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Introduction 

The liver is a vital organ for the homeostatic control of both carbohydrate and lipid 

metabolism, as it functions as a major regulatory site of energy storage, processing, and 

transformation. As such, when liver function is compromised, metabolic imbalance and 

disease often result. In particular, when inconsistencies exist between hepatic fatty acid input 

and output, liver fat content increases, a condition associated with several disorders, such as 

insulin resistance, Type 2 diabetes and cardiovascular disease. Thus, lipid trafficking in the 

liver is tightly regulated, however much remains to be understood regarding its governing 

factors and their mechanisms of regulation. 

 

Very low-density lipoproteins (VLDL) are synthesized and secreted by the liver and function 

to transport triacylglycerol (TAG) through the blood to peripheral tissues. Proper VLDL 

metabolism is essential for ensuring lipid balance both in the liver and the periphery. It has 

been established that the majority of TAG incorporated into VLDL is derived from the 

hydrolysis of TAG stored in cytosolic lipid droplets. TAG hydrolysis is thus an important 

event for the provision of FA for VLDL assembly, however the specifics of hydrolysis in the 

liver are not well characterized. Additionally, although much has been elucidated about the 

synthesis of VLDL, much about this process also remains unclear. Hyperlipidemia resulting 

from abnormally high VLDL is one of the factors commonly seen with metabolic disease, 

and accordingly it is important to understand the regulation of VLDL assembly and secretion.  

 

Despite the large amount of research that has been conducted in the past several years, there 

are still many aspects of hepatic lipid and lipoprotein metabolism that remain unclear. The 

objective of this thesis project was to delve into some of the unanswered questions regarding 
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the regulation of liver lipid metabolism, the following in particular: 1) whether glucose 

and/or insulin affect the hydrolysis of stored TAG and subsequent partitioning of FA to 

different metabolic pathways, and 2) whether de novo and exogenous FA are differentially 

partitioned between hepatic storage and secretion.  
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Chapter 1:  Literature Review 

 

TRIACYLGLYCEROL 

Triacylglycerol (TAG) is a class of lipids consisting of a glycerol backbone attached via 

ester bonds to three fatty acids. The fatty acids comprising a particular TAG molecule 

can differ in chain length and composition, and these variations influence how they are 

metabolized. Triacylglycerol is the primary storage form of energy in humans, as it 

represents the most concentrated form available to biological tissues. Thus, TAG plays a 

fundamental role in the ability of an organism to withstand periods of inadequate energy 

intake. In order to be utilized as an energy source, TAG must undergo mobilization and 

breakdown to free fatty acids (FFA). When FFA are present in large quantities in the 

body they can be toxic, therefore it is essential to maintain tight regulation of TAG 

synthesis and breakdown. Fatty acids (FA) for synthesis of TAG can originate from two 

sources:  exogenous—taken in via the diet, or endogenous—synthesized de novo in the 

body. The liver represents the major site of de novo FA synthesis in humans, but some 

FA production takes place in the adipose tissue as well (1). Adipose tissue constitutes the 

body’s major site of lipid storage, primarily made up of TAG stored in lipid droplets. The 

TAG deposited in adipose tissue contributes directly to storage for long-term energy 

reserves. Triacylyglycerol synthesized in the liver is transiently stored in cytoplasmic 

lipid droplets, and upon hydrolysis, the FA are then available for oxidation or secretion 

and transport to peripheral tissues.  
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Dietary fatty acid uptake and transport  

Digestion of dietary FA takes place via enzymatic hydrolysis in the stomach and upper 

small intestine. Most dietary FA is consumed in the form of TAG, which must be broken 

down to cross the intestinal epithelium. In order to be made soluble in the aqueous 

environment of the intestinal lumen, the FA must first be incorporated into micelles, 

which are amphipathic molecules synthesized from bile salts and cholesterol. Pancreatic 

lipases then act on the microemulsified lipid droplets to cleave bonds and break down the 

TAG to monoacylglycerol and FFA. Short- and medium-chain fatty acids are relatively 

hydrophilic and are able to undergo passive absorption across the intestinal lumen, from 

which they pass directly into the portal vein for transport to the liver (2). Fatty acids that 

do not go directly into the bloodstream are re-esterified to TAG in the intestinal mucosa, 

and readied for transport in the lymph via incorporation into chylomicrons (3). 

Chylomicrons are a class of lipoprotein, and are responsible for enteric TAG transport in 

the postprandial state. Chylomicrons interact with lipoprotein lipase (LPL) on the 

endothelium of peripheral tissues, resulting in the hydrolysis of the contained TAG to 

FFA. Some of the resulting FFA are released into the blood for uptake by the liver, 

though most are taken up into peripheral tissues for storage or energy production (4). 

Also, following interaction with LPL, the chylomicron remnant particles are taken up by 

the liver and represent an additional source of hepatic TAG. Chylomicrons will be further 

examined along with the other classes of lipoproteins later in this review. 
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De Novo fatty acid synthesis 

The liver is the major site of FA synthesis in humans (1). Acetyl-CoA represents the 

starting point and primary substrate for de novo fatty acid synthesis, and can be derived 

from carbohydrates, amino acids and fatty acids. Hepatic FA synthesis takes place in the 

cytosol, thus acetyl-CoA produced in the mitochondria must be shuttled out across the 

mitochondrial membrane. Once the acetyl-CoA is in the cytosol, it is carboxylated by the 

action of acetyl coenzyme A carboxylase to form activated malonyl-CoA. This reaction 

represents the initial rate-limiting step in FA synthesis. Malonyl-CoA is utilized as the 

donor of acetyl units, which are used to extend the FA chain. These elongation reactions 

are catalyzed by fatty acid synthase, and continue until the chain reaches a length of 16 

carbons. This 16-carbon palmitate FA is the major end-product of de novo FA synthesis. 

Palmitate can subsequently be transformed into other FA by the action of enzymes such 

as elongases and desaturases. In addition to a source of acetyl-CoA, de novo FA synthesis 

requires a hydrogen donor, utilizing reduced nicotinamide adenine dinucleotide 

phosphate, which is derived from the metabolism of glucose. Thus, glucose is necessary 

for the synthesis of fatty acids.  

 

Triacylglycerol synthesis 

Intracellular concentrations of FFA are relatively low (5). Instead, most FA are esterified, 

combined with glycerol, and subsequently incorporated into cell membranes 

(phospholipids) or transferred to cytosolic lipid droplets for storage as TAG.  Following 

storage in the cytosolic lipid droplet pool, TAG become available for mobilization via a 

cycle of lipolysis and esterification, resulting in constant recycling of stored TAG. This 
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cycle is also thought to play a large part in rendering FA available for secretion in tissues 

that do so, such as the liver and intestine (6). The rate of TAG synthesis depends largely 

on the amount of FA available. Triacylglycerol synthesis increases when intracellular FA 

concentrations exceed requirements for energy production and/or phospholipid synthesis. 

Intracellular FA levels can increase via uptake from the plasma, TAG hydrolysis, or de 

novo FA synthesis. The enzymes governing the synthesis of TAG are tightly regulated by 

nutrients and hormones, and this enzymatic regulation of TAG synthesis and breakdown 

is what determines cellular TAG content (Figure 1). The initial step in the synthesis of 

TAG is activation of FA via acyl-coA synthetase, which adds a CoA thioester to the fatty 

acid chain. This activated acyl chain is then transferred to glycerol-3-phosphate, where 

glycerol-3-phosphate acyltransferase catalyzes the first acylation, representing the 

committed step in TAG synthesis. Additional acyl units are subsequently transferred to 

the glycerol-3-phosphate backbone by other enzymes, such as lysophosphatidic acid 

acyltransferase and diacylglycerol acyltransferase. Hepatic TAG are primarily formed via 

the re-esterification of FFA cleared from the plasma, whereas the FA used for TAG 

synthesis in adipose tissue are mostly derived from the catabolism of chylomicrons. 
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Figure 1:  Major routes of TAG synthesis in hepatocytes. List of abbreviations: ACS, 
acyl-CoA synthetase; AGPAT, acylglycerol-P acyltransferase; CL, cardiolipin; DAG, 
diacylglycerol; DGAT, diacylglycerol acyltransferase; DHAP, dihydroxyacetone-P; 
DHAP-AT, DHAP acyltransferase; ER, endoplasmic reticulum; FA, fatty acid; G3P, 
glycerol- 3-phosphate; GPAT, glycerol-P acyltransferase; LPA, lysophosphatidic acid; 
PA, phosphatidic acid; PAP, phosphatidic acid phosphohydrolase; PC, 
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, 
phosphatidyli- nositol; PLC, phospholipase C; PS, phosphatidylserine; TAG, 
triacylglycerol; VLDL, very low density lipoprotein. (Coleman R, 2004) 
 

Regulation of fatty acid and triacylglycerol synthesis 

Lipogenesis is largely influenced by hormonal signals and nutrient availability. Plasma 

insulin concentration and tissue insulin sensitivity are important regulators of this 

pathway, as insulin has been shown to increase mRNA expression of both acetyl 

coenzyme A carboxylase and fatty acid synthase, which are important regulators of de 

novo lipogenesis (1, 7). Overall syntheses of FA and TAG are under the control of the 



	   8	  

transcription factors that influence expression of the lipogenic enzymes. In particular, 

sterol regulatory element binding protein-1c (SREBP-1c) and carbohydrate responsive 

element binding protein (ChREBP) play important roles in regulation of lipogenic gene 

expression and de novo lipogenesis in response to insulin and glucose (8). Activity of 

AMP-activated protein kinase (AMPK), which is activated when the ratio of cellular 

AMP/ATP increases, regulates FA partitioning. AMPK responds to low cellular energy 

and channels acyl-CoA to β-oxidation for energy production, rather than channeling it to 

the TAG synthesis pathway for storage. AMPK has been shown to directly inhibit 

activity of acetyl coenzyme A carboxylase by phosphorylating the enzyme (9).   

 

Dietary carbohydrate/glucose stimulate the de novo synthesis of FA in several ways, 

including induction of lipogenic genes (such as ChREBP, as mentioned above), the 

provision of acetyl-CoA units via the glycolytic pathway, and the stimulation of insulin 

release. Insulin is also an important regulator of FA synthesis, promoting the process by 

increasing cellular glucose uptake and activating enzymes of both glycolysis and 

lipogenesis. The specific type of carbohydrate can also influence lipogenic potential. For 

example, when compared to glucose, fructose significantly increases lipogenesis as well 

as fatty acid esterification, as demonstrated by Parks et. al. (10). There are many 

additional factors regulating FA and TAG synthesis, but clearly insulin and carbohydrates 

are two of the principal regulators of the lipogenic pathway. 
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Triacylglycerol storage and lipid droplets 

Lipid droplets (LD) are the major storage sites of neutral TAG in the tissues. Until 

recently, these droplets were thought to be nothing more than metabolically inactive 

depots of stored fat. It is now understood that LDs are in fact functional organelles, with 

important roles in metabolism and lipid trafficking. While the bulk of LDs are contained 

in adipose tissue, they are also present in other organs and tissues, albeit normally in 

much smaller amounts.  Most LDs are composed of a central core of TAG, but they may 

also contain cholesterol and cholesterol esters (their concentration of respective lipid 

species depends upon the tissue in which they reside), surrounded by a protein-enriched 

phospholipid layer (11). Although it is not completely clear how their biogenesis takes 

place, there is some evidence that LD formation occurs within the bilayer of the 

endoplasmic reticulum, and the droplets are released into the cytoplasm via budding or 

vesicular transport (12). The enzymes of TAG synthesis are found on the endoplasmic 

reticulum and the mitochondrial membrane (5), which is of interest because in order for 

TAG to be stored in the cell it must be incorporated into a LD. Thus, the fact that the 

enzymes responsible for TAG synthesis are associated with the membrane systems that 

have also been implicated in LD formation provides some insight as to the link between 

the two processes.  

 

Following synthesis, cytosolic LD participate in a constant cycle of lipolysis and re-

esterification. In other words, lipolysis of LD TAG generates FA, which can then be 

utilized in different pathways such as oxidation or secretion. Alternatively, the FA 

hydrolyzed from LD can simply be re-esterified back to TAG for storage in LD once 
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again (6). Additionally, there are hundreds of proteins embedded in the outer LD 

monolayer, and they have been shown to play a large part in directing LD structure and 

metabolism (13). Therefore, it appears that LDs are quite dynamic organelles indeed, with 

a much larger role in lipid metabolism than previously thought. 

