occurred during TG turnover.  

 

3.2.4 Inhibition of DGAT2, but Not DGAT1, Reduces Lipogenic Gene 

Expression. 

Because Dgat2-/- mice exhibited markedly diminished FA levels in the liver and 

plasma,138 we examined the potential modulatory role of DGATs on de novo synthesis of 

FA by analyzing lipogenic gene expression and SREBP1c maturation. Messenger RNA  
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Figure 3-6. Inhibition of DGAT2, but not DGAT1, reduces lipogenic gene 
expression. Mouse hepatocytes were incubated in DMEM containing 50 µM acetate for 
4 h, in the presence or absence of 5 µM DGAT1 or DGAT2 inhibitors alone or in 
combination. A, Quantitative PCR analysis of lipogenic gene expression. Data are 
presented as the ratio of expression of a given gene to cyclophilin. Values are normalized 
to control (DMSO) where the gene/cyclophilin ratio was set as 1. Data are presented as 
mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 versus control (DMSO) of each gene based 
on three independent biological replicates. B, Immunoblotting of the mature form of 
SREBP1c in the nuclei (nSREBP1) and of full-length SREBP1c precursor in the 
membrane (memSREBP1). Lamin A/C and Calnexin served as loading controls for nuclei 
and ER membranes, respectively.  
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expression of genes involved in de novo lipogenesis (Acaca, Fasn and Srebf1c) and 

desaturation (Scd1) was significantly downregulated upon DGAT2 inhibition (Figure 3-

6A). Nuclear localization of the master lipogenic transcriptional activator SREBP1c was 

diminished upon DGAT2 inactivation (Figure 3-6B). Because of the short time treatment 

with DGAT inhibitors (4 h), changes in protein expression and metabolism might may 

not be evident, and therefore, it was not surprising that the total amount of full-length 

SREBP1 precursor did not alter, and nor was de novo TG synthesis upon singular DGAT2 

inactivation (Figure 3-2A). Nonetheless, metabolic changes might occur during 

prolonged treatment with DGAT inhibitors. 

 

3.2.5 The TG Pool Generated by DGAT1 Is Preferentially Used for 

Supplying Substrates for Oxidation, Whereas DGAT2-derived TG Is 

More Favored for Secretion. 

Though DGAT1 and DGAT2 can compensate for each other to synthesize TG, their 

distinct membrane topologies, interacting protein partners and subcellular localizations 

might imply different destinations and uses for their products.71 Neutral lipids stored in 

the cytosol or ER lumen of hepatocytes are destined for distinct uses. TG present within 

the ER can be deposited into primordial apoB particles or resident ER lumenal LDs, both 

closely correlated with VLDL maturation,153,213 while TG stored in cytosolic LDs provides 

FA for oxidation in mitochondria.183,214 Thus, I first examined if DGAT1 or DGAT2 

inactivation would affect intracellular TG distribution by analyzing the proportion of 

newly synthesized TG dispensed into cytosol and membranes. However, no change in the 

subcellular localization of synthesized TG was observed when either DGAT was inhibited 

(Figure 3-7). This is perhaps not surprising because the capacity of TG   
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Figure 3-7. Inhibition of individual DGAT does not affect intracellular TG 
distribution. A, Percentage of TG synthesized from [3H]oleic acid in cytosol. B, Purity 
of subcellular fractions. Immunoblotting with anti-mouse Calnexin (microsomal marker) 
and GAPDH (cytosolic marker) polyclonal antibodies were performed in total 
homogenate, cytosol and membrane fractions.   
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Figure 3-8. The TG pool generated by DGAT1 is preferentially used for 
supplying substrates for oxidation, whereas DGAT2-derived TG is more 
favored for secretion. Mouse hepatocytes were incubated in DMEM containing 10 
µCi [3H]acetic acid and 50 µM acetate, or containing 5 µCi [3H]oleic acid and 0.4 mM 
oleate/0.5% BSA for 4 h, in the presence or absence of DGAT1 or DGAT2 inhibitors alone 
or in combination. Cells were then washed and incubated for an additional 4 h in DMEM 
without nutritional or pharmacological supplements before harvest. Media were 
collected for analysis of FA oxidation and TG secretion. A, Schematic diagram of 
chronological order of [3H]-labeling and drug treatments. B, Radioactivity from 
[3H]acetic acid (left) or [3H]oleic acid (right) in acid soluble metabolites (ASMs) and C, 
secreted TG were determined by liquid scintillation counting and normalized to total 
cellular protein. Data are presented as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 
versus control (DMSO) based on three independent biological replicates.  
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storage within the ER bilayer is limited, and TG stored in cytosolic and ER 

lumenal depots is intimately linked.177,178,213 

            We next addressed whether inactivation of DGATs directly influences TG 

utilization employing an experimental protocol shown in Figure 3-8A. After the 

“Chase” period, radioactivity in acid soluble metabolites (ASMs) and medium TG 

were measured, which indicated FA oxidation and VLDL secretion, respectively. 

