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The Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1 Beta
(PGC1) is a nuclear transcription factor coactivator that is involved in lipogenesis, very
low density lipoprotein (VLDL) formation and secretion, and mitochondrial biogenesis.
When PGC1 is over-expressed in mouse liver, there is a dramatic increase in the plasma
VLDL; which is interesting because mice usually do not have much VLDL in their
plasma. PGC1β knock out mice have lower plasma triglycerides, but also have problems
with mitochondrial biogenesis and cold adaptation. The goal of this research project is to
identify the mechanism by which PGC1 contributes to the lipid metabolism in human
liver HepG2 cells. This project was done by creating an adenovirus for PGC1
expression and studying the changes in lipid metabolism in HepG2 cells and lipids
secreted to the culture medium.
Over-expression of PGC1 in HepG2 cells caused significant decrease in the
mass of neutral lipids: monoglycerides, diglycerides, triglycerides, and cholesteryl esters.
There were no significant differences in the masses of any phospholipid species. This
was evident both in the culture medium of cells and in the hepatoma liver cells.
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This phenotype was not corrected by incubating the cells with excess fatty acid.
When [14C]-oleic acid was added to the cells, cells that over-expressed PGC1β had
significant decreases in triglyceride and cholesteryl ester synthesis, and a significant
increase in phospholipid synthesis. This was an interesting finding considering that the
total masses of the phospholipids were unchanged. PGC1β over-expressing cells have an
increased ability to oxidize lipids by β-oxidation.
To examine lipid composition of the lipid classes, the lipids were analyzed by
liquid chromatography mass spectrometry (LCMS). There were no major differences in
the fatty acyl chains of any of the lipid species in PGC1β over-expressing cells.
Over-expressing PGC1β caused a shift in HepG2 cells lipid metabolism away
from triglyceride synthesis and into phospholipid synthesis. It also caused an
upregulation in β-oxidation. Thus, PGC1β is an interesting drug target for hepatic
steatosis or hyperlipidemia because PGC1β not only can increase lipid oxidation, but it
also decreases neutral lipid synthesis.
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Chapter 1: Background and Literature Review

2

1.0 Cardiovascular Disease
Cardiovascular disease is the number one cause of death in developing countries.
According to the American Heart Association, as of 2006, over 81 million people in the
United States have one or more forms of cardiovascular disease (Lloyd-Jones, Adams et
al. 2009). In 2006, 831,272 people lost their lives to cardiovascular disease which
accounted for 34% of all deaths or 1 in every 2.9 deaths (Lloyd-Jones, Adams et al.
2009). Coronary artery disease accounted for approximately half of those deaths and still
remains the number one cause of death in the United States (Lloyd-Jones, Adams et al.
2009). According to the National Heart, Lung, and Blood Institute the direct costs from
cardiovascular disease in 2009 was 324.1 billion dollars (Lloyd-Jones, Adams et al.
2009).
Atherosclerosis is defined by clinicians as progressive lipid accumulation in the
artery leading to an occlusion (Libby 2009). It comes from the Greek words athero
(meaning paste) and sclerosis (hardened). Plaque accumulates on the arterial walls and
consists of fatty substances, cholesterol, cellular waste products, calcium and fibrin.
Plaque formation can lead to internal hemorrhages and blood clot formation which
ultimately can lead to arterial blockage causing a heart attack or stroke. Atherosclerosis
affects large and medium-sized arteries. The type of artery and where the plaque
develops varies with each person. This is a slow, progressive disease that can start in
childhood.
The pathophysiology of atherosclerosis has not been fully elucidated, yet research
has provided some information. Most experts in the field agree that damage to the
endothelium, the innermost layer of the arteries, by high cholesterol levels and high blood
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pressure results in an inflammatory response that, over time, leads to the generation of
fatty streaks. Fatty streaks are found in nonhuman primates living in their natural habitat,
and were most likely present in evolutionary ancestors of homo sapiens (Holman, McGill
et al. 1959; Strong and McGill 1963; Middleton, Rosal et al. 1967; Newman, Middleton
et al. 1974). Fatty streaks have been found in premature babies, and in children as young
as 3 years old (Holman, McGill et al. 1958) revealing that this condition develops over
time and begins early in the cycle of life.
Fatty streaks eventually develop into a raised lesion due to an increase in
inflammation. Ross and Glomset made a landmark discovery in 1974 when they found a
growth factor for smooth muscle cells in clotted human serum, platelet-derived growth
factor. They showed that mechanical injury to the endothelium could lead to platelet
aggregation and intimal thickening. This finding led to the “response to injury
hypothesis” (Ross and Glomset 1973; Ross and Glomset 1974) introducing the theory
that plaque formation was the response to injury of the arterial wall.
Both fatty streaks and raised lesions contain cholesterol esters, extracellular and
intracellular lipid, collagen, fibrin, and macrophage infiltration (Hata, Hower et al. 1974;
Katz, Shipley et al. 1976). Fatty streaks eventually accumulate more lipid and turn into a
raised lesion. Macrophage infiltration occurs at the raised lesion and more cholesterol
esters are delivered forming “foam cells.” As the lesion progresses there is a hardening
by collagen and fibrin, forming what is referred to as a fibrous plaque. Eventually the
plaque builds up, ruptures, occluding the artery resulting in a myocardial event (Libby,
Ridker et al. 2002; Naghavi, Libby et al. 2003).

4

1.1 The Role of Cholesterol in Heart Disease
Many diagnostic markers are used to identify the severity of atherosclerosis, but
low density lipoprotein (LDL) levels are the most commonly used as they have been
strongly correlated to increased cardiovascular risk (Stamler, Wentworth et al. 1986;
Sharrett, Ballantyne et al. 2001; Lloyd-Jones, Adams et al. 2009). The Multiple Risk
Factor Intervention Trial (MRFIT) by Stamler and colleagues published in JAMA in
1986 was the first large epidemiological survey of serum cholesterol levels and death by
cardiovascular disease. The study surveyed 356,222 men ages 35-57 and found a
significant increased risk of cardiovascular mortality with increased total cholesterol
levels. At the largest decile, in which individuals had cholesterol levels ≥ 264 mg/dL (≥
6.83 mM), the relative risk increased to 4.13 over the smallest decile with cholesterol
levels ≤ 167 mg/dL (≤ 4.32 mM). In every decile of cholesterol levels there was an
increased risk of mortality due to cardiovascular heart disease (Stamler, Wentworth et al.
1986). Several other epidemiological studies have found similar results, including the
Framingham Study (Stampfer, Sacks et al. 1991; Stampfer, Krauss et al. 1996; Cupples
2008; Helfand, Buckley et al. 2009), and the Atherosclerosis Risk in Communities study
(ARIC) (Sharrett, Ballantyne et al. 2001). Despite the ample epidemiological evidence
showing cholesterol to be an important risk factor for cardiovascular disease, controversy
in the field remains. The controversy being that even though many individuals are now
currently taking cholesterol lowering drugs, cardiovascular disease is still the number one
cause of death in the United States. Individuals on statin therapy do live longer, however,
they can also develop atherosclerosis (Bradford, Shear et al. 1994; Downs, Clearfield et
al. 1998; Sever, Poulter et al. 2005; Nissen, Nicholls et al. 2006).
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In 1983, approximately 50% of internists surveyed did not recommend any
therapy for hypercholesterolemia, unless the patient’s total cholesterol levels were over
300 mg/dL. Over 40% of internists recommended treatment only if the patient’s plasma
cholesterol was over 340 mg/dL. Approximately 27% of the surveyed internists never
recommended treatment for hypercholesterolemia. (Schucker, Bailey et al. 1987;
Schucker, Wittes et al. 1987; Schucker, Wittes et al. 1991). This clinical negligence may
have been due to a lack of understanding of atherosclerotic plaque formation and of the
role dietary cholesterol plays in arterial plaque formation. The National Institutes of
Health agreed that lowering cholesterol would be a good clinical practice in the 1984
Consensus Conference on Lowering Blood Cholesterol (1985). However, clinical
treatment of hypercholestolemia did not expand until the 1990’s. Clinical awareness and
treatment of hypercholesterolemia with lipid-lowering agents became more frequent upon
the development and production of statins. Statins are lipid-lowering drugs that work by
inhibiting the enzyme, HMG-CoA reductase, which plays a vital role in cholesterol
synthesis, they have also been found to increase lipoprotein lipase activity for the
clearance of cholesterol from plasma. Statins proved useful in reducing the amount of
endogenous cholesterol produced. A reduction in total serum cholesterol levels were
observed in many statin-based clinical trials (Bradford, Shear et al. 1994; Downs,
Clearfield et al. 1998; Sever, Poulter et al. 2005; Nissen, Nicholls et al. 2006).
The causal relationship between dietary cholesterol and atherosclerosis was
shown in the early 1900’s by Anitschov and colleagues. Anitschkov and Chalatov
speculated in 1913 that the cholesterol deposit in the atherosclerotic plaque is caused by
the dietary consumption of lipid. They fed rabbits a high cholesterol diet and those
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rabbits gained weight, developed hepatic steatosis, and atherosclerosis. Rabbits were
sacrificed at several stages during this process and the atherosclerosis progression was
documented. The researchers noted that there were lipid filled macrophages in the late
stage atherosclerotic lesions along with other cholesterol filled cells in the atherosclerotic
plaques (Konstantinov, Mejevoi et al. 2006; Hansson 2009). This ground breaking
discovery linked diet and metabolism with the progression of disease.
Armstrong and colleagues repeated Anitchov’s experiment in non-human
primates, and in a subsequent experiment showed that lowering dietary cholesterol would
decrease occlusions in the artery (Armstrong, Warner et al. 1970; Armstrong and Megan
1972).
Some lipoproteins are proatherogenic while others are not. Zilversmit and
colleagues reported that very large VLDLs and chylomicrons cannot enter the
subendothelial space and are therefore not proatherogenic (Nordestgaard and Zilversmit
1988; Minnich and Zilversmit 1989). However, when lipoproteins are acted upon by
lipoprotein lipase (LPL) and are degraded to smaller remnant particles, they become
proatherogenic and are able to enter the arterial wall (Stender and Zilversmit 1981).
There is strong epidemiological evidence that the increased prevalence of
cardiovascular disease is related to the plasma LDL levels. LDL is formed in the plasma
from VLDL and therefore it is important to study the exact mechanism in which the
VLDL is made and secreted. We can then understand the overall contribution of VLDL
to heart disease, the number one killer in the United States. Unveiling the role of VLDL
in heart disease will provide information for development of more effective preventative
and treatment methods. The effects of diet and genetics on atherosclerosis is another
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area of research that, with expansion, will lead to more clear lifestyle prescriptions for
individuals who are genetically susceptible to heart disease.

1.2 Lipoprotein Metabolism
When we consume fats they enter the intestine. The lipids are then packaged in
chylomicrons and exit the intestine through the lymph system. In order for the highly
hydrophobic particles to travel through the lymph system they must be packaged using a
amphipathic protein, ApoB 48. Apolipoprotein B 48 is made from the same gene as
ApoB 100 which is mainly found in the liver. It is named ApoB 48 because it is 48% of
the protein found in liver (ApoB 100). Interestingly the chylomicron is a larger particle
size (up to 1000 nm) than the very low density lipoproteins (VLDL) (30-80 nm), which
are secreted from the liver (Karpe 1999). The chylomicrons travel through the lymph
system and are taken up into liver (Nagle, Klett et al. 2009). Fatty acids (FA) can also
arise from de novo lipogenesis in response to a high carbohydrate meal, especially from
fructose, as excess glucose and fructose are metabolized to acetyl-CoA (Sadana, Zhang et
al. 2007; Parks, Skokan et al. 2008) and then condensed into fatty acids.
Hepatic FAs are derived from the following sources: diet, through uptake of
chylomicron remnants, from metabolism of storage triglycerides (TAGs) from lipid
droplets, or from de novo lipogenesis. Fatty acid synthase sequentially adds two carbons
from malonyl CoA and acetyl CoA to synthesize 16 and 18 carbon fatty acids (Smith
1994). These fatty acids are the major species found in human liver. Hepatic FAs are
either elongated, and then desaturated by stearoyl-CoA desaturase (SCD1) and are used
for the synthesis of glycerolipids or cholesterol esters (Flowers, Miyazaki et al. 2006;
Sampath, Miyazaki et al. 2007; Flowers and Ntambi 2008).
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In the liver, the neutral lipids can be stored in lipid droplets or secreted as VLDL
particles (Dixon 1994; Nagle, Klett et al. 2009). The hepatic assembly of VLDL is
dependent on the production of a stable ApoB and the availability of sufficient lipid to
form the monolayer surface (phosphatidylcholine and free cholesterol) (Mitchell, Zhou et
al. 1998; Zhou, Fisher et al. 1998; Sakata and Dixon 1999; Ginsberg and Fisher 2009).
Cholesterol esters and triglycerides are incorporated into the core of the VLDL particle.
In the absence of any one of these factors, the VLDL particle does not sufficiently form,
and there is lower VLDL secretion. Therefore, lipid build-up in the liver and hepatic
steatosis have been observed when MTP was knocked out in mice (Hussain, Shi et al.
2003).

1.3 Apolipoprotein B 100
1.3.1 Structure
Apolipoprotein B 100 (ApoB) is a large amphipathic protein that contains 4,536
amino acids and has a molecular weight of ~550 kDa (Segrest, Jones et al. 1998; Segrest,
Jones et al. 2001). ApoB 100 is synthesized in the liver and is the major apolipoprotein
present in VLDL, intermediate density lipoprotein (IDL), and low density lipoprotein
(LDL) particles. ApoB exists in two forms: ApoB 100 and ApoB 48. ApoB 48 is
expressed in intestine and is present on chylomicron particles. Many animal species also
express ApoB 48 in liver where it forms VLDL of the same type formed by ApoB 100
(Olofsson and Boren 2005). Kim and Young found that if ApoB 100 is expressed in
intestine it results in the formation of chylomicrons (Kim and Young 1998). This shows
that the lipoprotein formed is determined by which tissue it is synthesized in and not by
the type of ApoB that is expressed in the tissue. ApoB 48 and ApoB 100 are encoded by
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the same gene, and the ApoB 48 is formed from a deamination of a cytidine at nucleotide
6666 to a uridine which converts a glutamine codon to a stop codon (Davidson and
Shelness 2000; Anant and Davidson 2001).
The organization of ApoB100 on the LDL particle is based on models using site
directed mutagenesis and localization using monoclonal antibodies of specific epitopes.
ApoB has a pentapartite structure consisting of one globular N-terminal structure, two
amphipathic β-sheets, and two domains of amphipathic α-helices (Segrest, Jones et al.
1998; Segrest, Jones et al. 2001). The N-terminal 1000 amino acids form a lipid binding
pocket. The amphipathic β-sheet domains contain antiparallel β-sheets, forming a strong
lipid binding pocket (Segrest, Jones et al. 2001). These sequences are important for the
lipidation of VLDL and interaction with the microsomal triglyceride transfer protein
(MTP) (Segrest, Jones et al. 2001).
1.3.2 Regulation of ApoB
The biosynthesis of ApoB is a complex process that is regulated primarily posttranslationally. Early ApoB secretion studies done in both human hepatoma HepG2 cells
and rat McArdle RH 7777 cells indicated that a majority of the ApoB synthesized was
not secreted but degraded (Bostrom, Wettesten et al. 1986; Borchardt and Davis 1987).
Almost 80% of the newly synthesized ApoB 100 is degraded in these cell lines (Bostrom,
Wettesten et al. 1986; Borchardt and Davis 1987). This degradation is reduced
dramatically when there is a supply of fatty acids and the biosynthesis of triglycerides is
increased (Fisher and Ginsberg 2002). If there is an insufficient amount of triglycerides,
ApoB will be degraded by proteasomes, lysosomes, or autosomes (Fisher, Zhou et al.
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1997; Mitchell, Zhou et al. 1998; Zhou, Fisher et al. 1998; Sakata and Dixon 1999;
Gusarova, Seo et al. 2007; Pan, Maitin et al. 2008; Ginsberg and Fisher 2009).
It is clear that the regulation of Apolipoprotein B 100 is an important controlling
factor in the regulation of the VLDL secretion from liver. It is important to study and
discover the complete mechanism by which the VLDL particle is lipidated and what
controls that pathway both through transcriptional regulation and post-translational
modifications. It is important to study these pathways and how these pathways are
controlled in order to approach better drug development strategies for atherosclerosis.

1.4 Very Low Density Lipoproteins (VLDL)
VLDL is comprised of four major lipid classes: phospholipids (mainly
phosphatidylcholine), triacylglycerol (TAGs), free cholesterol (CHOL), and cholesterol
esters (CEs). Many studies have shown that if one of these components is altered it will
alter the formation of the VLDL particle (Cartwright, Higgins et al. 1997; Ginsberg 1997;
Higgins, Kendrick et al. 1998; Kendrick, Wilkinson et al. 1998; Davis 1999; Olofsson,
Asp et al. 1999; Rustaeus, Lindberg et al. 1999).
VLDL assembly and maturation in liver cells is believed to occur in a two step
process. The first step involves the addition of a small amount of lipid to ApoB 100
while it is translocated across the endoplasmic reticulum. This forms a small VLDL
particle about the same size as high density lipoproteins (HDL) (~10 nm) (Fisher and
Ginsberg 2002). The second lipidation step occurs when the pre-nascent VLDL particles
are combined with lipid droplets and form the secreted form of VLDL. The microsomal
triglyceride transfer protein (MTP) is essential for adding triglycerides to the ApoB
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particle and forming the nascent VLDL particle (Gordon 1997; Hussain, Shi et al. 2003).
Once a nascent VLDL particle is formed, it is transported out of the liver.
The exact mechanism of how neutral lipids from the lipid droplets are combined
on the VLDL precursor particles to form the VLDL particles is still unknown. Some
investigators believe that the VLDL particle is completely assembled within the
endoplasmic reticulum (ER), the site of TAG synthesis (Gibbons, Wiggins et al. 2004).
Other investigators have suggested that the final lipidation step occurs in the Golgi
apparatus (Valyi-Nagy, Harris et al. 2002; Gusarova, Brodsky et al. 2003; Brodsky,
Gusarova et al. 2004; Gusarova, Seo et al. 2007). Ohsaki et al. reported that ApoB100
localized to crescent-shaped areas around cytosolic lipid droplets on the ER membrane,
this localization was aided by MTP and decreased by MTP inhibitors (Ohsaki, Cheng et
al. 2008). The crescent-shaped areas are not formed in HeLa cells which express ApoB
but do not have MTP (Ohsaki, Cheng et al. 2008). Lipid droplet associated proteins are
also involved in the lipidation of the VLDL particle. CIDEB (cell death-inducing
DFF45-like effector B) has been found to be a lipid droplet and smooth ER associated
protein that binds to lipid droplets and may aid in the lipidation and maturation of VLDL
(Ye, Li et al. 2009).
The assembly of VLDL is dependent on the availability of triglycerides, MTP,
and several other proteins. Yamazaki et al. showed that enzyme activity of the
diacylglycerol O-acyltransferase 1 (DGAT1) influenced VLDL particle size and the
secretion of VLDL (Yamazaki, Sasaki et al. 2005). CEs are transferred into the core of
the VLDL particle by the acyl-coenzyme A:cholesterol acyltransferase 1 (ACAT1)
(Buhman, Accad et al. 2000; Rudel, Lee et al. 2001). There is also an inverse
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relationship between the size of ApoB 100 and density of the VLDL particle. StillemarkBillton et al. showed that a C-terminal truncation of ApoB 100 could form higher density
lipoproteins (Stillemark-Billton, Beck et al. 2005). This suggests that the C-terminus of
ApoB plays an important role in the amount of lipid incorporated into the VLDL particle.

1.5 Gene Regulation in VLDL Secretion
Even though the synthesis of ApoB100 is regulated post-translationally, it is also
regulated by the amount of lipid available for VLDL assembly. De novo lipid
metabolism is controlled both transcriptionally and metabolically. Transcriptionally, de
novo lipid metabolism is primarily controlled through two transcription factors, the liver
X receptor (LXR) and the sterol response element binding protein 1c (SREBP1c).
Downstream gene targets of these transcription factors include fatty acid synthase (FAS),
stearoyl CoA desaturase 1 (SCD1), and acetyl CoA carboxylase (ACC). Once these
genes are activated, the enzymes are made, and de novo fatty acid synthesis commences.
The transcription factors that start this cascade are controlled by co-activators and corepressors. The peroxisome proliferator-activated receptor γ coactivator 1β (PGC1β) is a
co-activator of both LXR and SREBP1c (Lin, Handschin et al. 2005; Lin, Yang et al.
2005).

1.6 PGC1β
PGC1β is a promiscuous nuclear coactivator of several transcription factors
including PPARγ, PPARα, hepatocyte nuclear factor 4 alpha (HNF4α), nuclear
respiratory factor 1 (NRF-1), myocyte enhancer factor 2 (MEF2), estrogen receptorrelated receptor alpha (ERRα), Forkhead box O1 (FoxO1), and FoxA2 (Lin, Puigserver et
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al. 2002; Lin, Tarr et al. 2003; Mootha, Lindgren et al. 2003; Puigserver, Rhee et al.
2003; Puigserver and Spiegelman 2003; Tritos, Mastaitis et al. 2003; Wolfrum and
Stoffel 2006) (Meirhaeghe, Crowley et al. 2003). Through this coactivation of several
transcription factors, PGC1β is a master regulator of lipid metabolism (Lin, Handschin et
al. 2005; Finck and Kelly 2006; Handschin and Spiegelman 2006; Uldry, Yang et al.
2006).
PGC1β is most highly expressed in highly oxidative tissues including heart,
skeletal muscle, and brown adipose tissue. PGC1β is expressed at lesser amounts in
white adipose tissue, liver, and kidney (Lin, Puigserver et al. 2002; Meirhaeghe, Crowley
et al. 2003). Lin et al. found that, in mice, the expression of PGC1β is increased in the
fasted state and returns to baseline with refeeding (Lin, Yang et al. 2005). In contrast,
Meirhaeghe et al. found in rats that the expression of PGC1β did not increase during
fasting, however, PGC1α did (Meirhaeghe, Crowley et al. 2003). Both studies found that
the expression of PGC1β was increased in response to high fat feeding (Meirhaeghe,
Crowley et al. 2003; Lin, Handschin et al. 2005). Lin et al. found that the expression of
PGC1β was significantly increased when primary mouse hepatocyes were incubated with
saturated, monounsaturated, or polyunsaturated fatty acids (Lin, Yang et al. 2005).
However, a similar experiment by Crunkhorn et al. was conducted in mouse skeletal
muscle cell, and the expression of both PGC1β and PGC1α decreased significantly with
the incubation of saturated fatty acids, in particular stearate and palmitate (Crunkhorn,
Dearie et al. 2007).
When PGC1β was ectopically over-expressed in mouse liver using adenovirus, it
caused a significant upregulation in fatty acid biosynthesis and VLDL secretion. This
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occurred by coactivation of the transcription factors LXR, SREBP1c, and FoxA2 (See
Figure 1.1) (Lin, Yang et al. 2005; Wolfrum and Stoffel 2006). This was a very
interesting finding and the reason that our lab became interested in this protein. We
hypothesized that PGC1β as a master regulator of lipid metabolism is one of the key
proteins involved in the regulation of VLDL secretion (Figure 1.1). Interestingly, PGC1β
can also upregulate mitochondrial biosynthesis and beta oxidation through coactivation of
other transcription factors like NRF1 and NRF2 (Meirhaeghe, Crowley et al. 2003;
Ventura-Clapier, Garnier et al. 2008; Shao, Liu et al.).
PGC1β has also been found to transcriptionally activate carnitine
palmitolytransferase 1α (CPT1α) and CPT1 activity in liver (Sadana, Zhang et al. 2007).
CPT1 is found on the outer mitochondrial membrane and catalyzes the transfer of the
acyl chain of the long chain fatty acyl-CoA to carnitine to form acyl-carnitine. Malonyl
CoA regulates the long chain fatty acid entry into the mitochondria for beta oxidation by
inhibiting CPT1.

1.7 Knock out models of PGC1β
Three separate laboratories have made whole body PGC1β knock out mice. The
PGC1β null mouse models have deformities in mitochondrial formation and do not
recover well from cold exposure, however are viable and can reproduce (Lelliott,
Medina-Gomez et al. 2006; Vianna, Huntgeburth et al. 2006; Sonoda, Mehl et al. 2007).
Gene expression driving mitochondrial biogenesis is downregulated in tissues including
heart, liver, and brown adipose tissues. In all the PGC1β null models, PGC1α is
upregulated to compensate. This implies that PGC1α and PGC1β can compensate for
each other. All PGC1β null models have shown a slightly lower plasma triglyceride level
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and increased liver steatosis. However, these animals do not metabolize a high fat diet
differently than control mice. These effects could be due to an increase in PGC1α which
has been shown to be involved in mitochondrial biogenesis and increased beta oxidation.
The double PGC1α and PGC1β knock out model has major deformities in the
mitochondrial development including gaps in the cisternae. The mice die within 9 days
after birth from congestive heart failure from lack of efficient fatty acid oxidation (Lai,
Leone et al. 2008). It is clear from these studies that both PGC1α and PGC1β are
essential in mitochondrial development. Both genes are most highly expressed in highly
oxidative tissues and it is clear from this research that the genes that they activate are
essential for the proper biogenesis of mitochondria.
Nagai and colleagues (Nagai, Yonemitsu et al. 2009) created a knock down
model of PGC1β using antisense oligonucleotides (ASO) in rats. The ASO caused a
specific knock down of PGC1β in liver and white adipose tissue while not knocking
down the expression in brown adipose tissue or skeletal muscle. The rats were fed a
chow or high fructose diet for four weeks. Interestingly, the plasma cholesterol levels
were significantly higher in the knock down model of PGC1β compared to those of the
control rats on both the chow and the high fructose diets. Plasma triglyceride levels were
significantly higher in PGC1β knock down rats than the control on the chow diet, but
significantly lower on the high fructose diet. β-hydroxybutyrate levels were also
significantly increased in the PGC1β knock down compared to controls on both the chow
and the high fructose diet. Insulin levels were significantly decreased in the PGC1β
knock down on both the chow and high fructose diet. The knock down of PGC1β caused
a significant decrease of hepatic CYP7A1 which is the rate controlling step in the bile
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acid synthesis pathway. The decrease in CYP7A1 most likely accounted for the increase
in plasma cholesterol (Nagai, Yonemitsu et al. 2009).

1.8 Human Mutations to PGC1β
In human populations, expression of both PGC1α and PGC1β mRNAs are
decreased in skeletal muscle by ~50% in pre-diabetic and diabetic humans (Patti, Butte et
al. 2003). Polymorphisms in the PGC1 gene have been associated with obesity and
diabetes (Oberkofler, H; Linnemayr, V 2004; Ling, C, Poulsen, P 2004, Esterbauer, H,
Oberkofler, H 2002). High fat feeding in healthy humans decreased PGC1α and
mitochondrial gene expression in skeletal muscle after three days (Richardson, DK,
Kashya, S JBC 2005). Crunkhorn et al. showed that high fat feeding in mice decreased
PGC1α and PGC1β expression in skeletal muscle over a 14 day feeding period relative to
that of chow-fed mice. They also found that, in cultured skeletal myotubes (C2C12
cells), fatty acids, particularly palmitate and stearate, caused significant decreases in the
expression of both PGC1α and PGC1β (Crunkhorn S, Dearie, F 2007).
It is clear from these studies that PGC1β is important in both liver lipid
metabolism and mitochondrial biogenesis. PGC1β is a master regulator of these
pathways by coactivating several different transcription factors that increase the gene
expression of the enzymes and proteins of these pathways. What has not been shown is
how PGC1β acts in a human liver. In our experiments, we will test how over-expressing
PGC1β in the human liver hepatoma cells HepG2 affects lipid metabolism and influences
the formation and secretion of VLDL particles in liver cells.
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1.9 Human Liver HepG2 Cells
HepG2 is a liver-derived cell line from a human hepatoblastoma that is free of
known viral agents and has been found to express several liver-specific metabolic
functions. The HepG2 cell line was made in 1979 by Aden et al. (Aden, Fogel et al.
1979). The large number of liver-specific proteins expressed in this cell line and secreted
into the medium suggested that it would be a good model of liver lipid metabolism
(Aden, Fogel et al. 1979; Knowles, Howe et al. 1980). HepG2 cells make and secrete
several of the proteins involved in lipoprotein metabolism including ApoA1, ApoB100,
ApoCI, ApoCIII, ApoE, and lipoprotein lipase (Aden, Fogel et al. 1979; Knowles, Howe
et al. 1980; Chao, Chen et al. 1988; Javitt 1990). Confluent HepG2 cells also make and
secrete albumin, which indicates that they are similar to mature liver cells (Knowles,
Howe et al. 1980; Javitt 1990). HepG2 cells can also synthesize bile acids from
cholesterol, which further shows that they are good models for liver lipid metabolism.
The liver-mediated uptake and secretion of cholesterol, esterification of cholesterol, and
metabolism to bile acids have all been found in HepG2 cells (Javitt 1990). HepG2 cells
have been shown to quickly hydrolyze the lipids in VLDL particles in the medium, and
therefore, the best way to test VLDL secretion is to measure ApoB100 secretion from the
cells (Arrol, Mackness et al. 1991).

