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Abstract 

Role of Autophagy and Proliferator-Activated Receptor Gamma2   

in Hepatic Lipid Homeostasis 

 

Donna Conlon 

 

The liver maintains lipid homeostasis by regulating hepatic uptake of circulating fatty 

acids (FA) and triglycerides (TG), de novo lipogenesis, FA, and secretion of TG in very low 

density lipoproteins (VLDL). To investigate the effects of reduced VLDL secretion on hepatic 

lipid homeostasis, we examined the effects of knockdown of either apolipoproteinB (apoB) or 

microsomal triglyceride transfer protein (MTP) using antisense oligonucleotides (ASO) for 6 

weeks in apobec-1 knockout mice.  Despite a similar decrease in VLDL secretion in mice treated 

with either apoB ASO or MTP ASO, there was an increase in liver TG content only in the MTP 

ASO-treated mice.  There were no differences in either FA uptake or secretion, or lipid synthesis 

from de novo lipogenesis.  However, there was an increase in autophagosomes that co-localized 

with the endoplasmic reticulum (ER) in the apoB ASO-treated livers.  We hypothesized that 

there is an accumulation of lipid in the ER due to the absence of  apoB, the necessary protein for 

the formation and secretion of VLDL, and so the lipid becomes trapped inside the lumen of the 

ER. We provide evidence that the ER was engulfed by autophagosome and shuttled to the 

lysosome where the ER and its lipid content were degraded, leading to an increase in FA 

oxidation.  This increase in autophagy of the ER prevented steatosis. We were surprised, 

however, that there was no evidence for ER stress after 6 weeks of knockdown of apoB and so 

we next examined the effect of only 3 weeks of ASO treatment and found that at this earlier time 

point, apoB ASO-treated mice had increased steatosis as compared to control ASO-treated mice 



and that the level of steatosis was similar to that caused by MTP ASO-treated mice.  

Furthermore, at 3 weeks of apoB ASO treatment, there was an increase in markers of ER stress 

in the apoB ASO-treated mice, but no evidence of an increase in the autophagy.  After inhibition 

of autophagy, both ER stress and apoptosis were markedly increased in the livers of the apoB 

ASO-treated mice, indicating that autophagy protected the hepatocyte when apoB was knocked 

down.  Thus, in this model of inhibition of  apoB synthesis, with markedly reduced secretion of 

VLDL, TG that enters the ER gets trapped there and first induces ER stress.  The ER stress 

response is unable to repair the defect, lipid accumulation in the ER continues to increase, and 

autophagy of the lipid-filled ER is induced, allowing the lysosome to act as an alternative 

pathway for oxidation of FA by the mitochondria.   Our results suggest, therefore, that by 

stimulating autophagy, it may be possible to lower plasma TG levels by inhibiting VLDL 

secretion without causing hepatic steatosis. 

  PPARγ2, which has been previously shown to contribute to increased lipid accumulation 

through decreased TG turnover of the lipid droplets and increased de novo lipogenesis, is 

aberrantly expressed in hepatic steatosis.  However, the basis for increased expression of the 

PPARγ2 specific isoform in the liver is unknown. We used hepatocytes and in vivo models to 

study the relative effects of hyperinsulinemia and/or increased FA delivery on hepatic PPARγ2 

and PPARγ1 expression. Hepatic PPARγ2 expression is not increased by increased fatty acid 

delivery in the absence of hyperinsulinemia but is regulated by changes in insulin signaling.  

Since hyperinsulinemia often occurs in the presence of excess nutrients, including glucose and 

FA, expression of PPARγ2 in the liver, with subsequent effects on hepatic lipid droplet 

formation and stability, may be a means of protecting hepatocytes from lipotoxicity. 
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Chapter 1: Literature Review 

Rise in obesity and insulin resistance  

An increase in the rate of obesity in the developed world has led to a serious public health crisis.  

Greater than 1/3 of adults in the United States were categorized as obese as measured by a body 

mass index of greater than 30[1].  Obesity rates have also increased among children with 17% 

being classified as obese[1].  The rise in obesity, combined with a high prevalence of 

predisposition to insulin resistance, which is exacerbated by obesity, has  resulted in a sharp 

increase in the rate of Type 2 Diabetes (T2D).  The combination of insulin resistance and T2D is 

associated with and/or leads to other complications such as dyslipidemia, hypertension, 

microvascular disease, blindness, nervous system disorders, and nephropathy.  The dyslipidemia 

includes increased plasma triglyceride and decreased HDL cholesterol levels, along with variable 

levels of LDL cholesterol, which together raise the risk for atherosclerotic cardiovascular disease 

(ASCVD)[2].  Another consequence of obesity and insulin resistance is that it is associated with 

increased stored lipids in tissues such as the liver, which results in  a higher incidence of Non 

Alcoholic Fatty Liver Disease (NAFLD)[3].   Since one of the causes of the dyslipidemia is an 

increase in Very Low Density Lipoprotein (VLDL) secretion from the steatotic liver, the increase 

in these two complications are linked.   

Lipoprotein metabolism 

 Normal lipoprotein physiology provides a pathway for the efficient transport of 

hydrophobic lipids through the blood to the tissues of the body.  Lipoprotein particles are 

synthesized in the liver or the small intestine, and are classified according to their density, lipid 

composition, and the proteins, called apolipoproteins, present on their surface.   In order of 
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density, they range from chylomicrons to very low density lipoproteins (VLDL) to intermediate 

density lipoproteins (IDL) to low density lipoproteins (LDL) to high density lipoproteins (HDL), 

with chylomicrons being the largest and least dense and HDL being the smallest in size and most 

dense.  Chylomicron particles, which carry apolipoprotein B48 (apoB48) are composed mostly 

of dietary triglycerides (TG), which have been absorbed from the small intestine.  After their 

assembly in enterocytes, chylomicron enter the lymphatic system and eventually the 

bloodstream.  VLDL particles are secreted from the liver and act as a precursor to IDL and LDL, 

which are all defined by the presence of  apolipoprotein B100 (apoB100).  Chylomicrons and 

VLDL deliver dietary and newly synthesized lipids respectively, to muscle, adipose tissue, and 

liver, where they are either used either for energy or storage.  The uptake of lipids by these 

tissues is facilitated by lipoprotein lipase (LPL), made in adipose tissue and muscle, which acts 

to hydrolyze the TG and allows transport of fatty acids (FA) into the cell.  What remains, 

chylomicron and VLDL remnant particles, are recognized by several pathways (mainly the LDL 

receptor) and taken up by the liver; most of the chylomicron remnants are removed by the liver 

and about one-half of the VLDL remnants and IDL enter the liver.  The rest of the VLDL 

remnant/IDL are, as more lipid is removed, converted to LDL, which can be taken up by the liver 

and peripheral tissues via the LDL receptor[4].  HDL is defined by the presence of 

apolipoproteinA-I, which is secreted from the liver and small intestine as very lipid poor discs 

that can accept free cholesterol from cell membranes[5].  ApoA-I is also secreted from the small 

intestine on nascent chylomicron particles but is rapidly transferred to an HDL.  The HDL 

particles can be further classified according to size, density and lipid composition.  HDL 

functions to transport cholesterol from the peripheral tissues back to the liver, where it can be 

excreted in bile, a process called reverse cholesterol transport[6].  Cholesterol ester from HDL 
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can also be transferred to TG-rich lipoproteins such as VLDL, IDL, and LDL by cholesterol ester 

transfer protein (CETP) for removal by the liver as well.   

 Increased rates of atherosclerosis are associated with high levels of LDL cholesterol and 

low levels of HDL cholesterol.  There is no doubt, based on animal and human data that 

increased LDL causes atherosclerosis and that lowering LDL reduces ASCVD.  Whether low 

levels of HDL cause atherosclerosis or raising HDL protects against ASCVD is much less clear.  

Many individuals with ASCVD, including nearly all individuals with T2D and atherosclerosis, 

have elevated levels of TG in the plasma.  The latter is most often TG in atherosclerosis has been 

the most controversial part of the lipid hypothesis, in large part to the close relationship between 

high TG levels and both low levels of HDL cholesterol and increased numbers of small dense 

LDL.  The latter are hypothesized to more easily pass into the subendothelial space (the first step 

in atherogenesis) and small dense LDL are poor substrates for the LDL receptor, which increase 

their time in the circulation making them more likely to undergo oxidative modifications.  

Oxidative LDL are excellent substrates for uptake by macrophages, where they contribute to the 

formation of foam cells, an early and necessary component of the atherogenic plaques[7]. This 

phenotype is more prevalent in patients with insulin resistance or T2D.   

Insulin Resistance 

Insulin Resistance is defined as the inability of tissues and organs, such as the adipose, muscle, 

and liver, to respond normally to normal levels of insulin.    The normal function of insulin is to 

regulate whole body glucose and lipid homeostasis.  It lowers blood glucose levels by increasing 

uptake of glucose by the adipose and muscle, and by decreasing hepatic glucose output.  Insulin 

acts by binding to the insulin receptor on the cell surface, which triggers a signaling cascade that 
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results in changes in gene transcription.  The defects that cause insulin resistance are due to 

changes in the post-receptor signaling pathway[8].  Insulin resistance stimulates the production 

of more insulin by the pancreatic beta cells, which contributes to a hyperinsulinemic state.  

Increased insulin levels help to maintain euglycemia in the face of insulin resistance but 

hyperinsulinemia can also have negative consequences. 

Adipose and muscle response to insulin resistance:  In an insulin resistant state, the adipose 

tissue loses its ability to respond to increases in plasma insulin.  Insulin normally acts to promote 

adipocyte lipogenesis and glucose transport and also stimulates the uptake of FAs derived from 

circulating lipoproteins.  It also prevents the lipolysis of stored lipid in the adipose[9].  The loss 

of normal insulin signaling increases lipolysis in the adipose which results in an increase in FA 

concentration in the plasma.  Insulin resistance in the muscle reduces the uptake of glucose 

which also contributes to hyperglycemia. 

Liver response to insulin resistance:  In the liver, insulin acts to regulate both glucose and lipid 

metabolism.  The normal action of insulin during times of dietary glucose availability is to 

stimulate increased transcription of genes that drive glycolysis and lipogenesis and to inhibit the 

transcription of genes involved in gluconeogenesis and glycogenolysis.  A phenomenon unique 

to the liver has been described as selective insulin resistance.  This refers to the demonstration 

that, although insulin mediated suppression of gluconeogenesis in the liver is impaired during 

insulin resistance, the insulin mediated increase in lipogenesis is not inhibited and 

hyperinsulinemic-driven lipogenesis remains.  Thus, selective insulin resistance results in an 

increase in both hepatic lipid production and hepatic glucose production[10].  An increase in 

hepatic lipid content during insulin resistance has been linked to the increase in NAFLD in 
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people with T2D[11].  Whether the increase in hepatic steatosis contributes to the development 

of hepatic insulin resistance or vice versa is a problem currently under investigation, but it is a 

difficult question to address since the two conditions occur simultaneously[12].  

 

Hepatic Lipid Metabolism 

Non-Alcoholic Fatty Liver Disease: NAFLD has become the most prevalent cause of liver 

disease in the US.  It affects over 30% of adults and 10% of children[13], including 75% of 

individuals with obesity[14]. The first stage of NAFLD, hepatic steatosis, is characterized by the 

intracellular accumulation of TG and lipid droplets (LD).  The clinical diagnosis can be made by 

one of several imaging techniques or liver biopsy. Using magnetic resonance spectroscopy, 

investigators in the Dallas Heart Study defined a hepatic TG content of greater than 5% as 

steatosis[13].  The lipid accumulation of this stage of the disease is reversible but if left untreated 

and combined with inflammation and insulin resistance,  in a subset of patients, NAFLD can 

progress to nonalcoholic steatohepatitis (NASH) and potentially to fibrosis and cirrhosis.  It is 

estimated that 20% of patients diagnosed with NASH will later develop cirrhosis[11].   Patients 

with cirrhosis are also at risk of developing heptocellular carcinoma.  NAFLD has become the 

third leading cause of liver transplants and is expected to become the leading cause within 10 

years[15, 16]. 

Increased hepatic lipid accumulation is caused by an imbalance in hepatic lipid 

metabolism.  There are 5 main pathways which contribute to the regulation of  liver TG content 

that can be altered either by insulin resistance: lipid uptake from the circulation, de novo 

lipogenesis (DNL), FA oxidation, VLDL secretion, and lipid droplet formation/lipolysis[14].  
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Changes in autophagy and ER stress have also been shown to affect hepatic lipid metabolism[17, 

18]. 

Liver lipid phenotype during insulin resistance:  The excess lipid in the liver during insulin 

resistance and T2D comes from several different sources.   These sources include over nutrition, 

increased DNL, and increased FA uptake by the liver.   The over nutrition that causes obesity 

results in tissues other than the adipose to become lipid storing tissues.  The liver acquires excess 

lipid through an increase in the uptake of dietary lipid in the form of chylomicron remnants and 

an increase in uptake of albumin bound free fatty acid (FFA) due to increased lipolysis in insulin 

resistant adipose tissue.  Selective insulin resistance in the liver increases DNL, driven by insulin 

signaling, resulting in even more FA availability in the cell. In patients with NAFLD 

approximately 60% of increase in hepatic TG is due to FFA flux from the adipose, 25% from 

DNL, and 15% from uptake if dietary lipids [19]. Therefore, in order to protect itself from 

lipotoxicity, the cell esterifies glycerol with the FA to form TG, which is then stored in a 

cytosolic LD.   The lipid droplet is not static in the cell but has been shown to be a dynamic 

organelle with proteins on its surface that can regulate the availability of the lipid[20].  The 

balance between lipolysis and storage of lipid is essential in maintaining cell homeostasis.   At 

the same time lipid availability in the liver is increased,  β-oxidation can be either unchanged, 

inhibited, or increased but insufficiently to oxidize the excess FA in the liver[21, 22].  As 

predicted by the dyslipidemia observed during insulin resistance, there is an increase in secretion 

of VLDL through a mechanism that this review will discuss in detail.   
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Figure 1-1. Maintenance of Hepatic Lipid Homeostasis:  Hepatic lipid content is a balance 

between the inputs of FA bound to albumin, FA delivered by remnant lipoprotein uptake, and FA 

synthesized by lipogenesis, and the outputs via FA oxidation and the secretion of VLDL and FA.  

The ability of the liver to store the lipid in cytosolic lipid droplets and lipolyze stored lipids for 

utilization also can affect homeostasis.  

 

Lipid uptake: Uptake of lipid by the liver is either through albumin bound FFA from the plasma 

or VLDL and chylomicron remnants.  FFA uptake is regulated by FA transport proteins 

(FATP),and fatty acid translocase (CD36), which are located at the plasma membrane and have a 

high affinity for FAs and act to transfer FAs across the membrane.  The predominant FATPs 

expressed in the liver are FATP2 and FATP5.  CD36 acts to bind FAs and promote a diffusion 

gradient across the membrane, though its expression is low in heptocytes.   Fatty acid binding 

proteins (FABP), specifically FABP1 and FABP4 in the liver, also help transport of FAs across 

the plasma membrane but are located in the cytosol as well and facilitate transport of FAs in the 
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cell to act as potentials ligands for nuclear transcription factors[23].  CD36, FABP, and FATPs 

are transcriptionally regulated by PPARγ[24, 25].  

The liver also acquires excess lipid through the uptake of dietary lipid in the form of 

chylomicron and VLDL remnants.   This process is mediated by the LDL receptor on the 

hepatocyte surface which recognizes apoB100 on the surface of the VLDL remnants or apoE on 

chylomicron remnants and initiates endocytosis of the particle into the cell[26].  The role of other 

receptors, such as the LDL related receptor protein (LRP) and the VLDL receptor are less clear. 

Hepatic lipase can also act as a ligand and facilitates hepatic uptake of remnants[27].  Recent 

studies have demonstrated the importance of heparin sulfate proteoglycans in the initial 

“trapping” of  remnants on the surface of hepatocytes. 

De Novo Lipogenesis:  Another source of lipid in the liver is through DNL, which occurs when 

there is excess glucose availability in the liver.  DNL includes both the synthesis of FAs from the 

products of glycolysis which is driven by insulin signaling and synthesis of lipid species such as 

TG, phospholipid, cholesterol ester.   

 Sterol Response Element Binding Protein 1c (SREBP1c) is a key transcription factor 

regulating DNL.  The transcription of SREBP1c is controlled by several factors including insulin 

signaling and nutritional conditions.  An important step in SREBP1c activation is its processing 

from a full length precursor form, which is a transmembrane protein in the ER, to the truncated 

form that is released after proteolytic cleavage in the Golgi.  This maturation process, which is 

stimulated by insulin (among other factors), generates a cleaved protein that can enter the 

nucleus where it is transcriptionally active[28].   Other transciption factors whose activity is 

upregulated by insulin involved include liver X receptor α (LXRα) and Carbohydrate Response 
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Element Binding Protein (ChREBP).  LXRα can induce transcription of SREBP1c as well as the 

downstream lipogenic genes.  Together these transcription factors regulate the expression of 

genes responsible for the de novo synthesis of FA from acetyl CoA, such as fatty acid synthase 

(FAS) and Acetyl CoA Carboxylase (ACC1).  Steaoyl-CoA desaturase 1 (SCD1), an enzyme 

that catalyzes the synthesis of monounsaturated FAs from saturated fatty acyl CoAs,  is also 

regulated by these transcription factors[23].  Our lab and others have demonstrated that PPARγ2 

can increase expression of lipogenic genes independent of SREBP1c, LXRα, and ChREBP[29, 

30].  FAs can also regulate hepatic lipogenic gene expression by acting as ligands and directly 

activitating the transcription factors[14].  Diacylglycerol Acyltransferase 1 and 2 (DGAT1, 

DGAT2)  are necessary for the final step of TG synthesis by catalyzing the reaction of  

diacylglycerol with a FA-CoA. Knockdown of DGAT2, but not DGAT1, in the liver was able to 

reduce hepatic TG content and increase oxidation in obese mice with steatosis[31, 32].  This 

demonstrates the critical role of DGAT2 in maintaining hepatic lipid content.  

Cytosolic lipid droplets:  Increases in FA delivery to, and uptake by, the liver, as well as increase 

synthesis of FA, causes an increase in the FFA pool in the hepatocyte.   This excess FA is not 

needed for immediate energy and can cause changes in phospholipid composition and stability, 

alter lipid signaling by acting as ligands for nuclear hormone receptors, or induce apoptosis.  To 

protect itself against lipotoxicity and other negative changes, the hepatocyte esterifies the FA 

with glycerol to form TG and packages it into cytosolic LDs.   

The LD consists of a neutral lipid core that is surrounded by a monolayer of 

phospholipids.    The manner in which LDs form in the cell is still under investigation but the 

prevailing view is that the droplet buds from the membrane of the endoplasmic reticulum and 



10 
 

expands in size through fusion with other LDs[33].   In liver, intracellular lipid accumulation 

results in many LDs of varying size.  The LD is not static in the cell but has been shown to be a 

dynamic organelle with proteins on its surface that can regulate the availability of the lipid.  The 

surface of the LD is coated with proteins which are involved in the formation, trafficking, and 

lipolysis of the droplet.  LDs are heterogeneous and it is thought that the LD proteins act to direct 

the droplet towards different function.  There are several different proteins that have been 

identified on the surface of the LD, including the CIDE family, lipases such as ATGL and HSL, 

SNARE proteins involved in trafficking and fusion, and the perilipin family of proteins.   

Alterations in the expression of these various proteins can alter not only LD size and number but 

also have an effect on whole body lipid metabolism.   

 The most prominent and well studied of these proteins found on the LD is the perilipin 

(Plin) family, which contains 5 members that share sequence homology at a PAT domains and 

help to regulate the interaction between the LD and the cellular environment[34].  The protein 

family includes, Perlipin (Plin1), ADRP /Adipophilin (Plin2), Tip47(Plin3), S3-12(Plin4), and 

OXPAT(Plin5).   They act as physical barriers to lipases but also mediate the interaction of 

lipases with the LD.  Plin proteins differ in their tissue distribution, localization and stability in 

the cell, their affinity for LD, and their transcriptional regulation[34].  Some Plin protein 

expression levels are regulated by the PPAR transcription family.  The turnover of the TG in the 

LD is rapid as TG is continually hydrolyzed into FA and glycerol but it is quickly re-esterified 

unless it is either packaged onto a lipoprotein for secretion or oxidized.   

FA oxidation:  In times of nutrient depletion, the cell responds by increasing the utilization of 

stored lipid for energy.  A main source of energy is stored TG which can be hydrolyzed to 
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release FA as a substrate for β-oxidation.  There are two forms of β-oxidation, mitochondrial and 

peroxisomal.  Peroxisomal β-oxidation makes up a small portion of the total oxidation but is 

important for disposal of more toxic lipid species such as very long chain FAs, 2-methyl-

branched FAs, and bile acid intermediates.  Mitochondrial β-oxidation provides most of the 

energy required by the cell by oxidizing short, medium, and long chain FAs into acetyl-CoA or 

ketone bodies.  The acetyl CoA can then enter the tricarboxylic acid cycle for further oxidation 

into carbon dioxide and water which produces ATP.  β-oxidation is regulated by the enzymes 

carnitine palmitoyltransferase (CPT1) and medium-chain acyl-CoA dehydrogenase (MCAD), 

which are transcriptionally regulated by PPARα.   However, β-oxidation is also substrate driven 

and thus regulated by carnitine and malonyl-CoA concentrations[23, 35] 

Direct FA secretion: The final mechanism that regulates hepatic lipid content is the secretion of 

lipid from the liver.  The primary form of lipid secretion from the liver is through VLDL 

secretion of TG and cholesterol ester, which will be discussed in depth.  However, the liver also 

has the ability to directly secrete FAs as a way to protect the liver from excess FAs, lipotoxicity 

and steatosis[36].     

VLDL Secretion 

Characteristics of VLDL: VLDL are macromolecular complexes consisting of a phospholipid 

monolayer surface and a core of neutral lipids, TG and cholesterol ester.  Secretion of these 

particles from the liver enables efficient transport of lipids, particularly TG, to peripheral tissues 

and also prevents the accumulation of lipid in the liver.  VLDL are large particles that can range 

in size from 30-80nm and are classified as having a density between 0.95 and 1.006 g/dL. VLDL 

particles can differ in size depending on the amount of neutral lipid added to the core of the 
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VLDL.  There are several proteins found on the VLDL particle including apolipoproteinB100 

(apoB), apolipoproteinE, apolipoproteinC-I, apolipoproteinC-II and, apolipoproteinC-III[4].  All 

of these apoproteins can either leave the liver on VLDL or, with the exception of apoB, can be 

transferred to the VLDL after secretion from the liver.   

 The primary and essential lipoprotein protein present on VLDL is apoB.  There is one 

apoB protein on each VLDL particle while there can be multiple copies of the other lipoproteins 

present[37].  Thus, measurement of plasma apoB concentration allows a direct estimate  of the 

number of apoB-containing lipoprotein particles are in the circulation.  If the amount of apoB 

secreted is unchanged, but there is a difference in the secretion rate of TG, this indicates a 

difference in the size of VLDL particles being secreted.  ApoB100 on the VLDL is also 

important because it is the protein that is recognized by the LDL receptor for uptake.  

ApolipoproteinB:  The human APOB gene is located on chromosome 2 and is a very large gene 

that spans 43kb and contains 29 exons and 28 introns[38, 39].  The APOB gene encodes 2 

proteins: apoB100 and apoB48.  ApoB100 is the full length or 100% transcript that is translated 

into a protein of 4,536 amino acids and a molecular weight of approximately 550 kDa (including 

carbohydrates added post-translationally).  It is produced mainly in the liver and is the main 

apolipoprotein on not only VLDL, but also IDL and LDL.  The other transcript from the APOB 

gene is apoB48, which is formed due to post transcriptional modification by an RNA editing 

which changes a cystine to uracil to create an additional translational stop codon at 6666 bp or 

48% of the full length transcript and produces a protein of 2152 amino acids.  This truncated 

protein shares the same amino terminal as the full length apoB100.  The RNA editing enzyme 

responsible for generating apoB48 is apobec1, which, in humans, is  expressed in the 
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intestine[40].   Therefore, whereas apoB100 is the essential protein on VLDL and LDL particles, 

apoB48 is the primary protein on chylomicrons that are secreted from the intestine.  Of note, 

there is an important distinction between expression of apobec1 between humans and mice.  

Humans only express apobec1 in the intestine and therefore  secrete only apoB100 from their 

livers and apoB48 from their intestines.  However, mice express apobec1 in both the liver and 

intestine, so they secrete both apoB100 and apoB48 containing particles from their livers; 

rodents therefore can secrete TG on both apoB100 and apoB48 particle assembled in the liver. 

 There are known mutations to the APOB gene which cause the synthesis of truncated 

apoB proteins as well as apoB proteins with decreased secretion efficiency[41].  Individuals with 

these mutations have familial hypobetalipoproteinemia and lower rates of VLDL secretion from 

the liver.  They also have reduced plasma concentrations of apoB and LDL cholesterol but can 

develop hepatic steatosis[42, 43].  

 In mice, complete knockout of apoB is embryonic lethal.  However, mice with just one 

copy of the apoB gene survive and have 70% lower plasma apoB and 20% lower plasma 

cholesterol.  When the heterozygotes were placed on a high fat and high cholesterol diet, they 

were protected from diet induced hypercholesterolamia as compared to wildtype (WT) 

controls[44].  Other than the genetic defects described above, apoB is not subject to much  

transcriptional regulation but rather is constitutively expressed[45].  Changes in apoB secretion 

occur without associated changes in apoB mRNA levels[45-47].  Therefore, most of the 

regulation of apoB100 occurs post-transcriptionally.  

Regulation of apoB Secretion 
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ERAD: The assembly and secretion of VLDL is very complex and can be regulated at several 

sites[48].  The first site of regulation is in the endoplasmic reticulum (ER) where the apoB is 

both co-translationally and post-translationally regulated in a process referred to as ER 

associated degradation (ERAD).  As the apoB protein is being translated on a ribosome in the 

rough ER, it is translocated into the lumen of the ER.  ApoB is a unique secretory protein in that 

it can be co-translationally degraded while still in the translocon 

Secondary Structure of apoB100 protein: Since apoB100 is such a large protein, its secondary 

structure is very complex and contributes to the regulation of apoB synthesis and translation.  It 

contains contain three -helical domains (1-22, 48-56 and 89-100% of apoB100) and two 

hydrophobic -sheet domains (22-48 and 56-89%).  The hydrophobic β- sheet domains play a 

key role in the co-translational degradation of apoB in the ER.  They have increased interaction 

with the proteins of the translocon, such as sec61, and slow its translocation into the lumen of the 

ER[49].  There are also "pause transfer" sequences that may contribute  to the amount of time 

that the apoB protein remains in the translocon but are not as important as the β- sheet 

domains[50]. 