 

Lipolysis 

In the postabsorptive state, adipose TAG stores must be mobilized for transport to other 

parts of the body for energy production. This takes place via hydrolysis of stored TAG to 

its constituent FFA and glycerol, which then enter into circulation for travel throughout 

the body (14). TAG stored in white adipose tissue represents the main source of these 

FFA that are recruited for energy production in mammals, although as mentioned 

previously, other tissues are able to store TAG as well. Due to the relative toxicity of 

FFA, the balance between lipolysis and esterification must be tightly regulated. There is a 

constant cycle of TAG lipolysis/esterification taking place in the body, and the balance 

between the two shifts in response to hormonal or nutritional state (15). The hydrolysis of 

TAG takes place in a stepwise fashion, beginning with the liberation of the first FA from 

the glycerol backbone to form diacylglycerol (DAG). This is then followed by hydrolysis 

of the second FA to form monoacylglycerol (MAG) and finally complete hydrolysis of 

MAG to release the final FA and the glycerol backbone (15). Lipolysis is dependent on 

several different enzymes, and relative expression of these enzymes varies by tissue. 

Some of the most notable lipases include adipose triglyceride lipase (ATGL), hormone-

sensitive lipase (HSL), and monoglyceride lipase (MGL), each of which plays a part in 

regulation of a specific step in the process of lipolysis. It was previously thought that 
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HSL was the first and main lipase involved in TAG hydrolysis. However, following the 

rather recent discovery of ATGL, it is now understood that this is in fact the enzyme that 

catalyzes the first step in the hydrolysis of TAG, resulting in diacylglycerol (DAG) and 

FA (16). Lipolysis influences the availability of FA for additional pathways of 

mobilization such as production of very low-density lipoproteins in the liver, thus its 

regulation must be tightly controlled. There are several factors influencing the catabolism 

of fat stores, including hormones such as catecholamines, insulin, and glucagon, and lipid 

droplet proteins (17, 18). These factors regulating lipolysis also likely play a part in the 

regulation of the downstream processes utilizing the FA that have been released.  

 

Oxidation 

As stated previously, TAG represents the most concentrated form of energy present in 

biological tissues. In order to be utilized for energy production, TAG must undergo β-

oxidation, which takes place inside the matrix of the mitochondria. In addition, FA 

oxidation may occur in the peroxisomes (1). FA in the cytosol must be activated to acyl-

CoA and conjugated to carnitine in order to be transported across the mitochondrial 

membrane to the site of oxidation. The activation reaction is catalyzed by acyl-CoA 

synthetase, takes place in two steps, and results in the release of AMP plus a fatty acyl-

CoA (19). The conjugation reaction is catalyzed by carnitine palmitoyl transferase I 

(CPT-1) and is a major regulatory step of oxidation. Importantly, increased fatty acid 

synthesis yields malonyl-CoA, an inhibitor of CPT-1 (20). This is notable because CPT-1 

is the rate-limiting enzyme for mitochondrial β-oxidation, and this therefore represents a 

feedback regulation system between fatty acid synthesis and oxidation. Following 
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transport across the mitochondrial membrane, the FA is subsequently catabolized by a 

recurring cycle of reactions until it has been completely broken down. Energy production 

via this process occurs through the transfer of electrons to reduce flavin-adenine 

dinucleotide and nicotinamide-adenine dinucleotide. These coenzymes then donate 

electrons to the electron transport chain to facilitate synthesis of ATP. The acetyl-CoA 

resulting from this pathway can be oxidized completely to carbon dioxide via the 

tricarboxylic acid cycle.  

 

LIPOPROTEINS 

In order for either dietary or endogenously-synthesized lipids to be transported in the 

blood, they must be assembled with specific proteins and phospholipids into complexes 

called lipoproteins. This renders the lipids soluble in the plasma and thus able to be 

transported to and metabolized by the tissues of the body. Mature lipoproteins consist of 

a core of neutral lipids, including TAG and cholesterol esters (CE), surrounded by an 

outer monolayer. This monolayer contains phospholipids, unesterified cholesterol, and 

apolipoproteins. There are six different classes of lipoproteins, which are categorized 

according to their densities, each serving a distinct function. Chylomicrons are 

synthesized by the small intestine, and are the largest and least dense of the lipoproteins. 

They carry dietary lipids via the lymphatic system to the bloodstream for uptake into the 

tissues. Following catabolism in the peripheral tissues, chylomicrons become 

chylomicron remnants, which are returned to the liver and taken up, thereby providing an 

important source of hepatic FA. Very low-density lipoproteins, which are synthesized 

and secreted by the liver, function to carry hepatic TAG to the periphery. Once in the 
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circulatory system, VLDL particles are catabolized via LPL for uptake and utilization in 

the tissues, successively yielding intermediate- and low-density lipoproteins (IDL and 

LDL, respectively) (21). Finally, the smallest and most dense lipoproteins, high-density 

lipoproteins (HDL), are utilized for the reverse transport of cholesterol, taking it up from 

the peripheral tissues and returning it to the liver for excretion into the bile (22) . 

 

 

Figure 2: Lipoprotein structure. A diagram showing a lipoprotein particle consisting of 

an outer amphipathic monolayer surrounding a hydrophobic core of triacylglycerol and 

cholesterol esters. The large apolipoproteins located on the surface of the lipoprotein 

assist in conferring solubility to the particle as well as its interaction with cell surface 

receptors for catabolism. 
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Apolipoproteins 

The specific proteins required for secretion of mature lipoproteins are called 

apolipoproteins. Apolipoproteins function to stabilize the structure of the lipoprotein, 

confer hydrophilicity to the complex, and regulate interactions between lipoproteins and 

specific surface receptors and enzymes necessary for their metabolism (22). There are 

several different types of apolipoproteins, however the apolipoprotein most relevant to 

this review is apoB. ApoB is an integral membrane protein that is present in two 

isoforms—apoB-48 and apoB-100. ApoB-48 is synthesized and secreted exclusively by 

the intestine, where it is incorporated into chylomicrons and facilitates their interaction 

and uptake via cellular receptors. ApoB-48 is 48% of ApoB-100, with the two isoforms 

sharing a common N-terminus. ApoB-48, however, lacks the C-terminal region that binds 

to the LDL receptor. ApoB-100 is primarily expressed in the liver, and is an essential 

component of mature VLDL formation in humans. 

 

Very-low-density lipoproteins (VLDL) 

The role of VLDL in the body is to carry TAG from the liver via the blood for utilization 

in other tissues. The incorporation of fatty acids into VLDL has also been proposed to be 

a protective mechanism meant to guard the body from excessive lipaemia in the 

postprandial state (6). Hepatic uptake and temporary storage of FFA provides a means of 

controlling plasma FFA levels and protecting the tissues from their cytotoxic effects. The 

assembly of VLDL takes place in the liver, and is achieved via a complex process, 

resulting in secretion of a mature lipoprotein particle. In the fasting state, these VLDL 

particles represent the main transportation form of TAG, and are essential for 
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mobilization of this energy source to peripheral tissues. Although much has become 

better understood about this process, there are also several aspects of VLDL assembly 

and secretion, such as regulatory influences, substrate preference, and the specifics of 

lipid transfer, that remain unclear. Due to its clear association with metabolic disease, 

further study of VLDL metabolism and its regulation is warranted. 
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VLDL assembly 

 

Figure 3:  Potential model of assembly of the VLDL particle, demonstrating 
players in the TAG lipolysis/esterification cycle, and possible sites of regulation.  
(1) ApoB is synthesized and translocated into the lumen of the endoplasmic 
reticulum (ER). (2) Following translation, the apoB molecule is lipidated by MTP 
to form the pre-VLDL. (3) ApoB can alternatively fail to be lipidated and is thus 
incorrectly folded. (4) This results in the sorting of apoB to proteasomal 
degradation. (5) The pre-VLDL particle is converted to a triglyceride-poor VLDL 
particle (VLDL2). (6) Triglyceride-poor VLDL exits the ER via vesicles that bud 
off from the ER membrane. (7) The vesicles fuse to form the ER Golgi intermediate 
compartment (ERGIC). (8) The ERGIC fuses with the cis-Golgi. (9) The TAG-poor 
VLDL particles are secreted as is or (10) further lipidated to form TAG-rich 
VLDL particles (VLDL1). (11) These TAG-rich VLDL particles can then be 
secreted. (12) Lipid droplets are sites of TAG storage and are formed on 
microsomal membranes. (13) They can increase in size by undergoing fusion with 
other lipid droplets. (14) The TAG stored in lipid droplets must be broken down 
and then re-esterified before incorporation into VLDL. (Adiels et al, 2008) 
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The assembly of lipoproteins has been studied quite intensively for the past several years, 

but despite the large amount of research that has been done, there are several aspects that 

remain unclear. VLDL assembly is thought to begin with the synthesis of apoB100 in the 

rough endoplasmic reticulum of the hepatocytes and end with the secretion of the mature, 

TAG-rich VLDL particles from the Golgi apparatus (23). Synthesis of VLDL involves the 

lipidation of apolipoprotein B100, which occurs in a process comprised of at least two 

steps.  

 

The first step of VLDL assembly involves transfer of TAG, CE, and phospholipids to 

apoB in the ER, forming an immature or primordial VLDL particle (24). This lipidation 

process is a co-translational event, starting as soon as the apoB polypeptide begins to 

translocate across the membrane of the ER. These primordial particles can either be 

further lipidated or targeted for degradation, a fate that may be decided by several 

different factors, such as protein translocation, specific folding of apoB, and availability 

of lipids (24, 25). It has been shown that increased availability of hepatic lipid does not 

result in more TAG added to VLDL particles, but rather, by preventing the degradation of 

apoB, promotes an increased rate of secretion of smaller VLDL particles (10). These 

immature, lipid-poor VLDL particles can also be secreted as is, thus classified 

specifically as VLDL2, a distinction that will be addressed in greater detail later in this 

review.  
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This initial lipidation step of apoB to form the primordial particle requires the activity of 

microsomal triglyceride transfer protein (MTP). MTP is a protein complex that is 

responsible in part for the transfer of neutral lipids between membranes (TAG, CE, 

phospholipids). It is known to reside in the lumen of the ER and has been detected in the 

Golgi as well (26). Although it is clear that MTP is in some way necessary for the proper 

assembly and secretion of lipoproteins, there is debate as to how exactly it is involved as 

well as the extent to which it is required due to conflicting reports in the literature. MTP 

is thought to be involved in the first step of VLDL assembly, acting to bind the N-

terminal of the newly-synthesized apoB molecule in the ER. This binding is thought to 

enable the transfer of small amounts of TAG, cholesterol esters, and phospholipids, thus 

necessitating MTP for this early co-translational lipidation of apoB (27). There is also 

evidence that MTP plays a role in determining the fate of apoB, that is, determining 

whether to channel the protein to degradation or further lipidation/secretion. It appears 

that when lipid is available to associate with MTP, apoB-MTP binding increases, thus 

stabilizing the apoB molecule and increasing the likelihood that it will mature into a 

large, TAG-rich VLDL particle (26). Following the formation of the primordial particle, 

MTP may also be involved in a further lipidation step, forming small VLDL particles that 

do not contain a large lipid load. These immature, lipid-poor VLDL particles can either 

be secreted as is, thus earning the distinction of VLDL2, or be further lipidated, to form a 

TAG-rich lipoprotein particle, which is classified as VLDL1. The distinction between 

these two sub-classes of VLDL, and their significance, will be addressed in greater depth 

later in this review.  
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The second step of VLDL assembly, following the initial co-translational lipidation of 

apoB, is the bulk addition of lipid to the primordial lipid-poor particle (the “maturation” 

phase). The specifics of this bulk lipidation step in particular remain unclear. There is 

evidence that MTP plays a role in this step as well, facilitating the accumulation of TAG 

in the microsomal lumen. This pool of TAG is generally regarded as the source utilized 

for bulk lipid incorporation in the final stage of VLDL assembly (28). It is unclear, 

however, whether MTP is necessary for the actual lipid transfer to the core of the VLDL 

particle prior to secretion. This second step of VLDL assembly requires the activity of 

both ADP-ribosylation factor 1 (ARF1) and phospholipase D1 (PLD1) (29). ARF1 is a 

small GTPase that is a member of the Ras superfamily, and has been proposed to be 

involved in VLDL assembly via at least two routes. First of all, ARF proteins are crucial 

modulators of intracellular transport, and have been identified as key regulators in the 

formation of budding vesicles, events both of which are important in the transfer of lipids 

between cellular compartments. In particular, ARF proteins are involved in mediating 

vesicular transport between the ER and Golgi and also within the Golgi, and these two 

cellular organelles are known to be involved in VLDL assembly and the secretory 

pathway (30). In addition, ARF1 activates PLD1, a phospholipase that is localized to the 

ER and functions as a generator of second messengers for several signaling pathways. It 

has been shown that PLD1-catalyzed formation of phosphatidic acid from 

phosphatidylcholine is necessary for proper VLDL assembly and secretion as a mature, 

TAG-rich particle (29).  
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Although the exact secretion pathway has not yet been completely elucidated, it has been 

proposed that mature, TAG-rich VLDL particles through the ER and possibly the 

mitochondrial-associated membrane (MAM) to the Golgi, where it is packaged into 

vesicles for secretion (23, 31). It has also recently been proposed that VLDL2 particles 

must reach the Golgi before being converted to mature, TAG-rich VLDL1 (32).  