1.10 Lipidomics
Lipidomics may be defined as the large-scale study of lipids in biological systems
and how they influence the cell's metabolism. The "lipidome" is the complete lipid
profile within a cell, tissue, or organism and is a subset of the "metabolome" which also
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includes the three other major classes of biological molecules: proteins/amino-acids,
sugars, and nucleic acids (Wenk 2005; Watson 2006). Beyond exactly how the VLDL
particle is made, degraded, and secreted, it is important to study the types of lipids that
are incorporated into VLDL. In our laboratory, we are particularly interested in how fatty
acids affect liver cells and how much VLDL is secreted into cell culture medium. The
eventual goal is to identify all critical lipids that influence VLDL secretion and to
eventually identify how enzymes, lipids, and metabolites interact to form the metabolome
(Dennis 2009). One of the ways that this has been made possible is by the introduction of
the LIPID MAPS initiative. On their website, www.lipidmaps.org, they have been
committed to providing method and structural information for lipid biochemists.
For years, thin layer chromatography (TLC) was used extensively for the
determination of lipid species. When gas-chromatography coupled with a mass
spectrometer (GC-MS) was introduced, it allowed for much more sensitive analysis and
relatively fast identification of fatty acids. However, with GC-MS the fatty acids need to
be derivatized and TLC plates still need to be run to separate out the lipid classes. The
lipids are also derivatized to the fatty acid methyl esters and you cannot directly analyze
the original parent lipid molecules. It was not until the invention of fast-atom
bombardment MS that intact phospholipids were analyzed (Gross 1984). More recently,
electrospray ionization coupled with mass spectrometry (ESI-MS) has greatly simplified
the ionization of larger lipids making them amenable to direct analysis. The ESI process
resulted in less decomposition of the compound and higher sensitivity compared to fast
atom bombardment MS (Han and Gross 1994; Smith, Snyder et al. 1995). The best, most
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sensitive, way to study the types of lipids that are involved in liver lipid metabolism is
using mass spectrometry.

1.11 Mass Spectrometry
Mass Spectrometry (MS) is an analytical technique that measures the mass of a
compound, by calculating the mass to charge (m/z) ratio.
A sample is loaded onto the instrument and the sample is vaporized using
nitrogen gas. However, the sample needs to be ionized first, and there are several
different methods that are used to ionize compounds. The most common method called
electrospray ionization (ESI) applies different voltages to the compound to ionize the
compound (Whitehouse, Dreyer et al. 1985). John Fenn was awarded the Nobel Prize in
chemistry in 2002 for his work in designing the electrospray source. Other ionization
sources have been used for lipid analysis including atmospheric pressure chemical
ionization (APCI) and atmospheric pressure photoionization (APPI). Ionization is
achieved by adding extra protons onto the molecule (positive mode) or by removing
protons (negative mode). Each compound class responds differently to an ionization
method, and it is important to test which mode is better for each compound.

1.12 Linear Ion Trap Triple Quadrupole Mass Spectrometry
Atmospheric pressure ionization mass spectrometry (ESI, APCI, or APPI) allows
for the analysis of low molecular mass compounds. The combination of atmospheric
pressure ionization mass spectrometry with liquid chromatography (LC) has provided
amazing analytical capabilities in the realm of pharmaceutical drug development,
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forensic science, environmental analysis, and metabolomics(Marquet and Lachatre 1999;
Morand, Burt et al. 2001; Aebersold and Mann 2003).
A triple quadrupole mass spectrometer combines the technology of three separate
quadrupoles and is often referred to as tandem mass spectrometry. The quadrupoles are
arranged in tandem and each are set with different voltages to allow for separation of
compounds. These instruments are most often used for quantification of small molecules
and proteins. A mass/charge ratio of a compound can be specifically selected in the first
quadrupole, fragmented in the second quadrupole often referred to as the collision cell,
and the fragments from that compound can be selected for in the third quadrupole. This
allows for very selective quantification of specific compounds.
Three dimensional ion traps are often used for qualitative analysis rather than
quantitative measurements. In an ion trap, voltages can be set so that an ion can be
trapped in the mass spectrometer. The user can utilize this to allow more ions to
accumulate before scanning out the mass/charge ratio, for better sensitivity. Or the user
can fragment the compound more, using a so-called a MS3 experiment. In this
experiment, the user can fragment the molecular ion and thus obtain product ions, just
like in a regular collision cell in a triple quadrupole mass spectrometer. In an ion trap the
user has the option to go an extra step and fragment those product ions. In this regard,
the user can obtain important structural information about the compound. Because ions
accumulate in a three dimensional ion trap, it is less used for quantification.
Linear hybrid triple quadrupole/ion trap instruments started coming on the market
in the 2000s. Linear ion traps (LITs) have two major advantages over a three
dimensional ion trap. Three dimensional ion traps have a limited storage capacity for
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ions. Overfilling an ion trap can result in deterioration of the mass spectrum and loss of
dynamic range due to space/mass charging. Space/mass charging occurs when there are
too many ions filling the ion trap and they begin interacting with each other. This causes
the ions to change direction, therefore not all the ions go to the detector and the signal
appears lower. LITs have a larger ion storage capacity and have a higher trap efficiency
(Hager and Le Blanc 2003; Le Blanc, Hager et al. 2003; Hopfgartner, Varesio et al.
2004). Secondly, the linear ion trap can perform all the functions of a typical triple
quadrupole mass spectrometer such as product ion scan, neutral loss (NL), precursor ion
scan (PIS), and multiple reaction monitoring (MRM) (Hager and Le Blanc 2003; Le
Blanc, Hager et al. 2003).

1.13 Scan Types
1.13.1 Product Ion Scan
In a product ion scan, the user selects the mass of a intact molecular compound.
The user then applies a collision voltage in the second quadrupole and fragments that
molecule. The user can examine which products the compound fragments to, and usually
the most stable fragment will give the largest signal. The user can then utilize those
fragment ions for determination of the structure of the intact molecular compound, if it is
unknown. The user can also use the spectrum to create a signature profile of that
compound for future analysis.
1.13.2 Precursor Ion Scan (PIS)
The opposite of the product ion scan is the precursor ion scan. The user can set
up a molecular mass window to be selected for in the first quadrupole. The user can then
fragment the compound in the collision cell. From those fragments, the user can
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determine the intact molecular ion. This is an important scan if the user has a compound
of interest that fragments in a particular manner, and it can provide for precise
identification of the compound. For example, we utilize the precursor ion scan in the
identification of phosphatidylcholines. Phosphatidylcholines can be fragmented so that
they produce their specific phosphocholine fragment that has a molecular weight of 184+.
The user can then scan and detect exactly what molecular ions scanned in Q1 produced
that very specific fragment of 184+. Along with the chromatography the user can be
fairly certain that those compounds being scanned are phosphatidylcholine molecules.
1.13.3 Neutral Loss (NL)
The neutral loss scan is very similar to a precursor ion scan. The user can set the
mass spectrometer to fragment the compounds so that they lose a neutral molecule. For
example, for the identification of phosphatidylserine (PS), our laboratory uses the NL of
the serine part of the molecule. The PS compounds are sent through the mass
spectrometer and if they lose the 87 (serine) molecule, we obtain the molecular weight of
the intact molecular compound that lost the serine. In this way we can identify all of the
phosphatidylserines.
1.13.4 Multiple Reaction Monitoring (MRM)
Multiple reaction monitoring (MRM) is the most quantitative measurement
available on the triple quadrupole mass spectrometer. This experiment is not for
exploratory work, because the user must know the molecular mass of the intact molecular
ion and the fragmentation pattern of the molecular ion. In this MS/MS experiment, the
user selects only the molecular mass of the molecular ion of interest. The compound will
fragment in the collision cell and produce product ions. The instrument will only monitor
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one specific product ion to provide for excellent selectivity, low noise, and quantification
of the compound. The MRM pairs must be optimized prior to performing the experiment
in order to obtain efficient and consistent fragmentation.
1.13.5 Single Quadrupole Mode (Q1)
For exploratory experiments, the user can use the triple quadrupole mass
spectrometer only in a single quadrupole mode (Q1) and scan all molecular masses that
are present in the sample. It is very important in these types of runs to also run blank
injections and, in the data analysis, subtract the blank to be sure that the compounds
detected are present only in the samples because secondary means of identification are
not used.
In the LIT, the user also has the ability to utilize the triple quadrupole as an ion
trap. The user can set the mass spectrometer so that ions will slow down due to nitrogen
being injected into the collision cell and with voltages set that the ions can collect in the
third quadrupole. To increase the sensitivity on an exploratory experiment (Q1), the user
can trap ions in the third quadrupole and then scan them out. This is referred to as an
enhanced mass spectrum (EMS). The user does run the risk of collecting too many ions
in the ion trap and therefore causing space charging of the molecules, however the LIT
can hold more ions than a 3D ion trap (Robb, Covey et al. 2000).
1.13.6 Enhanced Resolution Mode (ER)
The enhanced resolution mode can also be used with the LIT. In the enhanced
resolution mode the m/z ion for the full compound is brought slowly through the mass
spectrometer. In the third quadrupole nitrogen gas is pumped in to allow a slowing of the
ions. In a typical enhanced resolution experiment the ions are collected within a user
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specified 30 mass units window and are slowly scanned at 250 m/z per second. An
improved resolution of 6000 FWHM (full width half maximum) can usually be achieved
(Hopfgartner, Varesio et al. 2004).
1.13.7 MS3
Another advantage of the LIT is the ability to do a MS3 experiment. The user
could set up an experiment so that the precursor compound will fragment in the collision
cell to form product ions. For further identification of those ions, the product ions can be
fragmented further and the fragment ion mass spectrum will be collected. This provides
powerful structural information.
1.13.8 Electrospray Ionization (ESI)
ESI has revolutionized the mass spectrometry industry. ESI has also been the
leading source used for the analysis of lipids (Milne, Ivanova et al. 2006; Ivanova, Milne
et al. 2009). Since the 1990's, many laboratories have been working on the analysis of
phospholipids by electrospray methods (Milne, Ivanova et al. 2006; Ivanova, Milne et al.
2009).
The two predominant lipidomic for mass spectral methods for identification of
phospholipids by MS have been through LC/MS and direct infusion into the mass
spectrometer known as "shotgun" lipidomics (Ivanova, Milne et al. 2009). Using tandem
MS/MS is essential for the identification of phospholipids allowing for fragmentation and
identification of the compounds of interest. In excess of 1000 phospholipids have been
found in mammalian cell types (Ivanova, Milne et al. 2009). This complexity leads to
confusion in shotgun lipidomics. Many lipids have the same molecular weight (for
example: 34:0 PC and 34:1 PS) but they are radically different species. For these
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reasons it is imperative to develop methods of fragmentation that are specific for the
phospholipid classes of interest (Ivanova, Milne et al. 2009). It is even more confusing
when the user finds the same molecular weight of the same species of phospholipids. For
example, a 38:4 PI could be 18:0/20:4; 18:1/20:3 or 16:0/22:4. Mixtures of these
compounds are very difficult to separate using only a Q1 scan.
Hsu and Turk have conducted several studies on the fragmentation of
phospholipids and neutral lipids using ESI (Hsu, Bohrer et al. 2000; Hsu, Ma et al. 2000;
Hsu and Turk 2000; Hsu and Turk 2000; Hsu and Turk 2000; Hsu and Turk 2000; Hsu
and Turk 2000; Ramanadham, Hsu et al. 2000; Hsu and Turk 2001). Product ions from
the fragmentation of several lipids appear in both positive and negative ion mode,
depending on the phospholipid species. This has generated quite a lot of information
about the structure and fatty acids of these phospholipids. From this information the
following scans have been utilized for the study of phospholipids.
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Table 1.1. Summary of MS/MS methods for phospholipid headgroup analysis
Lipid Class

Precursor ion

MS/MS Mode

Fragment

PA

[M-H]-

PIS, 153 m/z

Glycerol phosphate - H2O

PC

[M+H]+

PIS, 184 m/z

Phosphocholine

PE

[M+H]-

PIS, 141 m/z

Phosphoethanolamine - H2O

PI

[M-H]-

PIS, 153 m/z

Glycerol phosphate - H2O

PIS, 241 m/z

Cyclic inositol phosphate

PIS, 153 m/z

Glycerol phosphate - H2O

NL, 87 amu

Serine

PS

[M-H]-

Reviewed in Ivanova et al. 2009 (Ivanova, Milne et al. 2009)

ESI is also an excellent source for the identification of triacylglycerols. Neutral
lipids are difficult to ionize by ESI and require ionization buffer in the mobile phase. In
our study, since we use a normal phase HPLC separation, we decided to use a postcolumn infusion addition of ammonium formate with sodium acetate to generate sodium
adducts and allow for ionization of the TAGs. The major challenge in the analysis of
both DAGs and TAGs is the number of isobaric molecular species that exist in the cells.
Thus, it is not sufficient to report only the molecular weight of the TAGs found by MS, it
is imperative to utilize the MS/MS capabilities for identification of DAG and TAG
species (Krank, Murphy et al. 2007; Murphy, James et al. 2007). Qualitative analysis can
be performed using MS3 (McAnoy, Wu et al. 2005). However, the quantitative analysis
is confounded by the isobaric nature of the multiple species. Krank et al. used several
deuterium-labeled internal standards with the deuterium on the glycerol backbone; each
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glycerol lipid was compared to a standard. They then use neutral loss and PIS scans of
the fatty acyl chains to determine the structure (Krank, Murphy et al. 2007). Phillips et
al. have used chromatographic separation to separate the acyl chains of the TAGs
(Phillips, Erdahl et al. 1984). We have utilized MRM techniques for the determination of
the triglyceride species, this has allowed for specific identification of the TAG with the
DAG. However, this does not completely solve the problem of isobaric species within
those TAGs and DAGs selected for the MRM pairs because the isobaric species can coelute in the chromatography.
Another major challenge that remains in lipid mass spectrometry is in
determining the location of doubles on the fatty acyl chains. Holcapek et al. have used
silver ion column chromatography of the lipid molecules to determine the placement of
the double bonds (Holcapek, Velinska et al. 2009). Mitchell et al. have modified their
mass spectrometers to pump ozone into the third quadrupole (Thomas, Mitchell et al.
2006; Thomas, Mitchell et al. 2007; Thomas, Mitchell et al. 2008; Deeley, Thomas et al.
2009; Mitchell, Pham et al. 2009; Thomas, Mitchell et al. 2009). In ozone-induced
collision, the unsaturated lipid ions react with the ozone and form two primary product
ions that can be separated to identify exactly where the double bond is located on the
fatty acyl chain (Thomas, Mitchell et al. 2006; Thomas, Mitchell et al. 2007; Thomas,
Mitchell et al. 2008; Deeley, Thomas et al. 2009; Mitchell, Pham et al. 2009; Thomas,
Mitchell et al. 2009).
1.13.9 APPI
Another ionization source is atmospheric pressure photoionization (APPI). APPI
was introduced to the commercial market in 2000 (Robb, Covey et al. 2000). APPI is
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used for the analysis of many classes of compounds and is especially sensitive for
steroids (Cai and Syage 2006; Cai and Syage 2006; Cai, Hanold et al. 2007; Cai, Short et
al. 2007).
In APPI, the sample is vaporized with a nebulizer and the ionization occurs when
the photons from the UV light react with the compounds of interest, causing changes in
energy states and ionizing the compounds. Often dopants, like toluene or acetone, will
react in the first ionization event. This will result in the transfer of charge to the analyte
ions through gas phase reactions (Robb, Covey et al. 2000). In order for efficient transfer
to the analyte of interest, the dopant should be 1/10 the volume of the mobile phase going
into the mass spectrometer. The use of a dopant is compound dependent and different
dopants work better with different compounds. In our experience, toluene works best for
the analysis of most lipid species.
In APPI, direct ionization of the compound results in a better signal to noise ratio
for the compound. One difficulty with APPI is fragmentation of many compounds in the
source. One example is that TAGs will fragment in the source, whereas they do not
fragment in ESI. While the user can get better sensitivity with a better signal to noise
ratio with an APPI source, the fragmentation of TAGs to DAGs is problematic for
identification of the parent molecules. A minor amount of the intact molecular TAG
remains unfragmented, but the majority of the signal is in the DAG (Cai, Short et al.
2007).
APPI is well suited for the analysis of steroids. The APPI source will fragment a
water molecule off steroids in the source, but otherwise, the compound remains intact.
This results in a very good signal to noise for steroid molecules (Leinonen, Kuuranne et
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al. 2002). We also found that APPI was the best method for the detection of MAGs and
DAGs in cell culture samples. These compounds are found in very small quantities in
cells, and the high signal to noise ratio of APPI was needed for the identification and
quantification of those lipids. We found that APPI was not the best ionization method for
the detection of phospholipids. The phospho head groups would fragment in the source
which led to difficulty in identification of the full molecule. This did not occur with ESI
and therefore, ESI was used for the identification and quantification of all phospholipids.
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1.14 Figures

 Saturated Fatty Acids
Liver Cell
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Stearate → Oleate

 Lipid Synthesis
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Figure 1.1.
Metabolic effects of PGC1β on liver lipid metabolism. Lin et al. showed that PGC1β
activates LXR and SREBP1c (Lin, Yang et al. 2005) and Wolfrum and Stoffel showed
that PGC1β activates FoxA2; together these effects cause an increase in VLDL secretion
(Wolfrum and Stoffel 2006). PGC1β is a potent co-activator of mitochondrial biogenesis
by co-activating PPARα, NF1, NF2, and ERRα. PGC1β also increases beta oxidation
through the transcriptional upregulation of CPT1 (Meirhaeghe, Crowley et al. 2003;
Sadana, Zhang et al. 2007).
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Chapter 2: Over-Expression of PGC1β Causes Decreased
Triglycerides in Cells and Medium of HepG2 Cells
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2.0 Introduction
Cardiovascular disease is the number one cause of death in the United States
(Heron, Hoyert et al. 2009). This is due to lipid and cholesteryl ester accumulation in the
arteries over time causing an occlusion and eventual myocardial infarction (Libby 2009).
The lipid accumulation is partially attributed to the circulating cholesterol-containing
lipoprotein particles in the blood; these lipoprotein particles are synthesized and secreted
by the liver and the intestine (Hata, Hower et al. 1974; Katz, Shipley et al. 1976). Many
epidemiological studies have shown that there is an increased risk of myocardial
infarction with increased cholesterol levels in blood; using cholesterol lowering drugs,
such as statins, can lengthen one's lifespan (Stamler, Wentworth et al. 1986{Heron, 2009
#55; Sharrett, Ballantyne et al. 2001; Lloyd-Jones, Adams et al. 2009)}. However, even
with expanding use of statins, heart disease is still the number one cause of death in the
United States (Heron, Hoyert et al. 2009). Because of the correlation of plasma
cholesterol levels and the risk of a cardiovascular event, it is important to look at the
secretion of cholesterol from the liver. Cholesterol is secreted from the liver in very low
density lipoprotein (VLDL) particles. It is imperative to study the mechanisms that
control hepatic VLDL secretion because both diet and genetics affect VLDL secretion
and thus a person's cholesterol levels (Heron, Hoyert et al. 2009; Libby 2009; LloydJones, Adams et al. 2009).
Apolipoprotein B 100 is the amphipathic protein that surrounds the VLDL
particle allowing it to travel in the bloodstream (Davis 1999). The amount of ApoB in
the liver cell is controlled mostly post-translationally and is dependent on the amount of
available TAG available for secretion (Bostrom, Wettesten et al. 1986; Borchardt and
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Davis 1987; Ginsberg and Fisher 2009). If there is a limited amount of TAG then the
VLDL particle cannot be folded properly in early VLDL assembly and the ApoB100 is
degraded by the proteasome, the lysosome, and by autophagy (Bostrom, Wettesten et al.
1986; Borchardt and Davis 1987; Fisher, Zhou et al. 1997; Ginsberg and Fisher 2009).
Even though ApoB is regulated post-transcriptionally, many of the pathways in
lipogenesis are regulated at the transcriptional level. The liver X receptor (LXR)
heterodimerizes with the retinoid X receptor (RXR) and together they cause an
upregulation in many genes involved in de novo lipogenesis, including fatty acid
synthase (FAS), Acetyl-CoA carboxylase (ACC), and the stearoyl Co-A desaturase 1
(SCD1) (See Figure 1.1). Other transcription factors are also involved in regulating de
novo lipogenesis including the sterol response element binding protein 1c (SREBP1c).
These transcription factors are regulated by coactivators and corepressors. One
coactivator that is particularly important in the regulation of enzymes required for de
novo lipogenesis and VLDL secretion is the peroxisome proliferator-activated receptor γ
coactivator 1β (PGC1β). PGC1β is a nuclear coactivator of several transcription factors
involved in lipogenesis and mitochondrial biogenesis. PGC1β has been found to coactivate many transcription factors including PPARα, FoxA2, LXR, SREBP1c, and many
others. (Lin, Puigserver et al. 2002; Lin, Tarr et al. 2003; Mootha, Lindgren et al. 2003;
Puigserver, Rhee et al. 2003; Puigserver and Spiegelman 2003; Tritos, Mastaitis et al.
2003; Wolfrum and Stoffel 2006). Lin et al. found that if they over-expressed PGC1β in
mouse liver by adenovirus tail injection it caused increases in plasma VLDL through
coactivation of LXR and SREBP1c expression (Lin, Yang et al. 2005). Later, Wolfrum
and Stoffel reported that PGC1β can also coactivate FoxA2 which can upregulate the
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microsomal triglyceride transfer protein (MTP) that works in conjunction with ApoB100
to form the nascent VLDL particle (Wolfrum and Stoffel 2006).
All of these studies have been performed in mouse models and it is not known if
similar mechanisms occur in humans. The metabolism of mice and men are very
different, especially regarding lipoprotein metabolism. Mice do not carry as much LDL
in blood as humans as VLDL is rapidly metabolized in the mouse.
Rodents also have the ability to upregulate the bile acid secretion pathway,
allowing for the increased disposal of excess body cholesterol. Meihaeghe et al. also
found a slightly different expression pattern of PGC1β between mouse and human. There
is a higher signal of PGC1β in the mouse liver than in human liver. Mice also have
brown adipose tissue, the tissue in which PGC1β is most highly expressed; in contrast,
adult humans do not have brown adipose tissue in appreciable quantities (Meirhaeghe,
Crowley et al. 2003). These combined results raise the question of the role of PGC1β in
human liver lipid metabolism. In this study, an adenovirus to PGC1β was made and used
in human HepG2 cells to examine the effects of PGC1β expression on lipid metabolism
in a human hepatocyte culture model.
Human HepG2 hepatoma cells have been studied extensively and have been
shown to make and secrete several of the proteins involved in lipoprotein metabolism,
including ApoA1, ApoB100, ApoCI, ApoCIII, ApoE, and lipoprotein lipase (Aden, Fogel
et al. 1979; Knowles, Howe et al. 1980; Chao, Chen et al. 1988; Javitt 1990). Confluent
HepG2 cells also make and secrete albumin, which indicates that they have features of
mature liver cells (Knowles, Howe et al. 1980; Javitt 1990).
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We show that in human HepG2 hepatoma cells, over expression of PGC1β causes
a decrease in cellular neutral lipids, including monoacylglycerols (MAGs),
diacylglycerols (DAGs), triacylglycerols (TAGs), and cholesteryl esters (CEs). There
were much smaller effects on total phospholipid (PL) content. There was also a similar
trend in the neutral lipids secreted into the medium, as they were significantly decreased
in cell culture medium. This last observation was important because the decrease in
cellular neutral lipids with PGC1β over-expression could not be explained by an increase
in secretion of hepatocyte lipids. This suggests that the over-expression of PGC1β
caused a decrease in all hepatocyte neutral lipids by some other mechanism.
These results were somewhat unexpected based on what previous studies reported
in mice (Lin, Yang et al. 2005; Lelliott, Ljungberg et al. 2007). Both of these studies
used an adenovirus to over-express PGC1β in liver but adenovirus is also directed to
white adipose tissue. It is plausible that the different results found in our study could be
due to how PGC1β affects liver cells without any exogenous fatty acid lipolysis from
white adipose tissue. These results could also be due to a difference between whole
animal and cell culture models.
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2.1 Methods
2.1.1 Tissue Culture
Human HepG2 hepatoma cells were grown as described in Dixon et al. 1991
(Dixon, Furukawa et al. 1991). Cells (obtained from ATCC, Rockville, MD) were plated
on collagen- (Sigma, St. Louis, MO) coated tissue culture flasks (BD Biosciences, San
Jose, CA). The collagen was dissolved in 1% acetic acid and sterile filtered through a 0.2
µm filter (Millipore, Billerica, MA). The collagen was placed on the flasks for at least
three hours at 37°C; and then flasks were washed three times with 1x phosphate buffered
saline (PBS) (Invitrogen). HepG2 cells were seeded at 3.5x105 cells/well for a 6 well
plate or 1.7 x 105 cells/well for a 24 well plate and were grown in minimal essential
medium (Invitrogen or Mediatech) with 0.1mM nonessential amino acids (Invitrogen),
1mM sodium pyruvate (Invitrogen), penicillin/streptomycin (10,000 units/mL each)
(Invitrogen), and 10% Fetal Bovine Serum (Hyclone). Cells grown on collagen form a
confluent monolayer; without collagen, HepG2 cells tend to grow on top of one another
and do not form the confluent monolayer.
2.1.2 Making the Adenovirus
2.1.2.1 Subcloning PGC1β into the IRES-GFP-Shuttle Vector
The PGC1 cDNA containing an N-terminal FLAG cDNA sequence was a
gracious gift from Dr. Bruce Spiegelman of Harvard University. The cDNA was
subcloned into Stratagene's AdEasy bicistronic GFP p-shuttle vector and made into an
active adenovirus following the manufacture's protocol. A control adenovirus was also
prepared with β-galactosidase (βgal) using the same bicistronic GPF p-shuttle vector.
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2.1.2.2 Incubation of Adenovirus
The HepG2 cells were plated on collagen-coated 6 well plates and grown until
~75% confluent. The cells were treated with adenovirus to gal, PGC1, or control with
no adenovirus (only PBS) for 24 hours. The efficiency of adenoviral transduction was
assessed by determination of the percentage of cells expressing green fluorescent protein
by cell counting. A multiplicity of infection of 25 plaque forming units per cell was
selected for subsequent adenoviral transductions based on an efficiency of transduction of
greater than 90% of the cells with no detectable toxicity. Adenoviral transduced cells
maintained protein synthesis as measured by incorporation of labeled amino acids.
HepG2 cells were incubated with adenovirus for 24 hours and the medium was
changed to fresh growth medium. The medium was changed every two days afterwards.
The experiment was performed when the GFP expression was observed to be over 90%
in cells. This usually occurred 3 days after removal of the adenovirus.
2.1.3 Detecting Green Fluorescent Protein
Green fluorescent protein was detected using a Nikon compound microscope with
a xenon lamp (Melville, NY). The excitation wavelength was at 510 nm and the
emission wavelength was 545 nm.
2.1.4 Western Blotting and Measuring Total Protein
Protein was harvested using a SDS, deoxycholate based lysis buffer (Dixon and
Ginsberg 1992; Dixon and Ginsberg 1993). Total protein was measured using Pierce
BCA protein assay kit (Thermo-Fisher, Rockford, IL). For western blotting, 25 µg of
protein was loaded onto a 3-20% polyacrylamide gel (BioRad, Hercules, CA); samples
were eluted electrophorectically and transferred onto an Immobilon P membrane
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(Millipore, Billerica, MA). A rabbit anti-FLAG tag antibody (Thermo-Fisher, Rockford,
IL) was used as a primary antibody for PGC1β. A mouse anti-rabbit IgG (ThermoFisher, Rockford, IL) was used as a secondary antibody. A Supersignal
chemiluminescence kit (Thermo-Fisher, Rockford, IL) was used for signal detection and
the blot was exposed to film (Kodak, Biomax Autoradiography film, Thermo-Fisher,
Rockford, IL).
2.1.5 RTPCR
RNA was harvested using Trizol (Invitrogen, Carlsbad, CA) and extracted using a
phenol/chloroform extraction. Genomic DNA was removed using DNAse I (Invitrogen),
and reverse transcription was performed using random hexamers and Applied
Biosystem's High Capacity Reverse Transcription Kit (Applied Biosystems Framingham,
MA). All RTPCR experiments were performed using an Applied Biosystems 7300
thermocycler. Applied Biosystems’ Power Sybr® Green was used as the master mix
reagent. All primers were validated prior to use. Using the slope of the line generated by
the RTPCR software program a calculation of primer binding efficiency was established:
Efficiency = [10^(-1/slope)]-1. Only primers with efficiencies of 90-110% were used.
2.1.5.1 Primers for RTPCR
All primers were ordered from Operon/Eurofins-Operon and were 10nmol saltfree. They were designed using Applied Biosystems’ Primer Express 3.0 design
program. The following primers were used:
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Table 2.1.
Sequence
Housekeeping
Gene
18S
Lipid Synthesis
Genes
FAS
SREBP1a
SREBP1c
SREBP2
ACC
SCD1
LXR
PGC1α
PGC1β