Inhibition of DGAT2 (TG synthesized by DGAT1) augmented FA oxidation, while 

DGAT1 inhibition (TG synthesized by DGAT2) had no effect on FA oxidation 

(Figure 3-8B), suggesting that DGAT1-derived TG pool was preferentially used 

for FA oxidation. This observation is in agreement with previous studies in rats 

with diet-induced nonalcoholic fatty liver disease, where increased FA oxidation 

was also observed upon ASO-mediated decrease of Dgat2 expression.204 On the 

contrary, inhibition of DGAT1 (TG synthesized by DGAT2) increased TG 

secretion, on which DGAT2 inhibition had no effect (Figure 3-8C), thus 

suggesting DGAT2-derived TG pool was more efficiently channeled to VLDL 

assembly. In separate experiments, to validate that DGAT inhibitors were 

completely removed before the “Chase” period, cells were incubated with 

[3H]acetic acid or [3H]oleic acid during the “Chase” period. TG synthesis was 

nearly completely recovered, suggesting that the DGAT inhibitors were 

eliminated (Figure 3-9).  
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Figure 3-9. Validation of complete removal of DGAT inhibitors by 
regular washing. A, Schematic diagram of chronological orders of drug 
treatments and [3H] labeling. B, Incorporation of [3H]oleic acid or [3H]acetic 
acid into intracellular TG, normalized to total cellular protein. Data are presented 
as mean ± SEM. P values versus control (DMSO), determined by unpaired two-
tailed t test, are indicated on top of the black bars.   



	
   83	
  

3.2.6 Inhibition of DGAT2, but Not DGAT1, Reduces Re-

esterification of Lipolytic Products and TG Secretion without An 

Effect on Extracellular apoB Levels in Mouse Hepatocytes. 

To distinguish potentially different functions of DGAT1 and DGAT2 in providing 

TG for VLDL assembly by re-esterification of lipolytic products from preformed 

lipids, we introduced the DGAT inhibitors immediately before the “Chase” period, 

that is, after lipids were synthesized from radiolabeled precursors, as depicted in 

Figure 3-10A. Inhibition of DGAT2 dramatically reduced TG secretion, suggesting 

a prominent role for DGAT2 in the re-esterification of DG to form VLDL-destined 

TG, though DGAT1 might have a minor additive effect, since inhibition of both 

DGATs further dampened TG secretion (Figure 3-10B-C). Attenuation of VLDL-

TG secretion was independent of MTP expression (Figure 3-11A-B). Additionally, 

there was no preference for FA origin used for the re-synthesis of VLDL-TG, 

because similar attenuation of VLDL secretion was observed when preformed TG 

was made de novo from acetate or from exogenously supplied oleate (Figure 3-

10B-C). 

           More TG undergoes lipolysis than is required to support VLDL assembly, 

and excess re-esterified TG re-enters the intracellular TG storage pool.169 

However, it is technically challenging to segregate recycled TG from the pre-

existing TG. To distinguish the pre-existing TG pool from the newly synthesized 

TG pool, a double labeling experiment was carried out in which the preformed TG 

was labeled with [14C]oleic acid during an overnight incubation (Pulse), followed 

by a 4 h “Chase” period, during which the newly synthesized TG pool was labeled 

with [3H]oleic acid. DGAT inhibitors were present only during the “Chase” 

period, during which pre-existing [14C]TG was undergoing a lipolysis-  
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Figure 3-10. Inhibition of DGAT2, but not DGAT1, reduces re-
esterification of lipolytic products and TG secretion without an effect 
on extracellular apoB levels in mouse hepatocytes. Mouse hepatocytes 
were incubated in DMEM containing 10 µCi [3H]acetic acid and 50 µM acetate, or 
5 µCi [3H]oleic acid and 0.4 mM oleate/0.5% BSA for 4 h. Cells were then washed 
and incubated in DMEM for additional 4 h in the presence or absence of DGAT1 
or DGAT2 inhibitors alone or in combination. Media were harvested and 
analyzed for TG and apoB secretion. Cells were collected and analyzed for 
intracellular lipids levels. A, Schematic diagram of the order of [3H]-labeling and 
drug treatments. Secreted and intracellular TG, intracellular sn-1,2-DG and 
phospholipid (PL) synthesized from B, [3H]acetic acid; C, [3H]oleic acid were 
determined. Statistical data are presented as the mean ± SEM. *P<0.05, 
**P<0.01, ***P<0.001 versus control (DMSO) based on three independent 
biological replicates.  
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Figure 3-10. Inhibition of DGAT2, but not DGAT1, reduces re-
esterification of lipolytic products and TG secretion without an effect 
on extracellular apoB levels in mouse hepatocytes. D, Immunoblot 
analysis of extracellular apoB48 and apoB100 levels. Extracellular apoB100 levels 
were quantified by GeneTools (Syngene Inc.), and normalized to the total protein 
load quantified by Ponceau S Red staining. E, [35S]Met/Cys-labeled extracellular 
apoB100 and apoB48 of lipoproteins with densities ranging from 1.006 g/mL 
(Fraction 10) to 1.21 g/mL (Fraction 1), 10 fractions/treatment.   
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Figure 3-11. Inhibition of DGAT(s) does not affect MTP expression. 
Mouse hepatocytes were treated in the same way as illustrated in Figure 3-10A. 
MTP expression levels were detected by immunoblot analysis in cells incubated 
with A, 50 µM acetate or B, 0.4 mM oleate/0.5% BSA for 4 h in DMEM (Pulse), 
followed by an overnight (12-16 h) Chase. C, Extracellular apoB levels in cells 
pulsed in the absence of DGAT inhibitors and chased overnight in the presence or 
absence of DGATs inhibitors alone or in combination. Ponceau S Red staining 
served to control for protein loading.  
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re-esterification cycle while newly synthesized TG was [3H]-labeled. DGAT2 