Additionally, this lag/transfer between VLDL2 and further lipidation could represent an 

additional regulatory step, and there is evidence that insulin may play a role in this 

regulation.  

 

It has been shown that the amount of TAG present in the liver at any given time is not the 

sole determinant of VLDL secretion, despite the fact that the majority of the FA used for 

VLDL synthesis are derived from hepatic cytosolic LD storage. Thus, there appear to be 

additional factors governing the secretion of TAG as VLDL (33). One such influence is 

the rate of hepatic TAG lipolysis, which represents an event that is regulated by many 

different factors. Unfortunately, unlike adipose tissue, little is known regarding the 

factors that control hepatic TAG hydrolysis and the subsequent partitioning of these FA 

to VLDL synthesis.  

 

Partitioning of fatty acids for VLDL synthesis 

There are four possible sources of fatty acids for VLDL synthesis:  1) FFA taken up from 

the plasma [originating primarily from adipose tissue and representing the major source 

for VLDL synthesis (10, 34). 2) FA taken up as chylomicron remnants, 3) FA from de 

novo lipogenesis, and 4) FA from the hepatic lipid droplet storage pool (35). Exogenous 
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FA taken up by the liver are primarily channeled to the mitochondria for oxidation or 

esterified to TAG in the ER and channeled to cytosolic storage in lipid droplets, 

depending on nutritional state and tissue energy requirements (6). It has been observed 

repeatedly that TAG is first channeled to storage in cytosolic lipid droplets rather than 

immediately being incorporated into VLDL and secreted (36). Indeed, there appears to be 

a delay between uptake and secretion (36, 37). This pool of stored TAG is thought to be 

available for incorporation into VLDL and represents the source of sustained lipid 

mobilization in the absence of exogenous FA (36, 36, 38, 39). Hepatic production of 

VLDL is largely dependent on substrate availability—that is, the amount of fatty acid 

present in the liver (1, 6, 40), with an increase in hepatic lipid concentration resulting in an 

increase in VLDL secretion. Gibbons et al found that secretion of VLDL by hepatocytes 

cultured with oleate was not associated with extracellular FA concentration, but rather 

was dependent on intracellular TAG concentration (36). This further provides evidence 

supporting the presence of an intracellular TAG pool that functions as the immediate 

source of secreted TAG for VLDL assembly, and suggests that extracellular FA taken up 

by the liver are not utilized directly for secretion as VLDL.  

 

In order for hepatic TAG to be mobilized from storage in cytosolic lipid droplets to the 

site of VLDL synthesis, lipolysis must first take place. These lipolytic products must 

subsequently be transferred to the ER and reesterified to TAG for incorporation into 

VLDL. A cycle of lipolysis and esterification of FA is taking place continuously in the 

liver, and the factors governing the degree of this lipid cycling could potentially play a 

role in the availability of TAG for VLDL assembly (6). For example, glucose has been 



	   22	  

shown to increase the rate of lipolysis and esterification in the liver, which could increase 

TAG available for secretion as VLDL (41). In addition, whether the hydrolyzed fatty 

acids are re-esterified in the ER to be assembled into VLDL or are directed back into 

cytosolic storage could represent a possible regulatory step in the provision of TAG for 

secretion as VLDL. There are several lipases and lipid transfer proteins thought to be 

involved in this cycle of lipolysis/reesterification, and it is likely that each one is 

independently regulated. In particular, the enzyme known as microsomal triacylglycerol 

hydrolase (TGH) has emerged as one of the most likely candidates for involvement in 

hydrolysis of TAG and provision of lipid for VLDL assembly. TGH is localized to 

hepatic ER and appears to be capable of increasing hepatic TAG lipolysis, secretion, and 

apoB synthesis (42, 43). TAG secretion is also inhibited when this enzyme is absent. 

Although TGH is present on the ER, it is possible that LD could associate with the ER in 

order to promote breakdown of TAG and provision of lipids for VLDL assembly. The 

lipolysis of TAG that takes place within the hepatocytes, should it proceed to completion, 

takes place via stepwise cleavage of fatty acyl chains from their glycerol backbone, and 

yields diacylglycerol, monoacylcglycerol, and finally fatty acids. These FA may be 

transported through the cytosol, but then must be re-esterified back to TAG within the ER 

lumen for incorporation into VLDL particles, if this is in fact where VLDL assembly 

takes place (6). There is disagreement, however, on the degree to which the stored TAG is 

hydrolyzed. Experiments done using primary rat hepatocytes indicate that stored TAG 

might undergo complete hydrolysis to glycerol and FFA (36). There is also data that 

suggest TAG is only partially hydrolyzed to DAG when it is recruited for VLDL 

synthesis (44). It has thus been proposed that the branch point between re-synthesis of 
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DAG to TAG/storage in LDs and transport to the ER for secretion could be a possible 

major determinant of TAG secretion rate (44). There would theoretically be an advantage 

to requiring hydrolysis only to the level of DAG, rather than completely to glycerol and 

FFA, in that the process would require the activity of one lipogenic enzyme at the 

secretion-specific site (diacylglycerol acyltransferase) instead of the host of enzymes 

required for complete FA reesterification. There is not conclusive evidence for either 

hypothesis, however, but this dilemma does suggest that there are specific enzymes that 

play a role in TAG breakdown and re-synthesis, and suggests that their activity (relative 

up- or down-regulation) could determine whether TAG is channeled preferentially to 

storage or secretion. Another possible site of regulation could be microsomal transfer 

protein (MTP), which is thought to be at least partially responsible for forming the lipid 

droplet in the ER lumen, because of its ability to transfer lipids between microsomes. 

MTP is also thought to be required for the initial lipidation of pre-VLDL and for the 

proper secretion of apoB-100 from the liver (45).  

 

It is possible that there exist distinct pools of cytosolic TAG that are preferentially 

utilized for incorporation into VLDL for secretion. Because it is unclear how the 

mobilized fatty acids are transferred to the ER for VLDL synthesis, it is possible that the 

cytosolic lipid droplets could directly associate with the ER in order to facilitate transfer 

of fatty acids, and that lipolytic enzymes localized in the ER lumen could then directly 

hydrolyze TAG from its storage site. Cytosolic lipid droplets represent the major TAG 

storage site in the liver, and as mentioned previously, research has revealed that lipid 

droplets are dynamic structures that play a role in many metabolic and signaling events. 
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The structure of cellular lipid droplets includes a phospholipid monolayer that is covered 

with proteins that appear to be important for both structure and function (46). The 

interaction of these lipid droplet proteins with different cellular organelles, enzymes, and 

metabolites is a subject of much current research. It has been suggested that these LD 

proteins may be responsible for mediating direct interactions and formation of synapses 

with membranes of the mitochondria, ER, and peroxisomes (46). Regarding transfer of 

TAG from cytosolic lipid droplet storage to secretion as VLDL, it would be useful to 

characterize specific lipid droplet proteins that might be involved in this process. Since 

there is still a great deal that is not known about lipid droplet physiology, it would also be 

helpful to understand if lipid droplets are consistent in structure and/or protein content 

throughout the liver, or if there is a difference between storage sites for fatty acids that 

have been synthesized de novo, from glucose, for example, or taken up exogenously.  

 

Regulation of VLDL assembly and secretion 

Insulin + glucose 

Although it is still largely unclear how VLDL assembly is regulated, there is support for 

regulatory roles of several factors. For example, there is evidence for potential regulation 

by the following in particular:  expression of MTP, activation of phosphatidylinositol 3 

kinase (PI3K) and ARF-1, and hepatic lipid availability (47). In turn, however, there are 

several things that regulate each of these, and one such common regulator is insulin. It is 

well known that insulin plays a central regulatory role in carbohydrate and fat 

metabolism and the maintenance of overall, whole-body energy homeostasis. Insulin 

exerts many effects, such as promoting the uptake and storage of energy in the 
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postprandial state, suppressing the release of free fatty acids from adipose tissue, and 

controlling blood glucose levels. Insulin’s mechanism of action involves initiation of a 

signaling cascade via binding specific receptors on the cell surface. There are two major 

pathways of insulin signaling:  the PI3K pathway and the mitogen-activated protein 

kinase (MAPK) pathway.  

 

It is well documented that in normal, healthy subjects, insulin inhibits the secretion of 

VLDL, and in particular acts to regulate production of large, TAG-rich VLDL1 (47-50).  

Additionally, this acute inhibitory effect of insulin on assembly and secretion of VLDL is 

no longer present after chronic insulin exposure, suggesting development of insulin 

resistance/down-regulation of the insulin receptor (51, 52). As mentioned above, it is 

thought that during the maturation phase of VLDL assembly the particles must be 

transferred to the Golgi, which is dependent on the ARF-1 activation of phospholipase D 

(PLD) (48). With normal insulin signaling, its activation of PI3K inhibits the activity of 

PLD and thus decreases the formation of lipid droplets and assembly of lipids into pre-

VLDL particles (53). This could thus represent one of the modes of insulin’s inhibitory 

effect on VLDL secretion.  

 

Expression of MTP, which is necessary for proper lipoprotein secretion, is regulated by 

the transcription factor Forkhead box O1 (FoxO1), which is in turn also negatively 

regulated by insulin (54). Thus, with normal insulin signaling, the inhibition of FoxO1 

leads to decreased expression of MTP, resulting in an inhibitory effect on VLDL 

assembly and secretion (55). An insulin-resistant state, on the other hand, would result in 
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increased expression of FoxO1, enhanced MTP expression, and finally greater production 

of VLDL, as is seen in disease states. Indeed, hepatic FoxO1 abundance and MTP 

expression are increased in mice with abnormal TAG metabolism, suggesting that 

increased levels of MTP play a role in the overproduction of VLDL so often observed 

with insulin-dependent diabetes (56).  

Acute hyperinsulinemia in healthy subjects has been shown to suppress production of 

both VLDL apoB and TAG (57). Insulin also has a suppressive effect on plasma FFA 

content by inhibiting lipolysis in adipose tissue, which thus decreases the amount of FFA 

available for uptake by the liver and use as substrate for VLDL production. Acute 

elevations in insulin also inhibit production of VLDL particles by promoting the 

degradation of apoB (58). As cells become resistant to insulin, as in states of disease and 

metabolic dysregulation, the liver becomes unresponsive to the action of insulin and its 

inhibitory effects on VLDL production. As such, hypertriglyceridemia is the most 

common lipoprotein-associated abnormality seen with insulin-resistant states (59).  