Forward TAAGTCCCTGCCCTTTGTACACA
Reverse GATCCGAGGGCCTCACTAAAC

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

CGCTCGGCATGGCTATCT
CTCGTTGAAGAACGCATCCA
TCAGCGAGGCGGCTTTGGAGCAG
CATGTCTTCGATGTCGGTCAG
GCTCCTCCATCAATGACAAAATC
GCTTGAGTTTCTGGTTGCTGTGT
AGAAAGGCGGACAACCCATA
TTGTGCATCTTGGCGTCTGT
TGGCCGGGACCCTACTCTA
TTGGCATTGGTGGTCTTACTGA
GCCAACAACTCTGCCCTTTATGAT
GGGCGATAGCAATAAAGTGAAAA
GAAGAAACTGAAGCGGCAAGA
TCGATCATGCCCAGTTGTTC
CAGACCAGTGCTACCTGAGAGAGA
GGATGACCGAAGTGCTTGTTC
TCCTGCGTCAGGGAAAAGC
GCCTCTTTCAGTAAGCTGTCAA

2.1.6 Harvesting Cellular Lipids for Lipid Analysis
Cells were washed twice with ice cold 1x PBS and harvested using a modified
Bligh and Dyer extraction (Bligh and Dyer 1959). On ice, 2 mL of 100% methanol was
applied to cells and cells were scraped off the dishes into a glass tube. 1 mL of
chloroform was added to each of the glass tubes. An internal standard was added to each
tube consisting of 5 ng monononanoin, 5 ng dinonanoin, 10 ng trinonanoin, 500 ng
stigmastanol, 5 ng C14 ceramide, and 10.5 ng 1,2 dieicosenoyl-sn-glycerol-3phosphocholine per 5 µL injection volume. The tubes were vortexed and centrifuged and
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incubated at -20 ˚C overnight. Cell extracts were centrifuged at 2000 rpm for 8 minutes
and the supernatant was transferred to a new tube. A second extraction was performed on
the pellet using a 2:1 methanol:chloroform ratio. The second extract was incubated at -20
˚C for at least one hour. The second extract was centrifuged and the supernatant was
combined with the first extract. Chloroform and water was added to the extract, which
was centrifuged again. The lower lipid layer was transferred to a new glass tube and
dried down under vacuum with centrifugation. The extract was dissolved in isooctane:tetrahydrofuran (THF) (9:1).
2.1.7 LCMS for Lipid Analysis
The LC-MS system used was a Dionex UltiMate 3000 HPLC (Dionex,
Sunnyvale, CA, USA) coupled to an Applied Biosystems 4000Q-TRAP® mass
spectrometer (Applied Biosystems, Ontario, Canada). The UltiMate system included an
LPG-3400M low-pressure gradient pump, a WPS-30000TSL Micro autosampler, and a
TCC-3000 temperature controlled column compartment. Lipid extracts were injected
into a Waters (Milford, MA, USA) Spherisorb® S5W 4.6 x 100 mm silica column, 5 µm
particle size, with a Spherisorb® S5W 4.6 x 10 mm guard cartridge. The autosampler
was kept at 20 ˚C and the column oven at 45 ˚C. Injection volumes ranged from 3 µl to
15 µl. Volumes over 15 µl caused problems with the elution pattern of compounds from
the silica column. The flow rate was 1 ml/minute, except where noted. Solvent A =
isooctane:tetrahydrofuran, 99:1; solvent B = isopropanol:acetone, 2:1; solvent C =
isopropanol:water, 85:15. The re-equilibration time after 41 minutes was extended to
prevent pump problems and to wash the system better. For additional details, see the LCMS section in the Materials and Methods section in the appendix.
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2.1.8 Extracting Medium for Lipid Analysis
HepG2 cells were incubated with 2 mL of serum-free medium for 18 hours prior
to harvest. 1 mL of harvested medium was used for the lipid analysis. The medium was
harvested directly to a borosilicate glass tube with a screw cap top (VWR, West Chester,
PA). The extraction followed the method of Slayback et al. 1977 (Slayback, Cheung et
al. 1977). 1 mL of acetone and the internal standard mixture were added to the glass
tube. The internal standard mixture was a combination of 2 ng monononanoin, 5 ng
dinonanoin, 10 ng trinonanoin, 40 ng stigmastanol, and 20 ng 1,2 dieicosenoyl-snglycerol-3-phosphocholine per 10 µL injection. The vial was tightly capped and
incubated at 90 ˚C for 30 minutes. 1.5 mL of ethyl acetate was added to the glass tube,
which was tightly sealed and incubated at 90 ˚C for 30 minutes. The extraction was then
cooled to room temperature and centrifuged at 2000 rpm for 15 minutes at 4 ˚C. The
clear upper layer was transferred to a new clean tube and dried down under vacuum with
centrifugation. The extract was brought to 400 µL with isooctane:THF (9:1).
2.1.9 Statistical Analysis
To analyze comparisons between groups, all statistics were calculated using a
Student's T-test or one way ANOVA using Tukey's post hoc test. All statistics were
analyzed using SPSS (SPSS Inc., Chicago, IL).

42

2.2 Results
PGC1β was over-expressed in HepG2 cells to examine its role in lipid
metabolism. HepG2 cells were transduced with an adenovirus to PGC1β and monitored
daily for green fluorescent protein (GFP) expression. The experiments were performed
when the GFP expression was >90%. Most experiments were performed four days after
the virus was placed on the cells (Figure 2.1). Protein expression of PGC1β was verified
by western blotting using an antibody to the FLAG tag. The cells were harvested the day
of the experiment and 25 µg of protein was electrophoresed in a polyacrylamide gel.
PGC1β was clearly expressed at the expected molecular weight (184 kDa) (Lin, Yang et
al. 2005) (Figure 2.2).
Over expression of PGC1β in HepG2 cells did not cause a general increase in the
expression of mRNAs for lipogenic enzymes as measured by RTPCR. The only genes
that showed increased expression of message were SCD1 and PGC1β. There was a 10
fold increase in the mRNA expression of PGC1β. PGC1α expression was significantly
decreased by ~50% with increased PGC1β expression. There were no changes in the
mRNA levels of ACC, FAS, or SREBP1c (Figure 2.3).
The next experiment examined liver neutral lipids in the medium of HepG2 cells.
Aliquots of culture medium (1 mL) were extracted by Slayback extraction and analyzed
by LC-MS/MS. The total amount of a particular lipid class was measured using the total
ion current for the class peak. Cholesteryl esters, free cholesterol, DAGs, and TAGs
were significantly decreased in medium from cells over-expressing PGC1β (Figure 2.4).
Medium MAGs were below the level of detection of our method. There were no

43
differences in the amounts of phospholipids detected in culture medium between control
cells and cells over-expressing PGC1β (Figure 2.5).
The cells from the HepG2 cells were extracted with a modified Bligh and Dyer
extraction (Bligh and Dyer 1959). The cell lipids were reconstituted in isooctane:THF
(9:1) and analyzed by LC/MS-MS. Cellular neutral lipids were also significantly
decreased when PGC1β was over-expressed. CEs, TAGs, DAGs, and MAGs were all
significantly lower in cells over-expressing PGC1β compared to control cells (Figure
2.6). Free cholesterol was not changed. Overall, the data show that neutral lipids were
significantly decreased in both cells and media.
Cellular phospholipid content, including phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidic acid (PA), phosphatidylinositol (PI), and
phosphatidylserine (PS), were not changed when PGC1β expression was increased
(Figure 2.7).
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2.3 Discussion
Over-expression of PGC1β in human liver cells caused decreased neutral lipid
levels in cells and medium. This was a consistent observation made in experiments that
were performed over a 3-year period. The decrease in neutral lipids in human HepG2
hepatoma cells was somewhat unexpected based on what had been reported in animal
models. Lin et al. 2005 and Lelliott et al. 2007 both observed that when PGC1β was
over-expressed in mouse liver, it increased lipogenesis and VLDL secretion (Lin,
Handschin et al. 2005; Lelliott, Ljungberg et al. 2007). In HepG2 cells that was not the
case, over-expression of PGC1β caused decreased neutral lipid mass in cells and medium.
The over-expression of PGC1β in HepG2 cells did not cause any changes in free
cholesterol, which was not surprising because liver cells have many mechanisms to
prevent changes in free cholesterol content (Rudel, Lee et al. 2001). None of the
phospholipid species were changed with PGC1β over-expression. Total phospholipid
levels are also tightly controlled in cells. The homeostatic control of membrane
phospholipid content and composition is essential for cell growth and survival (Attard,
Templer et al. 2000; Engelmann and Wiedmann 2010).
There are distinct differences between mice and men, especially when it relates to
lipid metabolism. Mice do not have very much VLDL in their blood stream. They also
have an upregulated bile acid synthesis pathway that allows for increased cholesterol
secretion compared to humans. Mice also have a much higher percentage of cholesterol
in HDL in their bloodstream, and therefore, they have more HDL particles available for
the removal of cholesterol from peripheral tissues. In general, compared to humans, mice

45
are streamlined for the removal of excess cholesterol and have tighter regulation of
cholesterol homeostasis.
The human liver is less efficient at returning excess fatty acids to peripheral
storage sites via VLDL secretion. Therefore, there is the tendency for hepatic
triglyceride concentrations to increase under certain metabolic conditions such high
carbohydrate diets or when there is increased fatty acid cycling in general. The
concentration of triglycerides in hepatocytes is also influenced by the ability of liver cells
to oxidize fatty acids. It has been found that PGC1β is essential in mitochondrial
formation and function (Lelliott, Medina-Gomez et al. 2006; Uldry, Yang et al. 2006;
Sonoda, Laganiere et al. 2007; Sonoda, Mehl et al. 2007; Liesa, Borda-d'Agua et al.
2008). It is clear from the current work that lipogenic enzymes were not generally
upregulated when PGC1β expression was increased. When measured using RTPCR, the
expression of PGC1β was significantly elevated by ~10-fold whereas PGC1α was
decreased to 50% of control. SCD1 mRNA expression was upregulated, but it was only
increased about 75% with increased PGC1β expression. There were no differences in the
expression of the other lipogenic enzymes measured.
From these results, it would be important to examine why the over-expression of
PGC1β caused decreased hepatocyte neutral lipids. It will be important to measure βoxidation of fatty acids because PGC1β is a potent regulator of mitochondrial biogenesis
(Lelliott, Medina-Gomez et al. 2006; Uldry, Yang et al. 2006; Sonoda, Laganiere et al.
2007; Sonoda, Mehl et al. 2007; Liesa, Borda-d'Agua et al. 2008). It will also be
important to study lipid synthesis and turnover in HepG2 cells with PGC1β overexpression.
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In summary, over-expression of PGC1β in HepG2 cells was found to significantly
decrease cellular neutral lipids and neutral lipids secreted into the medium. Because
PGC1β can upregulate mitochondrial biogenesis, which could increase the oxidation of
the extra fatty acids stored in liver, PGC1β is an interesting target for the treatment of
non-alcoholic fatty liver disease. In addition PGC1β modulation may be effective when
used in combination with cholesterol-lowering medications to improve the blood
lipoprotein profile.
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2.4 Figures
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Figure 2.1. GFP expression of transduced adenovirus in HepG2 cells. (A) Control Cells
in the bright field (B) Control cells in the GFP field (C) Cells expressing PGC1β
adenovirus with a bicistronic expression of GFP (D) Cells expressing PGC1β and the
GFP in the GFP field. The βgal also had the bicistronic expression of GFP and the GFP
expression was identical to PGC1β in all experiments performed.
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Figure 2.2. Over-expression of PGC1β by adenovirus. A clear band was detected by
FLAG tag antibody at the molecular weight of PGC1β and was not seen in the βgal or the
HepG2 cells without adenovirus. The molecular weight of PGC1β with the flag tag runs
at ~184 KD (Lin, Yang et al. 2005)
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Figure 2.3. mRNA expression of PGC1β and other lipid synthesis enzymes. ACC:
Acetyl-CoA Carboxylase, SCD1: Stearoyl CoA Desaturase, PGC1a: PGC1α, PGC1b:
PGC1β, FAS: Fatty Acid Synthase, SREBP1c: Sterol Response Element Binding
Protein 1c. This is an average of five experiments, with each experiment having five
replicates *p<0.05, **p=0.002 calculated using a Student's t-test. All message expression
is relative to the βgal control which is set a 1.0. Other genes were assayed and there was
no difference between PGC1β and βgal; those genes include: SREBP1a, SREBP2, and
LXR.
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Figure 2.4. Neutral lipid analysis in cell culture medium (A) Amount of cholesteryl ester
(CE), free cholesterol (CHOL), and triglycerides (TAG) in medium (µg/mg cellular
protein). (B) Analysis of (DAG) in medium (ng/mg cellular protein).
This is a representative experiment with five replicates repeated three times, *p<0.05,
**p<0.003 calculated using a Student's T-test.
The cells were incubated in serum-free medium for 18 hours prior to harvest.
This is a representative of three experiments with five replicates.
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of phosphatidylcholine (PC) and phosphatidylethanolamine (PE) secreted into medium
between βgal and PGC1β over-expressed cells. HepG2 cells were incubated with serumfree medium for four hours and the medium was extracted. There were three replicates of
each sample.
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Figure 2.7. Cellular phospholipids in HepG2 Cells with PGC1β over-expressed.
Phosphatidylcholine (PC), Phosphatidylethanolamine (PE), Phosphatidylinositol (PI),
Phosphatidylserine (PS), and phosphatidic acid (PA)

This is a representative of 7 experiments, each with five replicates.
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Chapter 3: Over-Expression of PGC1β Causes Increased βOxidation, and a Switch Over from Incorporation of Fatty
acids into Triglyceride to Incorporation into Phospholipids
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3.0 Introduction
The peroxisome proliferator-activated receptor γ coactivator 1β (PGC1β) is a
nuclear coactivator of several transcription factors. PGC1β is a master regulator of
mitochondrial biogenesis and lipogenesis through PGC1β's ability to coactivate several
transcription factors. PGC1β has been found to co-activate several transcription factors
including PPARγ, PPARα, nuclear respiratory factor 1 (NRF-1), estrogen receptorrelated receptor alpha (ERRα), Forkhead box O1 (FoxO1), and FoxA2 (Lin, Puigserver et
al. 2002; Lin, Tarr et al. 2003; Mootha, Lindgren et al. 2003; Puigserver, Rhee et al.
2003; Puigserver and Spiegelman 2003; Tritos, Mastaitis et al. 2003; Wolfrum and
Stoffel 2006).
PGC1β is highly expressed in oxidative tissues including heart, skeletal muscle,
and brown adipose tissue. PGC1β is expressed at lesser amounts in white adipose tissue,
liver, and kidney (Lin, Puigserver et al. 2002). Lin et al. over-expressed PGC1β in
mouse liver using adenovirus. The over-expression of PGC1β caused an increase in fatty
acid biosynthesis and VLDL secretion. The mechanism involved co-activation of the
transcription factors LXR, SREBP1c, and FoxA2 (Lin, Yang et al. 2005; Wolfrum and
Stoffel 2006). However, our data indicated that when PGC1β is over-expressed in human
HepG2 hepatoma cells, there are significant decreases of neutral lipids in both cells and
in the secreted medium, while the phospholipid concentrations remain unchanged from
control cells (see chapter 2). We also find that the lipogenic genes reported to be coactivated by PGC1β, including SREBP1c, and LXR are not upregulated when PGC1β is
over-expressed in HepG2 cells.
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PGC1β has been found to be a powerful master regulator of mitochondrial
biogenesis. Meirhaeghe et al. showed that over-expression of PGC1β in rat L6 myoblasts
caused an upregulation of the number of mitochondria, and increased beta oxidation in
these cells. PGC1β was also found to co-activate thyroid hormone receptor beta 1
(TRβ1) and PPARα, both transcription factors which are involved in upregulating genes
encoding proteins which catalyze lipid oxidation (Meirhaeghe, Crowley et al. 2003).
PGC1β has also been found to coactivate the transcription factors NRF-1, and NRF-2,
which are potent transcription factors involved in mitochondrial biogenesis (Shao, Liu et
al. 2010). PGC1β has also been found to transcriptionally activate carnitine
palmitoyltransferase 1α (CPT1α) and activity in liver (Sadana, Zhang et al. 2007).
We studied the mechanism in which PGC1β changes lipid metabolism by
measuring β-oxidation, and [14C]oleic acid incorporation into lipids. We show that in
human HepG2 hepatoma cells, over-expression of PGC1β increased beta oxidation,
partially through the increased mRNA expression of CPT1. Over-expression of PGC1β
also decreased the synthesis of neutral lipids, including triglycerides and cholesteryl
esters, while causing an increase in phospholipid synthesis. These results were somewhat
surprising considering that the total phospholipid levels were unchanged from control
when PGC1β was over-expressed. Phospholipid levels are tightly regulated within cells
to maintain homeostasis. When PGC1β is over-expressed, there is a shift in lipid
metabolism from triglyceride synthesis to phospholipid synthesis, but the cells protect
themselves from excess phospholipids through increased beta oxidation and possibly
recycling of fatty acids.
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3.1 Methods
3.1.1 Tissue Culture
Cells were cultured and treated as explained in chapter 2.
3.1.2 Treatment of the Adenovirus
The treatment of the adenovirus was exactly as explained in chapter 2.
3.1.3 Cell Harvest and Protein Assay
In all experiments, the BCA Protein Assay (Pierce, Thermo Fisher Scientific,
Rockville, IL) was used. Cells were harvested in lysis buffer (0.0625 M sucrose, 0.5%
sodium deoxycholate, 0.5% triton X 100, 150 mM sodium chloride, 5 mM EDTA, 50
mM Tris pH=7.4) (Dixon, Furukawa et al. 1991), protease inhibitors were added the day
of the experiment (Complete Mini Protease Inhibitor Cocktail, Roche, Indianapolis, IN).
The cell lysate incubated on a rocker at 4°C for 30 minutes for lysis, and centrifuged at
13,000 rpm in a microcentrifuge for 10 minutes. The supernatant was transferred to a
new tube. The protein assay was performed as per manufacturer's instructions.
3.1.4 RTPCR
The RTPCR procedure was as described in Chapter 2. The following primers
were used for RTPCR.
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Table 3.1.
Sequence
Housekeeping
Gene
18S
Lipid Synthesis
Genes
GPAT1
DGAT1
Oxidation Genes
CPT1
FOXA2
MCAD1

Forward TAAGTCCCTGCCCTTTGTACACA
Reverse GATCCGAGGGCCTCACTAAAC
Forward
Reverse
Forward
Reverse

CGTCCAGTGTGGCGTTGA
GCTCCGATCACCTACATTATAATTTTCT
CTTCAGCAACTACCGTGGCAT
CATTGGCCGCAATAACCAGG

Forward
Reverse
Forward
Reverse
Forward
Reverse

CAGAAGTGAAGACCCGGATACG
CATGCGGCCGTGTAGTAGAGATTT
TTCAGGCCCGGCTAACTCT
ACCCCCACTTGCTCTCTCACT
AGGCCGTGACCCGTGTATTA
AACCCCGCTGCCATGTT