inactivation decreased only the secretion of [14C]TG but not [3H]TG (Figure 3-12), 

further demonstrating a critical role for DGAT2 for VLDL secretion through re-

esterification of lipolytic products of preformed TG. 

          Finally, we analyzed the effect of DGAT1 and DGAT2 inactivation on apoB 

secretion. The extracellular apoB48 and apoB100 levels were significantly 

decreased after simultaneous inhibition of both DGATs, but not when either of 

the two DGATs was inhibited alone (Figure 3-10D), and the lack of effect on apoB 

secretion was persistent even when neither acetate nor oleate was supplemented 

(Figure 3-11C). This suggested that DGAT2-inactivation leads to secretion of less 

lipidated and thus denser apoB. To test this possibility, we determined the 

lipoprotein densities after DGAT inhibition by density gradient centrifugation of 

secreted [35S]-labeled apoB. ApoB100 and apoB48 shifted to fractions of higher 

densities when DGAT2 or both DGATs were inhibited (Figure 3-10E). However, 

this was more obvious in cells supplemented with oleate than acetate, possibly 

because incubation with acetate does not stimulate substantial TG synthesis and 

therefore VLDL secretion. 

          In conclusion, in mouse hepatocytes, DGAT2 plays the dominant role in the 

re-esterification process and acts as a driving force in facilitation of VLDL 

maturation, without altering extracellular apoB levels.   
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Figure 3-12. DGAT2 catalyzes re-esterification of lipolytic products 
from preformed TG destined for VLDL secretion. A, [14C]oleic acid-
labeled TG secretion. B, [3H]oleic acid-labeled TG secretion. Secreted [14C]TG 
was derived from preformed TG pools, whereas [3H]TG was derived from newly 
synthesized TG.  
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3.2.7 DGAT1 and DGAT2 Regulate VLDL Secretion Similarly in 

Human and Mouse Hepatocytes. 

While mouse hepatocytes secrete apoB48 and apoB100 lipoproteins, human 

hepatocytes secrete lipoproteins containing only apoB100, because apoB100 

lacks APOBEC-1, the catalytic component of the apoB mRNA-editing complex. 

Studies in the HepG2 hepatoma cell line showed the length of the apoB molecule 

was proportional to the nascent lipoprotein core circumference,215 thus 

determining lipoprotein sizes and compositions, which may also correlate to 

different metabolic fates and rates. Therefore, the presence of apoB48 and 

apoB100 on VLDL particles secreted from mouse hepatocytes adds a layer of 

complexity to the interpretation of lipoprotein metabolism. In light of this 

knowledge, I used human primary hepatocytes to further investigate DGAT1 and 

DGAT2 functions in VLDL secretion. I found that similar to mouse hepatocytes, 

DGAT2 in primary human hepatocytes was more important for VLDL maturation 

than DGAT1, since inhibition of DGAT2 alone significantly diminished TG 

secretion (Figure 3-13A). Moreover, a combination of both DGAT inhibitors 

nearly abrogated secretion of TG synthesized de novo from acetic acid (Figure 3-

13A). I could not analyze the secretion of oleic acid-derived TG in human 

hepatocytes upon simultaneous inhibition of both DGATs owing to massive cell 

death under this particular circumstance, likely due to the toxic effects of excess 

free FA. Interestingly, different from mouse hepatocytes, extracellular apoB100 

levels were invariable in acetate-supplemented human hepatocytes even when 

both DGATs were inhibited (Figure 3-13B). Based on lipoprotein density analysis, 

inhibition of DGAT2 or both DGATs decreased the buoyant density of apoB100-

bound lipoproteins in human hepatocytes, similar to mouse  
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Figure 3-13. DGAT1 and DGAT2 regulate VLDL secretion similarly in 
human and mouse hepatocytes. Human hepatocytes were incubated in 
DMEM containing 10 µCi [3H]acetic acid and 50 µM acetate, or 5 µCi [3H]oleic 
acid and 0.4 mM oleate/0.5%BSA for 4 h (Pulse). Cells were then washed and 
incubated in DMEM for additional 4 h (Chase). DGAT1 and DGAT2 inhibitors 
were added to human hepatocytes in both the Pulse and Chase periods. Media 
were harvested and analyzed for TG and apoB secretion. A, Secretion of TG 
synthesized from [3H]acetic acid (left) or [3H]oleic acid (right). B, Immunoblot 
analysis of extracellular apoB100 levels. C, [35S]Met/Cys-labeled extracellular 
apoB100 of lipoproteins with densities increasing from Fraction 10 to 1. 
Statistical data are presented as mean ± SEM. *P<0.05, ***P<0.001 versus 
control (DMSO) based on three independent biological replicates.  