 

The inhibitory effect of insulin on lipoprotein (VLDL) production is an important part of 

the postprandial response, and normally takes place via various mechanisms. Since 

lipoproteins in the form of chylomicrons are entering circulation from the intestine, 

suppression of hepatic VLDL-TG production is essential to avoid excessive 

hypertriglyceridemia. This prevents both hepatic and intestinal lipoproteins competing for 

clearance and uptake into the tissues. One of the mechanisms by which insulin inhibits 

VLDL production is by suppression of lipolysis in adipose tissue, thus promoting storage 

of TAG and decreasing release of FFA into circulation. In normal, healthy subjects, 
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insulin has been shown to decrease plasma FFA by ~70% (60). This decrease in 

circulating FFA decreases the amount of FFA available for uptake by the liver and for 

storage and/or incorporation into VLDL. Lack of insulin response, on the other hand, 

results in chronically increased rate of lipolysis, which in turn increases flux of FFA into 

the blood. This excess of FFA is then available for uptake by the liver and use as 

substrate for VLDL production. In subjects with increased liver fat, insulin’s ability to 

suppress plasma FFA is reduced (61). This could be due to the fact that increased liver fat 

is often associated with conditions of inflammation and insulin resistance, and these are 

often associated with states of metabolic disease.  

 

In recent years, several studies have examined the effects of dietary carbohydrates on 

blood levels of VLDL and TAG (62). It is well documented that high levels of glucose 

stimulate VLDL output, possibly due to its ability to promote de novo synthesis of fatty 

acids. In a study using hepatocytes isolated from sucrose-fed rats, VLDL secretion was 

observed at a rate more than twofold higher than cells from the control rats, suggesting 

that chronic high-carbohydrate feeding induces changes in hepatic gene expression 

regulating processes related to assembly and secretion of VLDL (41). Similar effects were 

seen when primary hepatocytes were cultured in the presence of glucose. However, the 

culture media also contained insulin, which undoubtedly exerted its effects in vitro (63). 

Elevated plasma glucose acts to increase liver fat content by multiple pathways. When 

studying the effects of glucose, however, it can be difficult to separate its effects from 

those of insulin, especially in vivo, as the two are so closely interwoven.  
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Adipocyte differentiation-related protein (ADRP) is a lipid droplet protein necessary for 

the incorporation of TAG into cytosolic lipid droplets and thus plays a role in FA 

partitioning in hepatocytes. It has been shown that increased expression of ADRP 

decreases VLDL secretion by channeling FA away from the VLDL assembly pathway 

and toward cytosolic storage (64). This effect is mainly seen by the decrease in secretion 

of TAG-rich VLDL1 particles. Thus, it is possible that factors regulating the expression 

of ADRP could play a part in the partitioning of FA to secretion or storage. Additionally, 

epigallocatechin gallate (EGCG), which is a compound present in green tea, has also 

been shown to have the ability to promote fusion of lipid droplets, thus decreasing the 

provision of FA for secretion as VLDL, with the most pronounced effect on secretion of 

VLDL1 (48). These studies illustrate the potential importance of lipid droplet proteins in 

the trafficking of FA and regulation of hepatic lipid metabolism. 

 

VLDL1 vs. VLDL2  

There are two major forms in which VLDL-apoB can be secreted:  as large, TG-rich 

VLDL1, or as smaller, denser, and TG-poor VLDL2. As mentioned previously, the 

assembly of VLDL involves a two-step lipidation of a nascent particle, with the bulk of 

the TAG added near the end of the synthesis pathway. Adiels et al have demonstrated the 

importance of sufficient hepatic TAG for the production of VLDL1 by showing an 

increase in secretion of VLDL1 with increasing liver lipid levels (65). These data suggest 

that availability of FA may in part determine relative production of VLDL1 vs. VLDL2  

(60). Malmstrom et al and others have shown that the production of apoB VLDL1 and 

VLDL2 are independently regulated, suggesting that insulin has the ability to suppress 
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VLDL1 production, but does not affect VLDL2 (57, 60, 66). An acute decrease in available 

FA, such as may be effected by insulin, does not change the overall rate of VLDL 

production, but causes an increase in ratio of VLDL2 produced. This may be partly as a 

result of insulin’s ability to inhibit lipolysis and decrease availability of FA for uptake by 

the liver and incorporation as stored TAG.  Thus, insulin does not affect rate of VLDL 

secretion, but it may decrease overall amount of TAG secreted, as VLDL1 contains a 

larger amount of TAG (61). It has been proposed that insulin-stimulated de novo synthesis 

of FA does not result in a greater mass of TAG added to VLDL particles, but rather 

prevents degradation of apoB, and may result in a greater amount of smaller particles 

(VLDL2) being secreted—again suggesting insulin does not change the rate of VLDL, 

but rather affects the TAG content of the VLDL particle (10).  

 

Recently, the subclass of VLDL particles has become a focus in studies of dyslipidemia, 

especially as it relates to atherosclerosis and diabetes. VLDL1, with its larger load of 

TAG, is the dominant subclass seen in conditions of disordered lipoprotein metabolism. It 

is speculated that the overproduction of VLDL1 may contribute to additional downstream 

lipid and lipoprotein abnormalities seen with disease, such as increased small, dense LDL 

particles and decreased HDL (65). In insulin-resistant states, the inability of insulin to 

inhibit lipolysis might contribute to the increase in VLDL1 production. Aarsland et al 

studied the effects of a chronic elevation in plasma glucose and insulin concentrations in 

humans and found increased secretion of VLDL-TG, along with decreased catabolism in 

peripheral tissues. As a possible reason for the decrease in VLDL catabolism, they 

proposed a possible effect of altered particle characteristics—increased VLDL1 



	   30	  

concentration, for example (59). It is possible that large VLDL particles do not interact 

with extracellular receptors in the same way as smaller, denser particles, which could 

impact their clearance and subsequent metabolism. It is clear, nonetheless, that the 

distinction between VLDL1 and VLDL2 is an important one, and may have important 

implications for the further understanding of disease states involving plasma TAG levels. 

 

Dysregulation of VLDL metabolism  

Hepatic TAG content is tightly regulated by activity of cellular processes mediating fatty 

acid input (FA uptake, synthesis, and esterification) and output (oxidation and secretion 

as VLDL-TAG) (1). Dysregulation and imbalance in liver lipid metabolism results in 

dyslipidemia, metabolic disorder, and disease. Dyslipidemia is defined as the presence of 

abnormally high plasma TAG levels and decreased HDL cholesterol (67), and is 

recognized as a major risk factor for atherosclerosis and cardiovascular disease (CVD) 

(61, 68). Disordered lipid metabolism is also associated with the metabolic syndrome, 

recognized as a cluster of conditions such as insulin resistance, low levels of high 

density-lipoprotein cholesterol, and increased liver fat (69) . Many of the irregularities 

associated with dyslipidemia and metabolic syndrome can be traced to the hepatic 

overproduction of VLDL, and in particular large, TAG-rich VLDL1 (50, 61). Increased 

VLDL production is correlated with intrahepatic fat content, visceral fat mass, plasma 

glucose levels, and insulin resistance (65). Increased FFA flux to the liver has been 

recognized as a major contributor to the increase in liver fat content, VLDL secretion, 

and the resultant hypertriglyceridemia present in metabolic disease. This increased 

availability of plasma FFA is due in part to the development of resistance to the 
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inhibitory effects of insulin on adipose tissue lipolysis. In addition, in models of insulin 

resistance, such as is present in type 2 diabetes, there is a lack of response to the normally 

inhibitory effects of insulin on VLDL production, resulting in increased plasma VLDL. 

Imbalance of hepatic lipid uptake and increased liver fat content can progress to steatosis 

and Non-alcoholic Fatty Liver Disease (NAFLD). This disorder is defined by the 

presence of liver fat that makes up more than 5% of total liver weight when coupled with 

less than 10g/day of alcohol consumption. NAFLD is an independent risk factor for 

cardiovascular disease and is associated with increased risk of all-cause death. It is also 

the leading cause of liver disease in developed countries, affecting an estimated 25-30% 

of the population (70). The development of fatty liver is strongly associated with insulin 

resistance and other components of the metabolic syndrome. Hepatic VLDL-TAG 

secretion rate is greatly increased in subjects with high intrahepatic TAG compared to 

those with normal levels, possibly because insulin is unable to regulate VLDL production 

(68, 71). Additionally, high levels of intrahepatic TAG are correlated with increased 

visceral adipose tissue, the presence of which has also been linked to insulin resistance 

and metabolic disease. Indeed, chronic inflammation associated with visceral fat 

deposition has been shown to induce insulin resistance in the liver and this could thus 

help to provide reason for the correlation between increased intrahepatic fat content and 

insulin resistance (72).   
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In conclusion, there is a great deal of evidence suggesting one of the key factors in the 

development of dyslipidemia is the overproduction of hepatic VLDL particles (67). 

Furthermore, it is clear that dyslipidemia and disordered lipid metabolism are risk factors 

for type 2 diabetes, as it is possible for dyslipidemia and fatty liver to be detected years 

before the diagnosis of T2D (61). If we are to understand the pathogenesis of metabolic 

disorders such as NAFLD, insulin resistance, and T2D, it is thus important to better 

understand the mechanisms responsible for the dysregulation of lipid metabolism and the 

factors regulating the hepatic overproduction of VLDL. 
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Chapter 2:  Effects of glucose and insulin on hepatic 

triacylglycerol hydrolysis and fatty acid partitioning 

 

Although it is well known that glucose and insulin influence the metabolism of fatty acids 

(FA) and the secretion of very low-density lipoprotein (VLDL), little is understood about 

how they regulate the partitioning of FA hydrolyzed from hepatic stored triacylglycerol 

(TAG) to different metabolic pathways. The aims of this study were to investigate the 

effects of differing concentrations of glucose and insulin on TAG hydrolysis and the 

subsequent partitioning of FA to pathways of secretion and oxidation in primary 

hepatocytes. We utilized primary mouse hepatocytes for pulse-chase experiments using 

[1-14C] oleate to examine the turnover and partitioning of the labeled FA. In addition to 

looking at the effects of differing glucose and insulin concentrations, we wanted to 

investigate whether any effects differed following acute (6 h) vs. chronic (24 h) 

treatment. Although we did not observe any acute effects of either glucose or insulin on 

TAG hydrolysis or partitioning of hydrolyzed FA, chronic insulin exposure decreased 

both FA oxidation and TAG secretion. These results suggest that insulin and glucose do 

not acutely influence TAG hydrolysis or channeling of hydrolyzed FA, but longer 

exposure to insulin reduces FA oxidation and secretion. 
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Introduction 

 

Insulin resistance and Type 2 Diabetes have become relatively common in the American 

population in recent years. These conditions are not only disorders of carbohydrate 

metabolism, but are also closely linked to dysregulated lipid and lipoprotein metabolism. 

One of the characteristics of dysregulated lipid metabolism (also known as dyslipidemia) 

is the overproduction of hepatic very low-density lipoprotein (VLDL).  

 

There is a constant cycle of TAG hydrolysis/reesterification occurring in the liver (6, 73). 

This breakdown of cytosolic TAG stores plays an essential role in the mobilization of FA 

for channeling to different metabolic pathways. It is well documented that the majority of 

the TAG utilized for the assembly and secretion of VLDL is synthesized from FA that 

have been mobilized from cytosolic lipid droplet stores (6, 36). Because the hepatic cycle 

of TAG lipolysis/reesterification appears to be necessary for lipid availability for 

incorporation into VLDL, understanding more about its regulation has important 

implications for further understanding of the assembly and secretion process.  

 

Lipid availability is regulated on several different levels in the body, and insulin is one of 

the major factors governing the metabolism and trafficking of fatty acids. Insulin is a 

hormone secreted by the pancreatic beta cells in order to promote energy storage and 

normalize postprandial glucose levels, and is thus also essential to the proper metabolism 

of carbohydrates. Insulin stimulates de novo synthesis of fatty acids by promoting cellular 

uptake of glucose as well as activating the transcription factor SREBP-1c, which is a 
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potent inducer of lipogenic genes. This increase in FA synthesis contributes to the hepatic 

cytosolic pool of TAG. Despite its ability to promote synthesis of FA, insulin has been 

shown to inhibit the assembly and secretion of VLDL, in part due to its targeting of apoB 

for degradation (74, 75). Insulin also promotes the synthesis of TAG and the formation of 

cytosolic lipid droplets, thereby possibly helping to channel FA toward storage rather 

than secretion. Additionally, insulin is known to inhibit lipolysis in adipose tissue, 

thereby decreasing the availability of plasma FFA for the liver to take up for 

incorporation into storage and/or VLDL, however its effects on lipolysis in the liver are 

not as well understood.  