3.1.5 Harvesting Lipids for Lipid Analysis
The cells were harvested and extracted as in Chapter 2. For TLC, the lipid
residue was reconstituted in hexane and loaded onto a thin layer chromatography (TLC)
plate.
3.1.6 Thin Layer Chromatography
Lipid extracts from HepG2 cells grown in wells of a 24 well plate were loaded
onto hard layer silica gel plates, 250 µm thickness, 20 x 20 cm, scored with a
preabsorbent zone (Analtech, Newark, DE). A mixed lipid standard of cholesteryl ester,
triolein, diolein, monoolein (Sigma, St. Louis, MO), and diolein PC (Avanti Polar Lipids
(Alabaster, AL) was prepared at 15 mg/mL of each lipid and 5 µL of the standard was
spotted onto the plate in a single lane. The solvent system for neutral lipids was hexane:
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ethyl ether: acetic acid (80:20:2). All solvents were purchased from VWR and were
HPLC grade. The solvent system for polar lipids was chloroform: methanol: acetone:
acetic acid: water (50:10:20:15:5). The TLC plate was run until the solvent front
measured 2 mm from the top of the plate to provide sufficient separation of the lipids.
Plates were dried and then submitted to iodine for the determination of the lipid
standards. The TLC plate was exposed to the phosphorimager cassettes (Molecular
Dynamics, Sunnyvale, CA) for at least 12 hours and scanned using the Storm Scanner
(GE Healthcare, Piscataway, NJ) and Storm Scanner Software. The relative density of
the spots was calculated using Image Quant™ (GE Healthcare, Piscataway, NJ).
3.1.7 Beta Oxidation Assay
Following the methods of Mao X et al. and Muoio DM et al. (Muoio, Seefeld et
al. 1999; Mao, Kikani et al. 2006), β-oxidation in HepG2 cells was assayed in 24 well
culture dishes. The cells were washed with PBS and pre-incubated for 1 hour with
minimal essential medium (MEM) (Mediatech, Manassas, VA). Special tops to the 24
well plates were made by drilling small holes into the lid of the plate: these holes were
large enough to fit a ~18 gauge needle. Labeling tape covered the holes during the
experiment and was removed briefly when adding or removing reagents from the dishes.
A piece of Whatman paper (1 cm x 1 cm) was taped to the top of the plate, covering the
well. 200 µL of 1M NaOH was added to the Whatman paper prior to starting the
experiment.
Extra plates of cells were treated as blanks. They were washed with PBS, and
before the pre-incubation with MEM, they were placed into a 95 °C water bath for 7
minutes. "Boiled" blanks were found to be the most appropriate blanks for this assay.
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The cells were checked under a microscope to confirm that a monolayer was still present.
The cells were then treated with a pre-incubation of MEM.
After the pre-incubation, cells were incubated for 2 hours with 0.25 mM oleic
acid in 1% BSA in serum-free MEM with 1 µCi/mL 1-[14C]-oleic acid (MP Biomedicals,
Santa Ana, CA). The oleic acid was complexed to the BSA, as described by Dixon et al.
1991 (Dixon, Furukawa et al. 1991). The plates were covered with parafilm. At the end
of two hours, the medium was removed with a syringe through the small holes in the
covers, and the cells were washed with 1x PBS. ASM, a measure of ketone bodies of
tricarboxylic-acid cycle intermediates and acetyl esters (Glatz and Veerkamp 1982) were
assayed in supernatants of the acid precipitates. 100 µL of 10% perchloric acid (PCA)
was added to the wells using a syringe. The cells were incubated in the 10% PCA for 1
hour in the fume hood at room temperature. At the end of the incubation, the PCA was
collected into microcentrifuge tubes and centrifuged at 13,000 x g for 10 minutes. The
supernatant was collected and 25 µL aliquots were assayed by liquid scintillation
counting (LSC). ASM routinely accounted for over 90% of the total oxidation products
in HepG2 cells (Muoio, Seefeld et al. 1999). To measure [14C]CO2 oxidized from the
HepG2 cells, Whatman paper saturated in 1 M NaOH were collected and placed in LSC
vials and allowed to dry for at least 2 hours. 5 mL of scintillation fluid was added to the
vials and allowed to sit for 2 hours before counting.
3.1.8 Measuring Triglyceride Lipolysis/Pulse-Chase Experiment
HepG2 cells were plated in 24-well plates with collagen, and the adenoviruses to
PGC1 and gal were incubated on the cells as described in Chapter 2. On the day of the
experiment, cells were washed twice with 1x PBS. 200 µL of 0.25 mM oleic acid in 1%
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BSA in serum-free MEM with 1 µCi/mL 1-[14C]-oleic acid (MP Biomedicals, Santa Ana,
CA) was incubated in each well for 24 hours. Extra wells were treated with 0.25 mM
oleic acid in 1% BSA in serum-free medium for protein analysis. At the end of the 24
hour incubation, the radioactive medium was removed and saved in a 1.5 mL Eppendorf
tube. A dish was immediately harvested as the 0 time point. Serum-free MEM
containing 1% BSA was placed in wells and incubated for 6, 12, or 24 hours.
At each time point, the medium was collected in Eppendorf tubes. The cells were
harvested by washing the wells with PBS with 1.5% BSA twice, and then scraping the
cells twice into 1 mL methanol and transferring the lysate to a glass tube. 1mL of
chloroform was added to the glass tube. The final methanol:chloroform ratio was 2:1.
The extracts were incubated at -20°C overnight. The next day they were extracted by the
modified Bligh and Dyer method (See Chapter 2) (Bligh and Dyer 1959). At the end of
the extraction, each lysate was resuspended in 500 µL of chloroform. Two 25 µL
aliquots were taken for LSC from the medium and the cell lysates. The lysates were then
dried down again by vacuum under centrifugation and then resuspended in 30 µL to load
on a TLC plate. The separation methods were performed as described in section 3.1.6.
3.1.9 Measuring Triglyceride Synthesis
HepG2 cells were plated in 24-well plates with collagen and the adenoviruses to
PGC1 and gal were incubated on the cells, as described above. On the day of the
experiment, cells were washed twice with 1x PBS. 200 µL of 0.25mM oleic acid in 1%
BSA in serum-free MEM with 1 µCi/mL 1-[14C]-oleic acid (MP Biomedicals, Santa Ana,
CA) was incubated in each well for 6, 12, 24, and 48 hours. Extra wells were treated
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with non-radioactive medium for protein analysis. At the end of the incubations, the
radioactive medium was removed and saved in a 1.5mL Eppendorf tube.
The cells were harvested and lipids were extracted exactly as described above in
the lipolysis/pulse chase experiment, section 3.1.8.
3.1.10 Measuring -hydroxybutyrate
To measure the ketone bodies secreted into medium, β-hydroxybutyrate was
measured. The reaction used β-hydroxybutyrate dehydrogenase which converts βhydroxybutyrate to acetoacetate. NAD+ was used in the reaction and NADH is formed.
NADH has a fluorescent chromophore and the formation of NADH was measured.
HepG2 cells were plated in either 6-well or 24-well plates in serum-containing
medium. The medium was changed to serum-free medium containing either 0.2 mM
oleic acid in 1% BSA or serum-free medium with 1% BSA. The cells were incubated for
a minimum of 4 hours; when shorter incubations were tested, no ketone bodies were
measurable. At the end of the incubation, the medium was collected, centrifuged at 3000
x g for 5 minutes, and the supernatant was transferred to another microcentrifuge tube. A
250 mM Tris buffer with 1mM EDTA ,pH=9.0 was prepared. On the day of the
experiment, the buffer was diluted 1:2 with water, 5µL of hydrazine hydrate (Sigma, St.
Louis, MO) was added per mL, 1 mg of NAD+ (Sigma, St. Louis, MO) was added per
mL. The -hydroxybutyrate dehydrogenase (Sigma, St. Louis, MO) enzyme (25 U) was
diluted to 5 mL in the Tris/EDTA buffer without the NAD+ or the hydrazine hydrate prior
to the experiment and stored at -20°C.
A standard curve from 0.25-3 mM -hydroxybutyrate (Sigma, St. Louis, MO)
was made and diluted in water. 20 µL of the standard was pipetted into a well of a 96-
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well plate. Blanks were prepared in water. 200 µL of buffer was added per well. The
samples were treated the same. A reading was taken on the fluorescent SpectroMax
Gemini Microplate reader (Molecular Devices, Sunnyvale, CA). The excitation
wavelength was 350 nm and the emission was 450 nm. The samples were mixed for 45
seconds prior to measuring them. After the samples had been measured, 5µL of the hydroxybutyrate dehydrogenase enzyme was added to each well.
The samples were incubated for at least 30 minutes at room temperature.
Readings were taken every 5-10 minutes from that point forward and taken until the
readings reached equilibrium. The amount of -hydroxybutyrate in each medium sample
was calculated from the standard curve.
3.1.11 Measuring ApoB Secretion using Immunoprecipitation
HepG2 cells were grown in 6-well dishes. HepG2 cells were treated with
adenoviruses, as described in chapter 2. The experiments were performed when the cells
were confluent. The protocol followed Dixon et al. 1991 (Dixon, Furukawa et al. 1991).
The growth medium was removed and the cells were washed twice with 1x PBS. The
experiments were conducted using radiolabeled amino acids, [S35] Methionine or [3H]
Leucine (MP Biomedicals, Santa Ana, CA). 1 mL of serum-free, and either methionine
or leucine free medium (Invitrogen or MP Biomedicals, respectively) was placed in each
well and incubated for 30 minutes at 37 °C. The medium was removed and replaced with
medium containing 100 µCi/mL of the radioactive amino acid and 100 µM of that amino
acid (Sigma, St. Louis, MO) in that amino acid free medium. The radiolabeled medium
incubated for 4 hours at 37 °C.
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The immunoprecipitation followed the methods in Furukawa et al 1992, Dixon et
al. 1991, and Dixon et al. 1993 (Dixon, Furukawa et al. 1991; Furukawa, Sakata et al.
1992; Dixon and Ginsberg 1993). The medium was collected in 1.5 mL screw cap vials
containing 59 µL of PBS with complete mini protease inhibitor cocktail (Roche,
Indianapolis, IN) added. The cells were washed twice with cold 1x PBS. 1 mL of lysis
buffer with complete mini protease inhibitor cocktail was added to each well. The cells
were scraped and transferred to a 1.5 mL screw-cap vial, and then incubated at 4 °C for
30 minutes. The tubes were centrifuged at 12,000 x g at 4 °C for 10 minutes. The
supernatant was transferred to a new tube. The medium was centrifuged at 4000 x g for
5 minutes at 4 °C and the supernatant was transferred to a new 1.5 mL screw cap tube.
Polyclonal antibodies to anti-human ApoB (ABD Serotec, Raleigh, NC) and albumin
(ABD Serotec, Raleigh, NC) were diluted 1:100 with PBS. For the albumin
immunoprecipitation, 100 µL of cell lysate or medium, 800 µL of NET buffer (150 mM
NaCl, 5 mM EDTA, 50 mM Tris pH=8.3, 0.5% Tween, 0.1% SDS), and 100 µL of antialbumin were added to a 1.5 mL screw-cap tube. For the ApoB immunoprecipitation,
100 µL of the cell lysate or medium was added to 600 µL of the NET buffer and 300µL
of anti-ApoB was added. The tubes were capped tightly and rocked at 4 °C overnight.
For the immunoprecipitation, 100 µL of protein sepharose A CL-4 beads
(Pharmacia, GE Healthcare, Piscataway, NJ) was added to each tube using a large orface
tip. The tubes were incubated for 3 hours at 4 °C. The tubes were centrifuged at 3000 x
g at room temperature for 3 minutes. The supernatant was removed. The samples were
washed five times with cold NET (pH=8.3), each time they were centrifuged at 2000 x g
for 3 minutes and the supernatant was removed. The final centrifugation was at 4000 x g
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for 5 minutes. The immoprecipitated lysates were assayed by LSC. ApoB and albumin
present in immunoprecipitates were separated by SDS-PAGE (3-15% gradient) (Laemmli
1970). The gels incubated in Autofluor (National Diagnostics, Manville, NJ) for 40
minutes, dried, and exposed to film (Kodak, Biomax Autoradiography film, ThermoFisher, Rockford, IL).
3.1.12 Statistical Analysis
All statistics were calculated using a Student's T-test, one way ANOVA, or two
way ANOVA using Tukey's post hoc test. All statistics were analyzed using SPSS (SPSS
Inc., Chicago, IL).
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3.2 Results
To test if over-expression of PGC1β caused an increase in β-oxidation, studies
were performed in HepG2 cells over-expressing PGC1β following the protocol of Muoio
DM et al 1999 (Muoio, Seefeld et al. 1999). Over-expression of PGC1β in HepG2 cells
caused a significant upregulation in β-oxidation measured in ASM (p=0.002) and 14CO2
released (Figure 3.1).
Ketone body formation was tested in HepG2 cells with PGC1β over-expression
by measuring β-hydroxybutyrate secreted into the medium. There was no difference in β
hydroxybutyrate in control and PGC1β over-expressed cells (Figure 3.2). Previous
studies have shown that HepG2 cells have low ketone body formation (Javitt 1990;
Gibbons, Khurana et al. 1994).
Expression of mRNA for enzymes involved in β-oxidation was measured by
RTPCR. The expression of CPT1 was significantly upregulated when PGC1β was overexpressed (p=0.05). Levels of mRNA of other enzymes tested including FoxA2 and
MCAD1 were not changed from control. Genes involved in lipogenesis were also tested,
mitochondrial GPAT and DGAT1. Mitochondrial GPAT is the first step in glycerol lipid
genesis by catalyzing the acylation of glycerol 3-phosphate using Acyl-CoA to form
lysophosphatic acid (LPA). LPA is then transferred to the ER for the synthesis of DAGs,
TAGs, and PLs (Muoio, Seefeld et al. 1999; Igal, Wang et al. 2001). In PGC1β overexpressed HepG2 cells, there was a 5-fold increase in the amount of mGPAT expressed
over control cells (Figure 3.3). There were no differences in the mRNA expression of
DGAT.
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We next examined the synthesis of neutral and phospholipids using the substrate
0.2 mM [14C] oleic acid complexed to BSA at a 2:1 ratio. The HepG2 cells were treated
for 12, 24, or 48 hours with [14C] oleic acid. Over-expression of PGC1β caused a
significant decrease in triglyceride (TAG) synthesis in HepG2 cells. Over-expression of
PGC1β caused a significant decrease in the synthesis of cholesteryl esters (CE). The
synthesis of total phospholipids was significantly increased at 12 and 24 hours and there
was no change at 48 hours (Figure 3.4).
We compared the β-oxidation of [14C]oleate with its incorporation into TAG. In
the experiment depicted in Figure 3.1A, the oxidation rate of 1-[14C]oleate to ASM in
control cells was 0.0018 µmol/mg protein/hour. In the experiment depicted in Figure
3.4A, the incorporation of 1-[14C]oleate into triglyceride in control cells was 0.0028
µmol/mg protein/hour. Therefore, the oxidation rate of 1-[14C]oleate was fairly
equivalent to the incorporation rate of 1-[14C]oleate into triglyceride.
To determine if the significant decreases in TAG and CE synthesis were due to
decreased synthesis or increased lipolysis, a pulse chase experiment was performed.
[14C] oleic acid was incubated on the HepG2 cells for 24 hours and then the exogenous
fatty acid was removed. The cells were harvested at 0, 6, 12, and 24 hours after the
removal of the exogenous fatty acid. There was no change in the amount of total lipid
extract radioactivity harvested in the cells at any of the time points when PGC1β was
over-expressed. However, in the control cells there was a significant decrease in the
radioactivity harvested in the cells between 0 and 6 hours and then the radioactivity
remained constant during the subsequent hours (Figure 3.5A). Figure 3.5B shows the
amount of total radioactivity that was released into the medium. There was no difference
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between the amount of radioactivity released in the medium at any of the time points
between control and PGC1β over-expressed cells.
Figure 3.6 shows the [14C]oleate distribution between neutral lipid species at 0, 6,
12, and 24 hours after removing the fatty acid. Figure 3.6A shows the amount of [14C]
oleic acid that was incorporated into triglycerides. When PGC1β was over-expressed the
levels of radiolabeled TAG were significantly lower than observed in control cells at 0,
12, and 24 hours. At six hours, the amount of radiolabel incorporated into TAGs was
lower in cells over-expressing PGC1β compared to control, but did not reach statistical
significance. After six hours, the radioactivity in triglycerides remained constant in both
control and PGC1β over-expressed cells. The difference was significant at 12 and 24
hours. Figure 3.6B shows the amount of [14C] oleic acid that was incorporated into
cholesteryl esters. Radiolabeled CEs were lower in the PGC1β over-expressing cells at
all time points but only reached significance at 12 and 24 hours after removing the fatty
acid. The incorporation of [14C] oleic acid into phospholipids was higher in PGC1β overexpressed cells compared to control cells at 0 time. Thereafter, the radioactivity levels in
phospholipids were maintained in both groups and remained significantly higher in
PGC1β over-expressed cells at 12, and 24 hours after removing the fatty acid (Figure
3.6C).
We further separated PCs and PEs by TLC as they were the major phospholipid
species that [14C] oleic acid was incorporated into in liver cells. As for total
phospholipids, over-expression of PGC1β increased incorporation of [14C]oleate into PCs
at all time points. A significant increase was found at 6 and 12 hours after removing the
fatty acid (Figure 3.7A). The synthesis of PEs was similarly increased in cells with
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PGC1β over-expression (Figure 3.7B). Therefore, PGC1β increased the synthesis of both
PCs and PEs.
For ApoB secretion assays, PGC1β was over-expressed in HepG2 cells, and cell
lysates and media samples were assayed for ApoB100 using [3H]Leucine incorporation
and immunoprecipitation. Over-expression of PGC1β did not increase ApoB100
secretion in human hepatoma, HepG2 cells, and, in fact, there was a slight decrease in
ApoB secretion. After four hours of labeling, there were no significant differences in
cellular ApoB or albumin detected between control cells and cells over-expressing
PGC1β. In medium, the amount of [3H]-ApoB was significantly lower in PGC1β overexpressed cells than control cells (Figure 3.8B). There was no significant difference in
the amount of albumin secreted into the medium, but there was a trend for lower albumin
secretion in cells with PGC1β over-expression. To test for effects of PGC1β on total
protein synthesis, a TCA precipitation assay was performed to measure the incorporation
of [3H]leucine into total protein. There were no significant differences in the total
amount of protein synthesis between the two groups of cells.
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3.3 Discussion
Previous studies have shown that over-expression of PGC1β causes significant
changes in lipid metabolism as both PGC1β and PGC1α are powerful regulators of
mitochondrial biogenesis and lipid oxidation (Meirhaeghe, Crowley et al. 2003; Lelliott,
Medina-Gomez et al. 2006; Vianna, Huntgeburth et al. 2006; Sonoda, Laganiere et al.
2007; Sonoda, Mehl et al. 2007; Ventura-Clapier, Garnier et al. 2008). In this study, we
show that over-expression of PGC1β caused significant decreases in neutral lipid mass
while causing minimal changes in total phospholipid mass (see Chapter 2) in HepG2
cells. To explore why these changes in lipid levels occurred, beta oxidation studies were
performed first.
Over-expression of PGC1β caused a significant increase in beta oxidation as
observed in increased production of ASM and 14CO2 released. In addition to this
observation, the mRNA expression of CPT1 was elevated 100% in PGC1β overexpressed cells compared to control cells. CPT1 is involved in the transport of fatty acids
into mitochondria (Abu-Elheiga, Brinkley et al. 2000). We did not measure the enzyme
activity and protein expression of CPT1. However, Sandana et al. reported that overexpression of PGC1β caused an increase in both mRNA expression and enzyme activity
of CPT1 (Sadana, Zhang et al. 2007).
We measured ketone body formation in HepG2 cells by measuring the amount of
β-hydroxybutyrate secreted into the medium. There was no difference in ketone body
formation between control and cells with PGC1β over-expression. HepG2 cells are
known to have low ketone body formation (Javitt 1990; Gibbons, Khurana et al. 1994;
Muoio, Seefeld et al. 1999; Muoio, Lewin et al. 2000).
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The next experiments tested if the over-expression of PGC1β had any effects on
the incorporation of oleic acid into neutral lipids. PGC1β over-expressed caused
significant decreases in the incorporation of [14C] oleic acid into TAGs and CEs, and
increased incorporation into phospholipids relative to control cells. When given 0.4 mM
oleic acid, HepG2 cells can make and secrete TAGs and CEs (Javitt 1990; Dixon,
Furukawa et al. 1991; Dixon and Ginsberg 1992; Gibbons, Khurana et al. 1994);
however, the current data show that when PGC1β is over-expressed, the hepatoma cells
synthesized less TAG, secreted less TAG, and preferentially channeled oleate into
phospholipids. PGC1β is a potent regulator of mitochondrial biogenesis, and the switch
to increase incorporation of oleate into phospholipids may be an important component of
the synthesis of mitochondria. In cultured HepG2 cells, the effects of increased
expression of PGC1β on phospholipid synthesis were clearly greater than the activation
of the LXR, SREBP1c pathways observed by Lin et al. in mice (Lin, Yang et al. 2005).
Over-expression of PGC1β also caused an upregulation in the beta oxidation of fatty acid.
In control cells, the rate of oxidation of [14C] oleic acid (Figure 3.1A) was about 65% the
rate of incorporation of [14C] oleic acid into triglyceride (Figure 3.4A). In cells that overexpressed PGC1β, the rate of oxidation increased by 30% and the rate of synthesis of
triglyceride decreased about 60%. Therefore, the decrease in cellular TAG content
observed with higher PGC1β levels, was due to, approximately, a 30% increase in fatty
acid oxidation and a 60% decrease in TAG synthesis.
The decrease in incorporation of [14C]oleic into neutral lipids was further studied
by performing a pulse/chase study. After 24 hours of labeling with [14C] oleic acid, the
incorporation into TAGs was significantly decreased in cells over-expressing PGC1β.
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Uptake of [14C] oleic acid was not significantly different between control cells and cells
with increased PGC1β expression (data not shown). By six hours after removing the
[14C] oleic acid, the incorporation of [14C] into TAGs, CEs, and PLs in both control and
PGC1β over-expressing cells was maintained over the next 18 hours. The constant
labeling of these lipids, after six hours leads us to suspect that there was very little turnover of these newly synthesized lipids in HepG2 cells over the period of the experiment.
Therefore, we concluded that the effects observed at the zero hour time point were more
due to changes in synthesis than to changes in turn-over. Thus, it appears that PGC1β
modulated lipid metabolism such that fatty acids were funneled into phospholipid
synthesis rather than into TAG synthesis.
ApoB secretion was decreased 30% in cells with PGC1β over-expression. A
decrease in ApoB secretion is often observed when TAG mass is limiting. It has been
shown that if there is not enough triglyceride available for the formation of nascent
VLDL particles, ApoB100 is degraded post translationally through several mechanisms,
including the proteasome, lysosome, and autophagosome (Fisher, Zhou et al. 1997;
Mitchell, Zhou et al. 1998; Zhou, Fisher et al. 1998; Sakata and Dixon 1999; Gusarova,
Seo et al. 2007; Pan, Maitin et al. 2008; Ginsberg and Fisher 2009). In the current
experiments, over-expression of PGC1β in HepG2 hepatoma cells caused a significant
decrease in neutral lipid mass, and therefore, a concomitant decrease in ApoB secretion
was also observed.
Our data showing that PGC1β upregulates phospholipid synthesis is a new and
exciting observation. The mechanism how this occurs is unknown, but our results
provide some insights. The 5-fold increase in GPAT mRNA suggests that total activity
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of the Kennedy Pathway is increased by PGC1β. Second, our observations that both
cellular MAGs and DAGs were also decreased with PGC1β over-expression, suggest that
the main effects of PGC1β were later in the pathway. The inverse effects of PGC1β on
TAG and PL synthesis suggests that late in the pathway there was a shift such that oleate
was funneled into PL synthesis and away from TAG synthesis.
There is little indication to suggest that other steps early in the pathway were
involved in the shift from TAG to PL synthesis. Igal et al. found that over-expression of
GPAT in Chinese hamster ovary cells caused an increase in the TAG synthesis (Igal,
Wang et al. 2001). However, TAG mass was significantly decreased in our cells that
over-expressed PGC1β . DGAT1 is the enzyme that catalyzes the formation of TAGs
from DAGs (Yen, Monetti et al. 2005; Yen, Stone et al. 2008), but is not known to be
highly regulated post-transcriptionally (Casaschi, Rubio et al. 2004). One possible step
that may be regulated by PGC1β is CDP-choline-diacylglycerol phosphocholine
transferase (dCPT), the enzyme that catalyzes the formation of phosphatidylcholine from
CDP-choline and DAG. An observation that supports this hypothesis is that the mass of
DAG was decreased in cells that over-express PGC1β.
There is another pathway in liver for the synthesis of PC that involves the
conversion of PE to PC through the enzyme phosphatidylethanolamine Nmethyltransferase (PEMT). The lower DAG concentration and the fact that the PEMT
pathway is considered a secondary pathway for PC synthesis in liver leads us away from
considering this pathway as the site of PGC1β regulation.
In this study we show evidence that over-expression of PGC1β causes increased
beta oxidation, and increased incorporation of [14C] oleic acid into phospholipids. We
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observed a slight decrease in ApoB secretion in HepG2 cells with over-expression of
PGC1β. These results are different than those observed by previous studies in mice (Lin,
Yang et al. 2005; Lelliott, Ljungberg et al. 2007). These differences could be due to a
difference in species, or could be the result of differences in a whole animal model versus
a cell culture model. Further studies need to be conducted in murine cell culture models
to confirm our results in HepG2 cells. Upregulation of PGC1β may be an interesting
pharmaceutical target for the treatment of hepatosteatosis and dyslipidemia because overexpression of PGC1β caused increased β-oxidation and decreased triglyceride mass in
HepG2 cells.
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Figure 3.1. Beta oxidation in HepG2 Cells with PGC1β over-expression. (A) Beta
oxidation measured as acid soluble metabolites (ASM) in dpm/mg protein. Using the
specific activity of the 1-[14C] oleic acid substrate, the β-oxidation rate in control cells
was 0.0018 µmol/hour/mg protein. (B) Beta oxidation measured from [14]CO2 released
from cells and collected on Whatman filter paper in dpm/filter paper. This is a
representative of 5 experiments, each using six replicates.*p=0.002, **p<0.001, analyzed
using a Student's T-test.
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Figure 3.2. Beta hydroxybutyrate in the medium of HepG2 cells. β-OH Butyrate was
measured in the medium from HepG2 cells with PGC1β over-expressed. This is a
representative in which the experiment was performed in triplicate and repeated three
times.
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Figure 3.3. Over-expression of PGC1β causes an increase in CPT1 and mGPAT mRNA
expression measured by RTPCR. The message expression of carnitoyl palmitoyl-CoA 1
(CPT1) *p=0.05 measured by a Student's T-test, forkhead box receptor A2 (FoxA2), and
middle chain acyl dehydrogenase (MCAD). B. The mRNA expression of the glycerol3-phosphate acyl transferase (GPAT) is significantly increased in PGC1β over-expressing
cells compared to control **p<0.001 analyzed by a Student's t-test, there were no
significant differences in the mRNA expression of diacylglycerol acyl transferase
(DGAT). This is a representative of 3 experiments, each experiment was conducted with
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five replicates.
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Figure 3.4. [14C]oleate incorporation into neutral and phospholipids in HepG2 cells with
PGC1β over-expressed, measured at 12, 24, and 48 hours after adding the fatty acid.
Student's T-tests were used comparing βgal and PGC1β at each time point. (A)
Incorporation of the [14C] oleic acid into triglycerides *p = 0.001, **p<0.001. Using
specific activity of the [14C] oleic acid substrate, the TAG synthesis rate was 0.0028
µmol/hour/mg protein. (B) Incorporation of the [14C] oleic acid into Cholesteryl esters
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*p=0.04, **p=0.02. (C) Incorporation of the [14C] oleic acid into total phospholipids
*p=0.001. This is a representative of two experiments, each experiment was conducted
with three replicates.

81

dpm/mg protein

A.

Cellular [14C] Oleate
350,000
300,000
250,000
200,000
150,000

*
**

Bgal
PGC1B

*

100,000
50,000
0
0

6

12

24

14

Hours after removing [ C]oleic acid

B.

Medium

dpm/mg protein

100,000
80,000
60,000

Bgal
PGC1B

40,000
20,000
0
0

6

12

24

14

Hours after removing [ C]oleic acid

Figure 3.5. [14C]oleate of cells and medium of HepG2 cells over-expressing PGC1β (A)
Cellular [14C] oleate in HepG2 cells over-expressing PGC1β measured at 0, 6, 12, and
24 hours after removing the [14C] oleic acid in dpm/mg protein. *The amount of [14C]
oleic acid is decreased significantly in βgal cells from 0 to 6 hours (p=0.001) conducted
by two-way ANOVA. **PGC1β and βgal are significantly different at time 0 (p=.003)
conducted by two-way ANOVA. (B) [14C] released into the medium at 0, 6, 12, and 24
hours in HepG2 cells with PGC1β over-expressed or βgal in dpm/mg protein.
This is a representative of two experiments, each experiment was conducted using six
replicates.
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Figure 3.6. Pulse chase measurement of neutral lipid distribution in HepG2 cells which
over-express PGC1β. The cells were harvested at 0, 6, 12, and 24 hours after removing
the [14C] oleic acid and reported in [14C] oleic acid content in cellular lipids was
measured and shown. The samples were analyzed by Two-Way ANOVA and Student's
T-test (A) The amount of [14C] oleic acid incorporated into triglyceride (TAG) *p<0.001,
**p=0.03. (B) The amount of [14C] oleic acid incorporated into Cholesteryl ester (CE)
*p=0.03, **p=0.003. (C) The amount of [14C] oleic acid incorporated into total
Phospholipids (PL)*p<0.005, **p=0.02.
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This is a representative of two experiments, each experiment was conducted with three
replicates.
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Figure 3.7. Pulse chase measurement of phospholipid distribution in HepG2 cells which
over-express PGC1β. The cells were harvested at 0, 6, 12, and 24 hours after removing
the [14C] oleic acid and reported in dpm/mg cellular protein. The samples were analyzed
using a two-way ANOVA and Student's T-test. (A) The amount of [14C] oleic acid
incorporated into Phosphatidylcholine (PC) *p=0.05, **p=0.02, †=Trend for significance
p=0.08. (B) The amount of [14C] oleic acid incorporated into Phosphatidylethanolamine
(PE) *p=0.03.
This is a representative of two experiments, each experiment was conducted using three
replicates.
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Figure 3.8. ApoB secretion from HepG2 cells with PGC1β over-expressed using
[3H]leucine as a tracer. A. Cellular ApoB measured in HepG2 cells. Cell extracts were
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immunoprecipitated using polyclonal antibodies to ApoB100 or albumin (control)
corrected for cellular protein. B. ApoB or albumin (control) secreted into the medium
from HepG2 cells *p=0.04, analyzed by a Student's t-test. C. Total protein synthesis
measured by TCA precipitation of cell extract, and in medium. This is a representative of
five experiments, each experiment was conducted in triplicate.
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Over-expression of PGC1B causes changes to de
novo fatty acid synthesis
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Figure 3.9. Diagram of how PGC1β causes changes to lipogenesis in human HepG2
hepatoma cells. Over-expression of PGC1β causes an upregulation of CPT1, this caused
an upregulation in β-oxidation and increased CO2 released. The over-expression of
PGC1β also had effects on lipogenesis in the ER including a decrease in DAGs, TAGs,
and CEs, and an upregulation in the synthesis of PE and PC. Over-expression of PGC1β
caused an upregulation of mGPAT which has been shown to increase TAG lipogenesis
(Igal, Wang et al. 2001). More studies need to be performed to see if the enzyme activity
of mGPAT is also increased.
(Nagle, An et al. 2007)
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Chapter 4: The Effects of Oleic Acid on Lipids in HepG2 Cells
with the Over-Expression of PGC1β
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4.0 Introduction
Human HepG2 hepatoma cells are derived from a hemoblastoma and have been
studied extensively as a model of human liver lipid metabolism (Aden, Fogel et al. 1979;
Javitt 1990; Gibbons, Khurana et al. 1994). HepG2 cells synthesize fatty acids at
approximately the same rate as primary rat hepatocytes (Gibbons, Khurana et al. 1994).
HepG2 cells can also synthesize both phospholipids and bulk neutral lipids, and they are
also able to make and secrete ApoB containing lipoprotein particles (Aden, Fogel et al.
1979).
Modifications in fatty acid composition of complex lipids have been produced in
a number of mammalian cell lines in response to exposure of cells to different fatty acids
in the medium. Most of these studies have been done by TLC analysis of the lipids or by
gas chromatography (GC). With the emergence of lipidomics, it is now possible to
analyze all of the complex lipid concentrations and accurately determine how these lipids
change in response to exogenous fatty acids.
Many cell lines have been tested to determine how the lipid composition of cells
changes in response to exogenous fatty acid treatment, including Morris hepatoma 7777
(Yoo, Chiu et al. 1980), HeLa (Harary, Gerschenson et al. 1967), L1210 ((Burns,
Luttenegger et al. 1980), LM (Ferguson, Glaser et al. 1975), human fibroblasts (Spector,
Kiser et al. 1979), 3T3-L1 (Hatten, Scandella et al. 1978), and several other cell lines.
These studies have shown that the fatty acid composition of complex lipids, including
membrane phospholipids, can be modified by incubation of cells with fatty acids. The
changes in fatty acid composition of phospholipids can change membrane properties,
including membrane fluidity (Hatten, Scandella et al. 1978), activity of transmembrane
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enzymes (Coleman 1973), the position of integral membrane enzymes (Shinitzky and
Rivnay 1977), and cholesterol esterification (Burns, Luttenegger et al. 1980). It is clear
from these studies that changing the lipid composition of membranes affects their protein
cohort (Coleman 1973; Shinitzky and Rivnay 1977; Hatten, Scandella et al. 1978; Burns,
Luttenegger et al. 1980). It is important to study the changes in lipid composition of cells
in order to determine how such changes affect cell function.
In this study, we examined how TAG and PL concentrations and fatty acyl
composition respond to treatment with oleic acid. In contrast to the previous hepatoma
cell line study published by Yoo et al. (Yoo, Chiu et al. 1980), we used human hepatoma
cells and not rat cells. We also used an acute 6 hour treatment of oleic acid rather than a
5 day incubation (Yoo, Chiu et al. 1980). We chose to perform a shorter incubation of
fatty acid to explore how the cells change acutely in response to fatty acid treatment. We
also used LC-MS/MS to examine changes in the entire lipidome within HepG2 cells in
response to fatty acid treatment.
We were particularly curious in this experiment as to how oleic acid affects the
reduction in neutral lipids, in particular triglyceride, caused by the over-expression of
PGC1β. We found previously that when PGC1β was over-expressed, there was a
decrease in the incorporation of [14C] oleate into TAG and CE, and an upregulation in
[14C] oleate incorporation into phospholipids (see chapter 3). The total phospholipid
mass, however, was not significantly different between control cells and cells with
increased PGC1β. We wish to observe whether incubating HepG2 cells with exogenous
oleic acid prevented the reductions observed in neutral lipid content. Thus, we wished to
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determine if over-expression of PGC1β causes a change in the fatty acid species of the
major classes of cellular lipids.
The purpose of these experiments was to determine the extent to which the fatty
acyl spectrum of the major lipids could be altered in liver cells. Future drug treatment
strategies will likely also target this aspect of hepatic and VLDL lipids, in addition to
targeting total concentrations of triglyceride and cholesterol levels in blood (Rudel, Lee
et al. 2001).
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4.1 Materials and Methods
Tissue Culture: Please see Chapter 2 for the description of the cell culture conditions.
Treatment of the cells with adenovirus: Please see Chapter 2 for the description of the
treatment cells with the adenovirus.
4.1.1 Fatty Acid Treatment
A 0.4 mM oleic acid solution was complexed to BSA at a 2:1 molar ratio, as
described in Dixon et al. 1991 (Dixon, Furukawa et al. 1991). It was prepared in serumfree medium. On the day of the experiment, the growth medium was removed and the
cells were washed three times with 1 x PBS. The cells were then incubated in serum-free
medium for 30 minutes to acclimate the cells to serum-free conditions. The serum-free
medium was removed and the cells were incubated in the 0.4 mM oleic acid medium or
unsupplemented serum-free medium with BSA for six hours at 37 ˚C.
4.1.2 Lipid Extraction
The cells were washed twice with 1x PBS and methanol was applied directly onto
the cells. The cells were scraped and transferred to a glass vial. The cells were extracted
using a Bligh and Dyer extraction (see chapter 2 and 3 for methods). The internal
standard was added prior to lipid extraction and consisted of: 5 ng monononanoin, 5 ng
dinonanoin, 10 ng trinonanoin, 500 ng stigmastanol, 5 ng C14 ceramide, and 10.5 ng 1,2
dieicosenoyl-sn-glycerol-3-phosphocholine per 5 µL injection.
4.1.3 LC-MS/MS Conditions
The LCMS Conditions were performed as described in chapter 2.
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The Analyst(TM) software system was used to collect and analyze the data.
Further data analysis was performed using MarkerView (TM) and Lipid Profiler (TM)
(AB Sciex, Framingham, MA). The data were processed with these analysis software
programs and exported to Excel (TM), which was used to generate the graphs.
4.1.4 Statistical Analysis
A Student's T-test was used to analyze difference between two groups assuming
equal variances. When comparing three groups, a one way ANOVA using a Tukey post
hoc test was performed. All statistical analysis was performed using SPSS (SPSS,
Chicago, IL).
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4.2 Results
In these experiments, PGC1β was over-expressed in human HepG2 hepatoma
cells. The cells were incubated for six hours with 0.4 mM oleic acid to determine if
exogenous fatty acid would prevent the decreased neutral lipid content observed with
high PGC1β expression (see chapters 2 and 3). We also wanted to determine if the overexpression of PGC1β would cause a change in the fatty acid spectrum of the major lipid
classes in HepG2 cells, as determined by LC-MS/MS.
Incubation with 0.4 mM oleic acid did not alter the low triglyceride content found
in the HepG2 cells with PGC1β over-expressed (Figure 4.1). The amount of total
triglyceride was significantly lower in cells with PGC1β over-expression under both no
oleate and 0.4 mM oleate treatment conditions compared to control cells. Incubation
with oleic acid caused a 39.3% increase in total triglycerides in control cells and a 32.2%
increase in total triglycerides in cells with increased PGC1β over-expression.
Without oleate treatment, there were no significant changes in the composition of
triglycerides between control and cells with increased PGC1β, even though the total mass
of triglycerides was significantly lower in cells with increased PGC1β (Figure 4.2A). A
much more powerful effect was observed in TAG composition after only 6 hours of
incubation with 0.4 mM oleic acid. Figure 4.2B graphs the percent changes in TAG
species in control cells after 6 hours of incubation with 0.4 mM oleic acid. There were
decreases in the shorter chain, more saturated species of triglycerides. Concomitantly,
there were increases in longer chain, more unsaturated species in response to oleic acid.
Many of the species that increased corresponded to an increase in the incorporation of
oleic acid into triglyceride species (Table 4.1). The cells in which PGC1β was over-
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expressed had similar lipid compositions and a similar response to 0.4 mM oleic acid as
control cells.
There were also changes in phospholipid acyl chain species in response to
incubation with oleic acid for only six hours. There were no significant differences in
phosphatidylcholine species in control vs. PGC1β over-expressing cells in either the no
oleic acid treatment or the 0.4 mM oleic acid treatment (Figure 4.3A). The major
changes were found in response to 0.4 mM oleic acid treatment. Figure 4.3B graphs the
changes in PC lipid composition in control cells in response to oleic acid treatment.
Shorter chain, more saturated species of PCs decreased while longer chain, more
unsaturated PCs increased. The largest increase was found in PC 36:2, which
corresponds to 18:1/18:1. This shows that in only six hours of oleate treatment, fatty acid
incorporation into phosphatidylcholine can be altered in HepG2 cells.
The phosphatidylethanolamine species were also changed in response to 6 hour
treatment with 0.4 mM oleic acid. Figure 4.4A shows the changes in PE species in
response to oleic acid treatment. Like with TAGs and PCs, there were no major changes
in the composition of PE species between control and PGC1β over-expressing cells
(Figure 4.4A). Figure 4.4B graphs the changes in control cells in response to oleic acid
treatment. The major species of PEs that increased was 36:2, which corresponds to
18:1/18:1. PE species 40:7 and 38:5 also increased with oleate treatment. All other PEs
decreased in response to oleic acid treatment. There was a shift in PE species after only 6
hours of treatment with 0.4 mM oleic acid.
Cholesteryl ester species were ionized with the Photospray (TM) (APPI) source
from AB Sciex. In this experiment, the total CEs were analyzed in positive ion mode
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which fragments the CEs to the cholesterol molecule minus water (m/z = 369). A
Multiple Reaction Monitoring (MRM) scan was performed with m/z 369 molecular ion
filtered by Q1 and the m/z 161 fragment ion monitored by Q3. In the same
chromatographic run and period, another mass spectroscopy experiment was performed
in negative ion mode, which monitored fatty acyl chains. As shown in previous chapters,
there was significantly less CE in PGC1β over-expressing cells (Figure 2.6). We also
found that the composition of CEs was slightly different in control vs. PGC1β cells.
With no oleic acid treatment, there was significantly more 16:1 CE in control cells
compared to the PGC1β over-expressing cells. There were no significant differences in
any other CEs in the no oleic acid treatment.
With 0.4 mM oleic acid treatment, there were several changes in the composition
of unsaturated species of CE between control and the PGC1β over-expressing cells.
There was significantly higher 16:1 CE in control vs. PGC1β over-expressing cells (p =
0.002). There was significantly more 18:1 incorporated into CE in PGC1β overexpressing cells vs. the control cells. There was also significantly more 20:1 in CEs in
the PGC1β over-expressing cells vs. control (p=0.04).
Figure 4.5B shows the percent changes in CEs in control cells in response to 0.4
mM oleic acid. More 18:1 and 18:2 were incorporated into CE species; most of the other
species decreased.
Figure 4.6 shows the changes in free fatty acids (FFA) in the HepG2 cells. Free
fatty acids are known to be in low concentration intracellularly. Only two fatty acids
were detected above baseline in our cells: 18:1 and 16:0. Oleic acid (18:1) was the fatty
acid found in highest abundance with and without treatment with oleic acid. In the minus