	
   91	
  

hepatocytes (Figure 3-13C). In conclusion, in human hepatocytes, we observed 

equivalent phenomena as in mouse hepatocytes with respect to the contribution 

of the two DGATs to VLDL-TG secretion in that DGAT2 was required for TG 

secretion, on which DGAT1 had a small additive effect. However, extracellular 

apoB100 levels remained constant even when both DGATs were inactivated. 

3.3 Summary and Discussion 

In this study I investigated the roles of DGAT1 and DGAT2 in lipid metabolism 

and VLDL secretion in primary mouse and human hepatocytes by inactivation of 

DGAT1 and DGAT2 with specific small molecule inhibitors alone or in 

combination. I found that in mouse hepatocytes, DGAT1 and DGAT2 can 

compensate for each other to synthesize TG, but the TG pool generated by DGAT1 

was preferably used for supplying substrates for oxidation, whereas TG 

synthesized by DGAT2 was preferentially used for secretion in VLDL. Inhibition 

of DGAT2 or both DGATs resulted in accumulation of sn-1,2-DG that was 

diverted to various GPL species that also possessed distinct preferences for FA 

origins. Inhibition of DGAT2 (TG synthesized through DGAT1) significantly 

increased PC synthesis and slightly decreased TG synthesis from exogenous oleic 

acid and led to the formation of smaller LDs. On the contrary, inactivation of 

DGAT1 (TG synthesized by DGAT2) promoted LD expansion. The different 

impacts of DGAT1 and 2 on LD morphology in primary mouse hepatocytes are in 

good agreement with studies in McA cells, where overexpression of Dgat1 led to 

the formation of small LDs around the cell periphery, whereas large LDs were 

more frequently observed in Dgat2-expressing cells.118 In all, these results 

demonstrate a conserved role for DGATs in regulating LD size. 
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            Inhibition of DGAT2 impaired lipogenic gene expression possibly through 

diminished nuclear presence of transcriptionally active mature SREBP1c. Finally, 

DGAT2, but not DGAT1, is required for re-esterification of lipolysis-derived DG to 

support VLDL maturation (lipidation). However, extracellular apoB content did 

not change in DGAT2-inactivated cells, indicating that similar numbers of 

lipoprotein particles were secreted but these particles were less lipidated. 

Importantly, the dominant role of DGAT2 in VLDL maturation was confirmed in 

primary human hepatocytes. 

            Previous studies reported discordant interpretations of results on the 

distinct contributions of DGATs to VLDL maturation, which may stem from the 

use of different animal and cellular models, dose and time course of virus 

injection and other experimental variables. First, some studies showed that 

adenovirus-mediated Dgat1 overexpression in mice resulted in increased latent 

DGAT activity and a dilated ER, leading to enlarged VLDL with increased TG 

content.216 This observation is in agreement with studies in McA cells where 

overexpression of human Dgat1 increased secretion of TG-enriched VLDL.217 

However, other studies reported that while short-term overexpression of Dgat1 

or Dgat2 resulted in increased hepatic TG mass, the rate of VLDL production was 

not affected.218 Notably, an important role of DGAT1 was reported in the re-

esterification of partial glycerides with exogenously derived FA, while DGAT2 was 

proposed to have limited effects on re-esterification.114,219 However, these studies 

used the HepG2 hepatoma cell line, which has been shown to be deficient in the 

use of preformed TG for VLDL assembly, possibly due to the absence of lipases, 

such as carboxylesterase 1d/TGH and arylacetamide deacetylase.188-190,210,220,221 

Second, Dgat1-deficient mice fed a high-fat diet presented with much lower 

hepatic TG stores but normal plasma TG concentration when compared with 
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wild-type control mice,125 and DGAT1 was found not to be essential for 

chylomicron formation in mice, as genetic ablation of Dgat1 accumulated TG in 

large LDs of enterocytes and chylomicron-sized particles in the lumen of the ER 

and Golgi apparatus; albeit chylomicron secretion was delayed.129 On the other 

hand, Dgat2-deficient mice had a very low plasma TG concentration immediately 

after birth,138 which suggests an impairment in VLDL secretion; however, a liver-

specific Dgat2-/- mouse model would be required to further test the role of 

DGAT2 in hepatic TG metabolism.  

           Another important question is the substrate preference of the two DGATs. 