Role of MTP: In order to continue to move through the translocon and fold properly, the apoB 

protein requires binding at multiple sites with the ER chaparone protein, microsomal triglyceride 

transfer protein (MTP).  The sequences between 1-5.8% and 9-16% of the N-terminus of apoB 

contain the MTP binding sites. A 97kDa catalytic subunit of  MTP heterodimerizes with a 58 

kDA subunit protein disulfide isomerase (PDI) and both subunits are necessary for lipid binding 

and lipid transfer activity[51, 52].  MTP is present in the lumen of the ER and acts to transfer 

lipids, including TG, CE and phospholipids, from the ER membrane onto the nascent apoB 
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protein[53].  The interaction between apoB and MTP requires both the lipid binding and lipid 

transfer activity of MTP for apoB secretion to occur but these 2 activities are independent of 

each other[54, 55]. The importance of MTP to apoB secretion was demonstrated in cell studies 

using chemical  inhibitors to MTP, which resulted in an accumulation of apoB in the translocon 

of the ER and its subsequent degradation[56].  In addition, patients with abetalipoproteinemia are 

homozygous for mutations in the MTTP gene and have no MTP activity.  This affects both 

intestinal absorption of lipids and secretion on chylomicrons and secretion of VLDL 

particles[57]. 

  

 

Figure 1-2. The initial site of regulation of apoB occurs during its co-translational 

translocation across the ER membrane.  Thus, if microsomal triglyceride transfer protein 
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(MTP) activity and core-lipid availability are adequate, nascent apoB100, like typical secretory 

proteins, is translocated efficiently across the endoplasmic reticulum (ER) membrane. Then it 

can be assembled, with lipids, into an apoB-lipoprotein in the ER lumen, and secreted. 

 

Co-translational degradation of apoB: The availability of lipids in the ER at the site of apoB 

synthesis is crucial for the formation of a VLDL particle.  The amount of lipid present affects the 

rate of apoB secretion from the hepatocyte[58].  Insufficient lipidation of apoB causes it to 

remain in the translocon and causes portions of the protein to loop out through gaps between the 

ER membrane and the ribosome into the cytosol.   In the cytosol, apoB interacts with cytosolic 

chaperones such as Hsp70 and Hsp90 which help to target it for ubiquitinylation by gp78, an E3 

ubiquitin ligase[59-61].  Once ubiquitinated, the apoB protein is targeted for degradation by the 

proteasome[62].   Inhibition of the proteasome prevents degradation of apoB and causes 

intracellular accumulation of apoB[63].  The ER is involved in other aspects of apoB assembly 

that ensure proper folding and secretion[64].  Other ER chaperone proteins such as Grp78, 

Grp94, ERp72, calreticulin, and cyclophilinB also associate with apoB in the ER and help 

provide stability to the apoB protein prior to its completion of folding[65].  Increased association 

of apoB with calnexin prevent the ubiquitination of apoB in the translocon and reduce 

proteasomal degradation[66]. 

Post-translational degradation of apoB:   Fully translated apoB proteins which are insufficiently 

lipidated are also subjected to post-translational ubiquitination and targeting for proteasomal 

degradation in the ER[67].  The mechanism of this degradation may be through retrograde 

translocation, similar to that of other secretory proteins, although this has never been definitively 

demonstrated for apoB[68].   Post-translational degradation of apoB can account for over 50% of 

the degradation and a large amount of that is due to non-proteasomal degradation pathways[69, 
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70].  The non-proteasomal ERAD pathway that can degrade apoB is less clearly understood.  It 

involves the ER-60 protein, which may act as directly as a protease or indirectly as a 

chaperone[71].  Since apoB100 is such a large and complex protein, it is subjected to misfolding 

in the ER which can cause an aggregation of proteins and triggers an increase in ERAD.  One of 

the proteins upregulated is Grp78, a chaperone protein which can help target apoB for non-

proteasomal degradation[72].  

ER stress and apoB secretion:  If ERAD is unable to clear the aggregated protein, ER stress is 

triggered and the unfolded protein response (UPR) is turned on[73]. ER stress is induced in the 

liver in response to perturbations to the ER caused by aggregated, unfolded protein.  UPR acts to 

reduce protein synthesis, facilitates protein,  and up regulates chaperone proteins to assist in 

protein folding through 3 pathways: IRE1α/XBP1, ATF6, and PERK/ eIF2α[74].  ER stress and 

the UPR have global effects of on hepatic lipid metabolism by regulating gene transcription 

involved in lipid synthesis through 2 of these pathways.  XBP1 has been shown to regulate 

hepatic DNL during ER stress by inducing changes in ACC2 and DGAT2 gene expression.  

Activation of PERK signaling also increased lipogenic gene expression.  Both of these pathways 

increase the hepatic lipid content in mice in response to ER stress[74].  Excess lipid delivery can 

also cause an increase in ER stress and activate the UPR and has been linked to obesity and 

insulin resistance[75, 76].  Since apoB is such a large protein with a complex secondary 

structure, it has been shown to be both causative of and affected by ER stress.  Overexpression of 

human apoB in mice or a truncated form apoB50 in cells was able to induce ER stress[77].  

However, there is a unique effect of ER stress on apoB synthesis and secretion.  Prolonged 

exposure of hepatocytes to excess FAs has been shown to induce ER stress.  The response of 

apoB secretion to ER stress is both dose and time dependent.  Lower concentrations of OA was 
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associated with a modest increase in ER stress associated with an increase in apoB secretion.  

However, higher concentrations of OA caused a more severe ER stress response and resulted in a 

decrease in apoB secretion from both cells and mice[78].  The inhibition of ER stress using 4-

phenylbuterate (PBA) under these conditions reversed the decrease in apoB secretion. This 

parabolic response of apoB to ER stress was dependent on the FA utilized.  Incubation with 

palmitic acid also caused an increase in ER stress and a decrease in apoB secretion but this 

decrease was not solely due to an ER stress response but also to an increase in ceramide 

synthesis [79].  Doxcosahexaenoic (DHA) also caused a decrease in apoB secretion but this 

increase in degradation was not caused by ER stress[79].  There was evidence that proteosomal 

and non-proteosomal pathways were involved in this apoB degradation suggesting that some 

takes place in the ER[78].  Another group found ER stress-induced degradation of misfolded 

apoB may take place in a post ER compartment[80]. 

PERPP:  There are other pathways that can degrade apoB after it exits the ER that are 

collectively referred to as Post-ER, Presecretory Proteolysis (PERPP)[81].  One example of 

PERPP is the degradation of apoB by polyunsaturated fatty acids(PUFA) such as DHA[69].  

Incubation of cells or infusion of mice with DHA leads to increased production of lipid 

peroxides that caused aggregation of apoB in the Golgi[82, 83].  These apoB protein aggregates 

are then cleared through  uptake by autophagosomes and eventual degradation in the 

lysosome[84].   Clearance of apoB by autophagy is also implicated in insulin regulation of apoB 

discussed below.  Autophagy is also upregulated when proteasomal degradation is inhibited[85].  

Two step model of lipidation:  At the completion of translation, the apoB-VLDL particle is a 

small dense particle requiring the further addition of lipid for VLDL secretion to occur.   As 



19 
 

apoB moves through the ER and into the Golgi, additional maturation and lipidation occurs.  The 

lipidation of VLDL is a two step model[86].  After the initial lipidation by MTP, the bulk of the 

TG is added to the apoB after translation is complete.  There is conflicting data as to the main 

site of the addition of these lipids.  Some evidence suggests that this second step occurs primarily 

in the ER[87].  Other  studies have shown that since the particle exits the ER via COPII coated 

vesicles, the particle must be very dense in order to fit in the limited size of the vesicle[88] and 

therefore the addition of more lipid must occur in the Golgi[89, 90].  However, there is also 

evidence that these COPII vesicles can expand to fit larger cargo, allowing for the possibility that 

bulk lipidation occurs in the ER[91].  If further lipidation does take place in the Golgi, there 

would need to be a transfer of lipid from either the ER where it is synthesized or the cytosolic 

LD to the Golgi.  It is possible that there is some mechanism for lipidation present in both the ER 

and the Golgi. 

Role of microsomal lipases: The addition of lipids, primarily TG, either requires the continuous 

transfer of TG from the ER membrane by MTP in the ER lumen or the fusion of a nascent, lipid-

poor apoB particle with a luminal LD[92, 93].  Apo B synthesis depends on the availability of 

newly synthesized lipids[94]. The addition of TG to the apoB particle requires hydrolysis of the 

TG to acylglycerol and FA, followed by re-esterification to TG[95].  The luminal LDs are 

associated with a microsomal lipase called triacylglycerol lipase (TGH1) that is localized to the 

ER[96].  Inhibitors of TGH1 decreased VLDL secretion in rat primary hepatocytes[97].  Over 

expression of TGH1 in mouse liver resulted in an increase in apoB secretion and plasma TG 

levels[98]  These data suggest a key role of TGH1 in the addition of luminal lipid independent of 

MTP[99].  Other microsomal lipases may also have an effect on VLDL assembly in the ER[100, 

101]. 
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Sources of hepatic lipid for addition of VLDL core lipids: The availability of lipids also affects 

the ability of the hepatocyte to fully lipidate the apoB particle and determines both the size and 

number of the VLDL particles[41, 92].  There are 2 main sources of lipid for the addition of 

lipids to the precursor VLDL particle.  The first is exogenous lipid in the form of albumin bound 

FFA and lipid from remnant uptake.  The other is endogenous synthesis of lipids through DNL.  

These two sources as well as lipid stored in cytosolic LDs in the hepatocyte  provide the TG, 

phospholipids,  and cholesterol ester needed to add bulk lipid to the small dense VLDL particle.  

Alterations in many lipid metabolism pathways can affect apoB and VLDL secretion[92].  It is 

important to note that in an insulin resistant state, there is more FFA flux to the liver, increased 

uptake of remnant particles and increased DNL driven by increased insulin signaling.  All of 

these pathways provide more lipid substrate for the liver and contribute to the accompanied 

increase in VLDL secretion observed. 

 Several labs have shown that incubation of cultured hepatoma cells with oleic acid (OA) 

increases apoB and TG secretion and protects apoB from proteasomal degradation[47, 102].  

This in vitro delivery of FA mimics the increase in FA flux to the liver due to adipose tissue 

lipolysis during either fasting or insulin resistance.   It is important to note that unsaturated FAs 

such as OA are better stimulators of VLDL secretion than either saturated FAs or PUFAs.  The 

reason for this could be because of the differences in lipotoxicity induced by each class of FA in 

the cell, which FAs are a better substrate for TG synthesis, or preferential sites of storage in the 

cell[41].  The source of the FA is important in determining VLDL size.  Infusion of C57BL/6J 

mice with 6mM OA bound to albumin or 20% intralipid (a remnant like particle) both increased 

apoB secretion indicating that the livers were putting out more VLDL particles.  However, only 
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mice infused with Intralipid increased TG secretion from the liver meaning that they were 

secreting larger particles[103].  

 De novo synthesis of TG is also crucial for determining VLDL size and number[41].   

Overexpression of human Diacylglycerol Acyltransferase 1 (DGAT1), an enzyme that catalyzes 

the final step in TG synthesis, caused an increase in cell TG mass in hepatoma cells. There were 

also increases in both apoB secretion and TG secretion.  A similar result was observed with the 

over expression of human acyl-CoA:cholesterol acyltransferases1 and 2 (ACAT1 and ACAT2), 

enzymes necessary for the synthesis of CE, except that there was a greater proportion of CE 

secreted as compared to TG in the VLDL particle[104].  A synthetic agonist  to LXR increased 

expression of lipogenic genes such as SREBP1c, FAS, and ACC1 and induced steatosis in both 

WT mice and a rat hepatoma cell line.  This increase in lipogenesis resulted in an increase in 

VLDL-TG secretion.  There was no difference in the amount of apoB secreted in either the cells 

or the mouse liver but rather the increase in TG secretion was associated with secretion of larger 

particles[105].  The role of increased lipid synthesis in VLDL secretion can also be observed by 

the effect of increased levels of insulin signaling in the liver during insulin resistance which is 

discussed below. 

 Storage and lipolysis of lipid in cytosolic LDs is also a key regulator of lipid availability.  

Several LD proteins such as Plin2 have an effect on VLDL secretion because they regulate 

access of lipases to the stored lipid.  Overexpression of Plin2 in a rat hepatoma cell line caused 

increased cell TG mass and decreased apoB100 and apoB48 secretion[106].  Knockout of Plin2 

in an obese mouse model resulted in increased secretion of VLDL-TG which helped to decrease 

hepatic TG content[107]. 
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 Two groups found that the Abhydrolase domain containing 5 (ABHD5) (also called CGI-

58), a co-regulator of ATGL, played a role in mobilizing TG from cytosolic LDs for assembly 

onto VLDL[108, 109].  Mutations in ABHD5 cause Chanarin-Dorfman Syndrome, an autosomal 

recessive disorder which cause lipid accumulation in many tissues including the liver[110, 111].  

One of the functions of ABHD5 is to act as a co-activator of the lipase enzyme ATGL[112].  

However, adenoviral overexpression of ATGL in mice did not cause a change in VLDL-TG or 

apoB secretion[36].   This suggests that the lipase activity of ABHD5 may not be responsible for 

its effects on VLDL secretion[113]. 

 PPARα is a key gene in the regulation of FA oxidation[114].  Increases in FA oxidation 

should reduce the pool of lipids available for VLDL secretion.  In female PPARα knockout mice, 

there was an increase in apoB secretion and a more than 2 fold increase in VLDL-TG secretion.  

There was no difference observed in male mice in vivo and these mice had elevated hepatic lipid 

accumulation.  However, there was a 2-fold increase in apoB secretion and a 2.7 fold increase in 

VLDL-TG secretion in isolated primary hepatocytes from the male mice[115].  Fibrates are 

synthetic ligands for PPARα that are used in combination with statins to treat dyslipidemia.  One 

of the mechanisms though which they have been shown to work is to reduce availability of TG in 

the liver for VLDL secretion by increasing FA oxidation[116]. 

 A sufficient supply of phospholipid is also required for efficient VLDL secretion.  

Therefore, alterations in phospholipid synthesis can affect the amount of VLDL that is secreted 

from the hepatocytes[117].  Hepatocytes from rats on a choline deficient diet, with leads to the 

decreased production of phosphatidylcholine (PC), had decreased rates of VLDL-TG 

secretion[118].  Plasma phospholipid transfer protein (PLTP) which mediates the transfer of 
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phospholipid in both the plasma and the cell has also been shown to affect secretion of apoB.  

PLTP knockout mice on a human apoB transgenic background have decreased secretion of apoB 

which could be reversed with adenoviral rescue of PLTP in primary hepatocytes.  The studies 

also showed that the decrease in secretion was due to an increase in proteasomal degradation of 

apoB in the cell[119].  Another example of an alteration in phospholipid synthesis involves the 

protein Phosphatidylethanolamine N-Methyltransferase (PEMT), which  produces PC in the liver 

via methylation of PE[117].  PEMT knockout mice have decreased secretion of both apoB and 

VLDL-TG and caused lipid accumulation in isolated primary hepatocytes [120, 121].  

Unexpectedly, there was no change in hepatic PC content in the hepatocytes of the PEMT KO 

mice suggesting that PEMT plays another role in VLDL assembly and secretion such as altering 

membrane stability by changing PC to PE ratios[122]. 

Insulin regulation of VLDL secretion: Inhibiting VLDL and apoB secretion in response to acute 

increases in plasma insulin levels is physiologically desirable during the postprandial state where 

increased dietary lipids are available due to increased chylomicron in the circulation[92].  Insulin 

has also been shown to inhibit apoB secretion both in vitro and in vivo[123-125].    In primary rat 

hepatocytes, acute incubation with insulin inhibits both apoB100 and TG secretion[126-128].  

This decrease in secretion was accompanied by a decrease in cellular levels of apoB due to 

increased degradation of apoB protein[127].   In rats, hyperinsulinemia stimulated by glucose 

infusion significantly decreased secretion of both apoB and TG[129].  In addition, normal weight 

individuals subjected to a hyperinsulinemic, euglycemic clamp had reduced VLDL-TG and apoB 

secretion[130-132].  This decrease in production of VLDL particle by insulin was independent of 

any effect that insulin had on FFA flux to the liver[132].  Together these data demonstrate that 

acute insulin treatment decreases apoB secretion. 
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 The mechanism by which insulin mediates apoB degradation was shown to be 

phosphatidylinositol-3-kinase(PI3-K)  dependent and to occur in a post ER cellular 

compartment[133] [134].  The effect of insulin on apoB is independent of AKT1 activity[135].  

Two groups found that insulin dependent apoB degradation is mediated by autophagy of apoB 

and eventual degradation in the lysosome [136-138].  While both showed that this increase in 

autophagy of apoB was PI3-K driven, the authors differed on which class of PI3-K was 

necessary for the insulin induced autophagy to take place. 

 Another protein that has been implicated in insulin mediated apoB degradation is 

sortillin1 (sort1)[139].  A SNP in Sort1 was found to associated with lower plasma LDL-C levels 

and reduced coronary artery disease in genome wide association studies[140, 141].  In mice, 

increased sort1 expression decreased plasma LDL-C [141, 142].  The decrease in LDL-C was 

due to both a decrease in hepatic apoB secretion and increased catabolism of LDL via the LDL 

receptor in the liver[142].  On the other hand, both of these pathways required intact lysosomal 

trafficking and sort1 is involved in Golgi to lysosome protein transport for degradation[143, 

144].  Insulin causes increased association of sort1 with apoB in McA cells which was increased 

further when lysosomal degradation was inhibited[138].  Another report suggested that the 

increase in apoB secretion during insulin resistance may be a result of reduced sort1 expression 

driven by Atf3, which is increased by ER stress activation[145].   

 In mouse models of altered insulin signaling, the effect of insulin on apoB can also be 

observed.  In the Liver Insulin Receptor Knockout (LIRKO) mouse, which is characterized by 

the absence of hepatic insulin signaling, there is an increase in secretion of newly synthesized 

apoB.  Despite the increase in apoB secretion, there is a decrease in TG secretion from the liver, 
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which can be attributed to a decrease in the availability of liver lipids because insulin driven 

DNL is absent[146].   On the other hand, the complexity of insulin regulation of apoB 

degradation is demonstrated by a mouse model of increased hepatic insulin signaling, the hepatic 

Phosphatase and tensin homolog knockout (PTEN KO) mouse. In this mouse, loss of PTEN, 

which, when present, converts PIP3 to PIP2, thereby limiting insulin signaling[147] fatty liver 

due to the increased insulin-mediated DNL actually increases in in vivo apoB and TG 

secretion[148].  This appears to show that the increased availability of lipid and the need for the 

liver to unload it is a more dominant regulator of apoB secretion.  Studies in primary hepatocytes 

isolated from both wildtype and hPTEN KO mice confirmed that while acute (16hr) exposure to 

insulin caused apoB degradation, chronic exposure (72hrs) did not affect apoB secretion.   This 

demonstrates that prolonged insulin treatment causes resistance to insulin mediated apoB 

degradation[148, 149].  

 Humans and mice with insulin resistance more closely resemble the liver PTEN KO 

model in regards to VLDL apoB and TG secretion.  Increased DNL, in addition to increased FFA 

flux to the liver, appears to increase hepatic lipid available for VLDL secretion which supersedes 

any effect  of insulin on apoB degradation[124].  Obese patients subjected to a hyperinsulinemic, 

euglycemic clamp did not have a decrease in apoB secretion compared to baseline indicating that 

prolonged exposure to hyperinsulinemia prevents the acute affects of insulin on apoB[130]. 

Additionally, insulin resistance, potentially through decreased sortillin1 activity, appears to 

prevent insulin-mediated apoB degradation[145].  This suggests that the regulation of apoB by 

insulin is suppressed during insulin resistance and the result is an increase in VLDL secretion, 

which further contributes to the dyslipidemic phenotype. 
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Autophagy in the Liver 

Autophagy as a method of intracellular degradation: Another pathway that has been recently 

shown to affect hepatic lipid metabolism is autophagy.   Autophagy is the degradation of cellular 

components such as protein and organelles through the lysosomal degradation pathway.  The 

purpose is to provide energy supply during a period of nutrient deprivation or to remove and 

recycle organelles and proteins in order to maintain cell homeostasis and protect the cell from 

stress[150].  It was first discovered in yeast but is evolutionarily conserved among eukaryotes 

including humans[151].  Dysfunctions in autophagy have been directly implicated in the 

pathogenesis of several human diseases, for instance Parkinson's disease, Crohn's disease, 

cancer, and some lysosomal storage disorders[152]. 

Types of autophagy: There are 3 types of autophagy that have been described:  macroautophagy, 

chaperone- mediated autophagy, and microautophagy.  Macroautophagy (from now on referred 

to as autophagy) is the engulfment of cytosolic components including proteins and organelles by 

in double membrane structures that are called autophagosomes.  These fuse with the lysosome 

for degradation of the content by acidic lipases and proteases.   Chaperone-mediated autophagy 

selectively targets specific proteins to the lysosome where they are translocated into the lumen of 

the lysosome by the coordinated action of chaperones and lysosome-associated membrane 

protein type 2A (LAMP2A).  Once in the lysosome the selected proteins are degraded.   The 

ability to specifically degrade proteins allow for the removal of damaged proteins and for the 

regulation of intracellular levels of enzymes or transcription proteins[153].  Microautophagy 

consists of the degradation of defective proteins or organelles in the cytosol by direct engulfment 

by the lysosome[154].   
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Selective vs. nonselective autophagy: Both autophagy and microautophagy can be both selective 

or nonselective.  Nonselective autophagy is important for the bulk turnover of cytosolic cargo 

during periods of nutrient deprivation.  Selective microautophagy can target specific organelles 

such as mitochondria, peroxisomes, and nuclear membranes, and shares the same machinery as 

nonselective macroautophagy.  Selective autophagy can also target specific organelles that are 

damaged or no longer necessary.  The type of autophagy is referred to by the target organelle, for 

example mitophagy, reticulophagy (ER), pexophagy, lipophagy, and xenophagy[150]. 

Autophagosome formation: The process of autophagy consists of 4 main steps: initiation, 

nucleation, autophagosome formation, and fusion with the lysosome.  The formation of 

autophagosomes is controlled by numerous Atg (autophagy related genes) proteins that are 

conserved from yeast to mammals.  The loss of any one of the Atg proteins has been shown to 

inhibit autophagy[155].  Initiation involves the recruitment of lipids to form the isolation or 

phagophore membrane.  The source of the phagophore membrane has not been defined but it 

likely comes from a preexisting membrane of an organelle rather than newly synthesized lipid at 

the source of formation[152].  De novo synthesis of phospholipid is increased during 

autophagosome formation but this could be due to the need for expansion of the original 

phagophore membrane[156].   There is increasing evidence that the ER is the source of the 

isolation membrane[157, 158].  Evidence has also demonstrated  the involvement of the 

mitochondria as a source of membrane especially during starvation[159].  Studies have also 

revealed that the site of autophagosome formation is most likely ER-mitochondria contact 

sites[157, 160].  The Atg1/ULK complex acts as a scaffold and is responsible for recruiting other 

Atg proteins to the site of formation[161].   Nucleation involves the accumulation of 

phosphatidylinositol 3-phosphate (PI3P) by Vps34, a class III PI3K, in a complex with Beclin1, 
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Atg14, and DFCP1proteins.  PI3P in the isolation membrane recruits a series of PI3P binding 

proteins including Atg2-Atg18/WIPI[158, 161]. 

   

 

Figure 1-3.  Process of Autophagy.  The initiation of autophagy requires the recruitment of Atg 

proteins to the site of selected cargo.  Several pathways involving these protein are necessary for 

the lipidation of LC3 with PE, which is required for autophagosome formation.  The 

autophagosome eventually fuses with the lysosome where its contents are degraded.  

 

 The formation of autophagosomes is dependent on the formation  of LC3B-II, an 

important marker of autophagy because it is present from the beginning of autophagosome 

formation until degradation in the lysosome.  LC-3, short for microtubule-associated protein light 

chain-3, is homologous to yeast Atg8.  The most common isoform of LC3 is LC3B which is 

found in 2 forms in the cell.  The non-lipidated form, LC3-I, is constitutively expressed while the 
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lipidated form of LC3-II, conjugated with  phosphatidylethanolamine (PE), allows the LC3 to 

integrate into membranes[162].   LC3-II is found on both the internal and external membrane of 

the expanding autophagosome[163].  LC3-II is lipidated by a series of 2 main ubiquitin 

conjugation reactions that involve several key Atg proteins upon activation of autophagy[164].  

The first is the conjugation of Atg12 to Atg5 by Atg7 (E1-like enzyme) and Atg10 (E2-like 

enzyme).  Then the Atg12-Atg5 complex binds to Atg16 and attaches to the phagophore.  It then 

acts as an E3-like enzyme to conjugate PE to LC3B after it has been cleaved by Atg4[161].  

LC3-II on the outer membrane is cleaved from PE after closure of the autophagosome.  The final 

step in the autophagosome pathway is fusion with the lysosome.  In mammalian cells, this fusion 

is not a direct interaction of the autophagosome with the lysosome but is preceded by merging 

with endosomal compartments[163].  Once in the lysosome the contents of autophagosome are 

degraded and released into the cytosol for use as energy or reutilized for protein synthesis or 

organelle biogenesis. 

Role of autophagy in the liver:  The level of autophagy in the liver is regulated by nutrient status.  

During a basal fed state, insulin and amino acids increase mammalian target of rapamycin 

(mTor) and AKT signaling to suppress autophagy while during a fasting or starvation state, 

glucagon increases autophagy[17, 165].  Autophagy is a rapid method to mobilize stored lipid 

and excess protein and organelles for energy.  One of the ways in which mTORC1 decreases 

autophagy is through its binding to transcription factor EB (TFEB) on the lysosome membrane.  

During a low nutrient state, mTORC1 activity is decreased and TFEB is unphosphorylated and 

translocates to the nucleus where it increases transcription of lysosomal and autophagy related 

genes[166, 167] .  The release of mTORC1 from the ULK1 complex leads to the activation of 

the ULK1 cascade needed for autophagosome formation[160].     
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 Autophagy in the liver is important for maintaining cell protein homeostasis as well as 

clearance and turnover of cell organelles in selective autophagy[168].  An example of the 

function of autophagy in the liver is seen in the liver specific Atg7 KO mice.  These mice have 

impaired autophagosome formation and had inability to degrade cytosolic proteins and 

organelles in response to fasting.  These mice also have hepatomegaly and accumulation of 

abnormal organelles, including deformed mitochondria, excess peroxisomes, and the appearance 

of concentric membrane structures around organelles as well as accumulation of protein 

aggregates[169].  Up-regulation of autophagy is found in several known liver diseases, such as 

acute liver injury, ischemia/reperfusion, and α1 anti-trypsin deficiency; it is thought that 

autophagy is attempting to protect cell survival in these disorders. Autophagic dysfunction can 

contribute to the pathogenesis of several liver diseases, including hepatocellular carcinoma and 

both nonalcoholic and alcoholic fatty liver disease[170, 171]. 

Lipophagy in the liver: Recent evidence has shown that autophagy also plays a role in hepatic 

lipid metabolism as an alternative mechanism to cytosolic lipases for breaking down LDs during 

periods of nutrient deprivation.  The autophagy of LDs has also been termed lipophagy[163].  

Studies have shown that autophagosomes can either contain part of a large LD or a whole small 

LD which, after acidic lipases in the lysosome degrade the LD, release FA that is a substrate for 

β-oxidation and production of ATP.  The autophagosome may also contain mitochondria 

depending on the nutrient state of the cell, suggesting that the oxidation of the FA by 

mitochondria could also occur in the autophagolysosome[17].    Both cell and mouse studies 

demonstrate that when autophagy is inhibited, either chemically or through knockdown of Atg5 

or Atg7 in hepatocytes, there is an increase in LD size and number as well as total cellular TG.  