 

A study done with sucrose-fed rats detected an increase in the contribution of newly-

synthesized de novo FA to VLDL fraction, but this increase did not account for the total 

increase in VLDL secretion that occurred with sucrose feeding (76). This indicates that 

although increased dietary carbohydrate stimulates FA synthesis in the liver, thereby 

contributing to the pool of FA available for incorporation into TAG and channeling to 

VLDL assembly, there are additional effects of carbohydrate that increase VLDL 

production. One effect suggested to play a part in increased VLDL secretion is a 

carbohydrate-mediated increase in the rate of the hepatic TAG lipolysis/reesterification 

cycle. Since the majority of the TAG utilized for incorporation into VLDL comes from 

cytosolic lipid droplets, it must be mobilized from storage via some type of lipolytic 

event in order to be made available for VLDL assembly. If dietary carbohydrate increases 

the rate of TAG lipolysis in hepatocytes, it is conceivable that this would result in 

increased substrate availability for VLDL assembly. This effect, however, has not been 
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conclusively demonstrated, nor has the direct mechanism responsible for this effect been 

elucidated. Furthermore, it is likely that such regulatory effects of glucose might be 

intertwined with the effects of insulin, as they often appear together.  

 

Very little is known about the lipolytic events that serve to mobilize FA for channeling to 

distinct pathways in the liver. While more is consistently being discovered about hepatic 

lipases, there is still much that is unknown, especially regarding those involved in the 

mobilization of FA for VLDL assembly. Also, very little is understood about how this 

lipolysis is regulated or whether different factors might influence the partitioning of FA 

to distinct pathways. In the current study, therefore, we set out to investigate how glucose 

and/or insulin regulate the hydrolysis of hepatic TAG stores, and whether either factor 

plays a role in the subsequent partitioning of the hydrolyzed FA to different pathways in 

the liver. Specifically, we wanted to see whether the presence of insulin and/or glucose 

would affect the breakdown of stored TAG and the subsequent channeling of hydrolyzed 

FA to pathways of oxidation or secretion. Additionally, because both glucose and insulin 

are known to have effects both acutely (i.e. via covalent modifications) and chronically 

(i.e. transcriptional regulation), we looked at their effects on FA partitioning over both 

short- and long-term time periods.  
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Experimental Procedures 

 

Primary hepatocyte isolation and culture 

Male C57BL/6J mice were obtained from Jackson Labs (Bar Harbor, ME), housed under 

controlled temperature and lighting (20-22°C on a 12:12-h light-dark cycle), and fed ad 

libitum on a normal chow diet prior to hepatocyte isolation. Isolation was done using the 

collagenase-perfusion method, as described previously (77) . Hepatocytes were plated at a 

density of 0.5 × 106 cells/ 22-mm well in media M199 supplemented with 23 mM 

HEPES, 26 mM sodium bicarbonate, 10% FBS, 50 IU/ml penicillin, 50 µg/ml 

streptomycin, 100 nM dexamethasone, 100 nM insulin, and 25 mM glucose on collagen-

coated plates. These conditions were maintained for approximately 4 h until the cells 

formed a monolayer. The media was then aspirated to remove unattached cells and 

replaced with 1ml M199 media supplemented according to experimental requirements.  

 

Media preparation 

Unless otherwise noted, media M199 was used for all experiments involving primary 

hepatocytes. Bovine serum albumin (BSA)-complexed fatty acid media was prepared 

using a ratio of 3 parts FA to 1 part BSA (2.1 mM). When radiolabeled FA was used, it 

was dried down under nitrogen before being resuspended in BSA-complexed media. 

Glucose and/or insulin were added, when necessary, at the following concentrations:  

normal glucose = 5.5 mM, high glucose = 25 mM, no insulin = 0 nM, normal insulin = 10 

nM, high insulin = 100 nM. 
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Metabolic labeling studies 

Twenty-four hours after plating, primary hepatocytes were treated with 1 mL complete 

media M199 (5.5 mM glucose, 10 nM insulin, 10 nM dexamethasone, 20 mM carnitine, 

1% penicillin/streptomycin) that had been supplemented with 500µm [1-14C] oleate 

complexed to BSA. Cells were pulsed with labeled FA for either 2 h (short-term 

experiments) or 16 h (long-term experiments). Following the initial labeling period, 

media was removed and replaced with media M199 containing differing concentrations 

of glucose and insulin. The cells were incubated under these treatment conditions for 

either 6 h (short-term) or 24 h (long-term).  

 

Following the treatment period, reactions were stopped on ice and the cells and media 

harvested for lipid extractions, which were followed by TLC and quantification of acid-

soluble metabolites (ASM). For lipid extractions, a 0.45 ml aliquot of media was 

harvested from each well and combined with chloroform and two volumes of methanol 

[to achieve a methanol:chloroform ratio of 2:1 (v/v)]. After vortexing, the samples were 

allowed to sit overnight at -20°C. Water and additional chloroform were added to each 

sample to enhance separation of the aqueous and organic phases. After additional 

vortexing, the samples were centrifuged and the lower chloroform phase was collected 

and dried down under nitrogen.  

 

The remaining media was harvested for analysis of ASM content. Briefly, 0.45 ml media 

was combined with perchloric acid and 20% BSA stock solution in a microcentrifuge 

tube. After vortexing, the samples were allowed to sit overnight and spun at full speed in 
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a microcentrifuge the following day. The resulting supernatant was collected, combined 

with an additional aliquot of 20% BSA stock, and allowed to sit overnight once more. 

The samples were again spun at full speed the following day and 0.25 ml of the 

supernatant were added to Ecolite and subjected to scintillation counting to determine the 

amount of 14C-labeled ASM generated.  

 

In order to quantify cellular lipids, cells were washed twice with 0.5ml cold PBS, and 

harvested in methanol. The samples were then combined with chloroform and, after 

vortexing, allowed to sit overnight at -20°C.  Water was added to each sample in order to 

separate the aqueous and organic phases, and after additional vortexing, the samples were 

centrifuged in order to cleanly separate the phases. These samples were then dried under 

nitrogen. After being resuspended in methanol and two volumes of chloroform (a 2:1 

ratio of chloroform:methanol (v/v)) samples were loaded onto 0.25-mm silica gel G 

plates and separated using a solvent mixture of hexane:ethyl ether:acetic acid (80:20:1, 

v/v) together with synthetic lipid standards run in parallel. Plates were then stained with 

iodine vapor and the TAG fractions were scraped into scintillation vials and quantified by 

scintillation counting. Alternatively, following separation by TLC, plates were quantified 

using a Bioscan TLC imaging scanner.  

 

Analysis of total protein 

Protein concentrations were determined using the BCA method (Pierce Biosciences). 
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Statistical Analysis 

Data were expressed as means ± SE. Data were analyzed by ANOVA and the Student’s t-

test, and significance was declared at p < 0.05.  

 

Results 

 

Glucose and insulin do not regulate TAG hydrolysis acutely 

To investigate whether the short-term presence of glucose and/or insulin increased the 

amount of TAG hydrolyzed, we performed pulse-chase experiments using 500 µM [1-

14C] oleate, utilizing a 2 h pulse period followed by a 6 h chase. During the chase period, 

cells were treated with media containing no insulin/low glucose (5.5 mM), insulin (10 

nM)/low glucose, no insulin/high glucose (25 mM), or insulin/high glucose. Following 

completion of the initial 2 h labeling period, cells from selected wells were harvested in 

order to quantify incorporation of labeled TAG. The total labeled FA incorporated into 

the cells following the pulse period was used for comparison with the amount of TAG 

remaining in the cell fraction and present in different fractions (media and ASM) after the 

chase period. All remaining cells and media were harvested after the 6 h chase period, 

and subject to lipid extractions and TLC for quantification of labeled FA. There were no 

significant effects of differing glucose/insulin treatments following this short-term 

treatment period (Figure 1). Compared to the hepatocytes treated with low glucose and no 

insulin, the hepatocytes incubated under high glucose/no insulin conditions appeared to 

lose slightly more [14C] oleate during the chase period, indicating an increase in the rate 
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of TAG hydrolysis. This effect was not significant, however, and there were no apparent 

changes in the other treatments.  

 

Glucose and insulin do not have an acute effect on oxidation of hydrolyzed FA. 

When considering possible sources of FA for oxidation, it is possible for the FA to 

originate either directly from exogenous uptake or from the hydrolysis of stored TAG. To 

determine whether different media conditions or their respective effects on rates of TAG 

hydrolysis influenced the partitioning of FA to oxidation over the short-term, a portion of 

the media from the pulse-chase experiments was harvested and analyzed for presence of 

acid-soluble metabolites (ASM). Approximately 10-15% of FA stored as TAG was 

hydrolyzed and channeled to oxidation during the chase period. However, as with TAG 

hydrolysis, no significant differences in production of ASM were observed following the 

short-term 6 h chase period (Figure 2).  

 

Glucose and insulin do not have an acute effect on secretion of hydrolyzed FA. 

It is well known that a large proportion of the TAG incorporated into VLDL is first stored 

in cytosolic lipid droplets rather than being directly secreted. As such, mobilization of 

this stored TAG is thought to require a lipolytic event in order to transfer it from 

cytosolic storage to the site of VLDL assembly, and it has been shown that increased 

rates of hepatic TAG hydrolysis correspond to increased rates of TAG secretion as 

VLDL. In order to investigate this relationship between TAG hydrolysis/secretion and the 

effects of differing media conditions, media was harvested following the short-term 

pulse-chase experiment described above and subject to lipid extractions. The percentage 
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of cytosolic [14C] oleate that was secreted into the media over the 6 h chase period was 

not significantly different in response to differing media concentrations of glucose/insulin 

(Figure 3).  

 

Glucose and insulin do not have chronic effects on TAG hydrolysis. 

It is possible that the effects exerted by glucose and insulin on cellular events such as 

TAG hydrolysis, oxidation, and secretion could be mediated by long-term changes in 

gene expression/proteins rather than short-term phosphorylation/signaling events. To 

investigate this possibility, we utilized a similar experimental design as described above, 

but utilized a longer time period. Primary hepatocytes were pulsed for 16 h with 500 µM 

[1-14C] oleate and then chased for 24 h with media containing no insulin/low glucose (5.5 

mM), insulin (10 nM)/low glucose, no insulin/high glucose (25 mM), or insulin/high 

glucose. Once again, there were no significant differences between the different 

treatments (Figure 4), although there was a trend toward increased TAG hydrolysis under 

control media conditions of low glucose/no insulin, when compared to the others. 

 

Chronic insulin exposure has a significant effect on oxidation of hydrolyzed FA. 

When media was analyzed for ASM following the longer-term 24 h chase period, there 

was a decrease in [14C] oleate oxidation in response to insulin (Figure 5). This insulin-

dependent decrease in FA oxidation (following chronic treatment) was present both under 

conditions of low and high glucose. Surprisingly, these effects are present in the absence 

of significant changes in TAG hydrolysis. The presence of significant effects following a 

long-term but not a short-term treatment period suggests that the effects of insulin and 
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glucose on hepatic FA oxidation may be mediated, at least in part, by transcriptional 

mechanisms. 

 

Chronic insulin exposure has a significant effect on TAG secretion  

Insulin also influenced the percentage of hydrolyzed FA secreted into the media 

following the 24 h chase period (Figure 6). The presence of insulin in the media 

significantly decreased the secretion of cytosolic TAG under both conditions of high and 

low glucose. These data suggest insulin suppresses both the oxidation and secretion of 

hydrolyzed FA when exposed for 24 h.  
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Discussion 

 

We did not see any differences in TAG hydrolysis following either acute or chronic 

treatment with insulin/glucose. The amount of labeled FA in the cellular TAG fraction 

following the initial pulse period represented the [14C] oleate that had been esterified and 

stored as TAG. Following the chase period, the relative decrease in cellular [14C] oleate 

represented the percentage of FA that had been broken down and shuttled out of the cell 

to other pathways. It is possible that at least a portion of the [14C] oleate FA remaining in 

cytosolic storage TAG following the chase period may have been hydrolyzed and re-

esterified as part of the constant cycle that is known to take place in the liver. We were 

not able to determine the proportion of FA that were hydrolyzed and re-esterified, 

because only the total [14C] oleate present in the hepatic TAG fraction was measured. 