Oleic acid supplementation mimics FA released from adipose tissue or circulating 

lipoproteins, while de novo synthesized FA from acetate represents carbohydrate 

metabolism. Both sources of FA can be esterified into TG for storage or packaged 

into VLDL particles for secretion. Though previous studies showed preference of 

DGAT2 for de novo synthesized FA as a substrate for TG production,114,139 we did 

not observe any significant differences between DGAT1 and DGAT2 with respect 

to using endogenously (acetate) or exogenously (oleate) derived FA for TG 

synthesis or secretion. 

            Interestingly, inhibition of DGAT2 reduced the mature form of SREBP1 in 

the nucleus, which led to the decreased transcription of several lipogenic genes 

including Acaca, Fasn, Scd1 and Srebf1c itself, while inhibition of DGAT1 had no 

effect on lipogenesis. A role for DGAT2 in the regulation of de novo FA synthesis 

was reported in HeLa cells where SCD1 was found to physically interact with 

DGAT2, thereby providing a pool of monounsaturated fatty acids for TG 

biosynthesis.123 Because increased Srebf1c expression and FA synthesis in the 

liver contribute to the development of steatosis in rodent models of insulin-
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resistance and obesity,222 DGAT2 might be an excellent therapeutic target to 

alleviate lipid metabolic disorders. This potential pharmacological intervention is 

also supported by studies where attenuation of Dgat2 expression in obese mice 

by ASO was shown to improve insulin resistance, steatosis and 

hyperlipidemia.140,204 Notably, in our study, although DGAT2 inhibition 

significantly decreased TG secretion, VLDL particle numbers was not affected, 

resulting in less buoyant VLDL. As a consequence, this smaller and denser VLDL 

appears more like LDL, which is proportional to the levels of “bad cholesterol”, 

and highly atherogenic. 

          Inhibition of both DGAT1 and DGAT2 activities resulted in extensive 

cellular death of primary human hepatocytes supplemented with oleic acid and 

followed by prolonged (>12 h) Chase. Cell death could be possibly due to excess 

free FA that might have accumulated in the ER as a result of not being able to be 

(re)esterified to TG for storage or secretion. Excess free FA elicits profound 

changes in ER membrane phospholipids, which is followed by ER deformation 

and leakage of protein-folding chaperones to the cytosol.223,224 In addition, 

alterations in mitochondrial membrane PL and activation of NADPH oxidase by 

DG through protein kinase C-dependent pathways produce reactive oxygen 

species, release cytochrome c and result in mitochondrial dysfunction.225 

           Currently, it is not clear how the cytosolic topology of the DGAT2 active site 

6contributes to VLDL assembly. ER-localized DGAT2 should contribute only to 

the overt DGAT activity. However, pharmacological inhibition of DGAT2 by 

Niacin decreased both overt and latent DGAT activities by 30%.226 Highly 

conserved motifs of DGAT2 (YFP and HPHG) residing in the ER lumen or 

membrane, respectively, play essential roles in the enzyme is catalysis.227 
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Therefore, integration of DGAT1 and DGAT2 function with their topologies 

requires further experimentation. A working model of the contributions of 

DGAT1 and DGAT2 to lipid metabolism in hepatocytes is presented in Figure 

3.14.  
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Figure 3-14. A working model illustrating the contributions of DGAT1 
and DGAT2 to TG metabolism in hepatocytes. DGAT1 and DGAT2 can 
compensate for each other to synthesize TG from FA made de novo (acetate) or 
exogenously supplied (oleate). A, DGAT1 is a polytopic ER membrane protein. 
LDs incorporating DGAT1-generated TG are efficiently used for supplying 
substrates for FA oxidation, and are less capable of expansion. B, DGAT2 
intercalates into the ER phospholipid bilayer and CLD phospholipid monolayer 
via a long hydrophobic region. TG synthesized by DGAT2 preferentially 
contributes to VLDL assembly. CLD-bound DGAT2 catalyzes LD expansion. C, 
DGAT2 is required for VLDL maturation (lipidation) by catalyzing re-
esterification of DG originating from lipolysis of pre-existing TG pools. 
Abbreviations: CLD, cytosolic lipid droplet; FAO, fatty acid oxidation; LLD, 
lumenal lipid droplet; MTP, microsomal triglyceride transfer protein.  
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CHAPTER IV FUTURE PERSPECTIVES 
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4.1 The Relationship between DGATs and ER-Localized 