These hepatocytes also had decreased rates of lipolysis and β-oxidation.  During periods of 
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increased autophagy, there is an increase in the amount of LD and LD associated proteins found 

in the autophagosome[172].   

Insulin resistance/obesity and autophagy: Hepatic lipid accumulation affects the rate of 

autophagy in the liver in diet and genetic induced obese mice.  Mice placed on a high fat diet for 

16 weeks had impaired autophagy response during fasting as compared to chow fed mice[18, 

173].  Autophagy is also suppressed during both the basal and fasted states, contributing to the 

accumulation of cellular TG in the liver in a mouse model of genetic obesity (ob/ob mice)[18].  

The mechanism by which increased lipid in the liver could alter autophagy is through a decrease 

in the efficiency of fusion between the autophagosome and the lysosome in response to 

alterations in membrane lipids[174].   

ER stress and autophagy: The pathways of ER stress and autophagy are interconnected in the 

cell.  Autophagy can be induced by chemicals (tunicamycin, thapsigargin, brefeldin A) that also 

cause ER stress.  The induction of autophagy mitigates the ER stress in the cell and protects 

against cell death[175].  Incubation of cells with oxidized lipid increased ER stress and also 

increased autophagy  via a JNK (c-Jun N-terminal kinase) dependent manner[176].  In another 

study, a glucagon-like peptide-1 (GLP1) analog was able to increase both UPR and autophagy in 

response to FA induced ER stress.  In this case, autophagy was inhibited by the increased FA 

load but restored by the GLP1 analog.  The UPR and autophagy together prevented steatosis and 

decreased apoptosis[177].   

 Whether ER stress/UPR response is directly responsible for inducing autophagy is still 

under investigation.  Studies in mouse embryonic fibroblasts showed that IRE1α was necessary 

for the induction of autophagy after ER stress[178].  Inhibition of the proteasome causes an 
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increase in protein aggregates and is associated with increases in both ER stress and autophagy.  

The increase in autophagy was dependent on the IRE1α pathway of the UPR in cancer cells 

[179].  The mechanism by which IRE1α can induce autophagy involves the activation of JNK 

and the acetylation of Atg9A[179, 180]. 

 Alterations in autophagy can also affect the induction of ER stress.  Defective autophagy 

in the liver has been show to increase ER stress and impair the insulin signaling pathway.  

Restoration of autophagy in obese mice decreased ER stress and enhanced hepatic insulin 

signaling[18].   

Apoptosis and autophagy: Autophagy appears to be up regulated in response to ER stress to 

promote cell survival[175, 177, 179, 181].  Inhibition of autophagy increases ER stress induced 

apoptosis in human carcinoma cells[182].  Autophagy can be either pro-survival or promote cell 

death.  Dysregulation of autophagy or excessive autophagy can promote cell death.  Autophagy 

is increased due to other condition such as metabolic stresses, ischemia, and hypoxia.   If it is 

blocked while the cells is under these conditions, the result is cell death[183].  Inactivation of 

Atg5 or Atg7 in neurons will results in apoptosis[184].  Apoptosis and autophagy share some 

commons pathways, such as the involvement of Atg5 and can occur at the same time[184]. 
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Goal of the Dissertation 

 The aim of our studies was to determine why inhibition of VLDL assembly and secretion 

using antisense oligonucleotides to apolipoproteinB did not cause hepatic steatosis, whereas 

knockdown of MTP did result in a fatty liver.  We sought to explore the changes in hepatic lipid 

metabolism that occur with the knockdown of apoB, including differences in DNL, FA uptake, 

FA secretion, and FA oxidation.  We also investigated how changes in the induction of 

autophagy and ER stress affect liver lipid accumulation in our model.  We chose to perform 

these studies using the in vivo model of apobec1 KO mice maintained on a high fat diet and 

isolated primary hepatocytes from these mice after with 3 or 6 weeks of ASO treatment. 

 Finally, we attempted to determine by what mechanism expression of the transcription 

factor PPARγ2 is regulated in hepatocytes, specifically looking at factors that are altered in the 

liver during insulin resistance such as increased insulin signaling and FA delivery.  We also 

sought to establish if this mechanism differs from regulation of another isoform, PPARγ1.  We 

used both in vitro models of cultured cell lines and primary hepatocytes as well as in vivo 

models of altered insulin signaling and FA flux to the liver. 
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Chapter 2 

Inhibition of VLDL Assembly by Apolipoprotein B Antisense Oligonucleotides Stimulates 

Autophagy of ER, preventing steatosis 
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Abstract 

In order to investigate the effects of reduced VLDL secretion on hepatic lipid metabolism, we 

examined the effects of knockdown of either apolipoproteinB (apoB) or microsomal triglyceride 

transfer protein (MTP) using antisense oligonucleotides (ASO) for 6 weeks in apobec-1 

knockout mice that only synthesize apoB100.  Despite a similar decrease VLDL secretion in 

mice treated with apoB ASO as compared with MTP ASO, there was an increase in liver 

triglyceride (TG) content only in the MTP ASO-treated mice.  There were no differences in 

either fatty acid (FA) uptake or secretion, or lipid synthesis from de novo lipogenesis (DNL), 

between the two groups to explain the difference in liver TG mass.  Electron microscopy (EM) 

showed swollen endoplasmic reticulum (ER) and increased autophagosomes in the apoB ASO 

hepatocytes. The latter was confirmed by an increase in immunofluorescent staining for the 

autophagy marker LC3B.  The LC3B protein was perinuclear suggesting that it was present on 

mature autophagolysosomes.  Treatment with lysosomal inhibitors showed that the accumulation 

of LC3B was not due to a defect in autophagic flux in these hepatocytes.   Autophagosomes in 

the EMs contained large double membrane structures suggestive of ER.   In primary hepatocytes 

from apoB ASO-treated mice, labeling with ER Tracker showed abnormal aggregates of ER.  In 

addition, immunofluorescent staining studies showed that these abnormal ER aggregates, as 

represented by calnexin staining, co-localized with the LC3B protein.   In primary hepatocytes 

isolated from mice treated with apoB ASO, FA oxidation measured after a 16 hr steady state 

label with 
14

C showed a 3 fold increase in FA oxidation versus cells from control ASO-treated 

mice.   A time course study showed that the increase in oxidation of labeled FA was delayed, 

indicating compartmentalization of lipid in the apoB ASO-treated hepatocytes.  Inhibition of 

autophagy or lysosomal degradation blocked the increase in FA oxidation and caused 
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accumulation of labeled TG  in the apoB ASO treated-hepatocytes.  We confirmed that this was 

not an apobec1 KO specific effect by repeating these experiments in C57BL/6J mice.   We 

propose that autophagy of lipid-filled ER, with subsequent lipolysis of TG in the 

autophagolysosome and later oxidation of released FA, prevent hepatic steatosis in mice treated 

with apoB ASO. 
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Introduction 

 Cardiovascular disease (CVD) remains the leading cause of death in the United 

States[185].  One of the key modifiable risk factors for CVD is low density lipoprotein (LDL) 

cholesterol [186, 187].  Recommendations for aggressive lowering of LDL-C is made possible 

primarily through the use of HMG-CoA reductase inhibitors (statins).  However, a small but 

significant number of dyslipidemic individuals are statin-intolerant or have contraindications to 

statin use[188, 189].  Thus, the availability of alternative lipid lowering therapies could have a 

significant effect on the prevention of CVD. 

 Inhibiting the secretion of apoB-lipoproteins from the liver has been a highly regarded 

target for the treatment of dyslipidemia.  Apolipoprotein B (apoB) and the microsomal 

triglyceride transfer protein (MTP) are proteins critical for the assembly and secretion of very 

low density lipoproteins (VLDL), the precursors of LDL[67, 190].   Importantly, individuals 

with defects in genes that encode apoB and MTP have very low levels of plasma LDL-C.  Once 

synthesized, the regulation of apoB secretion is mainly post-transcriptional, with MTP-mediated 

transfer of lipids to nascent apoB during its co-translational translocation into the endoplasmic 

reticulum (ER) an early critical step[38]. 

 Inhibition of VLDL secretion has, however, the potential to increase hepatic steatosis.   

Hepatic lipid metabolism is maintained by a balance of inputs, consisting of the uptake of fatty 

acids (FA), chylomicron, and VLDL remnants, as well as de novo lipogenesis (DNL), and 

outputs, including VLDL secretion and FA oxidation[14].  Any increase in hepatic lipid uptake 

or DNL will result an increase in liver TG.  In the same way, a decrease in FA oxidation or 

VLDL secretion, will also increase hepatic TG.   
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 Other pathways affecting hepatic lipid metabolism include ER stress and autophagy.  ER 

stress is a condition caused by various perturbations, including excess lipid, that is characterized 

by misfolded proteins that cause ER dysfunction[73, 191].  In response to ER stress, the cell up 

regulates the unfolded protein response (UPR) which affects several lipid pathways, including 

VLDL secretion and DNL[76].  Autophagy is a mechanism used by the liver to generate energy 

during nutrient deprivation and to maintain cellular homeostasis of proteins and organelles[164].  

Recent studies have shown that impaired autophagy contributes to hepatic steatosis during 

insulin resistance and leads to further metabolic dysfunction such as impaired insulin signaling 

and organelle turnover[173, 192].  

 Several groups have developed siRNA and ASO approaches that effectively decrease the 

synthesis of apoB.  Both approaches have the advantage of naturally distributing mainly to the 

liver, with little accumulation in the intestine, which also synthesizes apoB[193-195].  More 

importantly, an ASO to apoB has been approved for treatment of patients with homozygous 

familial hypercholesterolemia (FH) and is effective at lowering plasma apoB and LDL-C levels. 

Additionally, a small molecule inhibitor of MTP has also been approved and is also efficacious 

in people with homozygous FH. Published reports suggest that inhibition of apoB synthesis may 

cause less hepatic lipid accumulation than the inhibition of MTP activity[196, 197].  In the 

present study, we used ASOs to both apoB and MTP  to determine the mechanisms whereby 

inhibition of MTP would result in greater hepatic steatosis than inhibition of apoB. 

 The first studies were conducted in our lab by Dr Tiffany Thomas.  She first placed 8-12 

week old C57BL6/J mice on a high fat diet (HFD) for 6 weeks and then  administered control, 

apoB, or MTP ASO at a dose of 50mg/kg biweekly intraperitoneally (i.p.)  for an additional 6 
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weeks while being maintained on HFD.  Hepatic mRNA levels of apoB and MTP were similarly 

reduced by their respective ASO as compared to control ASO.   However, when VLDL TG 

secretion was measured, there was significantly more TG secretion in the MTP ASO-treated 

group as compared to apoB ASO-treated group.  This was due to the presence of apoB48 in the 

livers of mice which was not significantly reduced in the MTP ASO-treated mice as compared to 

control ASO but was significantly reduced in the apoB ASO-treated mice as compared to 

control.  ApoB48 is not as dependent on the presence of MTP for lipidation of the lipoprotein 

particle and allows for additional TG secretion even with similar knockdown of apoB100 

secretion.  Since our goal was to compare the effects of blocking hepatic TG secretion on hepatic 

lipid metabolism, we decided to use for our remaining studies apobec1 KO mice, which lack the 

mRNA-editing enzyme needed to produce apoB48 and are, therefore, an apoB100 only mouse 

model.    Therefore, 8-12 week old apobec-1 KO mice were placed on a HFD for 6 weeks and 

then were injected for 6 weeks with ASO’s (50mg/kg biweekly ip) directed to either control, 

MTP or apoB, ASO (Figure 2-1).  The ASO’s are highly efficacious at lowering the associated 

transcripts in the liver: ASO’s to either MTP or apoB selectively reduced mRNA levels of each 

by 80 and 97%, respectively, after 6 weeks (Figure 2-2A).  Knockdown of MTP and apoB was 

specific to the liver; small intestinal expression of MTP and apoB were not significantly reduced 

after 6 weeks of ASO treatment (Figure 2-2B).  Additionally, there was no compensation in the 

expression of either gene secondary to knockdown of the other gene. 
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Figure 2-1.  Protocol of Antisense Oligonucleotide treatment in apobec1 KO mice 

 

 

Figure 2-2.  ApoB and MTP ASO inhibit Hepatic mRNA but not intestinal mRNA levels. 

apobec1 KO mice fed for 6 weeks with HTD and then injected with control, apoB, or MTP ASO 

for 6 weeks while still being fed HFD (A) apoB and MTP ASO effectively knocked down the 

respective mRNAs in the liver, n=12-15  (B) There was no significant effect of apoB or MTP on 

intestinal apoB or MTP mRNA levels, n=4-6.  *p<0.05 vs control and MTP ASO  **p<0.05 vs 

control and apoB ASO. 

 

In vivo hepatic triglyceride and apoB secretion were similarly reduced by MTP and apoB ASO 

treatment in apobec1 KO mice:  Treatment with both MTP and apoB ASO was equally 

efficacious at lowering TG secretion and were decreased  70-85% respectively as compared to 

A. B. 
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control ASO (Figure 2-3A).  The decreased secretion of TG was associated with 60 to 80% 

reductions in apoB100 secretion in both the apoB and MTP ASO-treated groups, respectively 

(Figure 2-3B). The similar reductions in TG and apoB secretion in each of the two groups 

indicated that both treatments resulted in the secretion of fewer, but similar sized, VLDL 

particles. 

 

 

Figure 2-3.  MTP and apoB ASO reduced secretion of TG and newly synthesized apoB 

similarly (A) Apobec1 knockout mice were injected IV with Triton WR1339 and 35S-

methionine.   Bloods samples were obtained over the next 120 min. TG in plasma was measured 

enzymatically. apoB and MTP ASO were both significantly lower from control ASO but did not 

differ from each other.   (B) ApoB was isolated by 4% SDS PAGE from the 60 and 120 min 

plasma samples and bands were cut and counted. Results displayed as CPM relative to control 

ASO, n=5-6.  * p<0.05 for both MTP-ASO and apoB-ASO treated mice vs. control ASO-treated 

mice.    

 

Hepatic steatosis occurred with MTP ASO but not with apoB ASO treatment: Despite similar 

decreases in both the quantity of TG and the number of VLDL particles secreted during 

treatment with the two ASOs, only knockdown of MTP was associated with increased 

A. B. 
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accumulation of lipid in the liver as evidenced by a 2.12-fold and 2.45-fold increases in liver TG 

and cholesterol concentrations, respectively, after 6 weeks of MTP ASO treatment (Figure 1). 

Knockdown of apoB was not associated with an accumulation of either hepatic TG or cholesterol 

(Figure 2-4A,B). Histological analysis of neutral lipids using oil red O stain showed significantly 

more and larger LDs in liver slices from MTP ASO-treated mice. The oil red O staining of liver 

samples from mice treated with apoB ASO did not differ from control ASO-treated samples.  

(Figure 2-4C).   

 The absence of steatosis in mice treated with apoB ASO, despite reductions in TG and 

apoB secretion that were equal to the reductions occurring in mice treated with MTP ASO 

suggested some compensatory mechanism was involved.   Well characterized pathways in the 

maintenance of hepatic lipid metabolism include DNL, FA uptake from plasma, direct FA 

secretion from hepatocytes, and FA oxidation[92].  We therefore investigated each of these 

pathways. 
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Figure 2-4.  MTP ASO but not apoB ASO increases hepatic TG and cholesterol levels. Liver 

lipid was extracted from mice treated with either control, MTP, or apoB ASO for 6 weeks.  Liver 

TG (A) and liver cholesterol (B) was measured using colorimetric assays from Wako and 

normalized to liver protein.  n=12-15 Groups with different superscript letters are significantly 

different (p < 0.05). (C)  respresentative images from 5 µm liver sections were stained for neutral 

lipid using oil red o, 400x  

 

De novo lipogenesis was not different between MTP and apoB-ASO treated mice:  Six weeks of 

treatment with either MTP or apoB ASO was associated with a general trend towards reduced 

expression of several lipogenic genes compared to the control ASO group; the trend was more 

obvious in the apoB ASO-treated mice and decreases in acetyl CoA carboxylase (ACC1) and 

stearoyl CoA dehydrogenase1 (SCD1) reached statistical significance (Figure 2-5A).  The latter 

was also reduced by MTP ASO treatments.   To test whether the decreased expression of 

lipogenic genes translated into a functional decrease in in vivo DNL, mice treated with ASO’s for 

6 weeks were analyzed for the incorporation of tritium into FAs after an ip bolus of 
3
H2O.  

A. B. 

C. 
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Compared to control ASO, neither MTP nor apoB ASO treatment significantly decreased the 

amount of tritium found in either cellular FAs or fatty acids within TG, PL, and CE in the liver 

(Figure 2-5B).  

Fatty acid uptake was not different between MTP and apoB ASO-treated mice:  Knockdown of 

apoB with ASO was associated with significant decreases in the expression of several genes 

associated with FA uptake (CD36), fatty acid transport protein 2, hepatic lipase (HL), and 

lipoprotein lipase(LPL) compared to both control and MTP ASO-treated mice (Figure 2-5E). 

MTP ASO treatment led to reductions only in fatty acid binding protein and hepatic lipase 

compared to control ASO-treated mice.   Based on these expression data, one might have 

predicted a decrease in the FA uptake in apoB ASO-treated mice. However, when apobec1 KO 

mice treated with ASO’s were injected intravenously with BSA bound 
14

C oleic acid (OA) to 

assess in vivo FA uptake, plasma clearance rates were identical in all 3 groups (Figure 2-5C). 

Specific uptake of 
14

C OA into the liver was assessed by sacrificing these mice 5 minutes after 

injection and determining hepatic 
14

C radioactivity (Figure 2-5D). Despite the reductions in 

expression of FA uptake-related genes, there was no decrease in the in vivo uptake of FAs by the 

liver in apoB ASO-treated mice.  
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Figure 2-5.  No change in hepatic DNL, expression of genes for FA oxidation, or FA uptake 

in the liver with apoB ASO treatment.  (A,E,F). Hepatic gene expression was measured by 

qRT-PCR, n=4-5. *p,0.05 vs control ASO,  Groups with different superscript letters are 

significantly different (p < 0.05). (B)  Mice were injected ip with 3H2O and the amount of newly 

synthesized liver lipids were measured after 1 hr, n=6-8.  (C) Other mice were injected 

A. B. 

C. D. 

E. F. 
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intravenously with 
14

C OA and the disappearance of the labeled FA from plasma was measured 

over 5 min. (D) The amount of labeled FA uptake by the liver was measured after 5 min, n=3-6 

 

 After performing these experiments, we concluded that neither a decrease in FA uptake 

or a decrease in DNL was responsible for the lack of lipid accumulation in the livers of the apoB 

ASO-treated mice.  The remaining possibilities that could affect hepatic lipid metabolism were 

an increase in FA oxidation or an increase in direct secretion of FA from the hepatocyte. 
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Materials and Methods 

Animal care: Apobec-1 KO mice  and C57Bl/6 mice were housed 3-4 mice/cage in a climate 

controlled room with a 12:12 light:dark cycle. Animals were fed ad libitum a western type high 

fat (HF) diet that is high in saturated fat (42% calories from fat; 29% calories from saturated fat), 

sucrose (30.5% by calories), and cholesterol (0.2% by weight) (TD88137, Harlan Teklad, 

Indianapolis, Indiana). All procedures were approved by the Columbia University Institutional 

Animal Care and Use Committee. 

ASO studies: 12-24 week-old apobec-1 KO mice on a HF diet for 6 weeks were injected 

intraperitoneally (ip) biweekly with 50mg/kg of ASO directed to apoB (ISIS 147764), MTP 

(ISIS 144477), or scrambled (control; ISIS 299705) messages for 6 weeks.   The ASOs were 20-

mer phosphorothioate oligonucleotides containing 2’-O-methoxyethyl groups at position 1-5 and 

15-20.   At the end of studies, animals were euthanized with a lethal dose of ketamine:xylene 

followed by cervical dislocation.   Livers were quickly excised and flash frozen and kept at -

80˚C until analyzed or primary hepatocytes were isolated. 

Liver lipids: Approximately 100mg of liver tissue was homogenized in 3ml of PBS. The 

homogenizer generator was rinsed with ethanol and water between samples. After 

homogenization, the lipids were isolated by Folch extraction (final chloroform/methanol/water 

solution = 8:4:3).  The organic layer was carefully evaporated with liquid nitrogen to dryness. 

The sample was reconstituted in 1ml of 15% Triton X-100 in chloroform which was evaporated 

with nitrogen and resuspended in 1ml of water. TG and cholesterol concentration was measured 

by colorimetric assays (WAKO Chemicals).  
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TG and apoB secretion:  4-hour fasted mice were injected with triton WR-1339 (Tyloxapol; 

5µl/g body weight of 15% tyloxapol in saline; T8761, Sigma-Aldrich) and [
35

S] methionine 

(200µci) into the femoral vein. Blood samples were taken prior to the Tyloxapol/[
35

S] 

methionine injection and 30, 60, 90, and 120 minutes post injection. The blood was immediately 

place on ice and spun for 6 minutes at 12,000xG within 15 minutes. TG concentration was 

measured by colorimetric assay. TG secretion rate is calculated as the rate of increased plasma 

TG concentration between 30 and 120 minutes (mg/dl/hr). 

Newly synthesized and secreted apoB100 was measured by the incorporation of [
35

S] methionine 

into apoB100 that was secreted into the systemic circulation for 2 hours. ApoB100 was separated 

from plasma via discontinuous SDS polyacrylamide gel electrophoresis (3% stacking gel, 4% 

resolving gel). The apoB100 bands were cut and analyzed for [
35

S] activity by liquid scintillation 

counting. To mitigate differences in hepatic protein synthesis, loading volumes were adjusted 

based on the incorporation of [
35

S] methionine into all proteins in plasma (plasma TCA 

precipitated protein counts). To calculate TCA precipitated protein counts, 5µl of plasma from 

each 120 minute sample was blotted onto a 1x1mm square of filter paper. Plasma proteins were 

precipitated by incubating the filter paper in 20% trichloroacetic acid (TCA) on ice followed by 

10% TCA heated to 100˚C. The filter paper was subsequently rinsed with 100% ethanol, dried, 

and [
35

S] activity calculated by liquid scintillation counter. TCA adjusted plasma volumes varied 

less than 30%. 

De novo lipogenesis: Non-fasting mice were injected IP with 1mCi of tritiated water (
3
H2O).   

After 1 hour, the mice were anesthetized with Ketamine / Xylazine and 250µl of blood was 

collected from the retro-orbital plexus. The plasma was used to calculate the specific activity of 
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tritium in total body water. Mice were quickly euthanized; livers were quickly excised and flash 

frozen.  Lipogenesis was calculated based on the tritium incorporated into FAs. 500mg of liver 

was incubated with 2.5ml of 2.5M KOH at 75˚C for 2 hours or until liver was completely 

dissolved. Saponified lipids were isolated by the addition of 7ml of 80% ethanol and 10ml of 

hexane. The bottom phases containing the saponified lipids (fatty acid salts) were acidified with 

1.5ml of 3M sulfuric acid. The liberated FAs were isolated with the addition of 10ml of hexane. 

The hexane layer was rinsed 2 times with 7ml of 50mM sulfuric acid. The hexane was blown to 

dryness and reconstituted in 500µl hexane.  FAs were isolated via TLC and the resulting spot 

was analyzed for tritium activity. Tritium incorporated into  FAs was calculated relative to the 

specific activity of tritium in plasma [198]. 

Fatty acid uptake in vivo: Anesthetized mice were injected with 100µl of 10µCi/mL BSA bound 

14
C oleic acid (OA) in saline (6% BSA) into the femoral vein. Blood samples were drawn at 30 

seconds, 1, 2, 3.5, and 5 minutes. Mice were immediately euthanized after the last blood draw. 

The livers were quickly excised, blotted dry, and flash frozen in pre-weighed tubes. 100mg of 

liver tissue was homogenized in 2ml of PBS. 20µl of the homogenate and 10µl of plasma was 

analyzed for 
14

C by liquid scintillation counting. Percentage of 
14

C OA uptake is calculated 

relative to the inferred peak plasma enrichment defined as the 30 second plasma specific activity. 

Histology: Liver tissue was immediately excised and blotted dry. The tissue was fixed in 10% 

formalin for 24 hours.  Liver tissue for oil red o staining was transferred to a 30% sucrose 

solution and then prepared for frozen sections by the Histology Core.  5 micron slices were 

stained with hematoxylin and eosin (H&E) as well as oil red O.  Liver tissue for immunostaining 



50 
 

was transferred to 70% ethanol for 24 hours.  It was then transferred to Histology core lab for 

paraffin block preparation and sectioning into 5 micron slices.  

Immunofluorescent staining in primary hepatocytes: Primary hepatocytes were plated on 

collagen glass bottom 35mm plates.  After 24 hrs, the cells were fixed with 10% formalin for 30 

minutes and then washed 3 times with phosphate buffered saline (PBS).  The cells were blocked 

in PBS with 5% normal serum (rabbit) and 0.3% Triton X-100 for 1 hr and then incubated 

overnight with PBS+ 5%BSA+ 0.3% Triton X-100 (incubation buffer) and rabbit anti-LC3B 

antibody (ab) (Cell Signaling).  Cells were washed 3 times with PBS and then incubated with 

Alexafluor-555 conjugated anti-rabbit IgG Ab (Cell Signaling) for 1 hr followed by 3 washes 

with PBS.  Finally, Prolong Gold Anti-fade Reagent (Invitrogen) was added as well as a cover 

slip.  Images were taken with Zeiss Axiovert 200M microscope at 200x magnification 

ER Tracker:  Primary hepatocytes were plated on collagen glass bottom 35mm plates.  After 24 

hrs, cells were incubated with ER Tracker Red (Invitrogen) for 30 minutes in DMEM at 37º C 

after which the media was removed and fresh growth media was added.   Images were visualized 

using Zeiss Axiovert 200M microscope at 200x magnification.  

Immunofluorescent staining on liver sections: 5 micron liver sections from paraffin embedded 

liver tissue were sectioned onto glass slides.   They were then de-paraffinized and rehydrated 

(find reference)   Antigen retrieval was performed by boiling with 10mM sodium citrate.   The 

sections were blocked in PBS with 5% normal serum (rabbit, rat and/or goat) and 0.3% Triton X-

100 for 1 hr.   Incubation buffer with primary antibody was added overnight.   Primary antibody 

was rabbit anti-LC3B Ab alone or rabbit anti-LC3B Ab plus either goat anti-calnexin Ab 

(Abcam), rat Anti-LAMP2 Ab (University of Iowa), chicken anti-ADRP Ab (Abcam), or goat 



51 
 

anti-VDAC Ab (Abcam).  After 3 washes with PBS, sections were incubated with secondary 

antibody in incubation buffer for 1 hr.  Secondary antibody was either Alexafluor-555 

conjugated anti-rabbit IgG Ab alone or with Alexafluor-647 conjugated anti-goat IgG Ab, 

Alexafluor-647 conjugated anti-chicken IgG Ab, or Alexafluor-647 conjugated anti-rat IgG Ab. 