97
oleate treatment, oleic acid accounted for 53.0% ± 4.0% of the total free fatty acids in the
control and PGC1β over-expressing cells. After treatment with oleic acid, 18:1
accounted for 82.5 ± 1.1% in both PGC1β and control cells.
Figure 4.6B shows the changes in FFA in control cells in response to oleic acid
treatment. The percent of oleic acid (18:1) was elevated with 0.4 mM oleic acid
treatment, while 16:0 and 18:0 were decreased. This corresponds to the changes in the
other lipid species where there were decreases in shorter chain, more saturated lipids, and
increases in longer chain, more unsaturated lipids.
Figure 4.7 shows the changes in composition of diacylglycerols in response to
oleic acid treatment. The DAG species were ionized using the APPI source and
measured with multiple reaction monitoring (MRM) scans. The m/z for the MRM pairs
are in the figure legend, and Table 5.2 shows which DAGs the MRM pairs form. The
first m/z is the molecular ion which corresponds to the molecular mass of the DAG + H.
The second m/z is the product fragment (which is usually a MAG fragment) produced
from the DAG molecular ion. There are some significant differences in the DAG
composition between control cells and cells with PGC1β over-expression in the minus
oleate treatment. The 601.5/261.2 and the 579.5/267.3 (18:0/18:3, and 16:0/18:0,
respectively) DAGs are significantly higher in cells with PGC1β over-expression
compared to control cells.
Following the 0.4 mM oleic acid treatment, there were several DAGs that were
significantly different between control cells vs. cells with PGC1β over-expression. The
575.5/239.2 and the 575.5/237.2 (18:2/16:0 and 18:1/16:1, respectively) DAGs were
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significantly higher in the control cells compared to cells with increased PGC1β
expression.
Figure 4.7B shows the changes in DAGs in control cells in response to 0.4 mM
oleic acid treatment. The DAGs that increased were 601.5/263.2 (18:1/18:2) and
603.6/265.3 (18:1/18:1). Both of these DAGs are enriched in 18:1. All other species of
DAGs were decreased in the control HepG2 cells in response to oleic acid treatment.
Overall, there were few changes in the fatty acyl composition of the major lipid
classes in HepG2 cells in response to over-expression of PGC1β, even though the total
mass of neutral lipids was significantly decreased. The only lipid class that was
significantly different in the cells that over-expressed PGC1β were DAGs. However,
there were significant changes in the lipid composition of the major lipid classes in both
control cells and in cells with increased PGC1β in response to an acute 6 hour treatment
with oleate.
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4.3 Discussion
In chapters two and three we found that over-expressing PGC1β caused a
decrease in total lipid mass of neutral lipids while no change in the total mass of PL. The
over-expression of PGC1β caused a decreased in the incorporation of [14C] oleic acid into
TAGs and an increase in [14C] oleic acid incorporation into PLs. PGC1β over-expression
caused an increase in fatty acid oxidation. The end result was that neutral lipid stores
were decreased drastically while phospholipids were spared. In this experiment, we were
curious about whether giving excess free fatty acid would correct the low neutral lipid
content and wondered what how incubation of cells with oleic acid would change the
lipid composition of the human HepG2 hepatoma cells. Cells were incubated with 0.4
mM oleic acid for six hours. The cells were extracted for lipid analysis by LC-MS/MS.
In this experiment, we were able to measure not only how the total lipid concentrations
responded to the fatty acid treatment, but also we were able to measure how the lipid
composition of those lipid species changed as well.
4.3.1 Triglyceride Analysis
Incubation of 0.4 mM oleic acid for 6 hours did not correct the low triglyceride
content found when PGC1β was over-expressed. In cells that over-expressed PGC1β
there was significantly less triglyceride than in the control cells for both the no oleate and
0.4 mM oleate treatments. PGC1β over-expressed cells could make TAG given excess
substrate, however, they could not correct the low triglyceride content to levels similar to
those in the control cells.
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Because PGC1β affects pathways of triglyceride synthesis, we were curious if
over-expression of PGC1β would have any effect on the lipid composition. There was no
significant difference in the triglyceride lipid composition between PGC1β and βgal cells
in either the serum-free or the oleic acid treatment. There were significant differences in
the triglyceride lipid composition of both types of cells in response to oleic acid
treatment. There was a decrease in the shorter chain, more saturated triglyceride species
and an increase in the longer chain, more unsaturated species. Yoo et al. found similar
results when they incubated cells for five days in oleic acid (Yoo, Chiu et al. 1980).
Interestingly, in only 6 hours of incubation, HepG2 cells incorporated oleic acid into
TAGs in a very similar manner as cells that were incubated for five days in oleic acid.
One difference found between our experiment and what Yoo et al. reported was that we
found an increase in all longer chain, more unsaturated species. In contrast, Yoo et al.
found a decrease in 22:5 and 22:6 in response to oleic acid treatment compared to their
control. This might be a result of the use of different cell lines, or different incubation
times.
4.3.2 Phosphatidylcholine Analysis
In six hours, there was a shift in the lipid composition of phosphatidylcholines.
There was a decrease in the shorter chain, more saturated species and an increase in the
longer chain species (Figure 4.3B). As with the TAGs, there was no significant
difference in the lipid composition between βgal and PGC1β cells (Figure 4.3A). Yoo et
al. also observed similar results in their 5 day incubation of cells with oleic acid when
analyzing changes to the phospholipid fraction. They reported a decrease in shorter
chain, more saturated species and an increase in the longer chain phospholipids (Yoo,
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Chiu et al. 1980). They also reported a higher content of PC with 18:1; however, this was
most likely due to a long term, five day incubation with oleic acid versus our acute six
hour incubation.
4.3.3 Phosphatidylethanolamine Analysis
The major change in the PE species was due to the incorporation of oleic acid.
The major species that increased in response to oleic acid treatment were PE 36:2, PE
38:5, and PE 40:7. All other PE species decreased in response to oleic acid treatment.
This shows that primarily oleic acid was incorporated into PE species. Interestingly,
more changes were observed in PC species than PE species in response to oleic acid
treatment than PE. However, the increase in PE 40:7 was interesting as this PE is most
likely comprised of 18:1/22:6. This shows that even though both PE and PC are
synthesized from diacylglycerol, there may be different enzyme specificities for different
DAGs. PC is synthesized by the Kennedy pathway through the DAG-choline
phosphotransferase enzyme (dCPT1) which transfers the phosphocholine from CDPcholine to DAG (Henneberry, Wright et al. 2002; Noga and Vance 2003). PE is
synthesized in a similar mechanism to PC synthesis where CDP-ethanolamine is
transferred to DAG (Henneberry, Wright et al. 2002; Noga and Vance 2003) using the
enzyme DAG-choline/ethanolamine phosphotransferase (dCEPT1). In liver, there is also
another mechanism of PC synthesis where PEs are converted to PCs through the enzyme
phosphatidylethanolamine N-methyltransferase (PEMT) (Walkey, Donohue et al. 1997;
Walkey, Yu et al. 1998). dCEPT can synthesize both PC and PE and there is enzyme
specificity for different DAGs depending on whether choline or ethanolamine is provided
as a substrate (Wright and McMaster 2002).
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There are conflicting findings in the literature about substrate preferences for the
biosynthetic enzymes involved in PE and PC synthesis. Wright and McMaster found in
an in vitro mixed micelle experiment, that PC synthesis preferred more saturated and
monounsaturated DAGs; whereas PE synthesized preferred more polyunsaturated DAGs
(Wright and McMaster 2002). However, Delong et al. studied the synthesis of PCs and
PEs in whole cell hepatocyte McArdle RH 7777 cells, used deuterated precursors, and
MS analysis of the lipids synthesized and found that 16:0/18:1 and 18:1/18:1 DAGs were
the preferred substrates for the de novo synthesis of PC and PE (DeLong, Shen et al.
1999). Our research indicated that the enzymes that synthesize PC and PE might have
DAG preferences in HepG2 cells because there were differences between the lipid
composition of PCs and PEs following oleate incubation. More research needs to be
done to determine exactly how fatty acyl chains are incorporated into these phospholipids
and if there are truly substrate preferences for each enzyme.
4.3.4 Cholesteryl Ester Analysis
The CEs were the first lipids in this experiment where substantial differences in
the composition of the CEs between the control and PGC1β over-expressing cells were
observed. In the minus oleate treatment, there was significantly more 16:1 in the
composition of CEs in control cells compared to the PGC1β over-expressing cells. There
were no significant differences in any other CEs in the minus oleate treatment. In the 0.4
mM oleic acid treatment, there were differences in the composition of monounsaturated
species in response to oleic acid. There was a significantly higher amount of 16:1 in the
control vs. PGC1β over-expressing cells, as well as significantly more 18:1 incorporated
into CEs in the PGC1β over-expressing cells vs. the control cells. There was also
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significantly more 20:1 incorporated into the CEs in the PGC1β over-expressing cells vs.
the control in response to oleate treatment. In control cells incubated with 0.4 mM oleic
acid CE 18:1 and 18:2 increased, while the other CEs decreased. The major CE formed in
response to six hour oleate treatment was C18:1.
4.3.5 Free Fatty Acid Analysis
Free fatty acids were also measured and only two FFA were detectable: 18:1 and
16:0. Oleic acid (18:1) was the fatty acid found in the highest abundance before and after
the treatment with oleic acid.
4.3.6 DAG Analysis
There were some minor differences in DAG composition between cells that overexpress PGC1β and control cells. The percentage of 18:0/18:3 and 16:0/18:0 DAGs were
significantly higher in PGC1β over-expressed cells compared to controls. Both of these
DAGs were in very low abundance. Following 0.4 mM oleate treatment, the percentage
of 18:2/16:0 and 18:1/16:1 DAGs were significantly higher in control cells compared to
PGC1β over-expressed cells. While these DAGs are in low abundance in the cells, it is
interesting that different changes occurred in response to oleic treatment in control cells
compared to cells that over-expressed PGC1β. Further studies should be performed to
fully examine these changes. When control cells were plotted in response to oleic acid
treatment, the DAGs that increased were those that contained 18:1. In an acute, 6 hour
incubation with oleic acid, oleic acid was efficiently incorporated into DAGs.
4.3.7 Summary
In conclusion, the over-expression of PGC1β in HepG2 hepatoma cells did not
cause major changes in the composition of lipids compared to control cells, even though
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PGC1β over-expression caused a significant decrease in neutral lipid synthesis in the
cells. When cells were incubated with 0.4 mM oleic acid, there was a shift in lipid
species that resulted from a decrease in shorter chain, more saturated fatty acids to an
increase in longer chain, more unsaturated fatty acids. This was especially seen in TAG
and PC species. In other lipids, including PEs, FFA, DAGs, and CEs, there were changes
mostly due to higher incorporation of 18:1 or an 18:1/18:0 combination. Interestingly,
the changes in lipid composition in PEs and PCs due to oleic acid treatment were not
identical. This observation suggests that there are differences in the specificities for fatty
acyl substrates in the enzymes of these two pathways. This was the most complete
lipidomic analysis of HepG2 cells in culture in response to an oleic acid treatment. This
work will contribute to the understanding of can how the lipid composition of the human
liver contributes to disease states such as atherosclerosis, dyslipidemia, and
hypertriglyceridemia.
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4.4 Tables
Table 4.1 List of the most abundant TAGs in HepG2 cells
TAG Detected
56:3
56:9
56:10
54:2
54:3
54:4
54:9
52:2
52:3
50:1
50:2
50:3
48:1
48:2
48:3
48:6
46:0
46:1
42:0
42:2

TAGs most highly abundant in HepG2 cells
18:1/18:2/20:0,
18:3/18:2/20:4
18:3/18:3/20:4
18:1/18:1/18:0, 18:2/20:0/16:0, 18:1/20:0/16:1,
18:1/18:1/18:1, 18:2/20:0/16:1, 18:3/20:0/16:0
18:2/18:1/18:1, 18:3/20:0/16:1, 18:0/20:4/16:0
18:3/18:3/18:3
18:1/18:1/16:0, 18:2/20:0/16:0
18:1/18:1/16:1, 18:1/18:2/16:0, 18:3/18:0/16:0, 18:2/18:0/16:1
18:1/16:0/16:0, 18:0/16:1/16:0
18:1/16:1/16:0, 18:0/16:1/16:1
18:1/16:1/16:1, 18:2/16:1/16:0, 18:3/16:0/16:0
16:1/16:0/16:0
16:1/16:1/16:0
16:1/16:1/16:1
16:2/16:2/16:2, 18:4/16:2/14:0
16:0/16:0/14:0, 18:0/16:0/12:0
16:1/16:0/14:0, 18:1/16:0/12:0
16:0/14:0/12:0
16:1/14:1/12:0
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Table 4.2 List of DAGs detected in HepG2 cells

MRM Pair
633.6/265.3
547.8/237.2
579.5/267.3
575.5/237.2
603.6/265.3
601.5/263.2
577.5/265.2
601.5/261.2
605.6/267.3
575.5/239.2
551.9/239.2

DAG
20:0/18:1
16:1/16:1
16:0/18:0
18:1/16:1
18:1/18:1
18:1/20:0
16:0/18:1
18:0/18:3
18:1/18:0
18:2/16:0
16:0/16:0
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4.5 Figures

TAG
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Figure 4.1. Incubation of cells with 0.4 mM oleic acid for six hours does not rescue the
low triglyceride content of PGC1β over-expressing cells. TAG levels were measured in
µg/mg protein. * p < 0.005 analyzed by a Student's T-test.
This is a representative experiment from four replicates repeated 3 times.
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Figure 4.2. Triglyceride composition in HepG2 cells with and without oleate. (A).
HepG2 cells with and without the over-expression of PGC1β were subjected to 0.4 mM
oleic acid for 6 hours (-O is for no oleic acid, +O is for 0.4 mM oleic acid). (B).
Changes to the triglycerides in the control cells in response to 0.4 mM oleic acid. All
TAGs were significantly changed (p<0.05) in the oleate treatment except for TAG 42:2,
42:0, 48:6, 52:3, and 54:9 analyzed by a Student's T-test.
This is a representative experiment with three replicates repeated three times.
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Figure 4.3. Phosphatidylcholine changes in HepG2 cells in response to 0.4 mM oleic
acid. (A). HepG2 cells with and without the over-expression of PGC1β were subjected
to 0.4 mM oleic acid for 6 hours (-O is for no oleic acid, +O is for 0.4 mM oleic acid).
(B). Changes to the PCs in the control cells in respond to 0.4 mM oleic acid. All PCs
were significantly different in response to oleate treatment (p<0.05) except for PC 28:0,
PC 34:2, PC 36:4, analyzed by a Student's T-test.