Past studies that have been done to investigate this hepatic lipolysis/esterification cycle 

have suggested that in fact most of the FA released from cytosolic storage are simply re-

esterified and returned to the lipid droplet rather than being utilized in other pathways 

(78). Furthermore, although insulin is known to have an inhibitory effect on lipolysis in 

adipose tissue, its effects on hepatic lipolysis are not as well characterized. Wiggins et al 

examined the effects of insulin on lipolysis and re-esterification of hepatic TAG and were 

unable to see changes, a conclusion which is supported by the current study (73). The 

hepatic cycle of lipolysis/re-esterification is known to be regulated by glucose in a 

pathway that is dependent on phosphorylation of glucokinase (79), but we were unable to 

see this glucose-dependent increase in TAG hydrolysis. This again may be due to the fact 

that we did not differentiate between [14C] oleate FA that had been simply esterified to 
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TAG and remained in storage and [14C] oleate FA that had been broken down and re-

esterified again to TAG.  

 

Insulin decreased the secretion of hydrolyzed FA with chronic treatment under both 

conditions of low and high glucose. It is well known that insulin decreases the secretion 

of VLDL via various mechanisms such as inhibiting lipolysis in adipose tissue and 

decreasing MTP expression. This inhibitory effect of insulin on TAG secretion in 

hepatocytes has been seen under various concentrations of glucose in the past as well, 

with inhibitory effects seen at glucose concentrations ranging from 5 to 25mM (80). 

Many of the past studies that have investigated the ability of insulin to regulate VLDL-

TAG secretion have treated cells with insulin and FA and evaluated the effects on VLDL 

secretion. In contrast, we allowed the hepatocytes to incorporate FA into cytosolic 

storage TAG and then treated them with glucose/insulin to examine effects on secretion 

of the hydrolyzed FA.  

 

Although we were unable to see significant effects of acute (6 h) insulin or glucose 

exposure on FA trafficking to pathways of oxidation or secretion, we did see significant 

decreases in both with chronic insulin exposure (24 h). The fact that we only observed 

significant effects in the chronic experiment may suggest that insulin is altering gene 

expression in the liver, and these changes are thus apparent after a longer period of time. 

Insulin is known to regulate several transcription factors related to VLDL metabolism, 

such as Fox01 and SREBP-1c, as well as the expression of MTP and ARF1, all of which 

have been shown to play a part in the assembly and secretion of VLDL (29, 32). This 
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chronic inhibition of TAG secretion (VLDL) by insulin is contradictory to the data that is 

shown elsewhere in the literature, however. Several studies show insulin inhibits VLDL 

secretion acutely, but this effect is largely diminished with prolonged insulin exposure, 

likely because of the decreased cellular response to insulin. One discrepancy between 

studies, however, is the different definitions of ‘acute’ and ‘chronic’ time periods. In this 

study, 6 h represented an ‘acute’ exposure, while 24 h represented a ‘chronic’ exposure. 

In order to examine the effects of a truly ‘chronic’ exposure to insulin, it may have been 

necessary to expose hepatocytes for a longer period of time, such as 72 h, rather than 24. 

In several past studies done to investigate the effects on insulin on VLDL secretion, the 

inhibitory effects of insulin on VLDL secretion were no longer apparent after 24 hours 

(78).   

 

In this study we observed significant decreases in oxidation of hydrolyzed [14C] oleate 

following chronic exposure to insulin. It has recently been shown that FA from 

hydrolysis of cytosolic TAG catalyzed by ATGL in the liver are used for oxidative 

pathways (81). Indeed, the results of this study support the idea that at least a portion of 

FA hydrolyzed from cytosolic TAG are channeled to oxidation. We observed 15-25% of 

the cellular [14C] oleate appearing as ASM. The mechanisms that might be regulating this 

partitioning remain largely unclear, however. It has recently been suggested that 

channeling of hydrolyzed FA may be at least partly dependent on the lipase responsible 

for catalyzing the hydrolysis reaction (81). It also appears that insulin may play a part in 

the regulation of this pathway, especially following long-term exposure, as we have 

shown that chronic exposure to insulin decreased the percentage of hydrolyzed FA 

channeled to oxidation.  
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We saw decreases in partitioning of hydrolyzed FA to both TAG secretion and FA 

oxidation under conditions of chronic insulin exposure, but we did not actually see 

changes in TAG hydrolysis itself. One possibility for this observation is the fact that the 

FA channeled to oxidation and/or secretion make up a very small portion of the total 

labeled FA taken up and stored in TAG in the hepatocytes. The [14C] oleate secreted as 

media TAG represented less than 1% of the total [14C] oleate incorporated into the cells, 

and the labeled FA that appeared in ASM represented between 10 and 25% of the 

incorporated [14C] oleate FA. It is thus possible that with more replicates of these 

experiments the effects would be more pronounced, but it is also possible that our method 

of assessing differences in TAG hydrolysis is not sensitive enough to detect subtle 

changes such as would result from channeling to pathways of oxidation and/or secretion. 

 

Although it is well documented that glucose increases hepatic VLDL secretion (34, 41, 82-

86) and the rate of lipolysis/re-esterification (87), we were unable to see glucose-mediated 

increases in either, regardless of treatment time. Dietary carbohydrate drives the de novo 

synthesis of FA in the liver as well as its storage in cytosolic lipid droplets, and this 

provision of substrate has been cited as one of the ways in which glucose acts to increase 

hepatic VLDL output. Glucose also did not affect oxidation of the hydrolyzed FA 

following either duration of treatment, although increased carbohydrate has been shown 

in the past to decrease overall FA oxidation (88). It is unclear why we were unable to 

replicate these effects of glucose in this study. The [14C] oleate FA was present in the 

media complexed to albumin, thus in a form similar to plasma FFA available for uptake 
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by the hepatocytes. This represents only one of the possible sources of lipid available for 

uptake by the liver, however, and it has been suggested that the route of FA delivery may 

influence its metabolic fate (24). How this may have affected partitioning of [14C] oleate 

to oxidation or secretion is not clear, however.  

 

As far as future considerations, it would be interesting to examine the effects of 

hyperinsulinemic conditions as they relate to hydrolysis of hepatic lipid droplet TAG and 

subsequent FA partitioning. Due to the fact that we observed decreases in oxidation and 

secretion of labeled FA under conditions of chronic insulin exposure, performing a 

similar experiment using a larger dose of insulin could further highlight its effects on 

hydrolysis and FA channeling, should the effects be dose-dependent. Furthermore, this is 

an interesting question to address given that hyperinsulinemia is often seen with type 2 

diabetes and other metabolic disease, and additional understanding of the metabolic 

effects of chronic high insulin concentrations is thus warranted if we are to further 

understand these states of metabolic disturbance. It would have also been interesting to 

look at the expression of different lipases before and after treatment with glucose/insulin. 

Lipase enzymes are responsible for catalyzing the lipolysis reactions necessary for the 

breakdown of cytosolic TAG, and several have been characterized in the liver. Although 

there has recently been a great deal of work done to better understand these hepatic 

lipases, there is still much to learn, including the factors by which they are regulated and 

their precise mechanisms of action. We have recently shown that FA hydrolyzed from 

TAG are differentially partitioned in hepatocytes depending upon the lipase catalyzing 

the hydrolysis reaction (81). For example, overexpression of adipose triglyceride lipase 
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(ATGL) increases partitioning of hydrolyzed FA to oxidation, but has no effect on its 

secretion. On the other hand, overexpression of the hepatic ER-localized microsomal 

triacylglycerol hydrolase (TGH) increases TAG lipolysis/reesterification and secretion of 

apoB/TAG (43). TGH is one of the enzymes that has been suggested to participate in the 

provision of lipids for VLDL assembly, however much about the enzyme remains largely 

unclear, including its regulatory factors (42, 89). It is entirely possible that both glucose 

and insulin may play a part in the regulation of TGH, and this may represent a potential 

mechanism of their involvement in the provision of FA for VLDL assembly.  

 

To conclude, the objective of this study was to understand more about how glucose and 

insulin regulate the hydrolysis of stored hepatic TAG and its partitioning to different 

pathways, namely oxidation or secretion. We were unable to find significant effects on 

TAG hydrolysis, secretion, or FA oxidation after a 6 h chase with insulin and/or glucose, 

but following a longer 24 h chase period, we saw significant decreases in both FA 

oxidation and TAG secretion in the presence of insulin. Since we observed effects 

following chronic treatment with insulin, some of the next questions to consider might 

involve how in fact insulin acts to govern the channeling of hydrolyzed FA, and whether 

its mechanism of regulation involves interaction with distinct lipases or FA transport 

proteins, for example. Additionally, if in fact insulin is acting to regulate the partitioning 

of hydrolyzed TAG by transcriptional mechanisms, what are they and how are they 

playing a role? This research is important because disorders of insulin signaling and 

glucose metabolism are closely tied to metabolic disease and dysregulated lipid 

metabolism. Continued understanding of how these factors influence the hyperlipidemia 
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so often seen in disease states will undoubtedly serve to aid in the ongoing battle against 

diseases such as type 2 diabetes and CVD, and will continue to contribute to our 

knowledge about the trafficking of lipids in the liver. 

 

 

 

 

 

 

 

 

 



	   51	  

 
Figure 1.  Glucose and insulin do not regulate TAG hydrolysis acutely. 
Twenty-four hours after plating, primary hepatocytes were pulsed for 2 h with media 
containing [1-14C] oleate and 500µm oleate complexed to albumin. Following the pulse, 
selected wells were harvested and the amount of [14C] oleate in the cells determined. The 
radiolabeled media was removed from the remaining wells and replaced with media 
containing differing concentrations of glucose and insulin (no insulin/5.5 mM glucose, 10 
nM insulin/5.5 mM glucose, no insulin/25 mM glucose, 10 nM insulin/25 mM glucose) 
for a 6 h chase period. Following the chase period, cells were harvested for lipid 
extractions and TLC, as described in Experimental Procedures. Data are shown as mean 
± SE; n=3, with each treatment representing 3 wells. These experiments were also 
repeated 3 separate times. There were no effects (p > 0.05) of glucose or insulin on the 
percent of [14C] oleate in the cells following the 6 h chase. 
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Figure 2.  Glucose and insulin do not have an acute effect on oxidation of 
hydrolyzed FA. Hepatocytes were treated as described in Fig. 1. Following completion 
of the 6 h chase period, media from each sample was harvested and oxidation of [1-14C] 
oleate to acid-soluble metabolites (ASM) was measured. Data are shown as mean ± SE; 
n=3. There were no effects (p > 0.05) of glucose or insulin on the percent of [14C] oleate 
in the ASM fraction following the 6 h chase. 
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Figure 3. Glucose and insulin do not have an acute effect on secretion of hydrolyzed 
FA. Hepatocytes were treated as described in Fig. 1. Following completion of the 6 h 
chase period, media was harvested for lipid extractions and TLC as described. Data are 
shown as mean ± SE; n=3. There were no effects (p > 0.05) of glucose or insulin on the 
percent of [14C] oleate in the media following the 6 h chase. 
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Figure 4. Glucose and insulin do not have chronic effects on TAG hydrolysis. 
Twenty-four hours after plating, primary hepatocytes were pulsed for 16 h with media 
containing 500 µM [1-14C] oleate complexed to albumin. Following the pulse, selected 
wells were harvested. The radiolabeled media was removed from the remaining wells and 
replaced with media containing differing concentrations of glucose and insulin for a 24 h 
chase period. Following the chase period, cells and media were harvested for lipid 
extractions and TLC. Data are shown as mean ± SE; n=3. There were no effects (p > 
0.05) of glucose or insulin on the percent of [14C] oleate in the cells following the 24 h 
chase. 
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Figure 5. Chronic insulin exposure has a significant effect on oxidation of 
hydrolyzed FA. Hepatocytes were treated as described in Fig. 4. Following completion 
of the 24 h chase period, media was harvested and oxidation of [1-14C] oleate to acid-
soluble metabolites (ASM) was measured. Data are shown as mean ± SE; n=3. * p<0.05 
The presence of insulin significantly decreased percentage of cellular [14C] oleate in the 
ASM fraction following the 24 h chase. 
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Figure 6. Chronic insulin exposure has a significant effect on secretion of 
hydrolyzed FA. Hepatocytes were treated as described in Fig. 4. Following completion 
of the 24 h chase period, media was harvested for lipid extractions and TLC. Data are 
shown as mean ± SE; n=3. * p<0.05, the presence of insulin significantly decreased 
percentage of cellular [14C] oleate in the media fraction following the 24 h chase. 
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Chapter 3:  Hepatic partitioning/turnover of de novo vs. 