After 3 washes with PBS, Prolong Gold Anti-fade Reagent with DAPI (Invitrogen) was added 

cover slipped, let cure for 24 hrs and then sealed.   Images were visualized using a NikonA1RMP 

confocal microscope at 600x magnification  

Primary hepatocyte isolation: Primary hepatocytes were isolated from apobec1 KO mice or 

C57BL/6J mice treated with apoB ASO or control ASO for 6 weeks. We were unable to get 

viable cells from mice treated with ASO’s directed to MTP.  Livers were perfused with Hanks 

Balanced Salt Solution without calcium (HBSS Invitrogen,) and 10mM HEPES (Invitrogen) 

through the vena cava (portal vein was severed immediately before perfusion) for 8 min 

(4ml/min) at a temperature of 37º C.  This was followed by a perfusion of DMEM with 

collagenase type I (80mg/100ml; Worthington,) for 6min (4ml/min) warmed to 37º C. The liver 

was removed and transferred to a Petri dish containing 4ml of warm DMEM with collagenase for 

an additional 2-4 minutes while the tissue was minced with scissors. Cold DMEM (40ml) was 

added and the digested liver was filtered through nylon mesh and collected in a 50ml conical 

tube.  The cells were centrifuged for 5 minutes at 500rpm. The floating dead cells were aspirated 

and the pellet was washed 3 times with 30ml of cold DMEM. Viable cells were counted after 

staining with trypan blue. Cell viability was greater than 90 percent.  In most experiments, cells 

were plated into collagen coated 6 well plates at a density of 500,000 cells/well in 4 ml of 

DMEM+10% fetal bovine serum (FBS) for at least 2 hrs.   The cells were then washed 2 times 

with PBS. 



52 
 

Fatty acid oxidation measured in primary hepatocytes: Two hours after the plating of primary 

hepatocytes, the media was changed to DMEM with 1.5% BSA, 0.1mM OA and 
14

C OA 

(1uCi/ml).  The cells were incubated with the label media for 2 or 16 hrs.   In some experiments, 

the label media was collected for FA oxidation measurement while in others the media was 

changed to DMEM with 1.5% BSA only for either 4, 8, 12, or 16 hours.   In some experiments, 

either 50µM Chloroquine or 5mM 3-methyladenine was added. At the end of the label or chase 

period, the media was transferred to 25ml sealed Erlenmeyer flasks. Lipid oxidation was stopped 

with the addition of 200µl of 70% perchloric acid to the bottom of the flask, driving the 

bicarbonate into CO2. 
14

CO2 was captured on a piece of KOH soaked filter paper. After 

incubating the filter paper in the flask for 1 hour at room temperature, the filter paper was 

analyzed for 
14

C activity by liquid scintillation counting
14

CO2. .   The media remaining in the 

flask was collected and a fraction counted for 
14

C as a measure of acid soluble metabolite (ASM) 

production.  The amount of 
14

C TG remaining in the cell was counted. 

Cell lipid extraction and thin layer chromatography:  After the label and chase media was 

removed at the end of the experiment or time point, lipid was extracted from the cells by adding 

2ml of 3:2 hexane:isopropanol directly to the 6 well plate for 2 hrs.  The hexane:isopropanol was 

collected and two additional extractions with 1 ml of hexane:isopropanol were performed.  The 

lipid extract was dried under N2 gas, resuspended in hexane, and spotted on silica 60 thin layer 

chromatography (TLC) plates.  The lipid was separated using a mobile phase of hexane:diethyl 

ether:acetic acid (70:30:1)  and visualized using iodine.   The phospholipid (PL), TG, FA, and 

cholesterol ester  (CE) spots were scraped and the amount of 
3
H or 

14
C counts in the spot were 

measured using a Beta counter (Beckman).   Total protein was recovered by solubilizing 
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remaining cells in the 6 well plate in 0.1N NaOH and measured using BCA assay (Pierce). Lipid 

counts were then normalized to total cell protein. 

Fatty acid and TG Secretion: Two hours after isolation, primary hepatocytes plated in 6 well 

plates were incubated with DMEM with 1.5% BSA for 1 hr.   The media was changed to DMEM 

with 1.5% BSA, 0.2mM OA  and 
14

C OA (1uCi/ml). 16 hours later the media was changed to 

DMEM with 1.5% BSA. The media was collected after 4 hours. The lipids were isolated from 

the media via the Folch method (chloroform/methanol/water = 8:4:3). TG and FAs were 

separated based on relative mobility on silica 60 TLC plates.  The FA and TG spots were scraped 

into a scintillation vial and analyzed for 
14

C activity. 
14

C appearance in TG or FA in the media is 

represented relative to cellular protein (CPM/mg protein). 

Triglyceride turnover: 500,000 isolated primary hepatocytes were plated onto collagen coated 6 

well plates in DMEM and 10% (v/v) fetal bovine serum. After 2 hours, the media was changed to 

DMEM with 1.5% BSA and [
3
H] glycerol (20uCi/ml). After 2 hours later the media was changed 

to DMEM with 1.5% BSA for either 0, 1, 2, 4, 8, 12, or 24 hrs of chase.  At the completion of the 

chase period, lipid was extracted from cells and separated by TLC.  Separate wells were analyzed 

for cellular 
3
H activity in TG and PL .  Turnover of TG is defined as the amount of 

3
H TG 

relative to amount of total 3H TG present at the end of the 2 hr label (0hr).  
3
H TG counts were 

normalized to total cell protein.  

Total plasma ketones: Blood was collected from mice after 6 weeks of ASO treatment.  The 

blood was spun for 6 minutes at 12,000 x g , plasma transferred and frozen.   Total plasma 

ketones were measured using a colormetric assay from Wako. 
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Electron microscopy: The livers of 6 weeks ASO treated mice were perfused with 10ml of 

Sorensen’s phosphate buffer (0.1M phosphate, pH 7.2) followed by 20ml of 2.5% glutaraldehyde 

in 0.1% Sorensen’s phosphate buffer. The perfused liver was excised and several small (0.1mm x 

2mm x 2mm) pieces were sliced and stored in the 2.5% glutaraldehyde solution until processed. 

The samples were subsequently processed by the Columbia University Medical Center electron 

microscopy core facility. 

Gene expression: Gene expression from liver and small intestines was measured by real time 

PCR (rtPCR). mRNA was isolated and reverse transcribed as previously described. In brief RNA 

was extracted from small intestine and liver samples with Trizol and quantified by NanoDrop 

ND-1000 Spectrophotometer (Thermo Scientific). 5ug of RNA was reversed transcribed to 

cDNA. The cDNA was diluted 40 times and used for rtPCR analysis. All samples are analyzed 

relative to a standard curve made from pooled cDNA and expressed relative to actin gene 

expression.  

Western Blot: 100mg of liver was homogenized in 2ml of buffer reagent containing protease 

inhibitor (Roche). Protein concentration was measured by BCA protein reagent.   Liver 

homogenates were subject to electrophoresis on appropriate percentage  SDS PAGE gels and 

transferred to polyvinylidene-fluoride membranes.   LC3B, Atg7, phos eIF2α, Apoptosis sample 

kit (Cell Signaling) Grp78 (Stressgen) P62(Abnova) Atg7 and actin (1:10,000; A5441, Sigma) 

primary antibodies were incubated overnight at 4˚C. Species specific secondary IgG antibodies 

conjugated with peroxidase (1:10,000-1:15,000) were incubated for 1 hour at room temperature. 

Protein bands were visualized using SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Scientific). 
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Measurement of LC3B protein-  Primary hepatocytes from control and apoB ASO mice were 

cultured for 24 hrs after plating in DMEM+ 1.5%BSA alone (NT) or DMEM+ 1.5%BSA+ 

20mM Ammonium Chloride+ 100µM Leupeptin (lysosomal inhibitors).   Cells were collected in 

200µl of lysis buffer (62.5 mM sucrose, 0.5% sodium deoxycholate, 0.5% Triton X-100, 50 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM benzamidine, 5 mM EDTA, 100 U/ml aprotinin, 50 

μg/ml leupeptin, 50 μg/ml pepstatin A, and 10 mM HEPES, pH 8.0) and boiled with sample 

buffer for 5 min.   Equal amounts of protein were run in a 12% SDS-PAGE gel for 1.5 hrs and 

then transferred to a PVDF membrane for western blotting for total LC3B and actin.  The lipid 

conjugated LC3B-II runs faster despite its larger size and thus is the lower band on the gel.  The 

LC3B-II and actin bands were quantified using ImageJ and the ratio of LC3B-II to actin was 

calculated and is presented as a percentage of control ASO.   

XBP1 splicing:  mRNA from control, apoB and MTP ASO-treated livers was reversed 

transcribed to cDNA. XBP1 cDNA encompassing the region of restriction site was amplified by 

PCR using previously described primers (find reference) The PCR product was incubated with 

the Pst1 restriction
 
enzyme for 5 hrs at 37º C, followed by separation of the restriction

 
digests on 

a 2% agarose gel with ethidium bromide. The gels
 
were photographed under UV 

transillumination. The amount of 601-bp material (top band) is indicative of
 
XBP1 activation and 

thus of ER stress. 

Statistics- Data are presented as mean ± standard deviation. Differences in the mean values 

between 2 groups were assessed by 2-tailed Student’s t-test. Differences in mean values among 

more than 2 groups were determined by ANOVA. p < 0.05 was considered to be statistically 

significant. 
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Results 

Measurement of hepatic fatty acid oxidation:  One of the remaining mechanisms for the absence 

of steatosis in the apoB ASO-treated livers would be an increase in FA oxidation to compensate 

for decreased TG secretion.  Knockdown of MTP or apoB for 6 weeks was not associated with 

significant changes in the expression of genes related to lipid oxidation (Figure 2-5F) In spite of 

a lack of an increase in oxidative genes, we biochemically tested FA oxidation in cultured 

primary hepatocytes.  We were unable to isolate viable primary hepatocytes from MTP ASO 

treated mice because the hepatocytes did not survive after the perfusion of the liver with 

collagenase and appeared to lyse because of the increased lipid content of the cells. As a result, 

we were only able to analyze FA oxidation in primary hepatocytes in apoB ASO- and control 

ASO-treated mice. Primary hepatocytes from mice treated with either control or apoB ASO for 6 

weeks were isolated and plated for 2 hrs in 6 well plates.  They were then labeled with 1 uCi of 

14
C OA for 2 hrs and the amount of 

14
CO2 and 

14
C acid soluble metabolites (ASM) produced 

during that time period were measured from the media as a quantification of FA oxidation.   

There was no significant difference in the oxidation of 
14

C OA between apoB ASO- and control 

ASO-treated primary hepatocytes under these conditions (Figure 2-6).  There was also no 

difference in total plasma ketone levels between the control ASO-, MTP ASO-, and apoB ASO-

treated mice (Figure 2-7).  
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Figure 2-6.  No difference in FA oxidation in primary hepatocytes isolated from control 

ASO or apoB ASO mice after 2 hr incubation with 
14

C OA. Primary hepatocytes from control 

ASO- and apoB ASO-treated mice were labeled for 2 hrs with 
14

CO OA and then the amount of 
14

C labeled CO2 and acid soluble metabolites released into the media were measured and 

normalized to cell protein, n=12 

                                          

Figure 2-7.  No difference in total plasma ketones.  Total plasma ketones were measured from 

plasma taken from mice treated for 6 weeks with either control, MTP, and apoB ASO using a 

colormetric assay from Wako Diagnostics n=6-10 

 

 To confirm our in vivo measurements of FA uptake (see Figure 2-5C,D), lipid was 

extracted from the cells at the end of the 2 hr 
14

C OA label.  There was no significant difference 

in the amount of 
14

C TG and 
14

C phospholipid (PL) between cells from control ASO and apoB 
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ASO mice (Figure 2-8A,B).  We did find a significant increase in the amount of 
14

C cholesterol 

ester in the apoB ASO-treated hepatocytes (Figure 2-8C), but there was so little labeling of 

cholesterol ester that this difference did not affect the overall labeling of all cell lipids, which 

was not different (Figure 2-8D).   This is consistent with the in vivo experiment where there was 

no difference in the uptake of FA by the apoB ASO-treated livers as compared to control ASO. 

  

 

 

Figure 2-8.  No difference in uptake of 
14

C OA between control ASO and apoB ASO 

primary hepatocytes. Primary hepatocytes from control ASO- and apoB ASO-treated mice 

were labeled for 2 hrs with 
14

C OA for 2 hrs after which cell lipid was extracted, separated by 

TLC, and visualized by iodine.   The amount of 
14

C TG (A), phospholipid (B), and cholesterol 

ester (C) present in the cells was counted (CPM) and normalized to total cell protein.  (D) The 

sum of the counts for the 3 lipid species was also normalized to cell protein, n=9  * p<0.05 

between the two groups. 

 

A. B. 

C. 
D. 
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No difference in direct FA secretion: Another possible pathway for the decrease in lipid 

accumulation in the apoB ASO- treated livers is an increase in the direct secretion of FA by the 

hepatocytes[36].  To measure this, we labeled primary hepatocytes from control and apoB ASO-

treated mice with 1 uCi of 
14

C OA for 16 hrs.  At the end of the labeling period, the media was 

changed to an unlabeled chase media for 4 hrs.  The chase media was then collected and lipid 

was extracted and separated by thin layer chromatography; the amount of 
14

C FA and 
14

C TG 

was measured.  Consistent with the in vivo studies, there was a drastic decrease in the secretion 

of 
14

C TG in the apoB ASO-treated hepatocytes as compared to control cells (Figure 2-9A).  

However, there was no difference in the amount of 
14

C labeled FA secreted between the 2 

groups, indicating that an increase in direct FA secretion is not responsible for the lack of lipid 

accumulation in the apoB ASO-treated livers. (Figure 2-9B) 

 

       

Figure 2-9.  TG secretion is reduced but direct FA secretion is not different in the apoB 

ASO-treated hepatocytes.  Primary hepatocytes from control and apoB ASO-treated mice were 

labeled with 
14

C OA for 16 hrs and then chased with unlabeled media for 4 hrs.  Lipid was 

extracted from the chase media and separated by TLC.  The amount of 
14

C TG and 
14

C FA was 

counted and normalized to total cell protein, n=9.  *p<0.05 

 

 

* 

B. A. 
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ApoB ASO treatment is associated with marked accumulation of autophagolysosomes: Since we 

did not yet have an explanation for the lack of lipid accumulation in the apoB ASO-treated 

livers, electron microscopy (EM) was performed on liver samples from mice treated with each 

ASO.   EM analysis of control ASO-treated liver samples showed normal mitochondrial and 

endoplasmic reticulum structures with small heterogeneous LDs. Knockdown of MTP was 

associated with a similar ultrastructure to control ASO-treated livers with the exception of larger 

more numerous LDs, consistent with what was observed with oil red O staining. Treatment with 

ASO to apoB resulted in a much more complex subcellular phenotype. The LDs were similar to 

that observed in the control ASO group, but there was evidence of an increase in 

autophagosome-like organelles throughout the cell indicative of an increase in autophagy (Figure 

2-10).   
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Figure 2-10.  There is an increase in autophagosome structures in the apoB ASO-treated 

livers.  Representative EM s at 10,000X of livers from Control (left), MTP (middle) and apoB 

ASO (right) treated mice. It is clear that MTP ASO treatment was associated with increased 

numbers of larger lipid droplets (consistent with the H&E staining).  Lower row shows livers 

from same mice at 40,000X. ApoB ASO treatment was associated with the presence of 

autophagolysosomes (yellow arrows). 

 

LC3B-II protein is elevated in apoB ASO-treated hepatocytes: To confirm this apparent increase 

in autophagy, we measured LC3B-II protein levels by Western Blot in primary hepatocytes 

isolated from control and apoB ASO-treated mice.  LC3B-II is the lipidated form of LC3B, one 

of three isoforms of LC3; lipidation is required for incorporation of LC3B into the membrane of 

the autophagosome and is a marker of autophagy from formation of the phagophore until fusion 

with the lysosome.  There was a significant increase in the amount of LC3B-II in the apoB ASO-

treated hepatocytes as compared to control.  Treatment of the hepatocytes with lysosomal 

inhibitors (20mM NH4Cl and 100µM leupeptin) demonstrated accumulation of LC3B-II protein 
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in both groups indicating that the increase in LC3B-II protein in apoB ASO-treated mice was due 

to increased autophagosome formation and not to a defect in autophagic flux[199] (Figure 2-11).   

 

 

 

Figure 2-11.  Increased LC3B-II protein in apoB ASO-treated primary hepatocytes that is 

not due to a defect in autophagic flux. Western blots of LC3B-I and LC3B-II (separated by 

SDS PAGE); the PE-linked LC3B-II runs faster on the gel. (A) Left gel, with normal lysosomal 

activity, (1 min exposure); right gel, with inhibition of lysosomes,  (2 sec exposure).   Lysosomal 

inhibition of both LC3B-I and LC3B-II were significantly increased.  (B) Immunoblots of the 

non-treated LC3B-II bands were quantified using Image J densitometry, n=12.  *- p<0.05 

between the groups 

 

Immunofluorescent (IF) staining for total LC3B was also performed in the primary hepatocytes 

isolated from control ASO- and apoB ASO-treated mice.  There was a significant increase in 

LC3B (orange) staining in the apoB ASO hepatocytes as compared to controls as well as an 

increase in the perinuclear localization of the LC3B (Figure 2-12)  We next performed 

immunofluorescent staining on 5 micron liver sections from control, apoB, and MTP ASO 

treated mice for LC3B (red) with DAPI (blue) stain for the nucleus.  There was again an increase 

in total LC3B staining in the apoB ASO treated liver sections as well as increased staining 

around the nucleus, indicative of the presence of more mature autophagolysosomes (Figure 2-

A. 
B. 
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13). There were also an increased number of lysosomes as seen by IF staining for LAMP2 

(green) (Figure 2-14).  We concluded that there is increased autophagy in the apoB ASO-treated 

livers. 

 

  

Figure 2-12.  LC3B staining is increased in apoB ASO primary hepatocytes  Primary 

hepatocytes isolated from control and apoB ASO-treated mice were fixed with 10% formalin and 

then incubated with rabbit anti-LC3B Ab and then anti-rabbit IgG Alexa fluor555 (orange).  

Images were visualized using Zeiss Axiovert 200M microscope at 200x magnification.  
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Figure 2-13.  Increased total LC3B staining and perinuclear localization in apoB ASO liver 

sections. Livers from apobec mice treated with ASO for 6 weeks were fixed with formalin, 

paraffin embedded, and sliced into 5µm sections, then incubated with Anti-LC3B Ab (Cell 

Signaling) overnight and then anti-rabbit IgG Alexa fluor555 (red) conjugated.  Sections were 

covered with Prolong Gold (Invitrogen) with DAPI stain (blue).  Pictures taken by a 

NikonA1RMP confocal microscope at 600x magnification.   
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Figure 2-14.  Increased staining for LAMP2, a lysosomal membrane protein in apoB ASO 

treated liver sections.  5µm liver sections from control, MTP and apoB ASO-treated mice, were 

incubated with Anti-LAMP2  Ab (Cell Signaling) overnight and then anti-rabbit IgG Alexa 

fluor647 (green) conjugated.  Sections were covered with Prolong Gold (Invitrogen) with DAPI 

stain (blue).  Pictures taken by a NikonA1RMP confocal microscope at 600x magnification 

 

Abnormal Endoplasmic Reticulum in apoB ASO-treated livers: In order to determine if this 

increase in autophagy was related to the lipid phenotype observed in the apoB ASO-treated 

livers, we further investigated the consequences of the loss of apoB would have on the normal 

cell function.  We suspected that the knockdown of apoB might cause a defect in the 

endoplasmic reticulum because while apoB is markedly reduced in livers of apoB ASO-treated 

mice, MTP is still present and able to transfer lipid from the ER membrane into the lumen of the 

ER.  Since there is almost no apoB available to secrete the lipid, it must get trapped in the ER 

lumen.  When we stained primary hepatocytes with ER Tracker (Invitrogen), we noticed that 

there were abnormal aggregates of ER in apoB ASO-treated cells (Figure 2-15).  Since lipid has 

been shown to induce ER stress, we examined several markers of ER stress and the unfolded 

protein response to see if they were increased in apoB ASO-treated livers.  Surprisingly, there 

was no increase in markers of ER stress such as phophorylated eIF2a, total Grp78, or spliced 
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XBP1 in apoB ASO-treated livers.   There was a slight increase in ER stress markers in the MTP 

ASO-treated livers, potentially due to the misfolded apoB that is insufficiently lipidated and thus 

targeted for degradation (Figure 2-16).   Importantly, examination of the autophagosome 

structures in the EMs revealed the presence of lamellar structures resembling ER (Figure 2-17). 

 

          

Figure 2-15.  Abnormal ER staining in apoB ASO-treated hepatocytes.  Primary hepatocytes 

were stained with ERTracker Red (Invitrogen) for 30min and fixed with 10% Formalin.  Pictures 

were taken with Zeiss Axiovert 200M microscope at 200x magnification. Staining in apoB ASO 

livers suggested aggregation of ER at certain sites. 
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Figure 2-16.  No increase in markers of ER stress in the apoB ASO-treated livers.  mRNA 

from control, apoB and MTP ASO-treated livers was reversed transcribed to cDNA, amplified 

by PCR and digested  by Pst1.  The upper band represents undigested PCR product, which is the 

spliced form of XBP1 and an indication of increased ER stress. Liver homogenate was separated 

by SDS-PAGE and immunoblotted for phospho-eIF2alpha (B), Grp78 (C), and actin.    

 

 

                              

Figure 2-17.  Enlargement of 2 autophagolysosomes from EMs of apoB ASO-treated livers 

show lamellar structures resembling ER 

 

 

Increased autophagy of the Endoplasmic Reticulum: We hypothesized that there could be an 

increase in autophagy of the ER due the accumulation of lipid that is not ameliorated by ER 

A. 

B. C. 
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stress response.  We then performed IF staining for LC3B (in red) as a marker of 

autophagosomes and calnexin (green) as a marker of ER on 5 micron liver sections from control, 

MTP, and apoB ASO treated mice (Figure 2-18).  We once again observed an increase in the 

LC3B staining in the apoB ASO treated livers.  Additionally, there appeared to be an increase in 

the total calnexin staining, indicating the presence of more ER in the apoB ASO group.  When 

the 2 stains were merged there was clear co-localization of LC3B and calnexin indicative of an 

increase in autophagy of the ER. This co-localization was not seen when IF staining was 

performed for LC3B (red) and voltage-dependent anion channel 3 (VDAC3) (green) as a marker 

of mitochondria, although there is increased staining for VDAC3 in the apoB ASO-treated livers 

(Figure 2-19)   Staining for Plin2, a lipid droplet protein, showed more and larger lipid droplets 

in the MTP ASO-treated livers.  There was more Plin2 staining in the apoB ASO-treated livers 

than in the control ASO but when the Plin2 stain was merged with LC3B there was no co-

localization (Figure 2-20). Finally, there did appear to be more co-localization of LC3B with 

LAMP2, a lysosomal membrane marker, in the apoB ASO-treated livers, especially around the 

nucleus.   These results were indicative of ER specific autophagy and perhaps the presence of 

more autophagolysosomes.  The specificity of this autophagy of the ER for retained ER lipids 

was supported by the absence of any effect of apoB ASO treatment on the secretion of other 

proteins such as albumin or apoA1 from the liver (Figure 2-22). 
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Figure 2-18.  Co-localization of LC3B and calnexin in apoB ASO-treated livers, indicative 

of increased autophagy of ER.  Liver sections were incubated with anti-LC3B Ab (red) and 

anti-calnexin Ab  (green) and cover slipped with Immunogold with DAPI (blue).  Pictures were 

taken with Nikon A1RPM microscope at 600x magnification.  Increased LC3B is evident in a 

perinuclear position in apoB ASO treated liver (left panels). Calnexin is also slightly increased in 

apoB ASO treated liver (middle panels).  When the LC3B and calnexin stains are merged there is 

a clear co-localization  in apoB ASO treated liver (right panels). 
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Figure 2-19.  No difference in the co-localization of LC3B and VDAC3, a mitochondrial 

protein.  Liver sections were incubated with anti-LC3B Ab (red) and anti-VDAC3 Ab  (green) 

and cover slipped with Immunogold with DAPI (blue).  Pictures were taken with Nikon A1RPM 

microscope at 600x magnification.  Increased LC3B is evident in a perinuclear position in apoB 

ASO treated liver (left panels). VDAC3 staining is increased in apoB ASO treated liver (middle 

panels).  However, when the LC3B and VDAC3 stains are merged there is no co-localization in 

any of the groups (right panels). 
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Figure 2-20.  No difference in the co-localization of LC3B and Plin2, a lipid droplet protein.  

Liver sections were incubated with anti-LC3B Ab (red) and anti-Plin2 Ab (green) and cover 

slipped with Immunogold with DAPI (blue).  Pictures were taken with Nikon A1RPM 

microscope at 600x magnification.  Increased LC3B is evident in a perinuclear position in apoB 

ASO treated liver (left panels). Plin2 staining is increased in MTO ASO treated liver indicating 

more lipid droplets (middle panels).  However, when the LC3B and Plin2 stains are merged there 

is no co-localization in any of the groups (right panels). 



72 
 

 

Figure 2-21.  Increased co-localization of LC3B and LAMP2, a lysosomal membrane 

marker.  Liver sections were incubated with anti-LC3B Ab (red) and anti-Plin2 Ab (green) and 

cover slipped with Immunogold with DAPI (blue).  Pictures were taken with Nikon A1RPM 

microscope at 600x magnification.  Increased LC3B is evident in a perinuclear position in apoB 

ASO treated liver (left panels). LAMP2 staining is increased in apoB ASO treated liver 

indicating more lysosomes (middle panels).  When the LC3B and LAMP2 stains are merged 

there is some co-localization in all groups but more present in the apoB ASO-treated livers, 

especially around the nucleus (right panels) 

 

Slowed TG turnover as a result of compartmentalization of lipid: An accepted model of 

hepatocyte TG metabolism states that when a glycerol molecule is incorporated into TG in a 

hepatocyte, it is first stored in a lipid droplet.  There is then lipolysis of droplet TG after which it 
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can be either oxidized by  mitochondria or transported into the ER and re-esterified  into TG for 

re-entry into a droplet or secretion in a VLDL particle [200].  In this model, TG that is neither 

oxidized nor secreted will remain in the cell.   An alternative pathway, however, would occur if 

there was an increase in autophagy of the ER, as in apoB ASO-treated livers. In this situation, 

any TG that had entered the ER lumen would become “trapped” in the ER and eventually 

become cargo within the autophagy pathway.  Such compartmentalization of TG in ER and 

autophagosomes would result in a decrease in the rate of turnover of TG in the apoB ASO-

treated livers.  To determine if there was a slowed TG turnover in the apoB ASO-treated 

hepatocytes, we labeled primary hepatocytes with 
3
H glycerol for 2 hrs in order to create a pool 

of 
3
H labeled TG.  We then measured how much of the labeled TG remained in the cell over a 24 

hr period (Figure 2-22).  Over the first 8 hrs, almost all of the 
3
H labeled TG remained in the 

apoB ASO-treated hepatocytes while there was a steady decline in the control ASO hepatocytes 

over the same time period.  However, between 8 hrs and 24 hrs the amount of 
3
H TG remaining 

in the apoB ASO-treated liver cells began to decline.  At 24 hrs, there was no difference in the 

amount of 
3
H labeled TG remaining in hepatocytes of the two groups.  It is important to note that 

the delayed disappearance of TG occurred in the absence of any significant secretion of 
3
H 

labeled TG by the apoB ASO treated hepatocytes over the entire time course of the experiment.  