Lipases 

VLDL assembly has been proposed to occur in two distinct steps: the first step is 

the co-translational and co-translocational lipidation of apoB to form a 

primordial apoB particle, and the second is to further lipidate it to generate 

mature secretion-competent VLDL. The post-translational lipidation of apoB 

during the second step of VLDL maturation was experimentally verified, as TG-

rich VLDL appeared in the lumen of microsomes about 15 min after apoB 

synthesis.228 

            The first step requires a ER lumenal protein, MTP, that transfers TG 

present within the ER to lipid-free apoB. The location of the second step remains 

controversial. Some kinetic studies found the rates of TG and apoB movement 

within Golgi cisternae were different,229 lipoprotein diameters seemed to increase 

during transit through cis and trans Golgi stacks, and no visible lipoprotein 

particles were detected by transmission electron microscopy in the ER of McA 

cells, suggesting Golgi-localized lipid acquisition during VLDL maturation.228 

However, by trapping apoB100 lipoproteins in subcellular organelles with 

different inhibitors of vesicular transport, followed by subcellular fractionation, 

another group suggested it is in the ER and not in the Golgi of McA cells that the 

poorly lipidated lipoproteins are converted to TG-rich VLDL.230 Moreover, 

considering that the majority of TG assembled into secretion-competent VLDL is 

derived from the hydrolysis-re-esterification cycle, and hydrolysis relies on ER-

localized lipases such as TGH and arylacetamide deacetylase,186,189-192 it remains 

unexplained as to from where the substrates for TG resynthesis would come in 

the Golgi-localized lipidation model. In our study, we found DGAT2 played the 
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predominant role in VLDL secretion. DGAT2 has been reported to localize on the 

ER and on the surface of cytosolic LDs in certain cell models. Based on the 

potential correspondence in subcellular localization between DGAT2 and the ER-

localized lipases, I postulate that DGAT2 may function downstream of TGH or 

other uncharacterized ER-localized lipases, and esterify the lipolytic products for 

VLDL assembly. 

            In order to test this hypothesis, I performed some preliminary 

experiments. First, to examine if DGAT2 catalyzes the re-esterification of DG 

substrates derived from TGH, I treated Tgh-global knockout primary mouse 

hepatocytes with DGAT inhibitors under the same protocol laid out in Figure 3-

10A. If TGH acts upstream of DGAT2, hydrolyzing preformed TG to provide 

substrates for DGAT2, then inactivation of DGAT2 in the absence of TGH should 

not lead to further decrease in TG secretion. However, DGAT2 inhibitor 

efficiently dampened TG secretion in TGH-deficient mouse hepatocytes just as it 

did in wild-type hepatocytes (Figure 4-1A). Furthermore, DGAT1 inhibitor 

exerted an additive effect on TG secretion, similar to what was observed in wild-

type hepatocytes (Figure 4-1A). This initial test appeared to rule out the 

possibility that TGH is the executive enzyme upstream of DGAT2; other lipases 

may be involved in hydrolyzing preformed TG to supply substrates for DGAT2-

catalyzed TG resynthesis for VLDL secretion. 

            Therefore, to demonstrate the potential existence of other lipases, we 

treated wild-type mouse hepatocytes with DGAT inhibitors in combination with a 

pan-lipase inhibitor, diethyl-p-nitrophenylphosphate (E600) that specifically and 

irreversibly reacts with the catalytic serine residue of almost all known 

esterases/lipases.231 As a result, although E600 alone dramatically attenuated TG 
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secretion, simultaneous addition of DGAT2 inhibitor appeared to reduce further 

TG secretion (Figure 4-1B). However, no definite conclusion could be made based 

on the current data, as the difference between E600 alone and E600 together 

with DGAT2 inhibitor was not statistically significant. Moreover, DGAT1 

inhibitor failed to exert any additional negative effects on TG secretion (Figure 4-

1B), possibly due to limitations of measurement. Alternatively, the residual 

amount of radioactivity (~8000 dpm/mg cell protein) upon treatment of two 

DGAT inhibitors and E600 might imply other pathways for VLDL maturation 

independent of the hydrolysis-re-esterification cycle. 

            To test whether the limitations lie in the measurement, mouse hepatocytes 

were treated with serial doses of Golgicide A (GCA), an inhibitor of Golgi 

maintenance and bidirectional trafficking. The expected results were that the 

highest dose (10 µM) of GCA would eliminate secretory trafficking, thus 

abrogating VLDL secretion. Indeed, 10 µM of GCA was sufficient to abolish TG 

secretion in McA cells, and the background amount of radioactivity was around 

800 dpm/mg cell protein (Figure 4-2C), about 10-fold less than that upon 

treatment with a combination of two DGAT inhibitors and E600, thus ruling out 

the limitation imposed by the methodology.   
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Figure 4-1. Potential lipases that hydrolyze preformed TG to supply 
substrates for DGAT2. Primary hepatocytes from A, Tgh-/- and B, wild type 
mice were incubated with [3H]-oleic acid for 4 h, followed by another 4 h-
treatment with vehicle (DMSO) or experimental drugs as indicated in the figure 
legends. The amounts of radioactivity incorporated into secreted TG were 
measured, and normalized to cellular protein mass. Data are presented as mean ± 
SEM. ***P<0.001 versus control (DMSO) based on three independent biological 
replicates.   
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4.2 Arf/COPI Machinery Modulates Cytosolic LD 