111
This is a representative experiment using three replicates repeated three times.
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Figure 4.4. Phosphatidylethanolamine changes in HepG2 cells in response to 0.4 mM
oleic acid. (A). HepG2 cells with and without the over-expression of PGC1β were
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incubated with 0.4 mM oleic acid for 6 hours (-O is for no oleic acid, +O is for 0.4 mM
oleic acid). (B). Changes to the PEs in the control cells in respond to 0.4 mM oleic acid.
All PEs were significantly changed in response to the oleate treatment (p<0.05) except
for PE 38:5, analyzed by a Student's T-test.
This is a representative experiment using three replicates repeated three times.
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Figure 4.5. Cholesteryl ester changes in HepG2 cells in response to 0.4 mM oleic acid.
The fatty acyl chains were analyzed in negative mode of the mass spectrometer. (A).
HepG2 cells with and without the over-expression of PGC1β were incubated with 0.4
mM oleic acid (-O is for no oleic acid, +O is for 0.4 mM oleic acid) for 6 hours. (B).
Changes to the CEs in the control (βgal) cells in respond to 0.4 mM oleic acid. All CEs
changed significantly in response to oleate treatment (p<0.05) except for 16:1 and 20:2
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analyzed by a Student's t-test.
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Figure 4.6. Free fatty acid changes in HepG2 cells in response to 0.4 mM oleic acid.
(A). HepG2 cells with and without the over-expression of PGC1β were incubated with
0.4 mM oleic acid (-O is for no oleic acid, +O is for 0.4 mM oleic acid) for 6 hours. (B).
Changes to the FFAs in the control (βgal) cells in respond to 0.4 mM oleic acid. All FFA
changed significantly in response to oleate incubation (p<0.05) analyzed by a Student's ttest.
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Figure 4.7. Diacylglycerol changes in HepG2 cells in response to 0.4 mM oleic acid.
(A). HepG2 cells with and without the over-expression of PGC1β were incubated with
0.4 mM oleic acid (-O is for no oleic acid, +O is for 0.4 mM oleic acid) for 6 hours. The
measurements were made by using a MRM pair for each individual DAG and were
reported by MRM pair, see Table 4.2 for the DAGs that correspond to the MRM pairs
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(B). Changes to the DAGs in the control (βgal) cells in response to 0.4 mM oleic acid
reported by each MRM pair. All DAGs changed significantly (p<0.05) in response to
oleate treatment analyzed by a Student's t-test.
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Chapter 5: Quantitative Normal Phase LC-MS Analysis of
Cellular Lipids Using Photospray (APPI) and Electrospray
(ESI) Ionization
Brinker AM, Johnson DR, Dixon JL
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5.0 Abstract
Our goal was to quantify all species of the major cellular lipids with high
sensitivity and versatility. Lipids from cultured cells and culture media were extracted
and directly injected, without pre-separation or solid phase clean-up, on a Waters
Spherisorb® S5W 4.6 x 100 mm silica column. Lipids were eluted using a tertiary
normal phase solvent gradient and monitored using an Applied Biosystems 4000Q-Trap
mass spectrometer. Two exchangeable ionization sources were used to maximize the
sensitivity of the 4000QTrap for individual lipid species. The SciEx Photospray source
(Atmospheric Pressure Photoionization (APPI)) was used to ionize and measure
cholesteryl esters, free cholesterol, diacylglycerols, monoacylglycerols, and ceramides.
This source produced a linear standard curve from 50 picograms to 30 ng per injection
for most of these lipids. In a second injection using the same column and gradient, the
SciEx electrospray source (ESI) was used to ionize triacylglycerols (TAGs),
phospholipids (PLs), and sphingomyelins. TAGs were analyzed using Multiple Reaction
Monitoring (MRM) or Q1 scans and PLs were analyzed using Precursor Ion or Neutral
Loss scans, allowing for the identification and quantification of the major TAG and PL
species. The working analysis ranges for individual TAGs and PLs were 2.5 ng to 60 ng
per injection. The high sensitivity and the use of survey and specific ion scanning modes
of the mass spectrometer allowed for the versatile analysis of a wide range of lipids,
making this LC-MS method suitable for lipidomic analysis of plasma, cells, and tissues.
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5.1 Introduction
Our goal was to develop a versatile chromatographic procedure for the analysis of
many types of lipids in diverse biological sources that would require a minimum number
of chromatographic systems. Normal phase chromatography on a 5 micron silica column
(Homan and Anderson 1998) was chosen because it is a robust method that can separate
many distinct lipid classes, usually in distinguishable peaks, without requiring the preseparation of lipid classes or solid-phase clean-up (i.e., polar from non-polar lipids)
before chromatography. In order to run the normal phase solvents safely and to quantify
lipids with excellent sensitivity, we used an AB-SCIEX 4000 QTrap triple quadrupole
mass spectrometer. This instrument utilizes a high nitrogen gas flow rate and is equipped
with extremely strong, solid-built ionization sources. Lipids were ionized using two
ionization sources, Electrospray Ionization (ESI) and Atmospheric Pressure
Photoionization (APPI). Electrospray ionization was used primarily to measure
triacylglycerols and phospholipids. Because Electrospray inefficiently ionizes certain
non-polar lipids, such as steroids and certain neutral glycerol lipids, another method of
lipid ionization was needed. Atmospheric pressure photoionization (APPI, but referred to
in this paper as Photospray) was more recently introduced and shown to be suitable for
the ionization of non-polar lipids including acylglycerols and steroids (Cai and Syage,
2006; Guo et al., 2004). We found Photospray to be extremely sensitive for the
measurement of monoacylglycerols (MAGs), diacylglycerols (DAGs), free steroids and
cholesteryl esters (CE). Each ionization method provides superb sensitivity for the
analysis of specific lipids in cells and tissues. On the 4000QTrap the Photospray and
Electrospray ionization sources are quickly exchangeable and we used them with similar
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chromatography gradients in order to identify and quantify a wide range of lipids in
diverse cells and tissues, including plant leaves (Andrianov, Borisjuk et al. 2010),
diatoms, and brain extracts (Chon, Zhou et al. 2007).
We have investigated the effects of treatments on the distribution of acyl species
in HepG2 cells, a cell line derived from human hepatoma cells. The hepatoma cells were
treated with an adenovirus to over express PGC1β, a co-regulator of transcription factors
that modulate lipid metabolism in hepatoma cells (Lin, Tarr et al. 2003; Meirhaeghe,
Crowley et al. 2003; Lin, Handschin et al. 2005; Lin, Yang et al. 2005; Lelliott,
Ljungberg et al. 2007; Shao, Liu et al. 2010). We found that although PGC1β decreased
hepatoma TAG levels in hepatocytes, there were minimal effects on the distribution of
fatty acid species in the various lipid species (see Chapters 2, 3, and 4).
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5.2 Methods
Lipids in cultured cells were analyzed using Electrospray or Photospray
ionization using the overall scheme shown in Figure 5.1.
5.2.1 Tissue Culture
Human hepatoma cells (HepG2) were obtained from ATCC (Rockville, MD) and
were grown as described by Dixon et al. (1991) in minimal essential medium with 0.1
mM nonessential amino acids, 1 mM sodium pyruvate, penicillin/ streptomycin, and fetal
bovine serum (10%). Cells were treated with an adenovirus containing the Stratagene
AdEasy bis-cistronic-GFP p-shuttle vector with PGC1βcDNA (gift from Dr. Bruce
Spiegelman). Experiments were usually performed after 96 hours of treatment with the
adenovirus when GFP expression was observed to be >90% using fluorescence
microscopy. Control cells were treated with adenovirus containing the same vector
except that the insert contained beta-galactosidase cDNA.
5.2.2 Lipid Extraction
Cells were extracted by a modified Bligh and Dyer procedure (1959) (Bligh and
Dyer 1959). Cells were washed twice with cold PBS plus 0.2% BSA. Cells were
scraped 2x with1 ml methanol containing 50 µg BHT/ml and transferred to a culture tube
with Teflon lined screw cap. 1ml of chloroform, 0.5 ml of PBS, and 100 µl of internal
standard mixture were added, vortexed, and the cells were kept at -20°C for 1 hour or
overnight. The cells were centrifuged 10 min at 4°C, 2000 rpm, in a swinging bucket
centrifuge, to pellet residue, and the mixture was transferred to a new culture tube. 2 ml
methanol (50 µg butyrated hydroxy toluene/ml), 1 ml chloroform, and 0.5 ml of PBS
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were added to the original screw-cap culture tube and the first step was repeated and the
mixtures were combined. Then 1 ml of chloroform and 1 ml of PBS were added to the
combined mixtures and vortexed for 15 seconds. After centrifugation for 10 minutes at
20ºC, 2000 rpm, 2 phases were separated and the bottom phase was transferred to a new
tube. Chloroform (3 ml) was added to the left over aqueous layer and vortexed for 15
seconds. After centrifugation for 10 minutes at 20ºC, 2000 rpm, 2 phases were separated
and the bottom phase was combined with the first chloroform phase. The chloroform
extract was dried in a vacuum under centrifugation at the medium heat setting. The dried
lipid residue was transferred to a HPLC vial with 2x 0.5 ml of isooctane:THF (9:1).
After drying under nitrogen, the dried lipids were re-dissolved with 100 µl to 1000 µl of
isooctane:THF (9:1). This dilution was injected into the HPLC column.
5.2.3 Internal standards
Stock concentrations (1 mg/mL) of lipid standards were made and then an
Internal Standard Mix Solution was made containing the following lipid standards:
monononanoin (0.5 ng/µL), dinonanoin (2.5 ng/µL), trinonanoin (30 ng/ µL),
stigmastanol (125 ng/µL), C14 Ceramide (5 ng/µL), and 1,2 dimyristoyl-sn-glycerol-3phosphocholine (90 ng/µl). Internal Standard Mix Solution (100 µL ) was added to an
extract of HepG2 cells (0.5 to 1 mg of total cell protein; or approximately 0.5 to 1 million
cells) and extracted lipids were brought to a final extract volume of 1.0 mL with
Isooctane:THF (9:1). A 10 µL injection contained the following amounts of lipid
standards: monononanoin (0.5 ng), dinonanoin (2.5 ng), trinonanoin (30 ng), stigmastanol
(125 ng), C14 Ceramide (5 ng), and 1,2 dimyristoyl-sn-glycerol-3-phosphocholine (90
ng). A 10 µL injection contains the following amounts of lipids: monononanoin (0.5 ng),
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dinonanoin (2.5 ng), trinonanoin (30 ng), stigmastanol (125 ng), C14 Ceramide (5 ng),
and 1,2 dimyristoyl-sn-glycerol-3-phosphocholine (90 ng).
5.2.4 Chromatography and Instrument
The LC-MS system used was a Dionex UltiMate 3000 HPLC (Dionex,
Sunnyvale, CA, USA) coupled to an Applied Biosystems 4000Q-TRAP® mass
spectrometer (Applied Biosystems, Ontario, Canada). The UltiMate system included an
LPG-3400M low-pressure gradient pump, a WPS-3000TSL Micro autosampler, and a
TCC-3000 temperature controlled column compartment. Lipid extracts were injected
onto a Waters (Milford, MA, USA) Spherisorb® S5W 4.6 x 100 mm silica column, 5 μm
particle size, with a Spherisorb® S5W 4.6 x 10 mm guard cartridge. The autosampler
was kept at 20C and the column oven at 45C. Injection volumes ranged from 3 µl to 15
µl. Volumes over 15 µl caused problems with the elution pattern of compounds from the
silica column. The gradient program was modified from that of Homan and Anderson
(1998) and is shown in Table 5.1. The flow rate was 1 ml/minute except where noted.
Solvent A = isooctane:tetrahydrofuran, 99:1; solvent B = isopropanol:acetone,
2:1; solvent C = isopropanol:water, 85:15. The re-equilibration time after 41 minutes
was extended to prevent pump problems and to wash the system better between runs. The
gradient was modified for Photospray runs because ionization of MAGs was sensitive to
solvent flow rate.
5.2.5 Electrospray Determination of TAGs and Phospholipids
TAGs and phospholipids were eluted with the above gradient and were monitored
with several different MS scan modes (Figure 5.4). In order to do this with the
4000QTrap, the MS quantified using an program consisting of three periods with the
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conditions shown in Table 5.2. Sample compounds are included in Table 5.2 to show the
precise ions observed. In Period 1, from 0 to 15 minutes, TAGs were monitored using
individual Molecular Reaction Monitoring (MRM) or Q1 scans (Table 5.3) with
conditions as shown in Table 5.2. Dopant/co-ionization solution (20 mM ammonium
formate, 0.01 mM sodium acetate ) was added in post-column but before the diverter
valve and inlet to the Electrospray source. The co-ionization solution flow rate was 0.38
ml/min during period 1. Quite interestingly, the predominant ion observed for TAGs in
positive mode [M+Na]. In order to procure a consistent signal for TAGs over a wide
concentration range, it was necessary to include 0.01 mM sodium acetate in the coionization solution. The vertical probe position was set at 0.5.
5.2.6 Electrospray Determination of Phospholipids
PIs, PEs, PSs, and PAs were monitored in period 2 using the 4 parallel
experiments and conditions shown in Table 5.2. The dopant/co-ionization solution flow
rate was slowed to 0.05 ml/min. PCs and sphingomyelins were monitored in period 3
with the conditions shown in Table 5.2. All standard curves were analyzed under the
exact same chromatography and MS conditions as for samples.
5.2.7 Photospray Determination of Non-Polar Lipids
Non-polar lipids were eluted with a gradient similar (Table 5.1) to that used for
TAGs/PLs in the Electrospray system except for a change in overall flow rate to monitor
MAGs. Lipids were monitored with either MRM or EMS scan modes (Figure 5.8, Table
5.2). The co-ionization solution used with Photospray was toluene, added post column in
the same way as the NH4 formate/Na acetate solution for electrospray. Cholesteryl esters
were monitored in period 1 using EMS and the 369.3 m/z ion produced by cholesterol.
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TAGs could be measured with great sensitivity with Photospray, but Photospray
ionization removed a fatty acid and produced [DAG-OH]+ ions that made identification
of the full TAG molecules difficult. In period 2, free cholesterol was measured in MRM
mode using the ion pair: 369.3/161. In period 2, DAGs were measured with high
sensitivity using Photospray with either MRM or EMS scans. In period 3 MAGs were
monitored using MRM scans. MAGs were the most difficult lipid class to measure with
the 4000QTrap system, probably due to an intrinsic flexibility in MAG molecules that
caused resistance to ionization in either of the ABSCIEX Electrospray and Photospray
sources. MAG ionization was exquisitely sensitive to the overall HPLC flow rate and to
depolarization potential. Therefore, in the Photospray method the flow rate was slowed
to 0.4 ml/min before the MAG peak eluted (Table 5.1). The flow rate of toluene dopant
was also slowed (to 0.04 ml/min). For MRM scans, MAGs were fragmented in the
Photospray source to [RCO]+ or [RCOO + 58]+ ions. These were filtered in Q1 and
further fragmented in Q2 to produce consistent product ions (Table 5.2). In period 4, PEs
and PCs could be measured using Photospray and EMS scans in positive mode by
measuring the [DAG-OH]+ ions produced from the phospholipid molecules. PEs and
PCs could be measured with greater sensitivity with Photospray than Electrospray, but
because some other PLs could not be measured using Photospray, and because PEs and
PCs were usually present in high concentrations in our cell extracts, we preferentially
used Electrospray ionization to measure PLs.
5.2.8 Standard Curves
Standard curves were run immediately before and after a queue of samples.
Figure 5.2 shows standard curves for trinonanoin (NNN) and
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dimyristoylphosphatidylcholine standards using Electrospray ionization. Individual
TAGs were linear from 0.1 to 20 ng injected. Phospholipids were linear from 5.0 to 80
ng injected. Figure 5.3 shows standard curves for cholesteryl palmitate, cholesterol,
dinonanoin, and monolinolein using Photospray ionization. The standard curves were
more precisely described by quadratic equations.
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5.3 Results
Lipids from control cells and cells treated with PGC1β were analyzed by mass
spectrometry using either Electrospray or Photospray ionization (Figure 5.1).
5.3.1 Electrospray Results
With the Electrospray source attached, lipid extracts of HepG2 cells were injected
into the HPLC and the mass spectrometer was programmed as described in Methods for 3
three distinct scanning periods (Table 5.2, full ESI chromatogram is shown in Figure
5.4). In period 1, TAGs were monitored using MRM scans. In period 2, four different
specific scan modes were used to monitor PIs, PEs, PSs, and PAs. In period 3, PCs and
sphingomyelins were monitored using a precursor scan for the characteristic 184+ ion
that is formed by phosphocholine.
Figure 5.5 is a close-up of period 1 showing individual TAG molecules from
control cells (left) and PGC1 Beta over-expressing cells (right). The internal standard,
trinonanoin (NNN), eluted at 9.6 minutes and was of similar amount in both panels.
Figure 5.5 shows individual TAG molecules were decreased in the PGC1 Beta overexpressing cells.
In period 2, precursor ion or neutral loss scans were employed to measure a series
of phospholipids, including PIs, PEs, PSs, and PAs (Table 5.2). For brevity we only
show the full spectra of PEs (Figure 5.6) that eluted at 22-23 minutes and were measured
in positive mode using a neutral loss of 141 scan, which represents the loss of the
phosphoethanolamine head group in Q2.
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In period 3, a precursor ion scan in positive mode for the characteristic m/z 184
ion was used to identify and measure PCs that eluted from 28 to 29 minutes and
sphingomyelins that eluted at 30 minutes in a control cell extract (Figure 5.7).
Using the appropriate standard curves and scan modes, it is possible to measure
the total mass of each of these lipid classes and all species within each class in a single
chromatographic run. The analysis of all the data acquired is demonstrated later in the
paper.
5.3.2 Analysis using Photospray Ionization
The same lipid extracts were injected on the same column and eluted using a
similar solvent gradient (Table 5.1) but this time Photospray source was attached to the
mass spectrometer and was used as the ionization method. The mass spectrometer was
programmed as described in Methods (Table 5.2) for 4 distinct scanning periods (full
APPI chromatogram is shown in Figure 5.8). In period 1, EMS survey scans were used
to monitor cholesteryl esters (Figure 5.9) and TAGs (Figure 5.10). Cholesteryl esters
eluted at 1.65 minutes and were fragmented in the Photospray source to yield the
characteristic cholesterol – OH fragment, m/z = 369.3. Photospray was especially
sensitive for cholesteryl esters as 10 pg of cholesteryl palmitate produced a S/N = 19.
(The LOQ for cholesteryl esters was < 15 fmol).
The TAG peak at 7.6 minutes was also scanned using EMS. Figure 5.10A shows
that with Photospray ionization TAGs are observed primarily as DAG ions (from 500 to
700 m/z, amu) with a small amount of intact molecular TAG ions (from 800 to 1000 m/z,
shown as a close up in Figure 5.10B). Altering the conditions of ionization did not
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prevent the formation of DAG ions in the Photospray source or increase the signals due
to intact molecular TAG ions.
In period 2, DAGs and free cholesterol eluted at 10.5 minutes and were
monitored using either MRM or EMS scans (Figure 5.11). Free cholesterol was observed
as the cholesterol – OH fragment, m/z = 369.3. Dinonanoin (NN) and stigmastanol were
used as internal standards. In period 3, MAGs eluted at 18 to 19 minutes and were
monitored using MRM scans (Figure 5.12). This figure shows the MAGs present in the
sample shown in Figure 5.8. This is an example where we needed to inject more extract
to obtain ionization of MAGs because the ionization of MAGs is not as sensitive as other
compounds. In Period 4 the elution of PEs and PCs can be seen using Photospray and
EMS mode (Figure 5.8).
5.3.3 Other Analysis Modes and Alterations in the Basic Method
TAGs can also be monitored using Electrospray ionization using Q1/EMS survey
scans. Originally when we used Q1 scans for the analysis of TAGs, the spectra obtained
were too complex to perform calculations on more than a few samples in a reasonable
amount of time. With the introduction of Lipid Profiler/LipidView software it became
more efficient to produce usable data from complex Q1 spectra for a particular lipid class
from a large experiment.
5.3.4 Lower Abundance Lipids
We used the exact same chromatography method, with slight modifications, to
measure low abundance lipids. Because the column can accommodate fairly large
samples, we injected more sample onto the column for the measurement of low
abundance lipids, however we used either a stream splitter or programmable diverter
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valve to protect the mass spectrometer from high concentrations of the other lipids in the
sample. Therefore, for a low abundance lipid we diverted the elution of most of the
sample away from the mass spectrometer until immediately before the lipid of interest
eluted from the column. After it eluted, we went back to diverting the rest of the sample
from the mass spectrometer. MAGs were measured using this strategy.
5.3.5 Data Analysis
The quantification and analysis of lipids using these methods was performed
using a combination of Analyst, MarkerView, and Lipid Profiler/LipidView software
packages. For determining the masses of whole lipid classes using standard curves, in
most cases we relied upon Analyst software. For lipids that were measured using MRM
scans, we used MarkerView software. For lipids that were measured with Q1/EMS full
spectra scans or specific precursor ion or neutral loss scans, we used LipidView software,
which uses a lipid library to identify lipids in complex spectra. These software packages
are separate programs and have different strengths and can be used in a complementary
way.
5.3.5.1 MarkerView Analysis of Changes in Individual TAGs
In order to decipher whether individual TAG species changed with PGC1β
treatment, we analyzed 31 different TAGs (using MRM scans) per treatment group, with
3 pooled dishes in each group, using MarkerView software (AB-SCIEX). The values for
each TAG from each group were compared and statistically analyzed (Figure 5.13, panels
A, B, and C). Panel A was generated in MarkerView and is a plot of log fold signal
change for each TAG (x-axis) versus p value (y-axis), with p = 0.05 designated by the red
line drawn horizontally across the figure. Individual TAGs that were present at
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significantly (p < 0.05) lower levels in PGC1β over-expressing cells are shown by points
below the red line and to the left of zero on the x-axis. TAGs present at significantly (p <
0.05) higher levels in PGC1β over-expressing cells are shown by points below the red
line and to the right of zero on the x-axis. PPP was positioned above the red line (i.e., p >
0.05) and close to the x=zero line, indicating that the mean value for PPP in cells was not
changed significantly by PGC1β when all dishes were compared. Panel B is a close-up
of panel A and shows TAGs that were significantly lower in PGC1β over-expressing
cells (below the red line which is much higher). Because log fold change does not
identify or highlight TAGs that are of high abundance or whose mass changes greatly, the
data was re-plotted as Delta (i.e., TAG signal change) versus p value (Panel C). The
highlighted box shows the 4 TAGs that decreased the most with PGC1β over-expressing
cells (OOP, 881.8; OOO, 907.8; OOS, 909.8; OPP, 855.8), with the mean decrease in
signal noted on the x-axis.
Figure 5.14 shows the profiles (values in all replicates) of the 4 TAGs that
decreased the greatest in PGC1β-treated cells compared to control cells. There was good
precision among the TAG values within each group.
MarkerView analysis indicated that 20 out of 31 TAG species measured were
significantly decreased when cells were treated with PGC1Β. From this analysis we
concluded that the decrease in total TAG concentration observed was due to decreases of
most TAG species.
Figure 5.15 shows the profiles (values in all samples) of 3 PCs in PGC1β-treated
cells compared to control cells. Individual PCs did not change between the groups.
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Table 5.4 shows the total concentrations for the lipid classes that we measured in
control cells and cells treated with PGC1β. There were decreases in the concentrations
of TAGs, DAGs, MAGs, cholesteryl esters, and free cholesterol. All of the phospholipid
classes were unaffected except for PEs, for which there was 65% increase in this
experiment.
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5.4 Discussion
The coupling of normal phase chromatography with mass spectrometry has a
number of advantages over reverse phase chromatography methods (Borch 1975; Ioffe,
Kalendarev et al. 2002). 1) The 4000Q trap was suited to the ionization of lipids in
normal phase solvents. 2) Lipids eluted from the silica column in single peaks or clusters
of peaks with good resolution of most lipid classes. 3) As a result, the total concentration
of a particular lipid class as well as all individual species could easily be measured in a
single chromatographic run, this eases confusion between isobaric molecules of different
lipid classes. 4) Having a lipid class elute in single peaks allowed for easier analysis
using bioinformatics programs such as MarkerView or LipidView. 5) Lipids remained
dissolved in normal phase solvents better and were less likely to interact with the surfaces
of tubing. However, we did find that lipids could build up on the surfaces of Qo and the
other quadrupoles, making it important to protect the mass spectrometer from high lipid
concentrations using a programmable diverter and performing periodic cleaning
procedures.
Several other groups have performed analysis of lipids using mass spectrometry
coupled with a normal phase HPLC system (Sommer, Herscovitz et al. 2006; Hutchins,
Barkley et al. 2008). The major improvements in the current method were that lipids did
not have to be pre-separated before chromatography, and we used both Electrospray and
Photospray in order to measure very low concentrations of polar, non-polar, and steroid
lipids. Plus, use of the Homan and Anderson (1998) solvent system allowed for good
separation of the major classes of lipids in one chromatographic run (Homan and
Anderson 1998).
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Our LC/MS method made use of a powerful combination triple quadrupole/ion
trap mass spectrometer and 2 ionization sources. This is a versatile system where a wide
range of lipids can be first measured using survey scanning modes and then more specific
ion scanning modes can be used to quantify specific lipids in total extracts of cells,
tissues and media. With the above LC/MS method we were able to measure with great
sensitivity almost all of the major lipid classes that we attempted to measure, including
some that are not included in this report.
Only a few comments will be made concerning Electrospray ionization as this is
the more common technique used in many laboratories to ionize lipids in mass
spectrometry. Electrospray was able to consistently ionize TAGs as they eluted from the
column, primarily in solvent A, but did only with a post column feed of the co-ionization
solution described in Methods. We used both MRM scans and Q1 scans to analyze
TAGs and we found excellent responses across a series of TAG standard molecules.
With this method we observed positively charged sodium ions of TAG molecules. We
were able to adjust the library of LipidView so that it recognized the spectra of sodium
ions of TAG molecules.
Electrospray ionized each class of phospholipids. Phospholipids, like
triacylglycerols, also required post-column co-infusion of ammonium formate to observe
usable signals, but they required a much lower concentration of the co-ionization
solution. Because TAGs and phospholipids required different concentrations of
ammonium formate for optimal sensitivity, the external dopant pump was programmed to
deliver the correct level of ammonium formate as each analyte eluted from the column
(Table 5.2). Different classes of phospholipids were monitored using specific ion modes
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(Precursor Ion or Neutral Loss ion modes). This greatly simplified the spectra of
phospholipid species observed in each class and eliminated spurious ions and nonphospholipid compounds that co-eluted with certain PLs. The dynamic range for
phospholipids (approximately 5 ng to 100 to 200 ng) depended upon the phospholipid,
but was rather narrow with Electrospray. Photospray was more sensitive and produced a
wider dynamic range for PEs and PCs.
Photospray was certainly an important component of this versatile method as it
was much more sensitive in measuring the concentrations of non-polar lipids. This was
especially important when we analyzed the secretion of lipids into culture media from
culture cells (Caviglia, Sparks et al. 2009). We will make specific comments on the
utility of using Photospray ionization with specific lipids because it is less well known
than Electrospray.
5.4.1 Cholesteryl Esters, Free Cholesterol, Other Sterols
Photospray ionized both cholesterol ester and free cholesterol molecules with
sensitivity down to 50 pmol injected; producing the characteristic 369 m/z ion [M+HH2O] in both cases (Figure 5.9). Ionization of cholesteryl esters was more efficient and
consistent than ionization of free cholesterol, whose signals were sometimes affected in
EMS mode due to sporadic increases in the production of total ions near or around the
cholesterol retention time. The monitoring of free cholesterol was improved using an
MRM scan, which restricts the total number of ions that pass out of Q1. We also found
that replacing dichloromethane (used in the original Homan gradient) with isopropyl
alcohol in solvent B decreased fluxes of total ions (including chloride ions) near the
cholesterol retention time (Homan and Anderson 1998). Photospray was also efficient at
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ionizing other steroids (data not shown) as reported (Guo, Chan et al. 2004; Guo, Taylor
et al. 2006). We used stigmastanol as an internal standard for steroids. We were able to
easily measure the secretion of free cholesterol from hepatoma cells using Photospray
ionization (Caviglia, Sparks et al. 2009).
5.4.2 Triacylglycerols
Photospray removes a fatty acid from TAG molecules in the source, producing
DAGs. Therefore, individual TAGs could not be definitively identified using Photospray.
However, Photospray was used to measure very low total quantities of TAGs in culture
medium (Caviglia, Sparks et al. 2009). When samples contained adequate concentrations
of TAGs, it was more informative to use Electrospray with MRM or Q1 scans in order to
measure individual TAGs with more confidence.
5.4.3 Diacylglycerols
Photospray efficiently ionized DAGs. When partnered with the sensitive
4000QTRAP, measurement of 10 pg (and as little as 1 pg in some cases) of an individual
DAG per injection could be performed in EMS mode. We quantified 10 different DAGs
in HepG2 cells using MRMs (Table 5.3).
5.4.4 Monoglycerides
Photospray did not ionize monoglycerides as efficiently as DAGs or steroids.
However, Photospray produced fatty acids from MAGs that could be fragmented further
in Q2 in order to measure MAGs using MRM scans. We also found that
monoacylglycerol ionization was very sensitive to solvent flow rate. Therefore, the flow
rate was decreased from 1 ml/min to 0.4 ml/min immediately before MAGs eluted from
the column.
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5.4.5 Ceramides
Ceramides were also efficiently ionized in the Photospray source (data not
shown) and can be monitored using the ion trap for EMS survey scans or by MRM scans.
See the measurement of ceramides using Photospray (Munoz-Garcia, Ro et al. 2006;
Munoz-Garcia, Ro et al. 2008).
5.4.6 Phospholipids
Photospray fragmented phospholipids differently in positive and negative modes
(not shown). The production of DAG fragments using Photospray in positive mode was
the most sensitive method to measure PEs and PCs. However, in most cases, PEs and PCs
were high enough in concentration in our samples that we primarily used Electrospray
and precursor or neutral loss scans to identify and measure phospholipids.
5.4.7 Effects of PGC1β on Lipid Metabolism
All of the neutral lipids species (MAGs, DAGs, and TAGs) were decreased in
cells that had been treated with PGC1β. This was an unexpected result as Lin et al.
(2005) observed that PGC1β increased fatty acid synthesis and very low-density
lipoprotein secretion in mouse liver, probably through activation of the transcription
factors, LXR and SREBP1c (Lin, Yang et al. 2005). However, our results tend to agree
more with the observations of Wolfrum and Stoffel (2006), who reported that PGC1β had
relatively weak effects on liver TAG content and TAG secretion (Wolfrum and Stoffel
2006). Wolfrum and Stoffel (2006) reported that FoxA2 was a potent stimulator of TAG
synthesis and the secretion of TAG and ApoB. Our results could be explained if PGC1β
was a more potent stimulator of fatty acid oxidation than fatty acid synthesis (Wolfrum
and Stoffel 2006).
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The use of a powerful triple quadrupole/ion trap mass spectrometer coupled with
2 ionization sources provided a powerful instrument to detect and quantify a diverse
range of cellular lipids. Each ionization method has its strengths and weaknesses. Cai &
Syage (2006) compared Photospray, Electrospray, and APCI ionization methods for the
measurement of tri, di, and mono glycerides, primarily in normal phase solvents (Cai and
Syage 2006). They reported that Photospray was more sensitive and produced a wider
linear dynamic range than APCI or electrospray. Cai et al.(2007) also reported that
Photospray could be used with non polar solvents (Cai, Hanold et al. 2007). We report
similar findings but found the AB-SciEx Photospray source was poor at ionizing
monoglycerides. As reported by several groups, Electrospray, with ammonium formate
infusion, was able to produce protonated or negatively charged ions of specific
phospholipids. Although electrospray was less sensitive than Photospray for
triglycerides, the electrospray source produced sodium ions of intact triglyceride
molecules. The complex spectra of Q1 scans could be read with LipidView software or
the intact ions could be further fragmented into DAGs in Q2, allowing for the detection
of specific TAG species using a distinct MRM pair (Table 5.3).
In most cases there was a unique MRM pair for the most probable major or
moderate TAG molecule. However, the number of possible TAG species ranges into the
hundreds to thousands. Using a linear ion trap and direct infusion, McAnoy et al. (2005)
observed 10 major, 14 minor, and many trace species of TAGs in a small subset family of
cellular TAGs (small TAGs containing 48 to 49 total carbons) (McAnoy, Wu et al. 2005).
Therefore, a particular MRM peak may be the result of more than one TAG.
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The tertiary solvent chromatography method of Homan and Anderson was
capable of separating the majority of lipid classes. IPA was substituted for
dichloromethane to prevent high pulses of ions, most likely chloride ions, near and
around the retention time for free cholesterol. The use of IPA maintained most of the
separation characteristics of the original Homan method, except that DAGs and free
cholesterol co-eluted with the IPA gradient. High cholesterol did not suppress the
ionization of DAGs. In certain runs we extended the gradient to better separate species
within TAG and phospholipid classes.
The use of the programmable diverter valve was a very important component of
our HPLC/mass spectrometer system because it allowed for the analysis of low
concentration lipids in the presence of high concentration lipids without pre-separation or
solid phase extraction before injection. The very sensitive 4000QTRAP was prone to
becoming contaminated with saturated lipids when high amounts of lipid extracts were
injected. With the diverter valve, larger amounts of sample could be injected onto the
column with less chance of contamination of the mass spectrometer with high
concentration lipids. The autosampler was protected from contamination by special wash
routines.
One overall observation apparent from Table 5.2 is that each lipid ionizes under
highly specific conditions and involves fragmentation of the intact molecular lipids into
many different types of component fragments. This underscores an intrinsic basic
concept that is important in the evaluation of LC/MS methods versus shotgun MS
methods. Inspection of full chromatograms of several scan modes (not shown) indicates
that different lipid molecules fragment during ionization into similar lipid building
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blocks. Because LC/MS allows us to know where specific lipid classes elute based on
retention time, we can match lipid fragments with intact molecular lipids (i.e., the product
of DAG ions from PEs and PCs in Photospray). However, in shotgun methods (Han and
Gross, 2005), a particular ion in the overall spectrum can be derived from several
different lipid species (Han and Gross 2005; Han and Gross 2005; Han, Yang et al.
2005). Therefore, a shotgun signal may give a spurious indication for the presence of
certain lipids. LC/MS allows more definitive identification of specific molecules as
observed signals can be more strongly linked to a specific lipid or lipid class through
retention time.
In summary, normal phase chromatography of total lipid extracts partnered with a
powerful triple quadrupole/ion trap mass spectrometer equipped with exchangeable
Photospray and electrospray ionization sources allowed quantification of a wide range of
lipids in cultured HepG2 cells. We observed that PGC1β, a co-activator of several
important transcription factors that control lipid metabolism pathways, decreased the
content of neutral glycerol lipids in treated cells. The high sensitivity and versatility of
this method makes it suitable for lipidomic analysis of cells, plasma and tissues.
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5.5 Figures

Figure 5.1. Method overview for the experiment.
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Figure 5.2. Standard curves of trinonanoin (NNN) and dimyristoylphosphatidylcholine
standards produced with Electrospray ionization.
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Figure 5.3. Standard curves for cholesteryl palmitate, cholesterol, dinonanoin, and
monolinolein produced with Photospray ionization. The standard curves were more
precisely described by quadratic equations.
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Figure 5.4. Electrospray total ion current chromatogram of a lipid extract from control
HepG2 cells. Period 1, TAGs were monitored using MRM scans and are shown in the
insert. The NNN internal standard can be seen at 9.66 minutes. Periods 2 and 3,
phospholipids were monitored using Precursor ion or neutral loss scans as described in
Methods. For each of these lipid classes, a standard curve was run using the same
chromatography and MS scan conditions.
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Figure 5.5. MRM scans were used to monitor triacylglycerols that elute from 7 to 8
minutes in Period 1. On the left is a profile from a control cell sample. On the right is a
profile from a PGC1β treated cell sample. Note that the Y-axes are the same scale. The
difference in retention times between the samples occurred because the gradient is
extremely shallow at this point and retention times varied +/- 30 seconds. The larger
signals were labeled as shown.
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Figure 5.6. PE species were monitored at 22 to 23 minutes by scanning for a neutral loss
of 141 in positive mode in Period 2. The figure shows the species, mainly in the range of
690 to 800 m/z, labeled with the most probable acyl chains.
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Figure 5.7. PC and Sphingomyelins species were monitored from 28 to 30 minutes by
scanning for the production of a + 184 fragment in positive mode in Period 3. The figure
shows the species labeled with the most probable acyl chains. The PC at 678.9 m/z is the
internal standard, 1,2 dimyristoyl-sn-glycerol-3-phosphocholine.
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Figure 5.8. Photospray total ion current chromatograms of a lipid extract from control
HepG2 cells. The exact same lipid extract was chromatographed using the same column
and gradient but were monitored with Photospray. The program for APPI uses 4 periods
and several different MS scan modes in order to monitor a range of lipids. Period 1,
cholesteryl ester and triacylglycerols were monitored using EMS scans. The peak at 8.73
minutes was the internal standard, NNN. Period 2, free cholesterol and diacylglycerols
were monitored using MRM scans (See Insert). Period 3, monoacylglycerols were
monitored using MRM scans (See Insert). Period 4, PEs and PCs were monitored using
EMS scans.