Additionally, this slowed turnover was unique to TG, as there was no difference in the 

disappearance of phospholipid between control and apoB ASO-treated hepatocytes (data not 

shown). 
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Figure 2-22.  There is a slowed turnover of 
3
H TG in apoB ASO treated hepatocytes.  

Primary hepatocytes from control and apoB ASO-treated mice were labeled with 
3
H glycerol for 

2 hrs to create a pool of 
3
H TG.  The hepatocytes were then chased for either 0, 1,2,4,8,12, or 24 

hrs after which lipid was extracted and the amount of 
3
H TG was measured.  Results are 

presented as a percentage of total 
3
H present at the end of the labeling period., n=9-18/ time 

point.  *-p<0.05 by ANOVA  

 

Increased FA oxidation with a 16 hr 
14

C OA label:  If the ER TG is taken up by an 

autophagosome, it will eventually fuse with the lysosomes where its contents are degraded, 

including TG by acidic lipases. This would result in the release of FFA that would be available 

for oxidation by the mitochondria.   Our previous measurement of FA oxidation showed no 

difference between control and apoB ASO-treated groups.  However, that measurement was after 

only a 2 hr label with 
14

C OA.  If our model is correct then the 
14

C labeled TG could be trapped 

in the ER or traveling through the autophagic pathway during those first 2 hrs post-labeling and 

thus not be available for oxidation during that period.  Therefore, we labeled primary hepatocytes 

with 
14

C OA for 16 hours so that the label would dispersed throughout the cell and then added a 
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label-free chase media to the cells for 4 hours.  The amount of 
14

C OA that was either secreted as 

TG or oxidized to 
14

CO2 and 
14

C ASM was measured in the media during the chase period.   

With this approach, we observed 3.0-fold increases in 
14

CO2 and 
14

C ASM generation from apoB 

ASO-treated hepatocytes relative to control ASO-treated hepatocytes (Figure 2-23A).  

Furthermore, and as expected, there was almost no secretion of 
14

C OA labeled TG in the control 

apoB ASO-treated primary hepatocytes compared to control ASO-treated cells (Figure 2-23B).  

These data suggest that there was a delay in the oxidation of the 
14

C labeled lipid in apoB ASO-

treated mouse livers as the radiolabeled lipid first enters the ER, is then taken up by the 

autophagosome, and eventually reaches the lysosome where it is finally made available for 

oxidation by the mitochondria.   

 

 

Figure 2-23.  Increase in FA oxidation in apoB ASO-treated hepatocytes with longer 
14

C 

OA label.  Primary hepatocytes were labeled with 
14

C OA for 16 hrs and then chased with 

unlabeled media for 4 hrs.  (A) The chase media was measured for the amount of 
14

CO2 and 
14

C 

ASM produced.  The counts were summed and normalized to cell protein .n=15-18  (B) Lipid 

was extracted from media from other wells and separated by TLC.  The amount of 
14

C TG was 

counted and normalized to cell protein, n=9 *- p<0.05 

 

A. B. 
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Time course FA oxidation shows a delay in oxidation of 
14

C OA in apoB ASO: To test the 

hypothesis of delayed oxidation, we performed a time-course FA oxidation study where we once 

again labeled primary hepatocytes with 
14

C OA for 2 hrs but then chased the cells for 16 hrs with 

label-free media, changing the media every 4 hrs.  At the end of each 4 hr chase period, we 

measured the amount of 
14

CO2 and ASM produced.  Similar to previous results with a 2 hr 
14

C 

OA label, there was no difference in the amount of FA oxidation at the end of the 2 hr labeling or  

after the first 4 hr chase period.  There was a significant increase in oxidation of 
14

C OA in the 

apoB ASO-treated hepatocytes as compared to control starting at the 8 hr chase collection point 

(Figure 2-24A).  When we added up all the 14COA that was oxidized over the 16 hr chase 

period, there was a significant increase in FA oxidation in the apoB ASO treated hepatocytes as 

compared to control (Figure 2-24B).  In one experiment, media from parallel wells was collected 

for lipid extraction and the amount of 
14

C TG that was secreted over the same time periods was 

measured (Figure 2-25).  As previously observed, there was a significant decrease in 
14

C TG 

secretion in the apoB ASO-treated hepatocytes as compared to control during the 4,8, and 12 hr 

chase periods.  When the amount of 
14

C TG secreted is summed over the chase period, it is 

approximately equal to the amount of 
14

C OA that is oxidized over the same time period (data 

not shown).  These results indicate that inhibition of secretion of TG in apoB ASO-treated livers 

produces a compensation characterized by increased oxidation of FA via the autophagic 

pathway.  This increase in FA oxidation accounts for the lack of accumulation of lipid in the 

apoB ASO-treated livers.   
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Figure 2-24.  Time course FA oxidation shows a delayed increase in oxidation of labeled FA 

in the apoB ASO- treated hepatocytes. (A) Primary hepatocytes were labeled with 
14

C OA for 

2 hrs and then an unlabeled chase media was replenished every 4 hrs for 16 hrs; the media from 

each 4 hr incubation period was used to determine FA oxidation.  The amount of 
14

CO2 and 
14

C 

ASM was summed and is presented as a percentage of total 
14

C counts at 0 hr (cell lipid extract 

+TG secretion+ oxidized FA) (B) The total amount of 
14

C OA oxidized over the 16 hr time 

points was summed  n=15 * p<0.05 by ANOVA 

 

A. 

B. 
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Figure 2-25.  Time course TG secretion  shows a decrease  in labeled TG in the apoB ASO- 

treated hepatocytes.  Primary hepatocytes were labeled with 
14

C OA for 2 hrs and then an 

unlabeled chase media was added and collected every 4 hrs for 16 hrs.  The amount of 
14

C TG 

was extracted and is presented as a percentage of total 
14

C counts at 0 hr (cell lipid extract +TG 

secretion+ oxidized FA), n=3. * p<0.05 vs. control ASO 

 

Inhibition of lysosomal degradation blocks FA oxidation in apoB ASO-treated hepatocytes:  In 

order to demonstrate that the increase in FA oxidation was dependent on lysosomal degradation 

of lipid, we repeated the 16 hr label with 
14

C OA followed by a 4 hr chase, but treated half of the 

cells with 50µM chloroquine to block lysosomal degradation.  Primary hepatocytes from apoB 

ASO-treated mice once again had an increase in oxidation of 
14

COA in the non-treated (NT) 

cells as compared to control ASO-treated cells.  This increase was blocked by chloroquine 

treatment, indicating that the labeled lipid was degraded in the lysosome before being oxidized.  

While chloroquine treatment also significantly decreased FA oxidation in the control ASO-
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treated hepatocytes, this decrease was much smaller than observed in the apoB ASO-treated 

hepatocytes (Figure 2-26A). 

                         

                          

 

* 

# 

A. 

B. 
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Figure 2-26.  Inhibition of either lysosomal function or autophagy prevents the increase in 

FA oxidation in the apoB ASO-treated hepatocytes.  Primary hepatocytes from apoB and 

control ASO-treated were labeled with 
14

C OA for 16 hrs and then chased for 4 hrs with 

unlabeled media in the presence or absence of (A) 50µM chloroquine or (B) 5mM 3-MA, after 

which the amounts of 
14

CO2 and 
14

C ASM were measured and normalized to cell protein. (C) 

After the end of the chase period, lipid was extracted and the amount of 
14

C TG was measured 

and normalized to cell protein, n=6-9 (D) Separate wells were treated with or without 

chloroquine or 3-MA for 20 hrs, lipids extracted, and total cell TG mass was measured and 

normalized to cell protein, n=6. * p<0.05 vs. NT, # p<0.05 vs. control ASO 

 

Inhibition of autophagy blocks FA oxidation in apoB ASO-treated hepatocytes: To determine if 

autophagy is involved in the increase in FA oxidation by the lysosome in the apoB ASO-treated 

mice, we used 3-methyladenine (3-MA) to block the formation of autophagosomes.  While 

treatment with 3-MA actually increased the amount of 
14

C OA oxidized in the control ASO-

treated hepatocytes, there was a significant decrease in FA oxidation in the apoB ASO-treated 

hepatocytes as compared to non-treated (Figure 2-26B). This demonstrates that autophagy is 

necessary for the increase in FA oxidation in the apoB ASO-treated livers.  

 If the increase in FA oxidation is blocked by chloroquine or 3-MA then there should be an 

accumulation of TG in the apoB ASO-treated hepatocytes.  To test this, we extracted lipid from 

the cells at the end of 16 hr label and 4 hr chase, separated them by TLC, and measured the 

* * 

C. D. 
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amount of 
14

C TG that remained in the cells.  With both chloroquine and 3-MA treatment, there 

was a significant increase in the amount of 
14

C labeled TG that remained in the cell at the end of 

the experiment as compared to no treatment (NT) (Figure 2-26C).  Neither chloroquine nor 3-

MA had any effect on the amount of 
14

C TG remaining in the control ASO-treated hepatocytes.  

We also measured total cell TG mass after 20 hrs of either chloroquine or 3-MA treatment and 

found that there was small but significant increase after treatment with chloroquine  in apoB 

ASO treated hepatocytes as compared to NT with no change in TG mass in the control ASO-

treated hepatocytes.  There was no effect of 3-MA treatment on TG mass in either control or 

apoB ASO hepatocytes (Figure 2-26D).    

 

Knockdown of apoB using ASO in C57BL/6J mice: In order to confirm that this increase in 

autophagy caused by treatment of mice with apoB ASO was not specific to apobec1 KO mice, 

we repeated the experiments in C57BL/6J mice.  The mice were once again placed 8-10 week 

old C57BL/6J mice on a HFD for 6 weeks and then injected them biweekly with 50mg/kg of 

either control or apoB ASO.   Similar to the apobec1 KO mice, there was a significant decrease 

in both TG and apoB secretion in the mice treated with apoB ASO for 6 weeks as compared to 

control ASO (Figure 2-27A,B).   
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Figure 2-27.  ApoB and TG secretion were reduced by apoB ASO treatment in C57BL/6J 

mice.  ApoB ASO reduced secretion of TG (A) and newly synthesized apoB (B) in WT 

C57BL/6J mice to similar to what was observed the in apobec1 knockout mice. Triton WR1339 

and 
35

S-methionine were injected IV and bloods obtained over the next 120 min. TG in plasma 

was measured by a colorimetric assay (Wako).  ApoB was isolated by 4% SDS PAGE of the 120 

min. plasma sample, and, bands were cut and counted.  

 

No difference in liver TG or cholesterol in C57BL/6J mice:  Despite this decrease in VLDL 

secretion, there was no significant difference in hepatic TG or cholesterol accumulation between 

mice treated with apoB ASO versus control ASO at this time point(Figure 2-28A,B).  We did not 

study the effects of MTP ASO because we had previously observed that the presence of apoB48 

in the C57BL/6J mice was associated with greater TG secretion during MTP ASO treatment as 

compared to treatment with apoB ASO. 

 

 

A. B. 
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Figure 2-28.  Liver lipids were not different in the apoB ASO-treated C57BL/6J mice 

compared to control ASO-treated C57BL/6J mice  Liver lipids were extracted from mice 

treated with either control, MTP, or apoB ASO for 6 weeks.  Liver TG (A) and liver cholesterol 

(B) was measured using colormetric assays from Wako and normalized to liver protein 

 

Increased autophagy in the apoB ASO-treated C57BL/6J mice: We also found an increase in IF 

staining for LC3B with greater concentration around the nucleus in the liver sections of 

C57BL/6J mice treated with apoB ASO, indicating an increase in autophagy (Figure 2-29) 

Additionally, there was increased co-localization of LC3B with calnexin in these livers, 

suggesting that there is also increased autophagy of the ER in the C57BL/6J mice treated with 

apoB ASO (Figure 2-30).   

A. B. 
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Figure 2-29.  Increased LC3B staining in C57BL/6J liver sections Livers from C57BL/6J 

mice treated with control or apoB ASO for 6 weeks were fixed with formalin, paraffin 

embedded, sliced into 5µm sections, and then incubated with Anti-LC3B Ab (Cell Signaling) 

overnight followed by anti-rabbit IgG Alexa fluor555 (red) conjugated.  Sections were covered 

with Prolong Gold (Invitrogen) with DAPI stain (blue).  Pictures taken by a NikonA1RMP 

confocal microscope at 600x magnification. 
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Figure 2-30.  Increased autophagy of ER in C57BL/6J mice Liver sections from ASO-treated 

C57BL/6J mice were incubated with anti-LC3B Ab (red) and anti-calnexin Ab  (green) and 

cover slipped with Immunogold with DAPI (blue).  Pictures were taken with Nikon A1RPM 

microscope at 600x magnification.  Increased LC3B is evident in a perinuclear position in apoB 

ASO-treated liver (left panels). Calnexin is also increased in apoB ASO-treated liver (middle 

panels).  When the LC3B and calnexin stains are merged there is a clear co-localization in apoB 

ASO-treated liver (right panels).         
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Increased FA oxidation in apoB ASO-treated C57BL/6J mice:  This increase in autophagy was 

accompanied by a significant rise in FA oxidation as measured by labeling primary hepatocytes 

with 
14

C OA for 16 hrs, followed by a 4 hr chase (Figure 2-31A).  Treatment with chloroquine 

blocked the increase in FA oxidation in the apoB ASO-treated C57BL/6J mice. There was also a 

significant decrease in control ASO-treated hepatocytes incubated with chloroquine but this 

decrease was not as large as seen in the apoB ASO-treated hepatocytes (Figure 2-31B).  These 

results indicate that treatment of C57BL/6J mice with apoB ASO produces a similar phenotype 

as in the apobec1 KO mice: increased autophagy of the ER which results in increased FA 

oxidation and prevents hepatic steatosis. 
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Figure 2-31.  ApoB ASO-treated C57BL/6J hepatocytes have increased FA oxidation that is 

blocked by chloroquine oxidation. (A)  Primary hepatocytes from apoB and control ASO-

treated were labeled with 
14

COA for 16 hrs and then chased for 4 hrs with unlabeled media 

which the amount of 
14

CO2 and 
14

C ASM was measured and normalized to cell protein (B) The 

16 hr 
14

C OA label and 4 hr chase was also performed in the presence or absence of 50µM 

chloroquine and oxidation was measured, n=6. * p<0.05 vs. NT, # p<0.05 vs. control ASO 

A. 

B. 
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Discussion 

         Antisense oligonucleotides directed to MTP and apoB rapidly and effectively reduced 

hepatic transcript levels in high fat fed mice that secrete only apoB100.  When we inhibited MTP 

and apoB mRNA to similar degrees, we observed similar reductions in both TG and apoB 

secretion. In spite of similar reductions in hepatic TG secretion, however, knockdown of MTP, 

but not apoB was associated with an accumulation of hepatic lipids.   

Previous published studies using siRNA and ASO’s directed to apoB suggested that the 

attenuated hepatic lipid accumulation is attributable to a reduction in DNL[194, 201].  The 

authors based their conclusion on their demonstration of decreases in DNL associated genes.  

However, when they performed a biochemical measurement of DNL, they observed only a non-

significant trend toward a decrease in DNL after 6 weeks of apoB ASO treatment.  They did find 

a significant decrease in DNL after 12 weeks in the apoB ASO-treated mice but this could not 

explain the difference in liver TG observed at 6 wks.   We observed a similar decrease in DNL 

related genes in apoB ASO-treated apobec1 KO mice relative to MTP ASO and control ASO-

treated apobec mice after 6 weeks, but when we attempted to confirm this observation 

biochemically, the decreased expression of lipogenic genes did not translate into a decrease in 

tritium incorporated into FAs after an injection of tritiated water. Additionally we did not 

observe any differences in systemic or liver uptake of oleic acid injected intravenously. These 

results were confirmed in vitro where there was no different in the amount of  
14

C OA that was 

incorporated into lipid in hepatocytes isolated from apoB ASO or control ASO-treated mice.  It 

is possible that despite there being no observed difference in FA uptake, there could still have 

been a reduction in the uptake of TG rich lipoprotein remnants, since lipoprotein lipase and 

hepatic lipase were both down regulated in the apoB knockdown mice.  This possibly can be 



89 
 

tested by injecting mice with a 
14

C Cholesteryl ester labeled VLDL and measuring uptake of the 

labeled particle by the liver.  This would determine if a decrease in particle uptake is contributing 

to the prevention of hepatic lipid accumulation in the apoB ASO-treated hepatocytes. 

We observed an increase in autophagy in the apoB ASO treated livers, as evidenced by 

increased autophagosome-like structures  in EMs.  There was also an increase in the amount 

LC3B staining and LC3B-II protein, markers of autophagy.  Lysosomal inhibitors showed that 

this increase in LC3B-II protein was not due to a decrease in autophagic flux and that there was 

normal degradation of autophagosomes by the lysosome.   Importantly, we did not see a 

difference in ER stress between any of the groups but the mice could all be experiencing some 

increase in ER stress because they were all on HFD for 12 weeks which has been shown to 

induce hepatic ER stress[75].   However,  increased staining for ER and abnormal aggregation of 

ER demonstrated that there was some perturbation in ER structure.   Further studies 

demonstrated that the increase in autophagy was specific to the ER, as there was co-localization 

of LC3B with calnexin.  This co-localization was specific to the ER as there was not co-

localization of LC3B with markers of mitochondria, or lipid droplets.  There was some co-

localization of LC3B and a marker of the lysosome which is expected based on the presence of 

more autophagolysosomes, due to increased autophagic flux.  The lack of association of 

autophagosomes with lipid droplets indicate that we were not seeing an increase in lipophagy, as 

described by Czaja et al, that would have reduced hepatic lipid content.  There appears to be no 

lipophagy present in any of the groups despite the increase in lipid droplets observed in the MTP 

ASO-treated livers.  However, this is not surprising considering that these mice were not fasted 

and were on a HFD for 12 weeks, which has been shown to inhibit autophagy. 
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Simply having TG in ER or in autophagosomes would not explain the lack of lipid 

accumulation in the apoB ASO-treated livers. Therefore, we then proposed a model where, in the 

absence of apoB protein, ER-synthesized lipid that would normally be targeted for secretion on 

VLDL, becomes trapped in the ER and this signals initiation of autophagy of the ER and its 

contents.  The autophagosome eventually fuses with the lysosome where its contents are 

degraded.  At this point, lipid, in the form of FFA, would be available for oxidation by 

mitochondria.  Consistent with our model, we observed an initial slower turnover of labeled TG 

during a pulse-chase. We suggest that the delay was due to the trapping of TG in the ER and then 

in autophagosomes, with the end of the delay co-incident with the formation of 

autophagolysosomes, followed by hydrolysis of TG and oxidation of the released FA .  Indeed, 

the delayed disappearance of labeled TG during the pulse-chase experiment was paralleled by a 

delay in generation of labeled CO2 and ASM.  Overall, however, there was a significant increase 

in FA oxidation in the apoB ASO-treated hepatocytes; the increase in FA mirrored the reduction 

in secretion of TG in these hepatocytes. 

We confirmed that the lysosome is involved in this compartmentalization of lipid and 

delay in FA oxidation by treating  hepatocytes with chloroquine, which blocks lysosomal 

degradation.   The increase in FA oxidation was blocked by chloroquine in the apoB ASO-

treated while chloroquine had no effect on FA oxidation in control ASO-treated hepatocytes.  

Further evidence that autophagy is involved in this pathway was clear when hepatocytes were 

treated with 3-MA,  which specifically inhibits autophagy by blocking autophagosome formation 

via the inhibition of PI3-K type III.  3-MA treatment also prevented the increase in FA oxidation 

in the apoB ASO-treated hepatocytes.  Blocking either the lysosome or autophagy caused an 
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accumulation of TG in the apoB ASO- treated hepatocytes but had no effect on the control ASO-

treated hepatocytes.   

We next established that this was not an effect seen only in the apobec1 KO mice by 

replicating the results in wild type C57BL/6J mice.  Liver TG was not increased in the apoB 

ASO-treated C57BL/6J mice despite a significant reduction in VLDL secretion.  There was also 

a similar up-regulation of autophagy of the ER, and an increase in FA oxidation, that were 

blocked by chloroquine in these mice.    

In the control ASO-treated mice, apoB and MTP are both present and normal VLDL 

secretion can take place because MTP is able to transfer lipid into the lumen of the ER and 

lipidate the nascent apoB protein.  In MTP ASO treated livers, the absence of MTP prevents lipid 

from entering the ER lumen and poorly-lipidated apoB is targeted for degradation.  However, 

since the lipid never enters the lumen of the ER, it is shuttled back to cytosolic lipid droplets for 

storage.  This would explain the increase in liver TG in the MTP ASO-treated mice. 

In the apoB ASO-treated livers, we propose that there is an accumulation of lipid in the 

endoplasmic reticulum because MTP activity is retained and  lipid continues to be transferred 

into the lumen of the  ER.  However, in the apoB ASO-treated livers, there is no apoB, the 

necessary protein for the formation and secretion of VLDL, and so the lipid becomes trapped 

inside the lumen of the ER. The lipid rich ER gets engulfed by the autophagosome and shuttled 

to the lysosome where the ER and its lipid content are degraded.  This lipid is then available for 

oxidation by mitochondria. 

 In summary, knockdown of MTP and apoB were equally efficacious at inhibiting TG 

secretion, but only the knockdown of MTP was associated with hepatic lipid accumulation. The 
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attenuated hepatic lipid storage phenotype observed with the knockdown of apoB was, we 

believe, attributable to an increase in autophagy that cleared the lipid trapped in the endoplasmic 

reticulum. 

  

Figure 2-32. Models of Effect of ASO on VLDL and autophagy: 

 

                                 

 

 

 

 

Control ASO 

MTP acts to transfer lipid into the lumen of the ER and onto the 

nascent apoB protein which allows for the clearance of these lipids 

on a VLDL particle 
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MTP ASO 

The loss of MTP prevents the transfer of lipid into the lumen of 

the ER and apoB is insufficiently lipidated and thus degraded.  

This leads to an inhibition in VLDL secretion and an increase in 

storage of lipids in cytosolic lipid droplets. 
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apoB ASO 

There is decreased synthesis of apoB protein which 

causes a decrease in VLDL secretion.  However, 

MTP is still active and able to transfer into the 

lumen of the ER where it becomes trapped.  This 

results in: 

 up-regulation of macroautophagy 

 co-localization of LC3B and calnexin 

indicative of an increase in autophagy of the 

ER  

 increased oxidation of ER lipids that were 

transported through the autophagic pathway 

 the absence of steatosis despite the decrease 

in VLDL secretion 
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Chapter 3 

Investigation into the Mechanism by which apoB ASO Induces ER Autophagy 
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Abstract 

We had previously shown that knockdown of either apoB or MTP using antisense 

oligonucleotides (ASO) for 6 weeks similarly decreased VLDL secretion but only mice treated 

with MTP ASO had elevated liver triglyceride (TG) content; mice treated with apoB ASO did 

not differ in hepatic fat from control ASO-treated mice due to an increase in autophagy of the ER 

and oxidation of TG that could not be secreted. We next looked at the effect of only 3 weeks of 

ASO- treatment and found that apoB ASO-treated mice had increased steatosis as compared to 

control ASO and a level of steatosis similar to that caused by MTP ASO-treated mice at this time 

point.  There was an increase in markers of ER stress in the apoB ASO treated mice, but no 

evidence of an increase in the autophagy that we observed after 6 weeks of treatment.  After 4.5 

weeks of treatment, there is an intermediate liver TG phenotype in the apoB ASO-treated mice as 

compared to 3 and 6 weeks.  There was also evidence of both ER stress and autophagy at this 

time point. Further studies after 3 weeks of ASO treatment showed a smaller increase in FA 

oxidation than observed  after  6 weeks of ASO and the increase was not delayed or dependent 

on either the autophagy or lysosomal pathways.   We then performed studies to inhibit autophagy 

after 3 weeks of apoB ASO treatment by using ASO to Atg7 in addition to apoB ASO for the 

final 3 weeks of the study and found that there was an increase in liver size but this was not 

accompanied by an increase in liver TG as compared to mice treated with apoB ASO alone. 

When we measured the rate of FA oxidation in hepatocytes isolated from apoB ASO-treated or 

apoB/Atg7 ASO-treated mice , there was no difference in the overall level of FA oxidation 

during the 16 hr chase period, but there was a difference in the time course of the oxidation.  

While apoB ASO alone caused a delay in FA oxidation, inhibition of autophagy caused an 

increase in the beginning of the time course.  In addition, both ER stress and apoptosis were 
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markedly increased in the livers of the apoB/Atg7 ASO-treated mice, indicating that autophagy 

protected the hepatocyte when only apoB was knocked down.   

We propose that when apoB synthesis is inhibited, lipid that enters the ER for VLDL secretion 

gets trapped and first induces ER stress.  The ER stress response is unable to repair the defect 

and autophagy of the lipid-filled ER is induced. The subsequent lipolysis of this TG in the 

lysosome, followed by oxidation of released FA, prevents hepatic steatosis.  Our results suggest 

that by stimulating autophagy, it may be possible to lower plasma TG levels by inhibiting VLDL 

secretion without causing hepatic steatosis. 
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Introduction 

 In the previous chapter, we described a model where inhibition of VLDL secretion using 

apoB antisense oligonucleotides stimulated autophagy of the endoplasmic reticulum.  There was 

also an increase in FA oxidation that prevented an accumulation of lipid in the liver despite the 

reduction of TG secretion.  We assumed that there was an accumulation of lipid in the lumen of 

the ER that was trapped, and this initiated autophagy of the ER and its contents which eventually 

traveled to the lysosome and the mitochondria for oxidation.  Additionally, inhibition of either 

autophagy or lysosomal degradation in primary hepatocytes prevents the increase in FA 

oxidation further supporting the model.  However, several questions about this model remained. 

 First, it has been previously reported by our lab and others that increased FA or lipid 

delivery causes an increase in ER stress in the liver[75, 78]. If our model is correct and lipid is 

trapped in the lumen of the ER, then we would expect that the excess lipid would cause proteins 

to misfold and trigger an ER stress response.  The accumulation of misfolded proteins would 

cause the unfolded protein response (UPR) to be activated to up regulate chaperone proteins that 

would assist in protein folding.  However, we did not observe an increase in markers of the UPR 

in the livers of mice treated with apoB ASO for 6 weeks.  There is evidence that if the UPR is 

unable to resolve the ER stress condition, then one of two pathways are turned on- autophagy or 

apoptosis[181].  We hypothesized, therefore, that mice treated with apoB ASO might experience 

ER stress at an earlier time point of treatment and turn on the UPR.  However, the UPR would be 

unable to sufficiently resolve the issue of the misfolded proteins because the lipid would still be 

present in the lumen of the ER and interfere with proper protein folding.     In the case of 
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inhibition of VLDL secretion by apoB ASO, it appears that ER autophagy is initiated in order to 

protect the function of the ER and the cell.   

 We also hypothesized that inhibition of autophagy in vivo should cause an accumulation 

of hepatic lipid and we would no longer observe the increase in FA oxidation that we 

demonstrated in primary hepatocytes after 6 weeks of apoB ASO treatment.  However, if the 

autophagy of the ER is protective in the liver, blocking autophagy could result in even more lipid 

accumulation in the ER and result in toxicity in the liver.  Another approach would be to block 

lysosomal degradation with chloroquine in vivo.  This approach resulted in a decrease in FA 

oxidation and an increase in both labeled TG and total TG mass in primary hepatocytes.  