Turnover And VLDL Secretion in McA Cells 

Hepatic TG, once synthesized, is distributed into three types of LDs: cytosolic 

LDs, ER lumenal LDs and primordial apoB particles that subsequently mature 

into secretion-competent VLDL. Directionality of TG transport into the cytosol or 

the ER lumen is probably regulated by LD-coat proteins, such as perilipins, and 

ER-localized proteins involved in TG transfer, LD biogenesis and accumulation, 

such as MTP. Cytosolic and lumenal LDs differ significantly in their associated 

proteins and lipid compositions. Lumenal LDs exhibit a lower ratio of TG to PL , 

suggesting relatively small size on average compared to cytosolic LDs.209 Gel 

filtration chromatography and agarose gel electrophoresis analysis also revealed 

that these apoB-free lipid particles are heterogeneous with sizes ranging from 

HDL (8 nm) to VLDL (>50 nm), suggesting different stages of biogenesis and 

metabolism.209 Interestingly, MTP was highly concentrated with small-size 

lumenal LDs, while apoE was dominantly associated with large ones, and TGH 

presented in fractions of various sizes, but particularly enriched in medium-sized 

lumenal LDs.209 Moreover, MTP and apoE, but not TGH, were also found in the 

apoB-containing lumenal lipoproteins.209 Substantial evidence has demonstrated 

the indispensable role of MTP in VLDL assembly and non-apoB lumenal LD 

formation.48,176,232,233 Genetic ablation of apoE in mice resulted in TG 

accumulation in the liver with impaired VLDL secretion.234-236 All this 

information implies an intimate relationship between apoB-free lumenal LDs and 

apoB-containing lipoproteins, and lumenal LDs may provide lipid substrates for 

VLDL assembly, though the cellular mechanisms are unclear.153 



	
   103	
  

            On the other hand, considering the lipid storage capacity within the ER 

lumen is relatively limited when compared to cytosolic LDs (Figure 3-7), and 

lipids stored in the cytosol and ER lumen of hepatocytes are in a constant 

dynamic interchange,209,210, and a variety of cytosolic LD-associated proteins such 

as perilipin 2, CIDEB and ABHD5, affect VLDL secretion,177-181,237 I hypothesized 

that cytosolic LDs may also supply TG substrates for VLDL secretion. However, 

VLDL assembly appears to be independent of lipolysis by cytosolic lipases, such 

as ATGL or hormone-sensitive lipase, because hepatic overexpression or deletion 

of these lipases did not influence VLDL secretion.183,185,214 Transfer of bilayer-

disrupting hydrophobic TG from cytosolic LDs en bloc across the ER membrane 

would be energetically unfavourable. In contrast, DG is a non-ionic amphiphilic 

molecule with an unesterified hydroxyl group as the small hydrophilic head and 

two acyl chains as the lipophilic tails. DG is highly motile within membranes and 

functions as a fluidifier and cosurfactant of PL to decrease surface tension.150 

Therefore, cytosolic TG may be hydrolyzed by ER-localized lipases, and the 

resulting DG is then re-esterified by DGAT2 to TG used for VLDL assembly. 

Notably, TGH, localized to ER lumen, has been demonstrated to regulate VLDL 

secretion, and may function as a lipase to mobilize preformed stored TG.186,189,190 

However, the mechanisms of how cytosolic LDs connect to the ER to supply TG 

substrates for ER-localized lipases are largely unknown. Recent studies have 

shown that the Arf1/COPI machinery can bud LDs of nano-scales from PL-

covered oil/water interfaces in vitro.121 In vivo studies in Drosophila S2 cells and 

mammalian NRK cells have found the Arf1/COPI complex to be localized on 

cellular LDs, and confirmed the Arf1/COPI-dependent formation and segregation 

of nano-LDs from existing LDs.120 These nano-LDs exhibited a high surface (PL) 

to volume (neutral lipids) ratio, partitioning of which led to decreased amounts of 
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PL on their parent LDs. Because PL function as a surfactant to stabilize LD 

emulsions, depletion of them results in higher surface tension of the parent-LDs 

and a propensity of these PL-deficient LDs to hemi-fuse and form bridges with 

the ER.120 These ER-LD bridges were required for LD targeting of some enzymes 

involved in TG synthesis and metabolism, such as ATGL, GPAT4 and DGAT2.120 

            To extend this study further, I proposed that the Arf1/COPI complex-

triggered LD-ER membrane junctions to enable cytosolic TG translocation into 

the ER lumen. Inhibition of the Arf1/COPI machinery may prevent cytosolic LDs 

from contacting ER membranes, thus blocking cytosolic TG supply to VLDL 

assembly. In order to examine this hypothesis, GCA was used to selectively 

inhibit GBF1, a guanine nucleotide exchange factor of Arf, thus restricting Arf in 

its GDP-bound inactive form. Arf-GDP dissociates from membranes and is 

unable to recruit heptameric COPI complex to bud coated vesicles.238 The key is 

to determine a concentration of GCA that inhibits the Arf1/COPI-mediated nano-

LD budding and thus the LD-ER linkage without affecting Golgi integrity and 

normal membrane trafficking and secretory pathways. McA cells stably 

transfected with a FLAG-tagged secretory protein (hepatic lipase) were employed 

to determine a specific concentration of GCA that could potentially decrease apoB 

and VLDL-TG secretion, while maintaining FLAG-tagged hepatic lipase secretion. 