151

Figure 5.9. The peak at 1.65 min is comprised of cholesteryl esters that elute first from
the column very close to the void volume. Cholesteryl esters are fragmented in the
Photospray source in positive ion mode to yield the typical cholesterol - H2O ion with a
m/z of 369.3. Individual cholesteryl esters can be surveyed by monitoring fatty acids in
negative mode (not shown).
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A

B

Figure 5.10. A) Photospray ionization of TAGs produces DAGs (500 to 700 m/z) in the
source as the major ions. The signal at 355.3 is the TAG internal standard, trinonanoin.
Also in this panel, the TAG ions can be seen between 800 to 1000 m/z at much lower
signal strength. Figure 5.10B shows a close-up of the intact molecular TAG ions.
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Figure 5.11. In Period 2, MRM scans (See Table 5.3) were used to monitor free
cholesterol and DAGs that elute at approximately 10.5 minutes. In Panel A the peaks for
cholesterol (Blue), stigmastanol (Internal Standard for sterols, Green), and dinonanoin
(Internal Standard for DAGs, Brown) are shown. In Panel B the exact same
chromatographic run was scanned for endogenous DAGs present in HepG2 cells using
MRM scans.
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Figure 5.12. In Period 3 MRM scans (Table 5.3) were used to monitor MAGs that eluted
at approximately 19 minutes. Monononanoin (Internal Standard for MAGs, Blue) is
shown.
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Figure 5.13. The values for each TAG from each group were compared and statistically
analyzed using MarkerView software. Panel A. Plot of log fold signal change for each
TAG (x-axis) versus p value (y-axis), with p = 0.05 designated by the red line drawn
horizontally across the figure. Panel B. Close-up of panel A. Panel C. Data was replotted as Delta (i.e., TAG signal change from control cells to PGC1β over-expressed
cells) versus p value. The highlighted box shows the 4 TAGs that decreased the greatest
with PGC1β treatment (OOP, 881.8; OOO, 907.8; OOS, 909.8; OPP, 855.8), with the
mean decrease in signal noted on the x-axis.
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Figure 5.14. Profiles (values in all samples) of the 4 TAGs that decreased the greatest in
PGC1β-treated cells compared to control cells.
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Figure 5.15. The values for each PC from each group were compared and statistically
analyzed using MarkerView software. Panel A. Plot of log fold signal change for each
PC (x-axis) versus p value (y-axis), Panel B. Profiles (values in all samples) of 3 PCs. It
is apparent that individual PCs did not change in PGC1β-treated cells compared to
control cells.

Table 5.1. Solvent gradients for LC/MS analysis of lipids

Table 1. Solvent gradients for LC/MS analysis of lipids
Electrospray

Time (min.
0
1
8
10
12
15
15.1
26
41
41.5
43.5
44.5
53

%A
100
100
97
95
95
70
40
40
40
0
0
100
100

%B
0
0
3
5
5
30
50
0
0
100
100
0
0

Photospray

%C
0
0
0
0
0
0
10
60
60
0
0
0
0

Flow rate
ml/min
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

Time (min.)
0
1
8
10
12
13*
15
15.1
20.1
26
41
41.5
43.5
44.5
53

%A
100
100
97
95
95
86.7
70
40
40
40
40
0
0
100
100

%B
0
0
3
5
5
13.3
30
50
27.1
0
0
100
100
0
0

%C
0
0
0
0
0
0
0
10
32.9
60
60
0
0
0
0

Flow rate
ml/min
1.0
1.0
1.0
1.0
1.0

0.4
0.4
0.4
1.0
1.0
1.0
1.0
1.0
1.0
1.0

*At 13 min the flowrate was slowed to 0.4 ml/min because ionization of MAGs was more efficient.
Then the gradient was returned to 1 ml/min.
Solvent A = isooctane:tetrahydrofuran, 99:1; solvent B = isopropanol:acetone, 2:1;
Solvent C = isopropanol:water, 85:15.
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Table
MS conditions
for monitoring
lipidswith
using
LC/MS
with either
Electrospray
Table
2. 5.2.
MS conditions
for monitoring
lipids using LC/MS
either
Electrospray
or Photospray
Ionizationor

Period
(min)

Ionization
Source/Compound

Retentio
n Time
(min)

Scan
type

Peak
Mode optimized

Ion type

IS

TEM

5000
5000

650
650

50
30

Photospray Ionization

GS1 GS2

CXP CAD

DP

CE

20
35

231
240

45
35

16
11

4
3

0.38
"

2

Electrospray*
1
triacylglycerols
(0 to 15) triolein

8.5

Q1
MRM

21.4

Prec. 241

phosphatidylethanolamines
1,2 dioleoyl-sn-glycerol-3phosphoethanolamine

22.7

NL 141

phosphatidic acids
1,2 dioleoyl-sn-glycerol-3phosphate

23.8

Prec. 153

phosphatidylserines
1,2 dioleoyl-sn-glycero-3[phospho-L-serine]

23.8

NL 87

23.8

Prec. 184

pos
pos

907.8
[M + Na]+
907.8/603.5 [M + Na]+/[DAG-OH]+

Dopant Com
Flow ment
1
Rate
s
ml/min

Phospholipids
2

phosphatidylinositols
L-alpha(15 to 27) phosphatidylinositol

2

2

2

phosphatidylcholines
and sphingomyelins
1,2 dimyristoyl-snglycerol-3(27 to 53) phosphocholine

neg 885.5

[M - H]-

-4500

650

30

35

-190

-65

-10

3

0.05

3

pos

[M + H]+

5000

650

30

35

90

35

11

3

"

4

neg 699.5

[M - H]-

-4500

650

30

35

-195

-57

-10

3

"

3

neg 786.7

[M - H]-

-4500

650

30

35

-120

-37

-10

3

"

3

pos

[M + H]+

5000

650

30

40

120

40

15

2

0.05

3

744.7

3

678.9
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Period
(min)

Ionization
Source/Compound

Retentio
n Time
(min)

Scan
type

Peak
Mode optimized

Ion type

CXP CAD

Dopant Com
Flow ment
1
Rate
s

IS

TEM

GS1 GS2

DP

CE

40-50 25

60

10

na

High

0.1

Photospray**
cholesteryl palmitate
1
(0 to 9.5)
triolein
1

1.8

EMS

pos

369.3

[M - OH]+

1000

350

7.6

EMS

pos

603.5

[DAG-OH]+

850

300

40

20

40

10

na

High

0.2

cholesterol

10.5

MRM

pos

369.3/161

cholesterol: [M-OH]+/161
frag

850

300

40

20

125

10

10

4

0.2

10.5

EMS

pos

603.5

[DAG-OH]+

11501200

350

35

25

28

na

High

0.1

MRM

pos

603.5/265

[DAG-OH]+/[RCO]+

1200

350

35

25

95
45 to
95***

34

10

4

0.1

18.5

MRM

pos

339

[M - OH]+

750

400

40

20

45110***

13

10

4

0.04

23

EMS

pos

603.5

[DAG-OH]+

1050

400

40

20

30

10

na

High

0.1

29

EMS

pos

495.4

[DAG-OH]+

1050

400

40

20

30

10

na

High

0.1

2

5

(9.5 to 13)
2
diacylglycerols
diolein
diolein
3

monoacylglycerols

(13 to 20) monoolein
Phospholipids
phosphatidylethanol(20 to 53) amines
1,2 dioleoyl-sn-glycerol-3phosphoethanolamine

3

4

4

phosphatidylcholines
1,2 dimyristoyl-snglycerol-3phosphocholine

*
Electrospray dopant was 20 mM ammonium formate, 0.01 mM sodium acetate (in water)
Photospray dopant was toluene
**
Depolarization potential is especially critical for different DAGs and MAGs (See MRM table)
***
Comments
Curtain gas was 15 for all conditions
1
2
Gradient shallow here and retention time can vary slightly
Ionized better at 400 ul/min.
3
Higher dopant concentration caused loss of signal
4
Dopant flow did not matter
5
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Table3.5.3.
MRM
for glycerol
and sterols
Table
MRM
pairspairs
for glycerol
lipidslipids
and sterols
Class

Secondary
Main compound(s) TAG

Q1 mass Q3 mass
(amu)
(amu)
Parent
(M+Na)+ [DAG-OH]+
535.7
355.1

TAGs

NNN

IS

(Electrospray)

Tri-C13

IS

703.6

467.4

MMM
PoPoPo
PPLn
PPS
PSL
PSO
OLLn
LLL
OOO
SSS
DOO
LLP
POLn
LPP
OPP
OOS
OMS
LOS
LOP
OOP
LOO
LLS
OSS
AOO
OOLa
MOO
LaLA
PoOL
SLLn
OOLn
POA
Tri-C-17
LaLaLa

LaMP
MPoL
PPoL
MPA
MLA
MOA
AoPoO
OLLn
SOL, OPoG
PSA
None
PPoP
PoSLn
PPoO
PPoS
None
MPoA
PoLA
PoSL
PoSO
SOLn
SOL
PoSA
None
MPoO
PPoO
None
PoSLn
None
LLO
None
IS
IS

745.6
823.7
851.7
857.8
881.8
883.8
901.7
901.7
907.8
913.8
953.8
877.7
877.7
853.7
855.8
909.8
855.7
907.8
879.8
881.8
905.8
905.8
911.8
937.8
825.7
853.7
853.7
877.7
903.7
903.7
911.8
871.8
661.6

495.4
547.5
573.5
579.5
579.5
579.5
597.5
599.5
603.5
607.6
649.6
575.5
577.5
575.5
577.5
605.5
605.5
605.5
577.5
577.5
601.5
599.5
605.6
633.6
521.5
549.5
519.4
601.5
597.5
599.5
633.6
579.5
439.4

DP

CE

230

40

Table 5.4. Lipid Concentrations in Control Cells and Cells Treated with PGC1β

Table 4. Lipid Concentrations in Control Cells and Cells treated with PGC1Beta
μg/mg protein

ESI

TAGs
PCs
PEs
PIs
PSs
PAs

Control (βGal)
Mean
SD
83.1
5.9
206
27.6
29.6
4
40.5
3.3
15.8
1.6
2.5
0.24

APPI

CE
Free C
DAGs
MAGs

19.6
53.9
10.5
3.18

0.19
0.87
0.28
0.07

p value*

PGC1β
Mean
SD
54.5
5.3
243.1
14.4
49
2.6
46.3
2.8
15.9
1.3
3
0.39

< 0.001
NS
< 0.001
NS
NS
NS

12.5
43.5
6.18
1.56

< 0.001
< 0.001
< 0.01
< 0.001

0.1
0.47
0.25
0.04

*Statistical difference setermines by students t-test
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Chapter 6: Conclusions and Future Directions
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When Lin et al. published the landmark 2005 study in which PGC1β was overexpressed in mouse liver using an adenovirus, our laboratory was very intrigued by the
data (Lin, Yang et al. 2005). Lin et al. showed that over-expression of PGC1β in mouse
liver caused a large increase in plasma VLDL (Lin, Yang et al. 2005). This was an
interesting finding because mice have low concentrations of VLDL in plasma (Breslow
1993). Lin et al. showed that PGC1β was able to upregulate VLDL metabolism by coactivating two transcription factors: LXR and SREBP1c. These transcriptions factors are
involved in the regulation of de novo lipogenesis by activating genes such as FAS, ACC,
and SCD1. Several laboratories have shown in animal models and in hepatoma cell
culture models, that increasing lipid stores in liver will stimulate an increase in VLDL
secretion (Dixon, Furukawa et al. 1991; Gibbons, Khurana et al. 1994; Higgins, Kendrick
et al. 1998; Dixon, Stoops et al. 1999; Ginsberg and Fisher 2009). However, several
studies have shown that there are other factors involved in the stimulation of VLDL
secretion beyond the activation of LXR and SREBP1c. Agonists to LXR, such as the
TO-901317 compound, cause an increase in de novo lipogenesis, without an increase in
VLDL secretion. Hence, LXR agonists can cause hepatosteatosis (Telford, Lipson et al.
2005; Kim, Kim et al. 2008). Wolfrum and Stoffel later published that PGC1β also coactivates FoxA2. FoxA2 upregulates the gene expression of MTP.
What is most puzzling is that if PGC1β is so vitally important to the regulation of
VLDL metabolism, why is the expression of PGC1β protein relatively low in liver, and
more highly expressed in oxidative tissues like skeletal muscle, brown adipose tissue,
heart, and brain (Lin, Puigserver et al. 2002; Meirhaeghe, Crowley et al. 2003)? When
studies of PGC1β knock out mice were published, the main phenotype of these mice was
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a significant decrease in the formation of mitochondria and difficulty regulating body
temperature (Lelliott, Medina-Gomez et al. 2006; Vianna, Huntgeburth et al. 2006;
Sonoda, Laganiere et al. 2007). It was found that PGC1β activates several other
transcription factors, including NF1, NF2, and ERR that are involved in mitochondrial
biogenesis (Crunkhorn, Dearie et al. 2007; Sonoda, Laganiere et al. 2007). The double
knock out of PGC1α and PGC1β mice have severe mitochondrial malformation and die
within nine days after birth due to congestive heart failure (Lai, Leone et al. 2008). It is
clear from these studies that PGC1β is a master regulator of lipogenesis, but also, more
importantly, it is involved in mitochondrial biogenesis.
All of these studies were conducted in mouse models, and mouse lipoprotein
metabolism is different than human metabolism. The mechanism by which PGC1β acts
is also unknown. So, we contacted Dr. Spiegelman's lab and received the cDNA to
PGC1β and made an adenovirus containing it. The adenovirus was used to transduce
human HepG2 hepatoma cells to over-express PGC1β. From our experiments, we were
able to significantly increase PGC1β protein levels and cause an approximately 10-fold
increase in PGC1β mRNA expression over that of control cells.
In our studies, the over-expression of PGC1β caused a significant decrease in
neutral lipids, both in the cells and in the cell culture medium: there was no difference in
the free cholesterol levels or any of the phospholipid levels. This was a surprise to us
because the published studies indicated that over-expression of PGC1β caused increased
de novo lipogenesis in livers of mice (Lin, Yang et al. 2005; Lelliott, Ljungberg et al.
2007). Over-expression of PGC1β in HepG2 cells caused the opposite. This was further
confirmed by RTPCR studies that showed minimal changes to the mRNA expression of
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proteins involved directly or indirectly in de novo lipogenesis, including SREBP1c,
SREBP1a, SREBP2, LXR, FAS, and ACC.
In [14C]-oleic acid tracer studies, the over-expression of PGC1β caused a
significant decrease in the synthesis of neutral lipids, triglycerides, and cholesteryl esters,
while increasing the formation of radiolabeled phospholipids. The greatest increases
were in phosphatidylcholine and phosphatidylethanolamine.
The over-expression of PGC1β also caused a significant increase in β-oxidation.
Over-expressing PGC1β has been found to increase β-oxidation in skeletal muscle cells
(Meirhaeghe, Crowley et al. 2003). In HepG2 cells, the increase in β-oxidation could be
due to an increase in mitochondrial biogenesis, as PGC1β has been shown to be a potent
activator of mitochondrial biogenesis (Lelliott, Medina-Gomez et al. 2006; Uldry, Yang
et al. 2006; Sonoda, Laganiere et al. 2007; Sonoda, Mehl et al. 2007; Liesa, Bordad'Agua et al. 2008). Or, it could be due to the fact that phospholipid levels are tightly
regulated in HepG2 cells (Attard, Templer et al. 2000). The expression of CPT1 and
GPAT1 mRNA was significantly upregulated in PGC1β over-expressing cells. CPT1 is
involved in shuttling fatty acids into the mitochondria for β-oxidation, which is consistent
with our observations that β-oxidation was significantly upregulated when PGC1β was
over-expressed. Interestingly, mGPAT was also upregulated. GPAT1 is the first enzyme
involved in lipogenesis. Studies have shown that over-expression of GPAT leads to
increased glycerol biogenesis and a decrease in fatty acid oxidation (Linden, WilliamOlsson et al. 2004). The increased mRNA expression of GPAT suggests that, in cells
which over-express PGC1β, the pathway of lipogenesis could be upregulated. PGC1β is
most likely regulating enzymes late in the pathway as well, shown by the decrease in