Inhibition of lysosomal activity in vivo would potentially result in accumulation of TG in that 

organelle, as opposed to the ER, and might result in a healthier hepatocyte. 

 Finally, the model depends on the assumption that there is an accumulation of lipid in the 

lumen of the ER.  Despite the observation of swollen ER in the EMs of the apoB ASO-treated 

livers, we have not yet demonstrated that there is more lipid in the ER.  Therefore, we carried out 

2 approaches to attempt show more lipid in the ER.  First, we proposed to knockdown MTP in 

combination with apoB to determine if the absence of MTP which transfers lipid into the ER 

lumen would result in the absence of autophagy and the accumulation of liver lipids.  Second, we 

decided to measure the amount of lipid that was in the microsomal fraction of the liver. 

 With these studies, we attempted to further elucidate the mechanism by which the 

knockdown of apoB stimulates autophagy of ER and prevents hepatic steatosis.  We also 

attempted to explore the relationship between ER stress and autophagy. 
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Materials and Methods. 

3 wk and 4.5 wk ASO Studies: 9-12 week-old apobec1 KO mice on a high fat diet (HFD) (Harlan 

Teklad) for 6 weeks were injected intraperitoneally (ip) biweekly with 50mg/kg of ASO directed 

to control, MTP, or apoB for either 3 weeks or 4.5 weeks.   At the end of studies, animals were 

euthanized with a lethal dose of ketamine:xylene followed by cervical dislocation. Livers were 

quickly excised and either prepared for histology, or and flash frozen and kept at -80˚C until 

analyzed.  Primary hepatocytes were isolated from other mice as described previously. 

Atg7 ASO experiments:  apobec1 KO mice were placed on HFD for 6 weeks and then injected 

i.p. biweekly with original dose of 50mg/kg of control or apoB ASO for 3 weeks.  After 3 weeks, 

mice were injected i.p. biweekly with either 75mg/kg control ASO, 37.5mg/kg control ASO+ 

37.5mg/kg Atg7 ASO, 37.5mg/kg apoB ASO+ 37.5mg/kg control ASO, or 37.5mg/kg apoB 

ASO+ 37.5mg/kg Atg7 ASO for an additional 3 weeks.  We reduced the amount of total apoB 

ASO from 50mg.kg to 37.5mg/kg biweekly to reduce the total amount of ASO given in 

combination with the Atg7 ASO from a potential 100mg/kg to 75mg/kg.  Based on data 

published from ISIS pharmaceuticals, doses as low as 25mg/kg biweekly for only 2 weeks were 

effective in decreasing liver apoB protein levels[201]. 

Combined apoB-MTP ASO experiments: 9-13 week apobec1 KO mice were placed on HFD for 6 

weeks and then mice were injected i.p. biweekly with either 75mg/kg control ASO, 37.5mg/kg 

MTP ASO+ 37.5mg/kg control ASO, 37.5mg/kg MTP ASO+ 37.5mg/kg apoB ASO, or 

37.5mg/kg apoB ASO+ 37.5mg/kg control ASO for 6 weeks. 

Chloroquine treatment:  9-13 week old apobec1 KO mice were placed on HFD for 6 weeks and 

then injected biweekly with 50mg/kg either control, MTP, or apoB ASO for 6 weeks.  The mice 
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were then injected i.p. with either saline or 60mg/kg chloroquine (in saline) for 3 days[202].  In 

another experiment, mice were treated with control or apoB ASO for 5.5 weeks and then injected 

with either saline or 60mg/kg chloroquine for 10 days while continuing biweekly injections of 

ASO for a total of 7 weeks. 

PBA experiments: apobec1 KO mice were placed on HFD for 6 weeks and then injected i.p. 

biweekly with 50mg/kg of control or apoB ASO for 6 weeks.  After 3 weeks, mice were gavaged 

twice daily with either water or 1 g/kg body weight 4-phenylbuterate (PBA) (Calbiochem) for 

the final 3 weeks while still being injected with control or apoB ASO.  

Microsomal TG isolation:  apobec1 KO mice were placed on HFD for 6 weeks and then injected 

with 50mg/kg i.p. biweekly with control, MTP, or apoB ASO for either 3, 4.5, or 6 weeks.  After 

euthanization, livers were excised and some pieces were flash frozen for lipid and protein 

isolation.  Another  two  pieces, each approximately 100mg, were freshly homogenized in a 

sucrose-hepes buffer using a dounce homogenizer.  The homogenate was spun at 900xg for 10 

minutes to remove unbroken cells and nuclei.  The supernatent was then spun at 100,000xg for 1 

hr.  At the end of the spin, the supernatent was transferred to a new tube and considered the 

cytosolic fraction.  The pellet was resuspended in PBS, homogenized, and then lipid was 

extracted using a Folch extraction.  The total liver TG and microsomal TG were measured using 

a Wako colormetric TG assay. 

Plasma liver enzymes measurements: Blood was collected from mice fed after 6 weeks of ASO 

treatment.  The blood was spun for 6 minutes at 12,000xG and plasma transferred and frozen.  

Plasma Asparatate Aminotransferase and Alanine Aminotransferase levels were measured using 

an assay kit from Diagnostic Chemicals Limited. 
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Statistics: Data are presented as mean ± standard deviation. Differences in the mean values 

between 2 groups were assessed by 2-tailed Student’s t test. Differences in mean values among 

more than 2 groups were determined by ANOVA. P < 0.05 was considered to be statistically 

significant. 
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Results 

3-week ASO treatment causes an increase in hepatic TG in apoB ASO as compared to control 

ASO:  As previously noted, we did not observe an increase in ER stress after 6 weeks of apoB 

ASO treatment.  This was very surprising because of the assumed increase in lipid trapped in the 

lumen of the ER. Therefore, we decided to examine what the liver phenotype of the apoB ASO-

treated mice was after just 3 weeks of treatment as compared to either control or MTP ASO-

treated mice.  Knockdown of hepatic MTP and apoB gene expression was comparable to that 

seen after 6 weeks of ASO treatment (data not shown).  VLDL-TG and apoB secretion were also 

decreased similarly to that seen after 6 weeks of ASO treatments. (Figure 3-1A,B) 

 

 

Figure 3-1.  ApoB and TG secretion is reduced by either apoB or MTP ASO treatment 

after 3 weeks.  apoB ASO reduced secretion of TG (A) and newly synthesized apoB (B) in 

apobec1 knockout mice. Triton WR1339 and 
35

S-methionine were injected IV and bloods 

obtained over the next 120 min. TG in plasma and liver were measured enzymatically.  ApoB 

was isolated by 4% SDS PAGE of the 120 min. plasma sample, and, bands were cut and 

counted. n=5 *p<0.05 

 

A. B. 
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However, unlike the absence of increased steatosis after 6 weeks of apoB ASO-treatment, there 

was a significant increase in hepatic TG levels after 3 weeks of apoB ASO as compared to 

control ASO treatment.  Importantly, there was no difference in hepatic TG levels between apoB 

and MTP ASO treatment at 3 weeks.  (Figure 3-2A)  This was confirmed by oil red O staining on 

liver sections which showed that apoB and MTP ASO-treated livers had similar size and number 

of lipid droplets.  H&E staining was also similar between the 3 groups.  (Figure 3-2C)  There 

was no difference in hepatic cholesterol levels in apoB ASO-treated mice as compared to control 

ASO which was similar to what was observed after 6 weeks of ASO treatment.  MTP ASO-

treated mice still showed elevated hepatic cholesterol levels as compared to both control and 

apoB ASO. (Figure 3-2B) 
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Figure 3-2.  MTP ASO and apoB ASO treatment increases hepatic TG  and cholesterol 

levels. Liver lipid was extracted from mice treated with control, MTP, or apoB ASO for 3 weeks.  

Liver TG (A) and liver cholesterol (B) was measured using colormetric assays from Wako and 

normalized to liver protein. n=13-14  *-  p<0.05 (C)  5 um liver sections were stained for neutral 

lipid using oil red o and H&E, representative images from 400x magnification .   

 

3 week of apoB ASO increases ER stress but has no effect on autophagy: In contrast to our 

findings after 6 weeks of apoB ASO treatment, we observed increases in markers of ER stress, 

including phos eIF2α and Grp78, in the apoB ASO-treated livers compared to both control and 

MTP ASO treatment.  (Figure 3-3)   

C. 

A. B. 
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Figure 3-3.  Increase in markers of ER stress in the apoB ASO-treated livers after 3 weeks 

of ASO. Liver homogenate was separated by SDS-PAGE and immunoblotted for phospho-

eIF2alpa, Grp78 and actin.  Representative blots shown, n=6. 

 

Also contrary to 6 weeks of treatment, there was no difference in levels of LC3B-II as measured 

by western blot either with or without lysosomal inhibitors in primary hepatocytes isolated from 

mice treated with either control or apoB ASO for 3 weeks.  (Figure 3-4A,B)  There was no 

difference in IF staining for LC3B (red) in apoB ASO treated livers as compared to either control 

or MTP ASO. (Figure 3-5)  In further studies performed by Dr. Tatyana Fedotova, a postdoc in 

the lab, there was no increase in autophagosome structures seen in EMs in the livers from the 3 

weeks apoB ASO-treated livers as compared to both control and MTP ASO-treated livers (data 

not shown).  Therefore, we concluded that there was no increase in autophagy after 3 weeks of 

apoB ASO treatment as compared to either control or MTP ASO.  We also did not see an 

increase in the co-localization of LC3B and calnexin in the apoB ASO-treated livers, indicating 

that there is not an increase specifically in autophagy of ER.  (Figure 3-6)     
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Figure 3-4.  No difference in LC3B-II protein in apoB ASO- treated primary hepatocytes 

after 3 weeks of treatment. Western blots of LC3B-I and LC3B-II (separated by SDS PAGE); 

the PE-linked LC3B-II runs faster on the gel. (A) Left gel, with normal lysosomal activity, was 

exposed for 1 min; right gel, with inhibition of lysosomes, was exposed was for 1 sec because 

with lysosomal inhibition both LC3B-I and LC3B-II were significantly increased.  

(B)Immunoblots of the non-treated LC3B-II bands were quantified using Image J densitometry, 

n=6.  *- p<0.05 

 

 

Figure 3-5.  No change in  total LC3B staining in control, MTP, or apoB ASO-treated liver 

sections. Livers from apobec1 KO mice treated with ASO for 6 weeks were fixed with formalin, 

paraffin embedded, and sliced into 5um sections, then incubated with Anti-LC3B Ab (Cell 

Signaling) overnight and then anti-rabbit IgG Alexa fluor555 (red) conjugated.  Sections were 

covered with Prolong Gold (Invitrogen) with DAPI stain (blue).  Pictures taken by a 

NikonA1RMP confocal microscope at 600x magnification.   

A. B. 
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Figure 3-6.  No co-localization of LC3B and calnexin in apoB ASO-treated livers after 3 

weeks of ASO treatment.  Liver sections were incubated with anti-LC3B ab (red) and anti-

calnexin ab  (green) and cover slipped with Immunogold with DAPI (blue).  Pictures were taken 

with Nikon A1RPM microscope at 600x magnification.  Increased LC3B is evident in a 

perinuclear position in apoB ASO treated liver (left panels). Calnexin is also slightly increased in 

apoB ASO treated liver (middle panels).  When the LC3B and calnexin stains are merged there is 

a clear co-localization  in apoB ASO treated liver (right panels). 

 

3 weeks of apoB ASO treatment increases FA oxidation but the increase is not delayed as seen 

after 6 weeks of apoB ASO treatment: We isolated primary hepatocytes from mice treated with 

either control or apoB ASO for 3 weeks.  We measured cell TG mass and found that similar to 

the whole liver, there was a significant increase in the apoB ASO-treated hepatocytes. (Figure 3-

7)  In order to determine if there was a difference in FA oxidation, we repeated several of the FA 
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labeling experiments that we performed on the 6 week ASO treated hepatocytes.  First, we 

measured FA oxidation in primary hepatocytes isolated from mice treated for 3 weeks with 

control or apoB ASO by once again labeling with 
14

C OA for 16 hrs followed by a 4 hr chase and 

found that there was a significant increase (90%) in the amount of 
14

CO2 and 
14

C ASM produced 

in the apoB ASO group as compared to control ASO. (Figure 3-8).    However, this increase was 

not as large as the increase previously observed at 6 weeks of treatment (350%) (data from 

Figure 2-23A).  In order to determine if the increase oxidation of the labeled FA is delayed as it 

was in the 6 week apoB ASO hepatocytes, we then labeled the cell with 
14

C OA for 2 hrs and 

measured the amount of 
14

CO2 and 
14

C ASM produced and found that there was a significant 

increase (73%) in FA oxidation in the apoB ASO-treated hepatocytes.  (Figure 3-9A)  This was 

in contrast to the 6 week ASO studies which showed no significant difference in oxidation after a 

2 hr label between control and apoB ASO. (Figure 2-6)  When the cells were chased with 

unlabeled media for 16 hrs (with media changed after 12 hours and then collected 4 hrs later), the 

amount of 
14

C OA oxidized between 12-16hr was increased 65% in the apoB ASO-treated 

hepatocytes treated for 3 weeks. (Figure 3-9B) During this same chase period in the 6 week ASO 

treated hepatocytes, there was a much greater increase of 300% in the apoB ASO-treated 

hepatocytes compared to control. (Figure 2-24) Taken together, these FA oxidation studies  show 

that after 3 weeks of ASO treatment, there is an increase in FA oxidation in the apoB ASO-

treated hepatocytes  but this increase is not as large as seen after 6 weeks of ASO treatment.   

This is consistent with the fact that there is an increase in liver TG and hepatocyte TG mass after 

3 weeks of apoB ASO treatment that is not seen at 6 weeks.  In addition, the increase in FA 

oxidation of the 
14

C OA in the 3 week apoB ASO-treated hepatocytes appears to occur at a 

constant rate across the 16 hr time course of our study, as opposed to the 6 week-treated mice 
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where the increase can only be observed after a several hour delay because the 
14

C OA has to 

travel through the autophagic pathway       

                              

Figure 3-7.  TG mass is increased in primary hepatocytes from 3 wk apoB ASO treated 

mice. Lipid was extracted from primary hepatocytes and TG mass was measured using a kit from 

Wako and normalized to total cell protein.  n=6, p<0.05 vs. control 

 

                                       

Figure 3-8.  Increase in FA oxidation of 14C OA in apoB ASO-treated hepatocytes after 3 

weeks of ASO treatment but not as great as after 6 weeks of ASO treatment.  (A) Primary 

hepatocytes were labeled with 
14

C OA for 16 hrs and then chased with unlabeled media for 4 hrs.  

The chase media was measured for the amount of 
14

CO2 and 
14

C ASM produced.  The counts 

were summed and normalized to cell protein. n=9 from 3 wk, n=15-18 from 6 wk ASO from 

Chapter 2  * p<0.05 vs. control ASO, #- p< 0.05 vs. 3 wk apoB ASO 
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Figure 3-9.  Increase in FA oxidation of 14C OA in apoB ASO-treated hepatocytes after 3 

weeks of ASO treatment both early and late.  (A) Primary hepatocytes were labeled with 
14

C 

OA for 2 hrs and then the label media was measured for the amount of 
14

CO2 and 
14

C ASM 

produced.  The counts were summed and normalized to cell protein . (B) Chase media was added 

to the hepatocytes for 12 hrs and then changed for another 4 hrs.  The amount of 
14

CO2 and 
14

C 

ASM produced during 12-16 hrs of chase was measured, n=9. *- p<0.05. 

  

To confirm that autophagy and the lysosome played no role in the increased FA oxidation 

observed after 3 weeks of administration of apoB ASO, the cells were treated with either 50uM 

chloroquine or 5mM 3-MA during the 16hr label and 4 hr chase periods.  There was no 

significant decrease in FA oxidation in either the chloroquine or 3-MA treated cells as compared 

to non-treated (NT) apoB or control ASO treated hepatocytes.  (Figure 3-10A,B)  Additionally, 

there was no increase in 
14

C labeled TG remaining in the cell with 3-MA treatment after the end 

of the chase period in either the control ASO cells or the apoB ASO cells, whereas we observed 

such an increase after 6 weeks of ASO treatment.  There was a non-significant increase 
14

C TG 

remaining after chloroquine treatment in the apoB ASO but this was accompanied by a 

significant increase in the control ASO group.  (Figure 3-10C)  This indicates that whatever 

A. B. 
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effect blocking the lysosome had on FA oxidation in cells from mice treated for 3 weeks with 

ASO, it was not unique to the apoB ASO treatment. 

 

 

 

                                    

Figure 3-10.  Inhibition of the lysosome and autophagy has no effect on FA oxidation in the 

apoB or control ASO-treated hepatocytes after 3 weeks of ASO.  Primary hepatocytes from 

apoB and control ASO-treated were labeled with 
14

C OA for 16hrs and then chased for 4 hrs 

with unlabeled media in the presence or absence of (A) 50uM chloroquine or (B) 5mM 3-MA 

after which the amount of 
14

CO2 and 
14

C ASM was measured and normalized to cell protein. (C) 

After the end of the chase period, lipid was extracted and the amount of 
14

C TG was measured 

and normalized to cell protein, n=9. * p<0.05 vs. NT 

 

A. B. 

C. 
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4.5 weeks of ASO treatment has an intermediate liver TG, ER stress and autophagy phenotype: 

When we looked at the intermediate time point of 4.5 weeks of ASO treatment after 6 weeks on 

HFD, we found that hepatic TG in the apoB ASO-treated mice had decreased from the level 

present at 3 weeks but was still increased from the levels present in 6 week treated mice.  On the 

other hand, liver TG of the control and MTP ASO-treated mice was did not change from 3 to 4.5 

to 6 weeks of ASO treatment (Figure 3-11). At the 4.5 week time point, the apoB ASO-treated 

liver TG is significantly higher than control ASO, and significantly lower than MTP ASO-treated 

liver TG.  This is confirmed in the oil red O staining for neutral lipid in liver sections which 

shows more lipid droplets in the apoB ASO livers than control ASO-treated livers but that these 

lipid droplets are smaller than those seen in the MTP ASO-treated livers. (Figure 3-12)  

               

Figure 3-11.  Liver TG decreases from 3 weeks to 6 weeks of apoB ASO treatment but is 

not changed with control or MTP ASO over the same period.  Liver lipids were extracted 

from mice treated with control, MTP, or apoB ASO for 3, 4.5, or 6 weeks and TG measured.  

n=13-14 for 3 wk ASO, n=4-7 for 4.5 wk ASO, n=12-15 for 6 wk ASO. * p<0.05 vs 3 wk ASO 
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Figure 3-12.  Liver TG is increased in apoB ASO mice as compared to control ASO but is 

significantly lower than MTP ASO treated mice. Representative images from 5 um frozen 

liver sections stained for neutral lipid using oil red o and H&E .  400x 

 

 In additional studies, we measured the ER stress marker Grp78 in the apoB ASO-treated mice 

and found that the levels of this protein varied among the individual mice but this variation was 

not seen in either the control or MTP ASO-treated mice.(Figure 3-13A ) This indicated that some 

of the mice retained the ER stress response seen after 3 weeks of treatment while others looked 

more like the 6 week apoB ASO-treated livers where there was no ER stress.   Additionally, IF 

staining for LC3B was also variable in the apoB ASO-treated livers with some mice having an 

increase in LC3B staining as compared to control and MTP ASO similar to what was observed 

after 6 weeks of ASO while others did not differ from control or MTP ASO (Figure 3-13B) The 

control and MTP ASO livers did not show variability in LC3B staining.  The data from the 4.5 

weeks livers suggests that there is a transition from ER stress seen at 3 weeks to the initiation of 

autophagy seen by 6 weeks of ASO treatment. 
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Figure 3-13.  4.5 weeks of apoB ASO results in a mixture of both ER stress and autophagy.  
Mice were treated for 4.5 weeks with either control, MTP, or apoB ASO. (A) Liver homogenate 

was separated by SDS-PAGE and immunoblotted for Grp78 and actin.  Representative blots 

shown, n=4-7  (B)Livers were fixed with formalin, paraffin embedded, and sliced into 5um 

sections, then incubated with Anti-LC3B Ab (Cell Signaling) overnight and then anti-rabbit IgG 

Alexa fluor555 (red) conjugated.  Sections were covered with Prolong Gold (Invitrogen) with 

DAPI stain (blue).  Pictures taken by a NikonA1RMP confocal microscope at 600x 

magnification. 

 

Inhibition of autophagy using Atg7 ASO: Since we observed increased lipid accumulation after 3 

weeks of apoB ASO with evidence of ER stress but no autophagy,  we decided to inhibit 

autophagy starting after 3 weeks of apoB ASO treatment to see if we could prevent the loss of 

lipid accumulation observed after 6 weeks of treatment.  We hypothesized that inhibition of 

autophagy in apoB ASO mice would cause an increase in liver TG due to a decrease in oxidation 

of ER lipids that must travel through the autophagic pathway.   All mice were placed on HFD for 

6 weeks and then injected with either control or apoB ASO alone for the 3 weeks.  After 3 

weeks, half of the mice continued to receive control or apoB ASO only for the final 3 weeks 

A. 

B. 
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while the other half were injected with ASO to Atg7 in addition to the control or apoB ASO for 

the final 3 weeks.  Atg7 is a protein that is necessary for the formation of LC3B-II and thus is 

essential for initiation of autophagy. Primary hepatocytes were isolated from the 4 groups of 

mice: control ASO, control+Atg7 ASO, apoB ASO, and apoB+Atg7 ASO after 6 weeks of total 

treatment.  We first measured mRNA levels of both apoB and Atg7 in the hepatocytes to confirm 

knockdown.  There was 80% and 92% knockdown of apoB mRNA in the apoB ASO and 

apoB+Atg7 ASO groups respectively. (Figure 3-14A)  Atg7 message was reduced 75% in the 

control-Atg7 ASO group as compared to control but this did not reach significance.  Atg7 

mRNA was lowered significantly by 82% in the apoB-Atg7 ASO as compared to control ASO.  

The apoB ASO group had significantly increased Atg7 mRNA levels as compared to all 3 of the 

other group, most likely due to the increase in autophagy in the apoB ASO-treated livers. (Figure 

3-14B)  Prior to beginning the perfusion to isolate the primary hepatocytes, we noticed a marked 

liver phenotype in the apoB-Atg7 ASO mice in that their livers were visually much larger than 

the apoB ASO livers or either the control or control+Atg7 ASO livers.  (Figure 3-15) We 

hypothesized that the increase in liver size could be due to an increase in hepatic TG.  However, 

when we measured the amount of TG present in the primary hepatocytes isolated from the mice, 

we found that there was no difference between the 4 groups. (Figure 3-16) 
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Figure 3-14.  Hepatic apoB and Atg7 expression was effectively decreased by apoB and 

Atg7 ASO respectively.  Primary hepatocytes were isolated from mice treated with control or 

apoB ASO for 6 weeks with or without Atg7 ASO for the final 3 weeks.  RNA was extracted 

from hepatocytes, reverse transcribed to cDNA, and qRT-PCR was performed using SYBR 

green master mix for apoB(A) and Atg7 (B) expression levels.  Data are normalized to β-actin 

levels and presented as a percentage of the control group, n=6.  *- p<0.05 vs. control, #- p<0.05 

vs. apoB 

 

 

 

Figure 3-15.  Knockdown of Atg7 increases liver size in the apoB ASO- treated mice but 

not control ASO-treated mice.  Pictures taken of livers prior to primary hepatocytes isolation 

from mice treated with control or apoB ASO for 6 weeks with or without Atg7 ASO for the final 

3 weeks. 

A. 
B. 
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Figure 3-16.  TG mass is not different in control or apoB ASO-treated hepatocytes with or 

without Atg7 ASO. Lipid was extracted from primary hepatocytes isolated after 6 weeks of 

ASO treatment and TG mass was measured using a kit from Wako.  n=6  

 

We next measured FA oxidation by once again labeling the cells with 14C OA for 16hrs 

followed by a 4 hr chase and counting the amount of 14C CO2 and ASM produced.  Under these 

conditions, as previously observed, there was a significant increase in FA oxidation in the apoB 

ASO group as compared to the control ASO group.  There was a small but significant decrease in 

the amount of oxidation measured in the control-Atg7 ASO hepatocytes versus control ASO.  

Surprisingly, there was a significant decrease in oxidation of the 
14

C OA in the apoB-Atg7 ASO 

group as compared to apoB ASO only hepatocytes.  (Figure 3-17A)  If there was a decrease in 

FA oxidation in the apoB-Atg7 ASO-treated hepatocytes, then there should have been an 

increase in cell TG mass, but we did not observe this.  Therefore, we repeated the time course 

FA oxidation study where the cells are labeled for 2 hrs with 
14

C OA and then chased with 

unlabeled media for 20hrs, changing the media every 4 hrs and measuring 
14

CO2 and 
14

C ASM 

during each 4 hr period.  We replicated the previous results in the apoB ASO hepatocytes, which 

showed a delayed increase in the oxidation of 
14

C OA as compared to control ASO.  On the other 
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hand, there was an increase in FA oxidation in the apoB-Atg7 ASO-treated hepatocytes during 

the early time periods as compared to the three other groups including apoB ASO only.  (Figure 

3-17B) When the total amount of 
14

C OA oxidized over the entire chase period, there was a 

significant increase in FA oxidation in both the apoB and apoB-Atg7 ASO groups as compared 

to control and control-Atg7 ASO groups.  However, there was no significant difference in the 

total amount oxidation between the apoB ASO and apoB-Atg7 ASO groups.  (Figure 3-17C) The 

only difference was the time course of the oxidation, indicating that the lipid being oxidized in 

the apoB-Atg7 ASO group did not have to traverse the pathway of autophagosomes to 

autophagolysosomes before becoming available for oxidation.  When we measured the amount 

of 
14

C TG that was in the cell at the end of the 2 hr label, there was a significant decrease in 

amount of labeled TG in the apoB-Atg7 ASO-treated hepatocytes.  (Figure 3-17D) This points to 

the possibility that the 
14

C OA is being immediately oxidized when taken up by hepatocytes in 

these livers with inhibited autophagy. 

                                   

Figure 3-17.  Inhibition of autophagy caused a decrease in FA oxidation of 
14

C OA in apoB 

ASO-treated hepatocytes after a 16 hr label.  (A) Primary hepatocytes were labeled with 
14

C 

OA for 16 hrs and then chased with unlabeled media for 4 hrs.  The chase media was measured 
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for the amount of 
14

CO2 and 
14

C ASM produced.  The counts were summed and normalized to 

cell protein. n=9   Groups with different superscript letters are significantly different (p < 0.05).    

 

 

                     

 

Figure 3-18.  Time course FA oxidation shows a delayed increase in oxidation of labeled FA 

in the apoB ASO-treated hepatocytes but an immediate increase in FA oxidation in the 

apoB-Atg7 ASO hepatocytes.  (A) Primary hepatocytes were labeled with 
14

C OA for 2 hrs and 

then an unlabeled chase media was added and collected every 4 hrs for 16 hrs.  The amount of 
14

CO2 and 
14

C ASM was summed and normalized to total cell protein.  (B) The total amount of 
14

C OA oxidized over the 16 hr time points was summed.  (C) other hepatocytes were also 

labeled for  2 hrs with 
14

C OA after which cell lipid was extracted, separated by TLC, and 

A. 