exogenous fatty acids 

 

There is a great deal of evidence suggesting that before being incorporated into VLDL for 

secretion, hepatic FA are first directed to storage in the cytosolic lipid droplet pool, and 

must subsequently be mobilized and channeled to assembly into VLDL. It remains 

unclear, however, whether the liver stores FA from different sources in distinct lipid 

droplet pools. Furthermore, should distinct storage pools exist, it is unknown whether 

they are preferentially channeled to different pathways, such as VLDL assembly. We 

performed experiments utilizing [1-14C] acetate and [1-14C] palmitate to represent FA 

derived from de novo lipogenesis and exogenous uptake, respectively. There was no 

difference between percentage of cellular acetate (via conversion to long chain FA) or 

palmitate secreted into the media at 4, 8, and 16 h in primary hepatocytes. However, we 

consistently saw a greater percentage of the label from acetate (de novo FA) secreted into 

the media after 2 h. Following the same 2 h labeling period in primary hepatocytes, we 

observed no difference between the partitioning of [1-14C] acetate and [1-14C] palmitate 

to the microsomal (ER) and lipid droplet fractions. Finally, to examine in vivo 

partitioning of the different FA, we injected mice with labeled FA and isolated their 

livers to quantify the contribution of the respective FA to cellular TAG and 

phospholipids. There was no difference in the incorporation of differentially sourced FA 

in liver TAG or phospholipid fractions. The results of these studies suggest that given the 

choice between FA taken up from exogenous sources and FA synthesized de novo, the 
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liver may acutely preferentially secrete FA from de novo synthesis, however more work 

is needed to confirm this finding.  
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Introduction 

 

Given the consequences of dysregulated lipoprotein metabolism in the etiology of 

metabolic disease such as type 2 diabetes, cardiovascular disease, and nonalcoholic fatty 

liver disease, it is important to understand its governing factors, many of which thus far 

remain unclear. Of particular interest is the regulation of the hepatic assembly and 

secretion of very low-density lipoproteins (VLDL), as this represents a very important 

means of regulation for plasma and hepatic lipids. It is well documented that fatty acids 

taken up from exogenous sources (dietary FA) are not directly incorporated into VLDL 

and secreted, but are first incorporated into an intracellular storage pool and stored as 

TAG in cellular lipid droplets (24, 36, 37). This also appears to be true for FA synthesized 

de novo—upon exiting the synthesis pathway they are thought to be incorporated into 

cytosolic lipid droplets as TAG rather than immediately being incorporated into VLDL 

(37).   

 

Several questions in particular remain to be answered regarding the provision of FA 

available for assembly and secretion of VLDL, including the following. Are FA of 

differing origins preferentially incorporated into storage as hepatic lipid droplets or 

secreted as VLDL? Specifically, are de novo synthesized FA metabolized/turned over 

differently than FA taken up from exogenous sources? And finally, is it possible for FA 

from certain sources to bypass the lipid droplet altogether and be shuttled directly to the 

ER for incorporation into VLDL? A study done by Chakravarthy et al (2005) was one of 

the first to investigate the possibility that the metabolic fate of FA could depend on their 
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origin. Indeed, they showed differential effects of de novo/chylomicron-derived FA vs. 

FFA taken up from lipolysis of adipose tissue on the regulation of PPAR-α in the liver 

(90). It has also been shown that long chain acyl-CoA synthetase 5 (ACSL5) activates 

exogenous FA and directs them toward TAG synthesis storage, but does not have the 

same effect on FA synthesized endogenously (91). Additionally, Zhang et al examined the 

effects of FA delivered to hepatocytes via either lipid emulsion (Intralipid) or bound to 

albumin, and found that the method of FA delivery influenced the secretion of both TAG 

and apoB, once again suggesting that the origin of a FA influences its partitioning to 

distinct metabolic pathways (24). Studies such as these suggest the metabolic fate of FA 

may indeed depend in part on their site of origin. If the source of FA influences whether 

they are partitioned to storage vs. secretion, however, has not yet been fully determined.  

 

If we are to completely understand the process of VLDL assembly and secretion, it will 

be critical to understand the factors governing the channeling of TAG to cytosolic storage 

or secretion. In order to begin to address these questions and investigate the possibility 

that FA originating from different sources could be preferentially channeled to hepatic 

storage or secretion, we utilized [1-14C] acetate and [1-14C] palmitate for several labeling 

experiments. The labeled acetate, which is subsequently converted to long chain FA, was 

representative of de novo-synthesized FA, and the palmitate represented exogenous FA. 

We utilized primary mouse hepatocytes for most of the experiments, and additionally did 

an animal study to look at in vivo partitioning of the respective FA. 
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Experimental Procedures 

 

Primary hepatocyte isolation and culture 

Hepatocytes were isolated and cultured exactly as described previously (Chapter 2). 

 

Metabolic labeling studies 

Hepatocytes were isolated, plated, and incubated overnight in complete M199 media. 24 

h after plating, media was replaced with insulin-free M199 (5.5mM glucose) containing a 

mixture of fatty acids in the following concentrations:  50µM palmitate, 150µM oleate, 

and 10µM acetate. (labeled with either [1-14C] acetate or [1-14C] palmitate FA). The cells 

were incubated in the presence of the radiolabeled media for 2, 4, 8, or 16 h. At the end 

of each respective time point, cells and media were harvested for lipid extractions and 

TLC, performed as described previously, to determine partitioning of labeled FA. 

 

Separation of lipid droplet and microsomal fractions 

Endoplasmic reticulum (referred to hereafter as the microsomal fraction) and cytoplasmic 

lipid droplets were prepared using primary hepatocytes that had been incubated overnight 

in media M199 complete (M199 media, 5.5mM glucose, 10nM insulin, 10nM 

dexamethasone, 20mM carnitine, 1% Penicillin/Streptomycin). Two hours before the 

experiment, the cells were treated with FA-complexed media radiolabeled with either [1-

14C] acetate or [1-14C] palmitate, prepared as described previously. At the conclusion of 

the 2 h incubation period, reactions were stopped on ice and the cells were washed three 

times with cold 150mM NaCl. Cells were then harvested in 1ml 0.25M sucrose/2mM 
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EDTA buffer and homogenized with a Teflon pestle by six complete strokes at 1,000 

rev/min. This homogenate was centrifuged at 1,000 x g at 4° for 15 minutes, and the 

supernatant collected and saved. The pellet was re-suspended in the same sucrose/EDTA 

solution and again homogenized by six complete strokes at 1,000 rev/min. The 

homogenate was spun at 1,000 x g at 4° for 15 minutes, and the supernatant collected to a 

separate tube. This supernatant was then combined with the supernatant from the first 

spin and spun at 10,000 x g at 4° for 15 minutes. The resulting supernatants were 

removed to 2ml ultracentrifuge tubes and the pellets discarded. Samples were then spun 

at 100,000 x g in an ultracentrifuge (rotor 70.1 Ti, Beckman) for 60 minutes in order to 

pellet the microsomes. The floating fat (lipid droplet) fraction was removed via aspiration 

with a Pasteur pipette and saved for analysis via lipid extraction and TLC (described 

previously). The middle sucrose layer was discarded and the microsomal pellets 

resuspended. These aliquots were also saved and analyzed for FA content by lipid 

extraction and TLC. 

 

Analysis of total protein 

Protein concentrations for normalization were determined using the BCA method (Pierce 

Biosciences). 
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Animal study 

Incorporation of [14C]palmitic acid and [14C]acetic acid into animal tissues 

Male C57BL/6J mice were obtained from Jackson Labs (Bar Harbor, ME) and 

maintained at 70°F on a 12:12h light-dark cycle. Mice were fed a purified diet for 3 

weeks. On the morning of the study, immediately following the feeding period, 5 µCi 

(SA = 57.5 mCi/mmol) of [14C] palmitic acid suspended in sterile albumin or 30 µCi (SA 

= 106mCi/mmol) [14C] acetic acid suspended in sterile saline was injected into the tail 

vein. One hour after injection of the labeled fatty acid, the liver was harvested for 

subsequent analysis.    

 

Determination of liver tissue lipid incorporation 

Liver tissue (200g) was homogenized in 5 ml chloroform:methanol and lipid was 

extracted via collection of the organic phase. This aliquot was dried under nitrogen, 

resuspended, and separated by TLC as described previously (using solvent mixture of 

hexane:ethyl ether:acetic acid, 80:20:1, v/v) in order to separate the lipid fractions. 

Sample aliquots were also run with a solvent mixture of chloroform:methanol:acetic 

acid:water (50:37.5:3.5:2 v/v) to separate liver phospholipids. Phospholipid and TAG 

fractions were subsequently quantified using a Bioscan TLC imaging scanner and 

normalized to tissue weight.  

 

Statistical Analysis 

Data were expressed as means ± SE. Data were analyzed by the Student’s t-test, and 

significance was declared at p < 0.05.  
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Results 

 

Hepatocytes preferentially secrete a greater percentage of cellular de novo synthesized 

fatty acids acutely.  In order to assess whether the source of FA influences its likelihood 

of being partitioned for secretion as VLDL, we incubated primary mouse hepatocytes 

with media containing either [1-14C] acetate (representative of de novo synthesized FA) 

or [1-14C] palmitate (representative of exogenous FA) for 2, 4, 8, or 16 h. Cells and media 

were harvested following the completion of each respective time point and subject to 

lipid analysis via lipid extractions and TLC. Results were expressed as the percentage of 

cellular TAG secreted into the media, thus reflecting the relative partitioning between 

stored and secreted TAG. Similar percentages of cellular [1-14C] acetate (incorporated 

into long chain FA) and [1-14C] palmitate were secreted into the media at every time 

point but 2 h (Figure 1). At 2 h, de novo synthesized FA was partitioned to secretion 

relative to cellular TAG approximately 10-fold more than exogenous FA. These data 

demonstrate the possibility of an acute preferential secretion of TAG containing FA 

originating from de novo synthesis.  

 

No difference in partitioning of de novo and exogenous fatty acids between the 

endoplasmic reticulum (ER) and lipid droplet fractions in primary hepatocytes. The 

above data suggest that greater amounts of de novo synthesized FA are transferred to 

VLDL acutely compared with FA from exogenous sources. One possible explanation for 

this is that de novo synthesized FA can perhaps be incorporated directly into the TAG 

and VLDL at the ER rather than going through the cytosolic lipid droplet first. To 
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investigate whether differentially-sourced FA were preferentially incorporated into 

cytosolic lipid droplet storage or the endoplasmic reticulum (i.e. the secretory pathway), 

primary hepatocytes were treated with media containing either [1-14C] acetate or [1-14C] 

palmitate and incubated for 2 h. Cells were harvested and the lipid droplet and ER 

fractions separated via ultracentrifugation. The lipids from each aliquot were 

subsequently extracted and quantified for comparison. Approximately 85% of FA derived 

from both de novo synthesis and exogenous uptake were incorporated into cytosolic lipid 

droplets over the 2 h period compared to 15% incorporated into ER TAG. Thus, there 

were no differences between the incorporation of de novo and exogenous FA into the ER 

and lipid droplet fractions (Figures 2a & 2b).  