GCA was introduced in a Chase period after a 4 h-incubation with oleic acid 

(Pulse), and four different concentrations of GCA (0, 1, 5 and 10 µM) were tested 

in McA cells expressing FLAG-tagged hepatic lipase. The experimental procedure 

is presented in Figure 4-2A. Results show that only at a concentration of 5 µM of 

GCA was the apoB secretion drastically decreased and a normal secretory 

pathway maintained (Figure 4-2B). Moreover, TG secretion was remarkably 

reduced at 5 µM of GCA (Figure 4-2C), while cellular TG levels remained 
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unchanged (Figure 4-2D). Surprisingly, the preformed intracellular TG was 

significantly decreased upon treatment with 10 µM of GCA (Figure 4-2D). 

               To further confirm that the Golgi apparatus was intact from a 

morphological point of view, the Golgi was visualized by immunostaining with a 

polyclonal antibody against mannosidase II, a key enzyme in N-glycan 

processing, essentially localized on the Golgi membrane. McA cells stably 

transfected with FLAG-hepatic lipase were incubated with oleic acid for 4 hours, 

followed by GCA treatments under the same protocol as shown in Figure 4-2A. As 

a result, no obvious changes were observed with respect to Golgi morphology 

after treatment with 1 or 5 µM GCA compared to that of 0 µM GCA; in constrast, 

10 µM GCA seemed to collapse the Golgi, as no recognizable juxta-nuclear signal 

was detected. Representative images are shown in Figure 4-3. The images 

support previous functional studies, as 10 µM of GCA also abolished normal 

secretory transport of FLAG-hepatic lipase. LDs were counterstained with Bodipy 

493/503, exhibiting comparable morphologies in the absence or presence of 1 or 

5 µM of GCA during the Chase period; cells treated with 10 µM of GCA might 

exhibit decreased LD numbers (Figure 4-3). Statistical analysis would be required 

to confirm the morphological changes of the Golgi and LDs. 

            In conclusion, I found inhibition of the Arf1/COPI machinery by 5 µM of 

GCA in McA cells drastically decreased apoB and TG secretion, while maintaining 

a normal Arf1/COPI-dependent secretory pathway and the integrity of Golgi 

apparatus. Our next step is to demonstrate the Arf1/COPI complex is required to 

establish a connection between cytosolic LD and the ER, through which TG 

molecules stored in the cytosol of hepatocytes could be translocated into the ER 

lumen and mobilized to supply substrates for VLDL assembly. Technically, ER-
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LD bridges could be visualized by ultrathin section electron microscopy. The 

majority of cytosolic LDs is expected to dislodge from the ER membrane at a 

certain concentration (5 µM) of GCA. Moreover, in section 3.2.5, we 

demonstrated that DGAT1 and DGAT2 generated66 separate LD pools that were 

preferentially utilized for distinct metabolic pathways, either for oxidation or 

secretion, respectively. Thus it would be interesting to further investigate whether 

the Arf1/COPI complex mediates an ER junction with both DGAT1- and DGAT2-

derived pools of cytosolic LDs and if so, whether the Arf1/COPI complex can 

distinguish between these two pools of cytosolic LDs for differential metabolic 

uses. To answer these questions, individual DGAT inhibitors combined with 

serial doses of GCA could be applied during TG synthesis in hepatocytes, and FA 

oxidation and VLDL secretion could be analyzed. The idea is to form LDs via one 

form of DGATs, and test how inhibition of the Arf1/COPI machinery would affect 

their metabolism.  
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Figure 4-2. GCA at 5 µM concentration impaires VLDL secretion but 
not normal secretory pathways in McA cells. McA cells stably transfected 
with FLAG-tagged hepatic lipase were incubated with oleate/BSA for 4 h, or in 
the radioisotope labeling experiment, with oleate/BSA and [3H]-oleate. Cells were 
then washed and chased with GCA overnight (12-16 h) after a short period of 
preincubation. The experimental procedure is laid out in panel A. B, 
Immunoblotting against apoB and FLAG in the medium. Total proteins were 
precipitated by TCA. C, The amounts of radioactivity incorporated into 
intracellular and secreted TG were measured, and normalized to cellular protein 
mass. Data are presented as mean ± SEM. **P<0.01, ***P<0.001 versus control 
(DMSO) based on three independent biological replicates.   
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Figure 4-3. Golgi morphology upon treatment with GCA at different 
concentrations. McA cells stably transfected with FLAG-tagged hepatic lipase 
were treated as illustrated in Figure 4-2A. Two representative images in each 
condition are shown. Localization of the Golgi membrane protein α-Mannosidase 
II is revealed in red color following immunostaining. Lipid droplets were stained 
with Bodipy 493/503, and shown in green color. Nuclei were stained with DAPI, 
and shown in blue. Z-stacks were collected and displayed as projections. Each 
image contains ~10 slices, 0.1 µm per slice, scale bar=10 µm.  
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