B. C. 
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visualized by iodine.  The amount of 
14

C TG present in the cells was counted (CPM) and 

normalized to total cell protein.  n=6 * p<0.05 vs. control or control-Atg7 ASO 

  

In order to study the in vivo effects of Atg7 knockdown on apoB ASO-treated livers, we once 

again injected the mice with apoB and apoB-Atg7 ASO.  Western Blot analysis showed that 

there was a dramatic decrease in Atg7 protein in the apoB-Atg7 ASO group.   A decrease in 

autophagy was confirmed by an accumulation of LC3B-I and the absence of LC3B-II meaning 

that there was reduced autophagosome formation and LC3B-I was not able to be converted to 

LC3B-II and degraded  We also observed an accumulation of P62, a protein that is specifically 

degraded by autophagy. (Figure 3-19A)  The addition of Atg7 ASO did not affect TG secretion 

in apoB ASO-treated mice.  There was also no effect of Atg7 knockdown on TG secretion in the 

control ASO-treated mice (Figure 3-19B).  The apoB-ATG7 ASO livers were significantly larger 

than the apoB-ASO livers as previously observed.  (Figure 3-19C) However, similar to the 

measurements in the primary hepatocytes, this increase in liver weight was not due to an increase 

in liver TG levels which did not differ between the 2 groups. (Figure 3-19D)   
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Figure 3-19.  Atg7 ASO inhibits autophagy in apoB ASO-treated mice but has no effect on 

either TG secretion or liver TG despite an increase in liver weight. Apobec1 KO mice were 

treated with apoB ASO for 6 weeks and either control or Atg7 ASO for the final 3 weeks (A)  

Liver homogenate was run on an SDS-PAGE and immunoblotted for Atg7, LC3B, P62, and 

actin.  (B) Triton WR1339 were injected IV and bloods obtained every 30 minutes over the next 

120 min. and plasma TG levels were measure, n=2-3 (C)  Livers were weighed at time of 

euthanization, n=5=6.  (D)  Liver lipids were extracted and TG was measured using a 

colormetric assay (Wako), n=5-6. *p<0.05 vs. apoB ASO alone  

 

The loss of autophagy in the apoB ASO-treated mice did result in an increase in markers of ER 

stress phos eIF2a and Grp78.  (Figure 3-20A)   It was also accompanied by an increase in several 

markers of apoptosis including cleavage of caspase 3, caspase 6, caspase 9, and caspase 12. 

B. 

A. 

C. D. 
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(Figure 3-20B)  When we measured plasma ALT and AST levels there was an insignificant 

increase in the apoB-Atg7 ASO-treated mice indicative of an increase in liver dysfunction 

compared to  apoB ASO alone, control ASO, or control-Atg7.  (Figure 3-21A,B)  We concluded 

that the increase in autophagy of the ER in the apoB ASO-treated hepatocytes that occurs 

between 3 and 6 weeks of ASO treatment is protective.  Failure to up regulate ER autophagy 

after 3 weeks of treatment causes a persistence of the ER stress that is observed after 3 weeks of 

treatment.  However, the ER stress is unable to ameliorate the problems caused by the lipid filled 

ER and therefore we begin to observe an initiation of cell death after 6 weeks of apoB ASO 

treatment in the absence of Atg7. 

 

Figure 3-20.  Knockdown of Atg7 in apoB ASO-treated mice increases ER stress and 

induction of apoptosis.  (A)  Liver homogenate was run on a 10% SDS-PAGE and 

immunoblotted for ER stress markers Grp78, phos eiF2α, and actin.  (B) Liver homogenate was 

run on 8 or 12% SDS-PAGE and immunoblotted for markers of apoptosis, either total or 

cleaved. 

 

 

B. A. 
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Figure 3-21.  Plasma liver enzymes levels.  Plasma from mice treated with either control, 

control+Atg7, apoB, or apoB+Atg7 ASO was measured for (A) asparatate aminotransferase 

(AST) levels and (B) alanine aminotransferase (ALT)levels assay kit from Diagnostics 

Chemicals limited, n=3. 

 

Inhibition of lysosomal degradation using chloroquine in vivo increases liver TG in the apoB 

ASO-treated mice:  Our previous experiments in primary hepatocytes from control and apoB 

ASO-treated mice showed that treatment with chloroquine blocked the increase in FA oxidation 

in the apoB ASO group and resulted in an accumulation of 
14

C labeled TG in the cell.  We were 

also able to detect a slight increase in cell TG mass in the apoB ASO cells.  We hypothesized 

that in vivo administration of chloroquine to apoB ASO-treated mice would block the release of 

FA from the lysosome and thus reduce FA oxidation in vivo, resulting in an increase in liver TG 

as compared to saline-treated apoB ASO mice.  We also predicted that there would be no effect 

of chloroquine on liver TG or cholesterol in the control or MTP ASO-treated mice.   Therefore, 

we once again injected mice that had been fed with HFD for 6 weeks with 50mg/kg of either 

control, MTP, or apoB ASO biweekly for 6 weeks and then injected the mice with either saline 

or 60mg/kg chloroquine daily for 3 days[202].  Chloroquine treatment had no effect on liver 

weight in any of the 3 ASO treated groups.  (Figure 3-22A)  There was no significant change in 

B. A. 
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liver TG or cholesterol with chloroquine treatment in control, MTP, or apoB ASO-treated mice.  

(Figure 3-22C,D)  The Oil Red O and H&E staining confirmed the lack of change in liver lipid 

(Figure 3-23A, B)  .  We then did western blots to measure the relative levels of p62, a protein 

that is specifically degraded by autophagy and should accumulate if autophagy mediated 

degradation in the lysosome is inhibited.  There was no increase in p62 levels with 3 days 

chloroquine treatment indicating that lysosomal degradation was not inhibited in these mice. 

(Figure 3-22B)   

            

 

Figure 3-22.  3 days of chloroquine treatment does not affect hepatic TG or cholesterol 

levels.  apobec1 KO mice injected with ASO to control, MTP, or apoB for 6 weeks and then 

injected once daily i.p. with either saline or 60mg/kg chloroquine for 3 days.  (A) Livers were 

weighed at time of euthanization (B) Liver homogenate was run on an 8% SDS-PAGE gel and 

immunoblotted for p62 and actin.  Lipid was extracted from livers and the amount of TG (C) and 

cholesterol (D) were measured and normalized to liver protein.  n=3 

 

B. 

A. 

C. D. 
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Figure 3-23.  3 days of chloroquine treatment does not affect hepatic lipid levels or 

histology.  apobec1 KO mice injected with ASO to control, MTP, or apoB for 6 weeks and then 

injected once daily i.p. with either saline or 60mg/kg chloroquine for 3 days.  Livers were fixed 

in formalin and then transferred to 30% sucrose.  5 micron frozen liver sections were stained for 

either oil red O or H&E.  Representative images at 400x. 

 

We hypothesized that 3 days of chloroquine treatment was not sufficient to inhibit lysosomal 

degradation and potentially cause an accumulation of liver lipids. Therefore we repeated the 

B. 

A. 
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study using 10 days of chloroquine treatment in mice treated with control and apoB ASO for 6 

weeks.   The apoB ASO mice had significantly higher liver weights as compared to control ASO 

treatment as previously observed.  This was true whether the mice were treated with chloroquine 

or saline.  Mice treated with chloroquine had a significant decrease in total liver weight as 

compared to saline treated mice in both the control and apoB ASO-treated mice (Figure 3-24A) .  

Examination of H&E staining in liver sections showed that the decrease in liver weight in the 

apoB ASO-treated mice might be due to a decrease in hepatocyte size. (Figure 3-24B)   
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Figure 3-24.  10 days of chloroquine treatment decreases liver weight of both control and 

apoB ASO-treated livers.  apobec1 KO mice injected with ASO to control, MTP, or apoB for 6 

weeks and then injected once daily i.p. with either saline or 60mg/kg chloroquine for10  days.  

(A) livers were weighed at time of euthanization n=3  (B) Representative images from H&E 

staining performed in 5um frozen liver sections  400x 

 

Despite the decrease in liver weight, there is a strong trend to increased liver TG in the 

chloroquine treated apoB ASO mice as compared to saline alone.  While the increase was 33%, it 

did not reach significance (p=0.07). (Figure 3-25A)   Liver cholesterol was not significantly 

B. 

A. 



129 
 

changed by chloroquine treatment in either the control or apoB ASO-treated mice. (Figure 3-

24B)    The increase in liver TG was observed by oil red O staining which showed more and 

larger lipid droplets present in the chloroquine treated apoB ASO livers as compared to the other 

3 groups. (Figure 3-25C)   We concluded that inhibition of lysosomal degradation using 

chloroquine increased hepatic TG content in apoB ASO-treated mice in vivo further 

demonstrating that increased degradation of TG in the lysosomal is necessary to prevent lipid 

accumulation. 
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Figure 3-25.  10 days of chloroquine treatment increased hepatic TG levels in apoB ASO 

treated livers.  apobec1 KO mice injected with ASO to control, MTP, or apoB for 6 weeks and 

then injected once daily i.p. with either saline or 60mg/kg chloroquine for 10  days.  Lipid was 

extracted from livers and the amount of TG (A) and cholesterol (B) were measured and 

normalized to liver protein.  n=3 for control ASO, n=5-6 for apoB ASO (C)  Representative 

images from oil red O staining performed on 5um frozen liver sections.  400x 

 

Inhibition of ER stress using PBA:  We hypothesized that the lipid induced ER stress observed 

after 3 weeks of apoB ASO treatment might be necessary to signal autophagy.  We predicted that 

B. A. 

C. 
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blocking the unfolded protein response after 3 weeks of apoB ASO treatment might prevent 

stimulation of autophagy and we would therefore see an increase in liver TG at 6 weeks.  

Apobec1 KO mice were placed on a HFD for 6 weeks and then treated with 50mg/kg ip 

biweekly of control or apoB ASO for 6 weeks.  After 3 weeks of ASO treatment, the mice were 

gavaged daily with either water or 4-phenylbuterate (PBA) daily for the final 3 weeks.   It 

appears that the stress of the daily gavage affected the mice adversely, as liver TG measurements 

showed consistently higher levels in the apoB ASO treated mice compared to the control ASO 

group,  in contrast to all of the previous results.  This increase was present with or without PBA 

treatment but there was a great variability in both groups and no difference between them 

overall. (Figure 3-26A,B)  Unfortunately, it was not possible to determine if the PBA had in fact 

suppressed ER stress because, if it did, there would be a reduction in markers of ER stress at the 

end of the 6 weeks of treatment, which is what we had seen at 6 weeks in prior experiments 

without PBA.   

 

 

Figure 3-26.  PBA did not significantly alter hepatic TG  and cholesterol levels in either 

control or apoB ASO-treated mice. Mice treated with control or apoB ASO for 6 weeks were 

gavaged twice daily with either saline (NT) or PBA for the final 3 weeks. Liver lipid was 

A. B. 
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extracted and liver TG (A) and liver cholesterol (B) was measured using colormetric assays from 

Wako and normalized to liver protein, n=3. 

 

Interestingly, when we performed IF staining for LC3B on the apoB ASO-treated liver sections, 

we observed was an inverse correlation of liver TG with LC3B levels.  Those mice with high 

liver TG had low levels of LC3B staining while those with lower TG levels had higher levels of 

LC3B.  This was also true of the LC3B and calnexin co-staining in the apoB ASO treated mice.  

There was no change in either LC3B or liver TG seen in the control ASO mice with or without 

PBA.  (Figure 3-27)  These results, with all caveats understood, support the idea that the increase 

in autophagy, specifically autophagy of the ER, is responsible for the lack of liver lipid 

accumulation in the apoB ASO-treated mice. 
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Figure 3-27.  Co-localization of LC3B and calnexin correlated with liver TG levels in apoB 

ASO-treated livers regardless of PBA treatment but not control ASO.  Liver sections were 

incubated with anti-LC3B ab (red) and anti-calnexin ab  (green) and cover slipped with 
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Immunogold with DAPI (blue).  Pictures were taken with Nikon A1RPM microscope at 600x 

magnification.  Increased LC3B is evident in a perinuclear position in apoB ASO treated liver 

(left panels). Calnexin is also slightly increased in apoB ASO treated liver (middle panels).  

When the LC3B and calnexin stains are merged there is a clear co-localization in apoB ASO 

treated liver (right panels). 

 

Combined MTP-apoB ASO:  Since our model of increased autophagy of lipid filled  ER is reliant 

on the fact that MTP is transferring the lipid into the lumen of ER where it becomes trapped, we 

hypothesized that if MTP and apoB message were both knocked down at the same time, there 

would not be accumulation of lipid in the ER, autophagy of the ER would not be induced, and 

there would be similar liver lipid accumulation as with MTP knock down alone.  Therefore, we 

once again injected apobec1 KO mice ip with 75mg/kg of control ASO, 37.5mg/kg of MTP ASO 

and 37.5mg/kg control ASO, 37.5mg/kg of apoB ASO and 37.5mg/kg control ASO, or 

37.5mg/kg of MTP ASO and 37.5mg/kg apoB ASO ip for 6 weeks.  The liver TG and 

cholesterol levels were similar to previous results for control, apoB, and MTP ASO-treated mice 

with only MTP ASO-treated mice having elevated liver lipid.  The combined apoB-MTP ASO-

treated livers had, however, an intermediate liver TG phenotype that was significantly different 

than both the MTP ASO and apoB ASO groups. (Figure 3-28A)  On the other hand, liver 

cholesterol levels in the combined apoB-MTP ASO group was not different than MTP ASO-

treated mice, but were significantly increased as compared to either the control or apoB ASO 

groups (Figure 2-28B).  Oil red o staining for neutral lipid and H&E staining appear to confirm 

these biochemical measurements.  (Figure 3-28C)  These data suggest that the absence of MTP 

in the apoB ASO treated mice affects hepatic lipid accumulation and that the transfer of lipid into 

the lumen of the ER by MTP is important for the effect of apoB ASO in preventing hepatic 

steatosis.   
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Figure 3-28.  Combined apoB and MTP ASO treatment increased hepatic TG and 

cholesterol levels as compared to apoB ASO treated livers.  apobec1 KO mice injected with 

ASO to control, MTP, or apoB for 6 weeks. Lipid was extracted from livers and the amount of 

TG (A) and cholesterol (B) were measured and normalized to liver protein.  n=4  (C)  

Representative images from oil red O staining and H&E staining performed on 5um frozen liver 

sections.  400x 

 

We next investigated whether the combination of apoB and MTP knockdown would reduce the 

amount of autophagy present as compared to apoB ASO alone.  We performed IF staining for 

LC3B on liver sections from the 4 groups.  The LC3B staining in the combined apoB-MTP ASO 

A. B. 

C. 
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group appeared similar to both control and MTP ASO groups and less than the apoB ASO-

treated livers.  (Figure 3-29)  However, the LC3B staining in the apoB ASO treated mice alone is 

not as striking as in previous results as there is not an increase in the perinuclear localization of 

the LC3B.  Therefore, it was not possible to draw a definitive conclusion about the respective 

levels of autophagy in the combined apoB-MTP ASO-treated mice as compared to apoB ASO 

only.  However, the apparent decrease in total LC3B staining,  together with the increase in liver 

TG and cholesterol data indicates that the entry of lipid into the lumen of the ER by MTP is 

crucial to both the stimulation of autophagy and the lack of lipid accumulation in the apoB ASO-

treated livers, consistent with our model. 

 

Figure 3-29.  Total LC3B staining in combined apoB-MTP ASO livers is not different than 

control or MTP ASO alone and is less than apoB ASO-treated liver. Livers from apobec1 

KO mice treated with ASO for 6 weeks were fixed with formalin, paraffin embedded, and sliced 

into 5um sections, then incubated with Anti-LC3B Ab (Cell Signaling) overnight and then anti-

rabbit IgG Alexa fluor555 (red) conjugated.  Sections were covered with Prolong Gold 

(Invitrogen) with DAPI stain (blue).  Pictures taken by a NikonA1RMP confocal microscope at 

600x magnification. 

 

Microsomal TG content: Since our model is based on the accumulation of lipid in the lumen of 

the ER, we attempted to show that there is more TG present in the microsomal fraction of the 
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hepatocytes of the apoB ASO-treated livers as compared to control or MTP ASO-treated livers.  

We injected mice that had been fed a HFD for 6 weeks with 50mg/kg of ASO biweekly for either 

3, 4.5, or 6 weeks.  After the mice were euthanized, an approximately 100 mg  piece of liver was 

snap frozen in liquid nitrogen for total liver TG measurement while another 100 mg piece of 

liver was immediately homogenized and following a low speed spin to remove the nuclei, the 

microsome fraction was isolated from the cytosolic fraction  using an S100 spin.  The 

microsomal pellet was resuspended in PBS and lipid was extracted.  The total amount of TG was 

measured from each sample.  The total liver TG for 3, 4.5 and 6 weeks was similar to the pattern 

seen in Figure 3-11 but did not reach significance due to a low sample number. (Figure 3-30A)   

However, there was no difference in microsomal TG content between the 3 ASO groups at any 

of the time points.  (Figure 3-30B) 

 

Figure 3-30.  Microsomal TG mass was not significantly altered in mice treated with 

control, MTP, or apoB ASO for either 3, 4.5, or 6 weeks.  Livers from apobec1 KO mice 

treated with ASO for 3, 4.5 or 6 weeks were either (A) snap frozen, homogenized in PBS, and 

folch lipid extraction performed or (B) homogenized freshly in sucrose hepes buffer using a 

Dounce homogenizer and centrifuged at 900xg for 10 minutes.  The supernatent was transferred 

and centrifuged at 100,000xg for 1 hr.  At the end of the spin the supernatent (cytosolic fraction) 

was removed and the pellet (microsomal fraction) was resuspended in PBS and folch lipid 

extraction was performed.  All lipid extract was measured using a colormetric assay from Wako 

and normalized to total liver protein, n=3/group/time point. 

 



138 
 

Discussion 

 

 Studies using apoB ASO for only 3 weeks demonstrated that this duration of treatment 

was sufficient to knockdown both apoB mRNA expression and VLDL secretion similarly to that 

seen at 6 weeks of treatment.  However, unlike after 6 weeks of apoB ASO, there was a 

significant increase in liver TG as compared to control ASO.  There is an increase in staining of 

neutral lipid by oil red O but it is not clear where the additional lipid is located.  Also in contrast 

to 6 weeks of treatment, there was no increase in autophagy of the ER but there was an increase 

in ER stress.  Based on our model described after 6 weeks of apoB ASO treatment, it is plausible 

that the excess lipid is located in the lumen of the ER and this lipid is what is causing the ER 

stress by interfering with proper protein folding.  There is an increase in FA oxidation after 3 

weeks of apoB ASO that is not as large as observed after 6 weeks and is also not dependent on 

autophagy or lysosomal degradation.  The intermediate treatment time point of 4.5 weeks 

showed an intermediate liver TG phenotype and also a combination of ER stress and autophagy.  

This suggests that there is a transition from ER stress to autophagy of ER that occurs sometime 

between 3 and 6 weeks of apoB ASO treatment.  We hypothesized that lipid in the lumen of the 

ER induces ER stress and turns on the UPR.  However, the UPR is unable to correct the stress 

caused by the accumulation of lipid in the ER and thus autophagy of the ER is necessary to 

remove the lipid and protect the function of the ER. 

 We then decided to see what would occur if we blocked the initiation of autophagy 

starting after 3 weeks of apoB ASO treatment by using an ASO to Atg7, which is necessary for 

the lipidation of LC3B-II.  Our initial hypothesis was that blocking autophagy would cause an 

increase in liver TG and a decrease in FA oxidation compared to mice treated with only apoB 
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ASO for 6 weeks.  However, we did not find an increase in liver TG in the apoB-Atg7 ASO-

treated mice despite a significant increase in liver size.  Additionally, there was the same amount 

of total FA oxidation, but this oxidation of the labeled FA was not delayed as it was in the apoB 

ASO only hepatocytes.  In fact, it appears that more of the label is oxidized without being stored 

in lipid droplets and probably does not enter the ER for secretion.  We also found that the ER 

stress that was observed after 3 weeks of apoB ASO treatment persisted in the absence of 

autophagy.  However, the ER stress was still not be able to clear the presumed lipid trapped in 

the lumen of the ER and, as a consequence, there was an increase in several markers of 

apoptosis.  Of note, there was an increase in the cleavage of caspase 12 which has been shown to 

be specifically induced by ER stress[203, 204].  It appears that blocking autophagy in apoB 

ASO-treated mice results in prolonged ER stress that leads to ER dysfunction and the induction 

of apoptosis in the hepatocyte.  The increase in apoptosis could be responsible for the increase in 

hepatocyte size seen in the apoB-Atg7 ASO mice but not the control-Atg7 ASO.  Perhaps if we 

blocked autophagy for a shorter period, we would observe what we initially hypothesized: an 

increase in liver TG and a decrease in FA oxidation of lipid that cannot travel through the 

autophagic pathway, as was observed in the primary hepatocytes treated with 3-MA and 

chloroquine.  The increase in liver size in the apoB-Atg7 ASO-treated mice is similar to what 

was observed in the induced liver specific Atg7 knockout mice after 20 days[169].  However, we 

did not see the same increase in liver size in the control-Atg7 ASO- treated mice.  The 

explanation for this could be that since the mice are on a high fat diet for 12 weeks, the basal 

level of autophagy of all cargo including lipids is suppressed[173, 174].   Therefore, the 

phenotype of autophagy inhibition is not as prominent as in the apoB ASO-treated mice where 

there is a obvious up-regulation of autophagy even in the fed state.  
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 To see if we could replicate the in vitro effects of chloroquine in the apobec1 KO mouse, 

we injected mice with chloroquine after 6 weeks of control or apoB ASO treatment.  We 

predicted that this approach would be less harmful to the cell because autophagy of the ER could 

still occur, so lipid would not be retained in the ER.  Rather, only lysosomal degradation would 

be inhibited and lipid trapped in the lysosome.  In this case, the livers might  appear similar to 

livers in patients with lysosomal storage disease which is caused by a defect in lysosomal acid 

lipase[205, 206].  Chloroquine treatment resulted in a trend towards an increase in liver TG in 

the apoB ASO-treated mice but not the control ASO-treated mice.   

 There have been several studies that showed that induction of ER stress can also up 

regulate autophagy and pathways of the UPR are required to be activated for this response[175, 

176, 179].  Since we have a model where ER stress is followed by ER autophagy, we 

hypothesized that perhaps the ER stress response directly signaled initiation of autophagy.  To 

investigate this possibility, we attempted to inhibit ER stress after 3 weeks of ASO treatment by 

administering PBA, a chemical chaperone which acts to decrease ER stress, for the final 3 weeks 

of ASO[75].   Unfortunately, there was a flaw in this approach because we would be unable to 

determine if the PBA was successful (or not) in reducing ER stress starting at 3 weeks of ASO 

treatment:  At the end point of the experiment at 6 weeks, there would be no evidence of ER 

stress with or without treatment.  A better approach to this experiment would be to use a genetic 

model of reduced ER stress such as the liver specific PERK knockout mouse to determine if an 

ER stress response is necessary for induction of ER autophagy[207].  

 We also attempted to show that the there is in fact lipid trapped in the lumen of the ER 

which can only be removed by autophagy of that organelle and its contents.  We did note the 
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presence of swollen ER in the EMs images from 6 week apoB ASO-treated livers but lacked 

direct evidence of lipid in the ER.  To examine this important issue, we first knocked down both 

MTP and apoB in a group of mice using ASOs for 6 weeks and compared them to mice with 

either apoB only knockdown or MTP only knockdown.  We hypothesized that the combined 

apoB-MTP knockdown would have a similar liver lipid and autophagy phenotype as the MTP 

only knockdown because, in both models, MTP would not be present and, therefore, there would 

be no transfer of lipid into the lumen of the ER where it would otherwise be  "trapped".  Thus, 

autophagy of the ER would not be stimulated and the lipid would instead be stored in cytosolic 

lipid droplets.  The combined apoB-MTP knockdown did have significantly higher liver TG and 

cholesterol as compared to the apoB knockdown alone.  While the liver TG in the combined 

apoB-MTP is still significantly lower than in the MTP alone knockdown, there was no difference 

in liver cholesterol between the two groups.  When we stained for LC3B in liver sections as a 

measure of autophagy, we did find that there was less LC3B in the combined apoB-MTP 

knockdown as compared to the apoB only knockdown.  This is evidence that the transfer of lipid 

into the lumen by MTP is responsible for the increase in autophagy and lack of lipid 

accumulation in the apoB knockdown livers.  

  In an attempt to directly show that there was more lipid in the ER, we isolated the 

microsomal fraction and measured the amount of TG present in the livers of mice treated for 

either 3, 4.5, or 6 weeks with control, MTP, or apoB ASO.  Under the conditions that we used, 

the microsomal fraction included the ER, Golgi, mitochondria, lysosomes, and autophagosomes.  

We expected that there would be more lipid in the microsomal fraction in the apoB ASO-treated 

livers because there was more lipid in the ER, autophagosomes, and lysosomes at the 6 week 

time period as it moves through the autophagic pathway.  At the 3 week time period, since there 
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is no increase in autophagy, we expected that most of the lipid would be in the ER.  At either of 

those time points as well as at 4.5 weeks, we predicted that there would be an increase in TG in 

the microsomal fraction.  However, we did not observe a difference a difference between any of 

the ASO treated groups at any of the time points.  There could be several explanations for this 

results.  There could be a methodological problem because in all groups the amount of TG was 

less than 5% of the total liver TG.   This amount could be too small to accurately measure small 

differences in TG mass using an enzymatic assay. It is possible that these smaller differences 

could be detected using mass spectrometry.  Since these mice were on a HFD for 12 weeks there 

was also a great deal of lipid present in the whole liver and most of this was located in the 

cytosolic fraction.  It was difficult to remove all of the lipids in the cytosolic fraction without 

disturbing or contaminating the microsomal pellet, suggesting that there might also be problems 

in accuracy in the measurements.  Perhaps, this problem could be solved by using additional 

spins before the S100 spin to remove some of the excess cytosolic lipid or to further remove the 

mitochondria and autophagosomes so that the resulting pellet will contain mostly ER.  However, 

with this approach, it might be difficult to detect differences in ER TG content at 6 weeks 

because there would be constant flux of lipid from the ER into the autophagic pathway.  

However, in 3 week apoB ASO-treated livers, we would predict that there would be an increase 

in ER lipids, since there is ER stress but no autophagy. 

 These studies using apoB ASO to inhibit VLDL secretion reveal a model in which ER 

stress is first triggered and then ER autophagy.  The lipid that enters the ER to be secreted on a 

VLDL particle becomes trapped in the lumen of the ER because there are not enough apoB 

proteins to form VLDL particles and cannot return to be stored in cytosolic lipid droplets.  This 

excess lipid in the lumen of the ER causes proteins to misfold and stimulates ER stress and the 
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UPR.  However, the UPR is unable to ameliorate the ER stress because it cannot remove the 

lipid.  Autophagy of the ER is then initiated which can remove the dysfunctional ER and its lipid 

contents for degradation by the lysosome.  This action probably protects the cell by allowing for 

proper ER function. The mechanism by which the cell switches from ER stress to ER autophagy 

is not known but this model could be used to further study this process.  If the initiation of 

autophagy is blocked, the ER stress persists but the lipid remains trapped in the ER and apoptosis 

is triggered because the hepatocyte cannot function properly.  Further studies using apoB ASO 

could help to elucidate these pathways.  
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Figure 3-30.  