 

No difference in partitioning of de novo and exogenous FA between hepatic TAG and 

phospholipid fractions in vivo. In order to examine the hepatic partitioning of FA from de 

novo vs. exogenous sources in vivo, sterile [1-14C] acetate or [1-14C] palmitate was 

administered via tail vein injections in male C57BL/6J mice. The mice were sacrificed 1 

h after injection of the isotope and their livers isolated. The liver tissue was subsequently 

homogenized and subject to lipid extractions and TLC to separate the TAG fractions as 

well as the different phospholipid species. This was done to allow us to investigate 

whether there was a preferential incorporation of de novo vs. exogenous FA into hepatic 

phospholipids, as they are an integral part of VLDL assembly and the liver’s ability to 

secrete TAG. There were no differences between the incorporation of either de novo or 

exogenous FA into TAG or the various PL fractions (Figure 3).   
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Discussion 

 

The aim of the present study was to investigate whether the origin of a FA influences 

whether it is incorporated into VLDL for secretion or channeled to storage as TAG in 

cytosolic lipid droplets. We were particularly interested in whether FA that are 

synthesized de novo in the liver are metabolized differently than those taken up from 

exogenous sources; whether FA from either source are more likely to be stored or 

secreted. In order to differentiate between FA from these two sources and trace their 

partitioning and metabolism, we utilized [14C] acetate and [14C] palmitate FA for several 

labeling studies done with primary mouse hepatocytes. The [14C] acetate was used to 

trace FA synthesized de novo, whereas the [14C] palmitate represented FA taken up from 

dietary/exogenous sources. We examined the storage and secretion of each FA over time 

as well as the incorporation of each into different cellular fractions. Additionally, we 

injected the labeled FA into mice for an in vivo evaluation of hepatic incorporation of 

each FA into some of the major lipid and phospholipid fractions. 

 

We saw an increase in the hepatic secretion of [14C] acetate labeled FA as media TAG 

after a 2 h labeling period. Following each subsequent time point, however, there were no 

observable differences between the percentage of cellular radiolabels secreted into the 

media. This acute preference for the secretion of de novo FA suggests that these FA 

might be turned over more quickly than those taken up from exogenous sources, at least 

initially. There is evidence suggesting when TAG are synthesized on the hepatic ER 

lumen, a small portion of the newly-made TAG is actually secreted directly as VLDL, 
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while the rest (the majority) is channeled to the cytosol for storage in lipid droplets (76). 

It is not clear, however, where the FA used for synthesis of the TAG originated, and 

furthermore whether the TAG that were directly incorporated into VLDL and secreted 

originated from a particular source. One possibility is that the TAG entering the secretory 

pathway immediately following synthesis are exclusively made up of de novo-

synthesized FA, at least acutely. When we treated primary hepatocytes with 

representative labeled FA and separated the lipid droplet and ER fractions after 2 h, 

however, we saw no differences in the incorporation of de novo vs. exogenous FA, which 

does not support this idea that the TAG secreted directly are in fact composed solely of 

de novo-synthesized FA.  

 

If the cycle of hepatic TAG hydrolysis and re-esterification is non-selective regarding the 

FA involved, FA from all sources would likely end up incorporated together on a given 

glycerol backbone. It has been suggested that the enzymes of TAG synthesis have 

marked preferences for the incorporation of FA with specific structures (i.e. saturated vs. 

unsaturated) into specific positions on the glycerol backbone. Thus, it is likely that 

enzymes have preferences for performing certain actions with certain FA. It is well 

known that FA of differing chain lengths and degrees of saturation are handled 

differently, thus it is also likely that FA from different sources are not metabolized in 

exactly the same way. It is possible FA could be broken down via distinct pathways 

depending on their source. Should these distinct pathways exist, it is also conceivable that 

distinct cytosolic storage pools for differentially sourced FA could exist, and through 
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complex signaling pathways, etc., could interact with specific lipases and/or be shuttled 

to different pathways.  

 

There is some evidence that different FA can have different effects on secretion of TAG 

and apoB, however whether these FA affect VLDL secretion due to their source has not 

been extensively investigated. Caviglia et al examined the effects of oleic acid (OA), 

palmitic acid (PA), and docosahexanoic acid (DHA) on hepatic apoB secretion and found 

that both OA and PA inhibited apoB secretion by induction of ER stress (defined as a loss 

of ER homoeostasis due to the accumulation of misfolded proteins in the ER lumen) (92).  

Along with this inhibition of apoB and VLDL secretion, they saw an increase in hepatic 

fat content. ER stress activates the transcription factor SREBP-1c, which leads to the 

induction of lipogenic genes and promotes de novo FA synthesis (93). Alternatively, 

although DHA also inhibited secretion of apoB as well, it did so via stimulation of 

autophagy, which did not induce ER stress or FA synthesis. Thus DHA was able to 

suppress hepatic apoB and VLDL secretion without increasing hepatic TAG (92). These 

findings demonstrate a few things, namely that the assembly and secretion of VLDL can 

be influenced by differences in characteristics of the FA present. Additionally, there is 

evidence that FA can act as signaling molecules (94), and thus FA from different sources 

might provide different stimuli for specific steps of the VLDL assembly/secretion 

pathway. This may provide another explanation for the distinct partitioning of 

differentially sourced FA. 
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There has been very little investigation into the question of differential metabolism of FA 

from different origins, and even fewer examining the possibility of this distinction 

affecting VLDL metabolism. A 2004 study done by Zhang et al compared the effects of 

two different types of exogenous FA, those delivered to the liver via chylomicron 

remnants and FFA originating from lipolysis of adipose tissue, on regulation of apoB-

lipoprotein assembly. They concluded that the route of delivery of exogenous FA plays a 

significant part in its effects on apoB/TAG secretion (95). They did not, however, 

compare the effects of these exogenous FA on apoB metabolism with FA synthesized de 

novo, and as such the present study is the first proposed to differentiate between the 

effects of de novo and exogenous FA on partitioning of FA to storage vs. secretion. 

Alternatively, a study done by Chakravarthy et al also aimed to explore the idea that the 

metabolic fate of a particular FA depends on its origin, differentiating between “new” fat 

(FA synthesized de novo or taken up via chylomicron remnants) and “old” fat (FFA 

released from adipose). They showed fat synthesized de novo/taken up via chylomicron 

remnants (“new” fat) has the ability to activate the transcription factor PPAR-α in the 

liver, whereas “old” fat sourced from adipose tissue lipolysis does not (96). Again, this 

study provides evidence for distinct metabolic effects of FA depending on their 

respective source, but does not directly examine the differences between FA synthesized 

de novo vs. FA taken up from an exogenous source, and furthermore does not address the 

specific effects of FA origin on hepatic storage or secretion.   
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It has been suggested that the relative contribution of newly synthesized FA may 

contribute to different proportions of the TAG secreted as VLDL in different nutritional 

states (76). For example, when rates of de novo FA synthesis are suppressed by starvation 

or feeding with a high-fat diet, newly-synthesized FA supposedly comprise a smaller 

proportion of total VLDL TAG. The amount of this contribution in the fasted state can be 

quite inconsistent, however, based on variables such as insulin sensitivity and hepatic fat 

content (59). We utilized mice in the fed state for our in vivo study of FA partitioning in 

order to minimize the influence of these variables as much as possible. Because we were 

unable to collect enough radiolabel in the serum for analysis of lipid content (VLDL 

TAG secretion of labeled FA), we elected to analyze the partitioning of [14C] acetate and 

[14C] palmitate between different liver lipid fractions. Phospholipids are essential for the 

proper assembly and secretion of VLDL, and are also a component of lipid droplet 

membranes, thus we reasoned if a particular FA was preferentially utilized for 

phospholipid synthesis, this could influence its trafficking as well as the trafficking of 

other hepatic lipids. Furthermore, if de novo and exogenous FA were differentially 

incorporated into different hepatic lipid species, this could provide evidence that the two 

are in fact metabolized differently and stored in distinct pools in the liver. When we 

looked at the incorporation of the labeled FA into hepatic TAG vs. phospholipid 

fractions, we saw no differences, however, suggesting there is no preference for the 

incorporation of either FA into either storage in the cytosolic lipid pool or incorporation 

into hepatic phospholipids.   
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Because conditions of chronic hyperglycemia and hyperinsulinemia (such as are seen in 

Type 2 Diabetes) are associated with both increased FA synthesis and increased VLDL 

secretion (47, 69), perhaps there is a preference for the secretion of FA that have been 

synthesized from glucose. It is well documented that high-carbohydrate diets increase 

both rates of de novo FA synthesis and VLDL secretion. Since glucose stimulates both 

lipogenesis and VLDL secretion, it might be having this effect partly because the 

carbohydrate-derived de novo FA are somehow preferentially incorporated into VLDL 

and secreted. Indeed, it has been shown that the magnitude of de novo lipogenesis is 

significantly correlated with plasma VLDL level (62). The carbohydrate-induced increase 

in VLDL secretion is not completely understood, however, and further investigation into 

the specific metabolism of glucose-derived de novo FA will be important to elucidate 

more about this association between dietary carbohydrate and lipid metabolism, 

especially as it relates to dyslipidemia and metabolic disease.   

 

In summary, this study provides evidence for an acute preference for the secretion of de 

novo synthesized FA following a 2 h labeling period with representative labeled FA. 

Although we repeatedly saw this effect, we were unable to explain the underlying 

mechanisms, as we saw no preference for the incorporation of the de novo-sourced FA 

into the ER fraction (i.e. the secretory pathway) compared to the exogenous FA. 

Additionally, when we looked at the partitioning of the representative labeled FA in vivo, 

there were no differences in the incorporation of the FA into the TAG and major 

phospholipid fractions in the liver. This study represents further consideration of whether 

FA of distinct origins are turned over/channeled differently and further clarification of the 
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specifics of FA provision for VLDL assembly. Several questions remain regarding the 

regulation of hepatic FA turnover in relation to the assembly and secretion of VLDL, 

such as the following. Are FA of differing sources stored in separate cytosolic TAG 

pools? Are the surfaces of these lipid droplets labeled with distinct proteins that regulate 

their interaction with specific lipases and lipid transfer proteins? Given the prevalence 

and consequences of dysregulated lipid metabolism, any future research that can be done 

to shed light on the processes and regulation of its trafficking in the body will continue to 

be valuable. 
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Figure 1:  Hepatocytes preferentially secrete a greater percentage of cellular de novo 
synthesized fatty acids acutely. Hepatocytes were isolated as described. After initial 
attachment phase, media was removed and replaced with complete M199 and the cells 
were incubated overnight. 24 h after plating, the media was replaced with FA-complexed 
media containing either [1-14C] acetate or [1-14C] palmitate. The cells were subsequently 
incubated for 2, 4, 8, or 16 h with the labeled media. At the end of each respective time 
period, cells and media were harvested for analysis by lipid extractions and TLC. Data 
are shown as mean ± SE; n=3. * p<0.05 
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Figure 2a. No difference between partitioning of de novo and exogenous fatty acids 
into ER fraction in primary hepatocytes. Hepatocytes were isolated as described. After 
initial attachment phase, media was removed and replaced with complete M199 and the 
cells were incubated overnight. 24 h after plating, the media was replaced with FA-
complexed media M199 (insulin-free) containing either [1-14C] acetate or [1-14C] 
palmitate. The cells were subsequently incubated for 2 h with the labeled media. At the 
end of the treatment period, cells were harvested in sucrose/EDTA buffer and 
homogenized. The samples were then ultracentrifuged as described in Experimental 
Procedures to separate the lipid droplet and microsomal (ER) fractions. The fractions 
were then analyzed via lipid extractions and TLC. Data are shown as mean ± SE; n=3 
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Figure 2b. No difference between partitioning of de novo and exogenous FA in lipid 
droplet fraction in primary hepatocytes. Hepatocytes were isolated and treated as 
described in Experimental Procedures. Data are shown as mean ± SE; n=3 
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Figure 3. No difference between partitioning of de novo and exogenous FA into 
hepatic TAG and phospholipid fractions (phosphatidylcholine and other 
phospholipids) in vivo. Liver tissue was isolated from C57BL/6J mice that had 
undergone tail vein injections of either [1-14C] acetate or [1-14C] palmitate 1 h prior to 
tissue extraction. Tissue was homogenized and subjected to lipid extractions and TLC to 
separate major fatty acid species or phospholipids as described in Experimental 
Procedures. Data are shown as mean ± SE; n=4 per group. 
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