167
DAG mass and the increased incorporations of [14C] oleic acid into PL. Messenger RNA
expression does not always translate to protein expression or enzyme activity and further
studies need to be conducted to see if the enzyme activity of mGPAT is increased in cells
which over-express PGC1β.
The over-expression of PGC1β caused a significant decrease in ApoB 100
secretion. This result also contradicts the findings of Lin et al. Lin et al. found that overexpression of PGC1β in liver caused a significant increase in VLDL in mouse plasma
(Lin, Yang et al. 2005; Lelliott, Ljungberg et al. 2007); however in the HepG2 cells that
is not the case. This is most likely due to the over-expression of PGC1β, which caused a
significant decrease in neutral lipids. It has been shown that the amount of neutral lipid is
a limiting factor in order for ApoB to form a complete nascent VLDL particle (Mitchell,
Zhou et al. 1998; Zhou, Fisher et al. 1998; Sakata and Dixon 1999; Ginsberg and Fisher
2009). ApoB100 secretion was significantly lower when PGC1β was over-expressed in
HepG2 cells. Adenovirus injection affects both white adipose tissue and liver tissue, so it
is possible that the over-expression of PGC1β in the mouse studies caused an increase in
lipolysis in the white adipose tissue. This would provide additional neutral lipids for the
storage of triglycerides in lipids as well as VLDL secretion. The results from our studies
are different from what has been reported in whole animal models, and more studies need
to be conducted to see if the differences are due to a cell culture model or if it is a species
difference between mouse and human.
Finally, we tested if the over-expression of PGC1β would change the distribution
of lipid species in the major lipid classes of cells using LCMS analysis. We found that
the over-expression of PGC1β did not cause significant changes in the acyl distribution of
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most major lipid classes of HepG2 cells, even though the total amount of neutral lipids
was significantly lower. This was also tested when cells were given 0.4 mM oleic acid as
a substrate for lipogenesis and VLDL secretion. Again, no large differences were found
in the lipid composition between cells that over-expressed PGC1β and controls.
However, there was a significant difference in the lipid composition in both types of cells
in response to oleic acid. In only six hours of treatment with oleic acid, the cells were
able to incorporate sufficient oleic acid so that LCMS could pick up alterations in acyl
composition of all major lipids, including FFA, CEs, TAGs, DAGs, PEs, and PCs.
The results of these experiments show that PGC1β could be a potential drug target
for the treatment of hepatosteatosis and dyslipidemia. The over-expression of PGC1β
caused a significant increase in β-oxidation of fatty acids and a decrease in neutral lipid
mass. Further research needs to be done using human and murine cell culture lines and
other models to test how the over-expression of PGC1β affects lipid metabolism in cells.
Future research on this topic could include performing a knock down experiment
using siRNA or shRNA to PGC1β in primary human liver cells or HepG2 cells. Nagai et
al. used an ASO to knock-down PGC1β in mouse liver and adipose tissue and found that
during chow feeding, the plasma cholesterol and plasma triglyceride levels were
increased (Nagai, Yonemitsu et al. 2009). This is an interesting finding because Lin et al.
and Lelliott et al. found that over-expression of PGC1β in mouse liver also caused a
significant increase in plasma triglycerides and plasma cholesterol (Lin, Yang et al. 2005;
Lelliott, Ljungberg et al. 2007). Obviously, more studies need to be performed to
discover the mechanisms by which both the over-expression and the knock down of
PGC1β can cause similar effects on blood lipids. These mechanisms also need to be
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explored in hamster, rabbit, porcine, or primate models because lipoprotein metabolism is
different between humans and mice.
In HepG2 cells, the exact mechanism in which the over-expression of PGC1β
causes increased phospholipid synthesis needs to be explored. This could be a novel
mechanism by which a transcription factor co-activator can upregulate the synthesis of
phospholipids.
Another future project is to measure whether the over-expression of PGC1β can
cause an increase in the number of mitochondria or a change in the pathways involved in
mitochondrial biogenesis in HepG2 cells and other models of liver. This could lead to
more information about how the over-expression of PGC1β directs lipid metabolism in
HepG2 cells, and could potentially lead to studies of how PGC1β could be a drug target
for the treatment of hepatic steatosis and dyslipidemia.
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Appendix
A.0 Materials and Methods
A.1 Tissue Culture
Human Hepatoma HepG2 cells (obtained from ATCC, Rockville, MD) were
grown as described in Dixon et al. 1991 (Dixon, Furukawa et al. 1991). Cells were plated
on collagen (Sigma, St. Louis, MO) coated tissue culture treated flasks (BD Falcon). The
collagen was dissolved in 1% acetic acid and sterile filtered through a 0.2 µm filter
(Millipore). The collagen was placed on the flasks for at least three hours at 37°C, and
washed three times with 1x phosphate buffered saline (PBS) (Invitrogen). HepG2 cells
were seeded into dishes at the rate of 3.5x105 cells/well for a 6 well plate or 1.7 x 105
cells/well for a 24 well plate and were grown in minimal essential medium (Invitrogen or
Mediatech) with 0.1mM nonessential amino acids (catalog #11140-050, Invitrogen),
1mM sodium pyruvate (catalog #11360-070, Invitrogen), penicillin/streptomycin (10,000
units/mL each) (catalog #15070-063, Invitrogen), and 10% Fetal Bovine Serum
(Hyclone). Cells grown in collagen form a confluent monolayer; without collagen,
HepG2 cells tend to grow on top of one another and do not form the confluent
monolayer.
A.2 Making the Adenovirus
A.2.1 Subcloning PGC1β into the IRES-GFP-Shuttle Vector
The PGC1 cDNA with the N-terminal flag was a gracious gift from Dr. Bruce
Spiegelman. The cDNA was previously cloned in PCDNA3. The cDNA was cut out of
PCDNA3 with the following restriction enzymes: HindIII (Promega) and XhoI
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(Fermatas). Two bands were formed, a band at 3.5 kb and at 5.4 kb. The lower band at
3.5kb was cut out using the QIAquick Gel extraction kit (Qiagen). A 0.7% gel was run to
confirm that the band was clean.
To subclone PGC1β into the p-shuttle IRES-GFP vector PGC1β was cut out of
the PCDNA3 with HindIII on the left and XbaI on the right. The sticky end of the left
side was blunt-end filled using T4 Polymerase (Invitrogen), prior to the digestion with
Xba I. The IRES-GFP vector was cut with ScaI on the left and SpeI on the right of the
multiple cloning site. The cDNA was ligated to the p-shuttle-IRES-GFP vector using the
Ligafast rapid ligation system (Promega). 2µL of the ligations were transformed into
JM109 cells using electroporation (BioRad). The electroporator was set to Ecl2. The
colonies were grown and mini-prepped, and the DNA was digested using EcoRV. The
three predicted bands were at ~100kb, ~2kb and around ~10kb. All three bands were
seen and those cultures were grown in 400mL cultures for maxi-prep.
A.2.2 Co-transforming the BJ5183 cells with the p-Shuttle IRES-GFP Vector
The colonies were cut with PmeI to linearize and transformed to BJ cells. The
BJ5183 cells contain the adenovirus and therefore the vector formed is very large and
grow slowly therefore only the smallest colonies are picked. This was confirmed by a
PacI digestion where a small ~3000 kb band and a ~30 kb will be detected. The cells
were then transformed into bulk recombinant deficient XL-10 Gold cells where they
could be transfected into AD-293 cells. Linear PacI digested DNA was used for the
transfection.
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A.2.3 Transfecting the AD293 Cells
The most common adenovirus vector used was the human adenovirus serotype 5
which was defective because it was missing the E1 and E3 genes. This was the
adenovirus used in Stratagene's AdEasy kit. The E1 gene was responsible for the
infection adenovirus packaging and was essential for active virus. The E3 gene encodes
for proteins that are involved in evading host immunity and are not necessary for an
active adenovirus. The AD-293 cells are modified HEK cells that contain the E1
adenoviral gene.
The Ad293 cells were plated 24 hours before transfection at 8 x 105 cells in a
collagen coated 60mm plate in DMEM growth medium. The cells were ~70% confluent
the day of the transfection. The DMEM medium was 4.5g/L glucose (Gibco), 110 mg/L
sodium pyruvate (Gibco) with 10% FBS (Gibco). The protocol was followed in the AdEasy manual for transfection. At the day of transfection the Modified Bovine Serum
(MBS) (Stratagene, La Jolla, CA) containing medium was made by adding 25µM
chloroquin (Sigma) to Solution III from the ViraPack Transfection Kit (Stratagene, La
Jolla, CA). The medium was removed from the cells in culture and they were washed
twice with 1x PBS. 4mL of the MBS medium was added to each dish. They were
incubated at 37 ˚C for 30 minutes. The night before the adenoviral DNA was digested in
PacI (New England Biologicals, Ipswich, MA)to linearize the DNA for transfection.
5µg of the PacI digested DNA was pipetted into a 15 mL Eppendorf tube
bringing the final volume to 225µL with sterile ddH2O. 25µL of Solution I and 250 µL
of Solution II from the Viral Transfection Pack (Stratagene) were added and immediately
gently mixed by tapping the tube. The DNA was incubated for 10 minutes at room
temperature. After the cells were removed from the 37 ˚C incubator and the DNA was
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added in a drop wise fashion, the dishes were swirled to make sure the DNA was evenly
distributed. The dishes were then incubated for 3 hours at 37 ˚C. The medium was
changed to DMEM growth medium with 25 µM chloroquin added. After 6 hours of
incubation, the medium was changed to regular growth medium without chloroquin.
The cells were incubated for ~7 days until the virus began to rupture the AD293
cells. GFP was also monitored and when the virus started to become cytotoxic the cells
and medium were harvested.
A.3 Harvesting the Adenovirus
The virus was harvested the day that cytoxicity was present, usually after 7 days
after incubation. The medium was removed and the cells were washed twice with PBS.
Using a cell scraper, the cells were scraped and placed into a screw cap tube. The tubes
were placed into five rounds of freeze/thaw cycles with a methanol dry ice bath, and
thawed in a 37 ˚C water bath. The cells were centrifuged at 12,000 x g for 10 minutes
and the supernatant was transferred to a new, sterile microcentrifuge tube. The viral
stocks were stored at -80 ˚C. All viruses were purified using a cesium chloride
ultracentrifuge gradient.
A.4 Incubation of Adenovirus
The HepG2 cells were plated on collagen on 24 well plates until ~75% confluent.
The cells were treated with adenovirus to gal, PGC1, or control with no adenovirus for
24 hours. The medium was changed very two days afterwards. When the GFP
expression was >90% which was at 3-4 days after the adenovirus was transduced the
experiment was performed.
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A.5 Protein Assay
In all experiments the BCA Protein Assay (Pierce) was used. Cells were
harvested in lysis buffer (0.0625 M Sucrose, 0.5% Sodium Deoxycholate, 0.5% Triton X
100, 150 mM Sodium Chloride, 5 mM EDTA, 50 mM Tris pH=7.4) (Dixon, Furukawa et
al. 1991), protease inhibitors were added the day of the experiment (Complete Mini
Protease Inhibitor Cocktail, Roche, Indianapolis, IN). The cell lysis incubated on a
rocker at 4°C for 30 minutes for lysis, and centrifuged at 13,000 rpm in a microcentrifuge
for 10 minutes. The supernatant was transferred to a new tube. Standards from 2000
µg/mL to 20 µg/mL were made using bovine serum albumin with the lysis buffer as a
diluent. Reagents A and B were combined at a 50:1 ratio (BCA reagent) (Thermo-Fisher,
Waltham, MA). 25µL of each of the standards were added into the wells of a 96 well
plate in triplicate. 25µL of the samples was added in triplicate. 200µL of the BCA
reagent was added to each well. The samples were incubated at 37°C for 30 minutes and
measured on the plate reader at 562 nm. When analyzing the standard curve, a fourparameter quadratic curve was the best fit to the line.
A.6 Harvesting Lipids for Lipid Analysis
Cells were washed twice with ice cold 1x PBS and harvested using a modified
Bligh and Dyer extraction (Bligh and Dyer 1959). On ice, 2 mL of 100% methanol was
applied to cells and scraped off the dishes into a glass tube. 1 mL of chloroform was
added to each of the glass tubes. The tubes were vortexed and centrifuged and incubated
at -20 ˚C overnight. Cells were centrifuged at 2000 rpm for 8 minutes and the
supernatant was transferred to a new tube. A second extraction was performed on the
pellet using a 2:1 methanol:chloroform ratio. The second extract incubated at -20 ˚C for
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at least one hour. The second extract was centrifuged and the supernatant was combined
with the first extract. Chloroform and water were added to the extract to separated the
layers and the extract was centrifuged again, and the lower, lipid layer was transferred to
a new glass tube and dried down under speed vacuum. The extract was brought up in isooctane:tetrahydrofuran (9:1).
A.7 Triglyceride Assay and Cholesterol Assay
The Triglyceride and Cholesterol Assay kits from Thermo were used for this
experiment. Cell samples were harvested in 200µL of Lysis Buffer. The cells were
scraped and harvested in a microcentrifuge tube. They were incubated at 4°C on a rocker
for 30 minutes and then centrifuged at 13,000 rpm for 10 minutes. The supernatants were
transferred to another microcentrifuge tube. 100µL of the cell lysate was combined with
200 µL of the triglyceride reagent or cholesterol reagent in a 96 well plate. The calibrator
standard was also from Thermo and was designed to be used with this assay kit. 3 µL of
the calibrator was added to 300µL of triglyceride reagent. Because this kit was designed
to analyze plasma, 3µL of human plasma was added to 300µL of triglyceride reagent as a
positive control. The samples were incubated at 37°C for 5 or 10 minutes and then
analyzed on the Microplate reader (Molecular Devices Spectramax). The primary
wavelength was 500nm and the secondary wavelength was 660nm. The plate was shaken
in the plate reader for 60 seconds before reading. To estimate the amount of triglycerides
or free cholesterol the absorbance of the unknown – blank was divided by absorbance of
the calibrator –blank times the calibrator value. The calibrator value was 142 mg/dL and
328 mg/dL for triglycerides and cholesterol, respectively.
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A.8 Beta Oxidation Assay
Following the method from Mao X et al. and Muoio DM et al. (Muoio, Seefeld et
al. 1999; Mao, Kikani et al. 2006), HepG2 cells were assayed in 24 well culture dishes.
The cells were washed with PBS and pre-incubated for 1 hour with minimal essential
medium (MEM) (Invitrogen/Invitrogen or Mediatech). Special tops to the 24 well plates
were made where small holes were drilled into the lid of the plate, large enough to fit a
18 gauge syringe needle. Labeling tape covered the holes during the experiment and
were removed briefly when adding or removing reagents from the dishes. A piece of
Whatman paper (1 cm x 1 cm) was taped to the top of the plate covering the well, 200 µL
of 1M NaOH was added to Whatman paper prior to starting the experiment.
Extra plates of cells were treated as boiled blanks. They were washed with PBS,
and before the pre-incubation, they were placed in a 95 °C water bath for 7 minutes. The
cells were checked under a microscope to confirm a monolayer was present. The cells
were then treated with a pre-incubation of MEM.
After the pre-incubation, cells were incubated for 2 hours with 0.25mM oleic acid
in 1% BSA in serum-free MEM with 1 µCi/mL [14C]-oleic acid (MP Biomedicals). The
plates were covered with parafilm. At the end of two hours the medium was removed by
a syringe through the small holes that were drilled and the cells were washed with 1x
PBS. 100µL of 10% perchloric acid (PCA) was added to the wells using a syringe. The
cells incubated in the 10% PCA for 1 hour in the fume hood at room temperature. At the
end of the incubation, the PCA was collected into microcentrifuge tubes and centrifuged
at 13,000 rpm for 10 minutes. The supernatant was collected and 25 µL aliquots were
assayed for liquid scintillation counting (LSC).
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The Whatman papers were collected and placed in their respective LSC vials and
allowed to dry for at least 2 hours. 5 mL of scintillation fluid was added to the vials and
allowed to sit for 2 hours before counting.
A.9 Measuring Triglyceride Lipolysis/Pulse-Chase Experiment
HepG2 cells were plated in 24 well plates on collagen and the adenoviruses to
PGC1 and gal were incubated on the cells as described above. On the day of the
experiment cells were washed twice with 1x PBS. 200 µL of 0.25mM oleic acid in 1%
BSA in serum-free MEM with 1 µCi/mL [14C]-oleic acid (MP Biomedicals) was
incubated in each well for 18 hours. Extra wells were treated with non-radioactive
medium for protein analysis. At the end of the 18 hour incubation, the radioactive
medium was removed and saved in a 1.5mL Eppendorf tube. A dish was immediately
harvested as the 0 time point. Serum-free MEM with 1% BSA was placed in the wells of
the other dishes and incubated for 6, 12, or 24 hours.
At each time point the medium was collected in Eppendorf tubes. The cells were
harvested by washing the wells with PBS with 1.5% BSA twice, and then scraping the
cells twice with 1 mL methanol and transferring to a glass tube. 1mL of chloroform was
added at the end to the glass tube. The final methanol:chloroform ratio was 2:1. The
extracts were incubated at -20°C overnight. The next day they were extracted by the
Bligh and Dyer method (Bligh and Dyer 1959). At the end of the extraction, each lysate
was resuspended in 500µL of chloroform. Two 25µL aliquots were taken for LSC from
the medium and the cell lysates. The lysates were then dried down again by speed
vacuum and then resuspended in 30 µL to load on a TLC plate. Lipid standards to lipid
species were run on each TLC plate to identify the lipid species. The TLC plate was
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exposed to the phosphorimager (Molecular Dynamics, Amersham Pharmacia) over night
and scanned using the Storm Scanner (Amersham, Pharmacia) and Storm Scanner
Software the relative density of the spots was calculated using Image Quant™
(Amersham, Pharmacia).
A.10 Measuring Triglyceride Synthesis
HepG2 cells were plated in 24 well plates on collagen and the adenoviruses to
PGC1 and gal were incubated on the cells as described above. On the day of the
experiment cells were washed twice with 1x PBS. 200 µL of 0.25mM oleic acid in 1%
BSA in serum-free MEM with 1 µCi/mL [14C]-oleic acid (MP Biomedicals) was
incubated in each well for 6, 12, 24, and 48 hours. Extra wells were treated with nonradioactive medium for protein analysis. At the end of the incubations, the radioactive
medium was removed and saved in a 1.5mL Eppendorf tube.
The lipids from cells were harvested and processed exactly as described above in
the Lipolysis/Pulse Chase experiment.
A.11 Measuring ApoB Secretion using Immunoprecipitation
HepG2 cells were grown in 6 well dishes. They were treated with adenovirus as
described above. The experiments were performed when the cells were confluent. The
protocol followed Dixon et al. 2002 (Dixon, Biddle et al. 2002). The growth medium
was removed and the cells were washed twice with 1x PBS. 1mL of serum-free and
methionine/cysteine free medium (Invitrogen) was placed in each well and incubated for
30 minutes at 37 °C. The medium was removed and replaced with 100µCi/mL S35
methionine (MP Biomedicals) medium containing 100µM methionine (Sigma) in serum-
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free and methionine/cysteine free medium. The radiolabeled medium incubated for 4
hours at 37 °C.
The immunoprecipitation followed the methods in Dixon et al. 1991 (Dixon,
Furukawa et al. 1991). The medium was collected in 1.5mL screw cap tubes containing
59 µL of PBS with complete mini protease inhibitor cocktail (Roche) added. The cells
were washed twice with cold 1x PBS. 1mL of lysis buffer with complete mini protease
inhibitor cocktail was added to each well. The cells were scraped and transferred to a
1.5mL screw cap vial. They incubated at 4 °C for 30 minutes. The tubes were
centrifuged at 13,000 rpm at 4 °C for 10 minutes. The supernatant was transferred to a
new tube. The medium was centrifuged at 5000 rpm for 5 minutes at 4 °C and the
supernatant was transferred to a new 1.5 mL screw cap tube. Polyclonal antibodies to
anti-human ApoB (Serotec) and Albumin (Serotec) were diluted 1:100 with PBS. To a
new tube were added 100µL of cell lysate or medium, 800 µL NET buffer with SDS and
1% Tween, and 100µL Albumin. For anti-ApoB 600µL buffer and 300µL of anti-ApoB
were added. The tubes were capped tightly and rocked at 4 °C overnight.
For the immunoprecipitation 100µL of protein sepharose CL-4B (Pharmacia) was
added to each tube using a large orifice tip. The tubes incubated for 3 hours at 4 °C. The
tubes were centrifuged at 3000 rpm at room temperature for 3 minutes. The supernatant
was removed. The samples were washed five times with cold 1x NET-TS (pH=8.3).
Each time they were centrifuged at 3000 rpm for 3 minutes and the supernatant was
removed. The final centrifugation was at 5000 rpm for 5 minutes.
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A.12 Measuring -hydroxybutyrate
To estimate ketone bodies secreted from HepG2 cells, cells were plated in either 6
well or 24 well plates in serum containing medium. The medium was changed to serumfree medium containing either 0.2mM oleic acid in 1% BSA or serum-free medium with
1% BSA. The medium incubated for a minimum of 4 hours, any less no ketone bodies
were measurable. At the end of the incubation the medium was collected, centrifuged at
5000 rpm for 5 minutes, and transferred to another microcentrifuge tube. A 250mM Tris
buffer with 1mM EDTA pH=9.0 buffer was prepared. On the day of the experiment the
buffer was diluted 1:2, 5µL of hydrazine hydrate (Sigma) was added per mL, and 1 mg of
NAD+ (Sigma) was added per mL of the final volume of the buffer. The hydroxybutyrate dehydrogenase (Sigma) enzyme (25U) was diluted to 5mL in the
Tris/EDTA buffer without the NAD+ or the hydrazine hydrate prior to the experiment and
stored at -20°C.
A standard curve from 0.25-3mM -hydroxybutyrate (Sigma) was made and
diluted in water. 20µL of the standard was pipetted into a well of a 96 well plate. Blanks
were prepared in water. 200µL of the buffer was added per well. The samples were
treated the same. A reading was taken on the fluorescent Microplate reader. The
excitation wavelength was 350 and the emission was 450, the cutoff was 435. The
samples were mixed for 45 seconds prior to reading them. After the samples had been
read and the data recorded, 5µL of the -hydroxybutyrate dehydrogenase enzyme was
added to each well.
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The samples incubated for at least 30 minutes. Readings were taken every 5-10
minutes from that point forward and taken until the readings reached equilibrium. The
amount of -hydroxybutyrate in each medium sample was based off the standard curve.
A.13 Measuring mRNA expression by RTPCR
A.13.1 Isolating RNA
On the day of the experiment, separate confluent well plates were harvested for
RNA extraction. The medium was aspirated and the cells were washed once with 1x
PBS. The experimental area was cleaned with RNAse Zap™ (Ambion/Applied
Biosystems) to remove RNAses. 500 µL of Trizol (Invitrogen) was added to the wells.
The cells immediately began to homogenize and were easily removed from the wells.
The cells were transferred to an RNAse/DNAse free microcentrifuge tube. This step was
repeated one time to remove all the cells from the well. If not performing the entire
extraction that day, the RNA was placed at -80°C until the time of extraction. At the time
of extraction, the tube was incubated at room temperature for 3-5 minutes after adding
the Trizol. 200 µL of molecular biology grade chloroform (Sigma, St. Louis MO) was
added to each tube, and the tubes were inverted to mix for about 15 seconds. The
samples were not vortexed because that could shear and destroy the RNA. The extracts
were Incubated at room temperature for 3-5 minutes. Centrifuged at 4 °C at 12,000 x g.
and transferred the supernatant to another RNAse/DNAse free tube. 0.75mL of
molecular biology grade isopropanol (Sigma, St. Louis, MO) was added, vortexed, and
incubated at room temperature for 10 minutes. The samples were centrifuged at 4 °C at
12,000 x g. The isopropanol was removed being careful to not dislodge the pellet. The
pellet was washed in 75% molecular biology grade ethanol (Sigma, St. Louis, MO),
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vortexed and centrifuged at 8,000 x g for 5 minutes. The ethanol was removed and dried
in the hood. The pellet was resuspended in RNAse/DNAse free water (Invitrogen,
Carlsbad, CA) and incubated in a 55 °C water bath for 10 minutes. The RNA was titrated
to equally distributed in the water and measure for 260/280 using the Nanodrop™
spectrophotometer.
A.13.2 Clean up of RNA
Using a workspace that has been cleaned using RNAse Zap™ (Ambion/Applied
Biosystems), pipette 10 µg of RNA (based on the Nanodrop™ data) into a
RNAse/DNAse free microcentrifuge tube. Incubate with 10µL of DNAse I Buffer
(Invitrogen), and 0.75 µL of DNAse I (Invitrogen) bringing the final volume to 100 µL
with RNAse/DNAse free water (Invitrogen). Incubate at room temperature for 15
minutes. Inactivate the DNAse I by adding 10 µL of 25mM EDTA, mix and place tube
in a 65 °C water bath for 10 minutes.
A.14 Reverse Transcriptase PCR
All reverse transcription PCR was done using Applied Biosystems High Capacity
Reverse Transcription PCR kit.
A master mix was made on ice containing:
Components
10x RT Buffer
25x dNTPs Mix (100mM)
Water (RNAse/DNAse Free)
10x RT Random Primers
RNAse Inhibitor
Multiscribe Reverse Transcriptase
Total

Amount (µL)/Rxn
2.0
0.8
3.2
1.0
1.0
1.0
10
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10µL of this master mix was pipetted into an RNAse/DNAse free PCR tube on ice. 10µL
of the cleaned RNA prepared as above was pipetted into the same PCR tube. The sample
was vortexed and quickly centrifuged in the nanocentrifuge. The tubes were placed in an
Eppendorf 5800 themocycler using this program:
Temp °C
25 °C
37 °C
85 °C
4 °C

Step 1
Step 2: Incubation
Step 3
Step 4

Time
10 min
120 min
5 sec
Hold

The cDNA formed was ready for PCR or Real Time (RT) PCR.
A.15 PCR
To confirm that the cDNA was good for RTPCR a PCR reaction was done using
primers to 18S or SCD1 were used. The PCR kit used was Promega’s Go-Taq
Polymerase Kit.
A master mix was made on ice:
Component
5x Green GoTaq Reaction Buffer
dNTP Mix
Upstream Primer (18s)
Downstream Primer (18s)
Template DNA
Taq Polymerase
Nuclease Free Water
Total

Amount (µL)
10
1
5
5
2
0.25
26.75
50

Final Concentration
1x (1.5 mM MgCl2)
0.2mM each dNTP
0.1-1 µM
0.1-1 µM
<0.5 µg/50 µL
1.25U

The components was assembled, vortexed, and centrifuged in an RNAse/DNAse free
PCR tube. The PCR tubes were placed in the thermocycler and the reaction was run with
the following program:
Step
Initial Denature

Temp °C
95

Time
2

# of cycles
1
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Denaturation
Annealing
Extension
Final Extension
Soak

95
58
72
72
4

1
1
1 min/kb
5
indefinite

35
1
1

When the reaction was finished the tubes are removed from the thermocycler. A 1%
Agarose gel was poured in 1x TAE buffer and 25 µL of the samples are loaded. 10 µL of
the 100 bp molecular weight marker (Promega) was also loaded. The gel was run at 90
mV for about 1 hour. The gels were scanned using the Chemidoc™ (Pierce) and
analyzed with the Analysis One (Pierce) software system.
A.16 RT PCR
All RTPCR experiments were done on an Applied Biosystems 7300. Applied
Biosystems’ Power Sybr® Green was used as the master mix reagent. All primers were
validated prior to using them. Using the slope of the line generated by the RTPCR
software program a calculation of primer binding efficiency was established: Efficiency
= [10^(-1/slope)]-1. Only primers with efficiencies of 90-110% were used.
A master mix was assembled for each primer used:
Master Mix (must do for each primer tested in a plate):
Amount
(µL)/sample
Power Sybr Green
12.5
Primer*
5
Water
3.5
Total
21
*(Forward and Reverse was combined) final concentration = 400 nM
In the plate 21 µL of Master Mix and 4 µL of the template cDNA (concentration =
2ng/uL) were pipetted into each well. For no template control add 4 µL of water was
added instead of cDNA. The plate was sealed with the adhesive film. The samples were
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centrifuged at 2000 rpm for 2 minutes. The 96 well plate was run using the Universal
RTPCR program.
A.17 Primers for RTPCR
All primers were ordered from Operon/Eurofins-Operon and were 10nmol saltfree. They were designed using Applied Biosystems’ Primer Express 3.0 Design
Program. The following primers were used:
Sequence
Housekeeping
Gene
18S
Lipid Synthesis
Genes
FAS
SREBP1a
SREBP1c
SREBP2
ACC
SCD1
LXR
PGC1alpha
PGC1beta
GPAT1
DGAT1

Forward TAAGTCCCTGCCCTTTGTACACA
Reverse GATCCGAGGGCCTCACTAAAC
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

CGCTCGGCATGGCTATCT
CTCGTTGAAGAACGCATCCA
TCAGCGAGGCGGCTTTGGAGCAG
CATGTCTTCGATGTCGGTCAG
GCTCCTCCATCAATGACAAAATC
GCTTGAGTTTCTGGTTGCTGTGT
AGAAAGGCGGACAACCCATA
TTGTGCATCTTGGCGTCTGT
TGGCCGGGACCCTACTCTA
TTGGCATTGGTGGTCTTACTGA
GCCAACAACTCTGCCCTTTATGAT
GGGCGATAGCAATAAAGTGAAAA
GAAGAAACTGAAGCGGCAAGA
TCGATCATGCCCAGTTGTTC
CAGACCAGTGCTACCTGAGAGAGA
GGATGACCGAAGTGCTTGTTC
TCCTGCGTCAGGGAAAAGC
GCCTCTTTCAGTAAGCTGTCAA
CGTCCAGTGTGGCGTTGA
GCTCCGATCACCTACATTATAATTTTCT
CTTCAGCAACTACCGTGGCAT
CATTGGCCGCAATAACCAGG
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Oxidation Genes
LCAD1
MTP
ACO
CPT1
FOXA2
MCAD1

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

GTGAAACGCTGCTGAGTGAGAA
GGGTTTCAAGGCAGTAAGGTATGA
TCCCGTTCGGCATCTAC
CTTAGAATGCCAGAACCCGAGTA
TTCGCTCAGATGCTGTTGCT
GAGCCAAGTGTCACATCCTGAA
CAGAAGTGAAGACCCGGATACG
CATGCGGCCGTGTAGTAGAGATTT
TTCAGGCCCGGCTAACTCT
ACCCCCACTTGCTCTCTCACT
AGGCCGTGACCCGTGTATTA
AACCCCGCTGCCATGTT

A.18 LC-MS/MS Conditions
The LC-MS system used was a Dionex UltiMate 3000 HPLC (Dionex,
Sunnyvale, CA, USA) coupled to an Applied Biosystems 4000Q-TRAP® mass
spectrometer (Applied Biosystems, Ontario, Canada). The UltiMate system included an
LPG-3400M low-pressure gradient pump, a WPS-30000TSL Micro autosampler, and a
TCC-3000 temperature controlled column compartment. Lipid extracts were injected
into a Waters (Milford, MA, USA) Spherisorb® S5W 4.6 x 100 mm silica column, 5 µm
particle size, with a Spherisorb® S5W 4.6 x 10 mm guard cartridge. The autosampler
was kept at 20C and the column oven at 45C. Injection volumes ranged from 3 µl to 15
µl. Volumes over 15 µl caused problems with the elution pattern of compounds from the
silica column. The flow rate was 1 ml/minute except where noted. Solvent A =
isooctane:tetrahydrofuran, 99:1; solvent B = isopropanol:acetone, 2:1; solvent C =
isopropanol:water, 85:15. The re-equilibration time after 41 minutes was extended to
prevent pump problems and to wash the system better. For additional details see the LCMS section in the Materials and Methods section in the appendix. The Analyst(TM)
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software system was used to collect and analyze the data. Further data analysis was done
by MarkerView (TM) and Lipid Profiler (TM). The data were processed with these
analysis software programs and exported to Excel (TM), which was used to generate the
graphs.
The following method was used for the ESI measurements which measured triglycerides
and phospholipids.
The HPLC Method:
Mobile Phase A: Iso-octane:THF (99:1)
Mobile Phase B: Isopropanol:Acetone (2:1)
Mobile Phase C: Isopropanol:Water (85:15)
Column Oven Temperature: 45 ˚C
Flow Rate = 1 mL/min
Aux Pump: Post Column Infusion of 20mM Ammonium Formate + 0.1 mM Sodium
Acetate in Isopropanol at 0.4 mL/min for first 11 minutes TAGs; .1 mL/min otherwise
Time (min)
0.1
4.0
8.0
11.0
11.1
22.0
37.0
37.5
39.5
46.0
54.0
54.1

%A
100
97
96
70
40
40
40
0
0
100
100
End

%B
0
3
4
30
50
0
0
100
100
0
0

%C
0
0
0
0
10
60
60
0
0
0
0

The Mass Spectrometer Method:
Period 1: Q1 MS Scan: Triglyceride measurement
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Scanning from 500 to 1000 amu. Scan time = 2 seconds. Positive Ion mode.
CUR

15.00

IS

5000.00

TEM

450.00

GS1

50.00

GS2

40.00

DP

200.00

EP

10.00

Period 2: Starts at 11.04 minutes. 4 Experiments in period 2.
Experiment 1. NL of 141 amu: PE measurement
Scanning from 625 to 870 amu. Scan time = 0.7 seconds. Positive Ion mode.
CUR

30.00

CAD

3.00

IS

5000.00

TEM

450.00

GS1

30.00

GS2

35.00

DP

90.00

EP

10.00

CE

35.00

CXP

11.00

Experiment 2. Neutral Loss of 87.00 amu: PS measurement
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Scanning from 650 to 870 amu. Scan time = 0.7 seconds. Negative Ion mode.
CUR

30.00

CAD

3.00

IS

-4500.00

TEM

450.00

GS1

30.00

GS2

35.00

DP

-120.00

EP

-10.00

CE

-37.00

CXP

-10.00

Experiment 3. Precursor Ion Scan of 153: PA measurement
Scanning from 550 to 850 amu. Scan time = 0.9 seconds. Negative Ion mode.
CUR

30.00

CAD

3.00

IS

-4500.00

TEM

450.00

GS1

30.00

GS2

35.00

DP

-95.00

EP

-10.00

CE

-57.00

CXP

-10.00

Experiment 4. Precursor Ion Scan of 241: PI measurement
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Scanning from 700 to 950 amu. Scan time = 0.8 seconds. Negative Ion mode.
CUR

30.00

CAD

3.00

IS

-4500.00

TEM

450.00

GS1

30.00

GS2

35.00

DP

-190.00

EP

-10.00

CE

-65.00

CXP

-10.00

Period 3: Starts at 19.10 minutes. Precursor Ion Scan of 184 amu: PC measurement
Scanning from 430 to 870 amu. Scan time = 1.3 seconds. Positive Ion mode.
CUR

30.00

CAD

2.00

IS

5000.00

TEM

450.00

GS1

30.00

GS2

35.00

DP

120.00

EP

10.00

CE

40.00

CXP

15.00

The following Photospray(TM) (APPI) Method was used to analyze cholesteryl esters,
free fatty acid, diglycerides, and monoglycerides.
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The HPLC Method:
Mobile Phase A: Iso-octane:THF (99:1)
Mobile Phase B: Isopropanol:Acetone (2:1)
Mobile Phase C: Isopropanol:Water (85:15)
Column Oven Temperature: 45 ˚C
Aux Pump: Toluene
Time (min)

%A

%B

%C

0.1
4.0
8.0
11.0
11.1
15.0
15.1
22.0
37.0
37.5
46.0
54.2

100
97
96
70
40
40
40
40
40
0
100
End

0
3
4
30
50
31.7
31.7
0
0
100
0

0
0
0
0
10
28.3
28.3
60
60
0
0

Flow rate for main
pump (mL/min)
1
1
1
1
0.4
0.4
1
1
1
1
1

Flow rate for the Aux
Pump (mL/min)
0.1
0.1
0.1
0.1
0.04
0.04
0.1
0.1
0.1
0.1
0.1

Period 1
2 experiments in the period.
Period 1 Experiment 1. Q3 scan: CE measurement, shows acyl chains
Scanning from 150 to 350 amu. Scan time = 0.8 seconds. Negative Ion mode.
CUR

15.00

IS

-1300.00

TEM

350.00

GS1

40.00

GS2

20.00

DP

-90.00

EP

-10.0

CXP

-12.00
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Period 1 Experiment 2
MRM in Positive Ion Mode. CE measurement, shows cholesterol molecule
Q1 Mass = 369.00, Q3 Mass = 161.00. Dwell time 50.00 msec.
DP = 125, CE = 31
CUR

15.00

IS

950.00

TEM

350.00

GS1

40.00

GS2

20.00

CAD

4.00

DP

60.00

EP

6.0

CE

33.00

CXP

10.00

Period 2.
Starts at 3.00 minutes
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Q3 MS in Positive Mode: TAG measurement
CUR

15.00

IS

1100.00

TEM

350.00

GS1

40.00

GS2

20.00

DP

40.00

EP

10.0

CXP

9.00

Period 3.
Scan Type: MRM: Measurement of DAG, and CHOL
Mode: Positive
Time: 7.51 minutes
CUR

15.00

IS

1100.00

TEM

350.00

GS1

40.00

GS2

20.00

CAD

4.0

EP

10.0

CXP

9.00
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Dwell Time: 13 ms
Q1 Mass
369.00
355.30
467.70
547.80
551.90
573.50
575.50
575.50
577.50
579.50
595.70
597.50
599.90
601.50
601.50
603.50
603.60
605.60
607.70
621.60
623.60
625.60
633.60
647.9
399.40

Q3 Mass
161.00
141.10
197.20
247.20
239.20
261.20
237.20
239.20
265.20
267.30
261.20
265.20
263.20
261.20
263.20
267.30
265.30
267.30
267.30
261.20
263.20
265.30
265.30
361.30
189.50

DP
125.00
70.00
80.00
85.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
95.00
80.00
90.00
95.00
95.00
95.00
95.00
95.00
95.00
45.00

Period 4.
Q3 MS in Negative Ion Mode: FFA Measurement

CE
31.00
24.00
27.00
31.00
31.00
33.00
33.00
33.00
33.00
33.00
33.00
33.00
31.00
31.00
31.00
31.00
34.00
31.00
34.00
34.00
34.00
34.00
34.00
28.00
31.00
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Relative Start Time = 10.01 minutes.
CUR

15.00

IS

-1000.00

TEM

350.00

GS1

40.00

GS2

20.00

DP

-80.00

EP

-10.0

CXP

-12.00

Period 5.
Scan Type: MRM: MAG Measurement
Mode: Positive
Time: 12.01 minutes
CUR

15.00

IS

750.00

TEM

350.00

GS1

40.00

GS2

20.00

CAD

4.0

EP

10.0

CXP

10.00
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Dwell Time: 50 ms
Q1 Mass
215.30
257.30
271.30
285.30
311.30
313.30
327.30
353.40
355.40
339.40
341.40
355.40
379.40
369.40
377.40
403.40

Q3 Mass
141.00
183.00
197.00
211.00
237.00
257.00
271.00
261.00
263.00
265.00
285.00
299.00
287.00
295.00
285.00
311.00

DP
46.00
45.00
50.00
64.00
66.00
66.00
70.00
70.00
70.00
75.00
70.00
70.00
70.00
70.00
70.00
70.00

Period 4.
Q3 MS in Positive Ion Mode: Monitoring for PLs
Relative Start Time = 15.01 minutes.
CUR

15.00

IS

1050.00

TEM

350.00

GS1

40.00

GS2

20.00

DP

30.00

EP

10.0

CXP

17.00

CE
17.00
19.00
20.00
20.00
19.00
22.00
23.00
23.00
19.00
22.00
24.00
19.00
23.00
20.00
24.00
25.00
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