Model of the 

progression of 

apoB ASO-treated 

livers from ER 

stress to ER 

autophagy. 

(A)  3 weeks of 

apoB ASO results 

in an 

accumulation of 

TG in the lumen of 

the ER which 

causes misfolded 

proteins to build 

up and induce an 

ER stress response 

(B) 6 weeks of 

apoB ASO 

treatment results 

in an increase in 

autophagy of the 

ER which results in 

a decrease in the 

amount of lipid in 

the lumen of the 

ER and no ER 

stress 

(C)  Inhibition of 

autophagy in apoB 

ASO treated mice 

causes a 

persistence of the 

ER stress that is 

observed at 3 

weeks and the 

initiation of 

apoptosis 
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Chapter 4 

Regulation of hepatic PPARγ2 by Insulin 
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Abstract 

Obesity and related insulin resistance are associated with many abnormalities in carbohydrate 

and lipid metabolism, including hepatic steatosis.  PPARγ2, which has been previously shown to 

contribute to increased lipid accumulation through decreased TG turnover of the lipid droplets 

and increased de novo lipogenesis (DNL), is aberrantly expressed in hepatic steatosis .  However, 

the basis for increased expression of the PPARγ2 specific isoform in the liver is unknown. We 

used isolated mouse primary hepatocytes and H2.35 hepatocytes to create in vitro models that 

could provide insights into the in vivo effects of hyperinsulinemia or increased FA delivery to 

livers in insulin resistant states on hepatic PPARγ2 and PPARγ1 expression.  Incubation of cells 

with 30nM insulin resulted in increased PPARγ2 gene expression when compared to non-treated 

control, while treatment with OA did not significantly alter PPARγ2 expression.  In order to 

further explore the role of insulin, we used in vivo mouse models of altered insulin signaling.  

The LIRKO mice, which have no hepatic insulin signaling, have decreased expression of 

PPARγ2 versus flox controls.  On the opposite extreme, the hepatic PTEN knockout mice, which 

have increased hepatic insulin signaling and hepatic TG accumulation, have elevated hepatic 

PPARγ2 expression.  Additionally, mice injected with a CA- AKT adenovirus, which has been 

shown to drive both lipogenesis and hepatic TG accumulation, show increased PPARγ2 

expression.  In order to investigate the effects of increased FA delivery to the liver in a low 

insulin state, we fasted C57BL/6J mice for 24 hours and compared hepatic gene expression to 

fed mice.  Despite an increase in liver TG mass in the fasted mice, PPARγ2 expression was 

decreased.  When insulin signaling was enhanced in fasted mice or in H2.35 hepatocytes using 

the CA-AKT adenovirus, PPARγ2 expression was once again increased.  Human PPARγ 

promoter luciferase reporter constructs also showed only PPARγ2 promoter responded to insulin 
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or CA-AKT.  In conclusion, hepatic PPARγ2 expression is not increased by increased FA 

delivery in the absence of hyperinsulinemia but is regulated by changes in insulin signaling 

either through direct transcriptional activation or through increased availability of ligands from 

DNL. 
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Introduction 

 Obesity and related insulin resistance are associated with many abnormalities in 

carbohydrate and lipid metabolism, including hepatic steatosis. In typical insulin resistance 

states, in both humans and rodents, the liver appears to have “select insulin resistance” whereby 

insulin does not effectively regulate either glucose production or release from the liver, but does 

regulate hepatic lipid metabolism via de novo lipogenesis (DNL). In fact, the systemic 

hyperinsulinemia that accompanies loss of insulin regulation of hepatic glucose production leads 

to increased hepatic DNL and steatosis.  Additionally, insulin resistance in adipose tissue causes 

an increase in lipolysis of lipid stores and increased free fatty acid (FFA) flux to the liver, which 

also contributes to hepatic steatosis.  Recent literature has demonstrated that patients with fatty 

liver have increased hepatic expression of PPARγ2 [208].  In both genetically altered mouse 

models and diet induced obese mouse models, hepatic steatosis is characterized by aberrant 

hepatic expression of either total PPARγ or PPARγ2 [29, 209-212].  Additionally, liver specific 

disruption of PPARγ either through genetic knockout or knockdown using antisense 

oligonucleotides to PPARγ was able to reverse hepatic steatosis in insulin resistant, obese mouse 

models[29, 213, 214].   Therefore, PPARγ2 appears to be important in the development of 

hepatic steatosis. 

 PPARγ2 is a member of the Peroxisome Proliferator-Activated Receptor (PPAR) family 

of transcription factors.  The PPAR family are nuclear hormone receptors which include 

PPARγ1/2, PPARα, and PPARδ/β[24].   These receptors heterodimerize with retinoid X receptor 

α (RXRα) and regulate the expression of genes that are involved in lipid metabolism and glucose 

metabolism in many different tissues including the liver[215].   There are two isoforms of 
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PPARγ- PPARγ1 and PPARγ2 which are the result of alternative splicing of the same gene.  The 

PPARγ2 transcript is 30 amino acids longer than the PPARγ1 transcript and results in a 57kDa 

protein as compared to a 54kDa PPARγ1 protein.  The two proteins differ at the N-terminus but 

share the same C-terminus.  PPARγ1 and PPARγ2 also differ in tissue localization [216].   

PPARγ2 is primarily expressed in adipose tissue and macrophages while PPARγ1 is more 

ubiquitously expressed and is the predominant isoform in most tissues, including the liver[217].  

Both PPARγ isoforms have the same transcriptional target genes including those involved in FA 

uptake, FA binding proteins, and lipid droplet proteins[25].  PPARγ2 has been previously shown 

to contribute to increased lipid accumulation through increased DNL.  PPARγ has both ligand 

dependent and ligand independent transcriptional activity.  While there are no known specific 

endogenous ligands for PPARγ, it is nutritionally regulated and fatty acids, fatty acid derivatives, 

and eicosanoids can all act as PPARγ ligands[218].  There are also several synthetic ligands that 

have been developed, including the thiazolidinediones (TZDs) which have been used clinically 

for the treatment of diabetes mellitus[219]. 

 While the transcriptional regulation of PPARγ during adipogenesis in 3T3-L1 cells has 

been well characterized, the signaling pathways underlying the increases PPARγ2 expression in 

insulin resistant livers have not been characterized.  While both PPARγ2 and PPARγ1are 

induced during adipogenesis, it has been shown that the two isoforms are differentially regulated, 

with PPARγ2 being induced earlier than PPARγ1[220].  PPARγ2 has increased ligand 

independent activity as compared to PPARγ1, including a 10 fold response to insulin during 

adipogenesis[221]. 
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 We decided to investigate the mechanisms driving increased PPARγ2 in insulin resistant 

livers.  We considered several possible mechanisms. The first is an increase in insulin signaling 

through the lipid metabolism pathway in the liver due to hyperinsulinemia. The second is an 

increased delivery of FFA to liver because of increased lipolysis of TG in insulin resistant 

adipose tissue.  Cytokine signaling to the liver is also higher in the insulin resistant liver due to 

inflammation and increased cytokine signaling has been shown to increase increased 

phosphorylation of  PPARγ2[200].  A final possibility is an increase in intracellular 

glucocorticoids during insulin resistance.  This is a potential mechanism because a 

glucocorticoid, dexamethasone, is a critical and necessary component of the adipogenic 

“cocktail” for differentiation of 3T3-L1 fibroblasts into adipocytes in vitro[222, 223]. 

A paper by Edvardsson et al showed that treatment of primary mouse hepatocytes with either 

30nM insulin or 500uM OA for 3 days was able to increase PPARγ2 expression but not PPARγ1 

expression.  Insulin had a greater effect on PPARγ2 than OA but the combination of insulin and 

OA had an additive effect.  The effect of insulin was shown to be dose and time dependent[224].  

Another study showed that mice placed on a diet high in saturated FAs had increased PPAR γ2 

expression in the liver in the absence of hyperinsulinemia[225]. 

The goal of the study was to use in vitro approaches, such as primary hepatocytes isolated from 

C57BL/6J mice or H2.35 hepatocytes, an immortalized mouse hepatoma cell line, to examine the 

effect of insulin,  FA , and glucocorticoids on hepatic PPARγ2 expression.  We also examined 

the relative effects  of hyperinsulinemia and increased FFA flux to the liver on hepatic PPARγ2 

expression in several in vivo mouse models. 
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Materials and Methods 

Primary hepatocyte isolation. Primary hepatocytes were isolated from C57Bl6/J mice.  Livers 

were perfused with Hanks Balanced Salt Solution (HBSS, Invitrogen,) and 10mM HEPES 

(Invitrogen) through the vena cava (portal vein was severed immediately before perfusion) for 5 

min (10ml/min) followed by HBSS with calcium chloride (0.735mg/ml), collagenase type I 

(0.4mg/ml; Worthington) and 10mM HEPES for 18min (5ml/min). The digested tissue was place 

into a Petri dish on ice with 24ml of Williams E buffer (Invitrogen). The tissue was minced with 

scissors. The digested liver was filtered through nylon mesh into a 50ml falcon tube containing 

22.5ml Percol (Sigma) and 2.5ml 10X hanks solution (pH 2.2) with NaHCO3 (10.4mM). The 

cells were centrifuged for 10 minutes at 500rpm. The floating dead cells were aspirated and the 

pellet was washed 3 times with 30ml of Williams E buffer. Viable cells were counted after 

staining with trypan blue (Sigma). Cells were plated onto collagen coated 6 well plates at a 

concentration of 500,000 cells/well in Williams E media supplemented with 1% Glutamax 

(Invitrogen), 1% penicillin/streptomycin, 28mM sodium ascorbate,  0.1uM sodium selenite, 

glucose (3g/L), and 16nM insulin for 24 hrs before experiments were conducted.  

H2.35 hepatocytes.  H2.35 hepatocytes were purchased from American Type Culture Collection..  

The cells are derived from 6 week old female Balbc mice that were infected with a temperature 

sensitive SV40 virus that is active at the permissive temperature of 33 C and inactive at 39 C.  

Cells were grown at 33 C in untreated flasks with low glucose (4mM) DMEM (Invitrogen) plus 

4% fetal bovine serum (FBS) (Invitrogen) and 1% penicillin/streptomycin (Invitrogen).  For 

experiments, cells were plated into collagen coated 6 well plates with the low glucose growth 

media.  After 24 hrs, the media was changed to high glucose (25mM) DMEM (Invitrogen) plus 
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200nM dexamethasone (Sigma) and 1% penicillin/streptomycin, and the cells were transferred to 

39 C for 3-5 days before experiments were initiated. 

Treatment of cells with insulin, OA or adipogenic mix.  Primary hepatocytes were treated with a 

Williams E media supplemented with 1% Glutamax (Invitrogen), 1% penicillin/streptomycin, 

28mM sodium ascorbate,  0.1uM sodium selenite, glucose (28mM), 0.75%BSA (MP 

Biomedicals).   Either 30nM Insulin (Sigma), 0.4mM oleic acid (OA) (Sigma), 5uM 

dexamethasone, 1uM insulin, and/or 500uM Isobutylmethylxanthine (IBMX) were added alone 

or in combination depending on the experiment for 48 hrs.  H2.35 hepatocytes were treated with 

a high glucose (25mM) DMEM (Invitrogen) 

Gene expression. mRNA was isolated and reverse transcribed as previously described. In brief 

cells were collected in 1ml of TRIzol reagent and RNA extracted according to instructions 

(Invitrogen).  Approximately 50mg piece of liver was homogenized in TRIzol and RNA was 

similarly extracted.  All samples were quantified by NanoDrop ND-1000 Spectrophotometer 

(Thermo Scientific, Wilmington, Delaware). 5 ug of RNA was reversed transcribed to cDNA, 

which was diluted 40 times. Gene expression from cells and liver was measured by real time 

PCR (rtPCR). All samples were analyzed relative to a standard curve made from pooled cDNA 

and expressed relative to B-actin gene expression. Primer sequences are available upon request. 

Cell TG mass.  Media was removed from the cells and cells were washed 2 times with PBS.  

Lipid was extracted from cells in 6 well plates using 2ml of isopropanol overnight followed by 2 

30 minute washes with 3:2 hexane:isopropanol.  Lipid extracts were then dried under nitrogen 

gas and resuspended in reagent 1 of TG assay kit from Roche Diagnostics  TG concentration was 

then measured using the Roche kit.  Total protein was recovered after lipid extraction by 
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solubilizing cells in 0.1N NaOH and measured using a BCA protein assay. TG mass was 

normalized to total cell protein. 

Western Blot. Cells were collected in 200 ul of lysis buffer (62.5 mM sucrose, 0.5% sodium 

deoxycholate, 0.5% Triton X-100, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM benzamidine, 

5 mM EDTA, 100 U/ml aprotinin, 50 μg/ml leupeptin, 50 μg/ml pepstatin A, and 10 mM 

HEPES, pH 8.0). 100mg of liver was homogenized in 2ml of 4˚C T-PER tissue protein 

extraction reagent containing protease inhibitor (Roche 1 tablet/25ml). Protein concentration was 

measured by BCA protein reagent.  Sample buffer was added and samples were boiled for 5 

minutes.  Equal amounts of protein were loaded onto 8-12% SDS PAGE gels and transferred to 

polyvinylidene-fluoride membranes. Primary antibodies were obtained from : PPAR gamma 

(Santa Cruz), FAS (BD Scientific), phoshorylated AKT (Cell Signaling), phosphorylated FoxO1 

(Cell Signaling), SREBP1c (gift from Jay Horton) and actin  (Thermo Scientific). Primary 

antibodies were incubated overnight at 4 C. Species specific secondary IgG antibodies 

conjugated with peroxidase were incubated for 1 hour at room temperature. Protein bands were 

visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). 

Animal care. All mice were housed 3-5 mice/cage in a climate controlled room with a 12:12 

light:dark cycle and fed ad libitum with standard chow diet (Purina). C57Bl/6 mice were 

purchased from Jackson Labs at 8-10 weeks old.  LIRKO mice were a gift from C. Ronald Kahn 

(Harvard) and were bred by crossing homozygous floxed mice with mice expressing Alb-Cre.  

PTEN KO mice were obtained from Hong Wu and were also bred by crossing homozygous flox 

mice with Alb-Cre mice.  Knockout mice were compared to their floxed littermates.  Mice were 

euthanized by giving an overdose of ketamine:xylene and performing a cervical dislocation. 
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Livers were quickly excised and flash frozen kept at -80˚C until analyzed.   All procedures were 

approved by the Columbia University Animal Care Use Committee. 

CA-AKT experiments in LIRKO mice.  We received the CA-AKT adenovirus from Domenico 

Accili's lab.   LIRKO mice were injected intravenously with 2x10^11 viral particles of either 

LacZ or CA-AKT adenovirus and housed for 4 days.  The mice were then subjected to a 24 hr 

fast only or a 24 hr fast followed by a 12 hr refeeding period with a standard chow diet at which 

point the mice were euthanized and livers excised. 

CA-AKT experiments in H2.35 hepatocytes. H2.35 hepatocytes were plated in 6 wells plates and 

transferred to 37 C for 5 days and then infected with media containing either LacZ or CA-AKT 

so that 90% of cells were stained positive for β-galactosidase for 90 minutes and then growth 

media was added. Media was changed after 24 hours.  After 48 hours, cells were then collected 

in TRIzol for RNA extraction or lysis buffer for western blot analysis 

Plasma lipids. At the time of euthanization, approximately 100µl of blood was collected from 

the retro-orbital plexus. Blood was immediately spun and the resulting plasma was flash frozen 

and stored at -80˚C. Free fatty acids were measured by a colorimetric assay (WAKO Chemicals, 

Richmond, Virginia).  

Liver lipids. ~100mg of tissue was homogenized in 3ml of PBS. After homogenization, the lipids 

were isolated by Folch extraction (final chloroform/methanol/water solution = 8:4:3).  The 

organic layer was carefully evaporated with liquid nitrogen to dryness. The sample was 

reconstituted in 1ml of 15% Triton X-100 in chloroform and was again evaporated with nitrogen 

and resuspended in 1ml of water. Triglyceride concentration was measured by colorimetric assay 

(WAKO Chemicals).  A separate ~100mg piece of liver was homogenized in 2ml of  T-PER 
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buffer (Pierce) with protease inhibitor cocktail tablet (Roche).  The homogenized tissue was then 

measured for total protein using a BCA protein assay.  Liver TG was normalized to liver protein. 

PPARγ promoter studies.  H2.35 cells were plated into 6 well plates and kept at 33 C for 1 day.  

The media was changed to a high glucose DMEM and cells were then transferred to 39 C for 3 

days.  The cells were then transfected with either the pGL2, g2p1000, or g1p3000 using 

LipofectAMINE 2000 (Invitrogen).  Some cells were also co-transfected with a pTK-renilla 

luciferase construct as a transfection efficiency control.   After at least 36 hours, the cells were 

either treated +/- 30nM insulin or infected with LacZ or CA-AKT adenovirus 

Statistics- All data are presented as mean ± SD. Differences in the mean values between 2 groups 

were assessed by 2-tailed Student’s t test. Differences in mean values among more than 2 groups 

were determined by ANOVA. P < 0.05 was considered to be statistically significant 
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Results 

Regulation of PPARγ2 in primary hepatocytes-  We first attempted to replicate the published 

results that showed that 30nM insulin (I) and 500uM oleic acid (OA) were able to increase 

expression of PPARγ2 or PPARγ1 message in primary mouse hepatocytes[224].  Since PPARγ2 

expression is also increased during differentiation of 3T3-L1 cells into adipocytes using an 

adipogenic cocktail (hereafter referred to as “mix”) of 5uM dexamethasone, 1uM I, and 500uM 

Isobutylmethylxanthine (IBMX), we also wanted to determine if these components together or 

separately were able to increase PPARγ2 expression in hepatocytes.  Therefore, we isolated 

primary hepatocytes from C57BL6/J mice and plated them for 24 hrs in Williams E media 

with17mM glucose and  16nM I.  The media was then changed to a high glucose (28mM) 

Williams E media plus 0.75% BSA with no insulin added containing the following treatments: 

30nM I alone, 0.4mM OA alone, 30nM I+ 0.4mM OA, mix, or mix+0.4mM OA.  The cells were 

treated for a total of 48 hrs with the media changed every 24 hrs.  At the end of the treatment, the 

cells were collected for RNA extraction and the amount of PPARγ2 mRNA was measured using 

RT-PCR.  There was a significant increase in PPARγ2 mRNA in primary hepatocytes treated 

with either 30nM (I alone or the combination of 30 nM I+ 0.4mM OA (I+OA), but treatment 

with 0.4mM OA alone did not change PPARγ2 expression.  This was in contrast to the 

previously published results which showed that OA alone was able to increase PPARγ2 message.  

Unexpectedly, treatment with the adipogenic mix actually decreased PPARγ2 expression either 

with or without addition of OA; this was particularly surprising since it contains 1uM I, which 

should increase expression. (Figure 4-1A)  When primary hepatocytes were treated with the total 

adipogenic mix or its individual components, we found that either dexamethasone or IBMX 

decreased PPARγ2 expression whereas 1uM I increased it. (Figure 4-1B)   
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Figure 4-1.  Insulin, but not OA or mix, increased PPARγ2 expression in primary 

hepatocytes from C57BL/6J mice. Primary Hepatocytes were isolated from 10-16 wk old male 

C57BL/6J maintained on a standard chow diet by perfusing the liver with collagenase and plated 

in collagen coated 6 well plates overnight in Williams Media E with 25mM glucose, 16nM 

insulin and 1% BSA.  After 16 hrs, the media was changed to media containing either Williams 

Media E with (A) 25mM glucose+1%BSA (NT), 30nM I alone, 0.4mM OA alone, both 30nM I 

and 0.4mMOA, adipogenic mix, or mix+0.4mM OA, n=6-12 wells for each condition;  (B) Cells 

were treated with either  NT, mix, 5uM dexamethasone (dex), 1uM I, or 500uM 

Isobutylmethylxanthine (IBMX), n=3-6.  The media was replenished after 24 hrs.  After 48 hrs, 

the cells were collected in TRIzol for RNA extraction.  qRT-PCR was performed using SYBR 

A. 

B. 
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green master mix for PPARγ2 levels.  Data are normalized to β-actin levels and presented as a 

percentage of the NT group.  *- p<0.05 vs. NT 

 

Based on these results, we focused on the effects of I and OA on both PPARγ2 and PPARγ1 

expression.  I alone or OA alone had no effect on PPARγ1 expression but the combination of I 

and OA did cause a significant increase in PPARγ1 message. (Figure 4-2B) We confirmed our 

previous results demonstrating that I but not OA increased PPARγ2 expression, and that, in 

contrast to the previously published results, there was no additive effect of I plus OA on PPARγ2 

expression; only I increased PPARγ2 mRNA levels. (Figure 4-2A)  Interestingly, the increase in 

PPARγ2 expression by I occurred without an increase in TG mass. (Figure 4-2C) On the other 

hand, OA treatment increased cell TG mass but did not have any effect on PPARγ2 or PPARγ1 

expression suggesting that accumulation of TG is not necessarily linked to increased expression 

of PPARγ2. 
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Figure 4-2.  I alone increases PPARγ2 expression in the presence or absence of OA but only 

I+OA increases PPARγ1 expression in primary hepatocytes. Primary Hepatocytes were 

isolated from 10-16 wk old male C57BL/6J by perfusing the liver with collagenase and plated in 

collagen coated 6 well plates overnight in Williams Media E with 25mM glucose, 16nM insulin 

and 1% BSA.  After 16 hrs, the media was changed to media containing either Williams Media E 

with 25mM glucose+1%BSA (NT), 30nM insulin, 0.4mM OA, or both 30nM insulin and 

0.4mMOA.  The media was replenished after 24 hrs.  After 48 hrs, the cells were collected in 

TRIzol for RNA extraction or cells were extracted with 3:2 hexane:isopropanol overnight for 

lipid extraction.  qRT-PCR was performed using SYBR green master mix for PPARγ2 and 

PPARγ1 levels.  Data are normalized to β-actin levels and presented as a percentage of the NT 

group. (C) Lipid was extracted using 3:2 hexane:isopropanol.  TG mass was measured using a kit 

from Roche Diagnostics.  n=6, p<0.05 vs. NT 

 

PPARγ2 mRNA regulation in H2.35 hepatocytes-  In an attempt to find a cultured cell line in 

which we could replicate and expand the studies performed in the primary hepatocytes, we tested 

several hepatoma cell lines including HepG2 cells, McA-RH7777 cells, and AML2 cells, but 

these cell lines did not survive a 48 hr incubation in serum free media.  Therefore, we decided to 

A. B. 

C. 
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use the H2.35 hepatocyte cell line which are primary hepatocytes from 6 wk old female Balbc 

mice that are infected with a temperature sensitive SV40 virus which allows the cells to grow at 

the permissive temperature of 33°C  and then differentiate into hepatocytes at the non-permissive 

temperature of 39°C with a high glucose media.  For all experiments, the cells were plated on 

collagen coated plates and grown for 2 days in the permissive temperature.  They were then 

transferred to the non-permissive temperature for 5 days before the experiments were carried out.  

The cells were treated with either DMEM+1.5% BSA only (NT) or 30nM I +0.4mM OA(I+OA).  

We did not use dexamethasone in the treatment media even though dexamethasone is normally 

present in the non-permissive culture media because of the results from the primary hepatocytes 

where dexamethasone decreased PPARγ2 expression.  There was once again a significant 

increase in PPARγ2 expression with I+OA treatment compared to NT, with no change in 

PPARγ1 expression. (Figure 4-3A)  The effect of I+OA on PPARγ2 expression was similar to 

that seen in the primary hepatocytes.  However in the H2.35 hepatocytes, we did not observe the 

increase in PPARγ1 expression that we observed with I+OA  treatment of primary hepatocytes.  

We then compared the effect of 30nM I  alone versus NT in the H2.35 cells.   We also 

established that I treatment also significantly increased PPARγ2 expression while having no 

effect on PPARγ1 expression. (Figure 4-3B)   In order to ensure that the increase in PPARγ2 

mRNA corresponded to an increase in PPARγ2 protein, we did a western blot for total PPARγ 

protein and saw an increase in PPARγ2 protein after a 48 hr treatment with I as compared with 

non-treated cells. (Figure 4-3C) Similar to the primary hepatocytes, I treatment in H2.35 cells 

alone was sufficient to increase PPARγ2 expression.  The addition of FA was not necessary to 

increase PPARγ2 mRNA, but of note, FA was necessary to increase the expression of several 

PPARγ downstream target genes, such as Fsp27, Plin2 (ADRP), and CD36, which were not 
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increased with I alone.  However, treatment with I alone was able to increase the expression of 

aP2 (FABP4) which is thought to be a more PPARγ2 specific target as it is normally expressed 

in adipocytes. (Figure 4-3D) 
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Figure 4-3.  I alone or I+OA increased PPARγ2 expression but not PPARγ1 expression in 

H2.35 hepatocytes (A) H2.35 cells were cultured at the non-permissive temperature for 5 days 

and then treated with DMEM+1.5% BSA only (NT) or with 30nM I+0.4mM OA (I+OA) for 48 

hours after which the cells were collected for RNA extraction and qRT-PCR was performed to 

determine PPARγ2 and PPARγ1 mRNA levels. n=6.  (B) H2.35 cells were treated with 

DMEM+1.5% BSA only (NT) or with 30nM I for 48 hrs and qRT-PCR was performed to 

determine PPARγ2 and PPARγ1 mRNA levels, n=12.  (C)  H2.35 cells treated with NT or I were 

collected in lysis buffer, separated on a 8% SDS-PAGE gel, transferred to a PVDF membrane, 

and western blot was performed using antibodies to PPARγ and actin, n=6.  (D)  qRT-PCR was 

performed on NT, I and I+OA samples to determine expression of PPARγ target genes, n=6-12.  

All qRT-PCR data are normalized to β-actin levels and presented as a percentage of the NT 

group.  *- p<0.05 vs. NT 

 

Regulation of PPARγ in mouse models of altered insulin signaling-  To explore further the role of 

I in vivo, we used in several mouse models of altered insulin signaling.  The first was the liver 

insulin receptor knockout (LIRKO) mouse, which has no hepatic insulin signaling due to the loss 

of the insulin receptor  in hepatocytes.  A mouse that has flanking loxP sites around the insulin 

receptor gene was crossed with a mouse expressing the Cre gene driven by an albumin promoter 

(Alb-Cre) to ensure that knockout is specific to hepatocytes.  Since the insulin resistance is 

limited to the liver, there is no increase in adipocyte lipolysis and resulting FFA flux to the liver.  

The phenotype of this model has been well characterized ,but notably the loss of insulin 

signaling has no effect on liver TG[146, 226]. (Figure 4-4A) The LIRKO mouse has decreased 

expression of PPARγ2 versus floxed control mice, while there are no differences in PPARγ1 

expression between LIRKO and floxed.  (Figure 4-4B,C) 
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Figure 4- 4.  LIRKO mice (no insulin signaling) have decreased PPARγ2 expression but no 

change in PPARγ1 expression. 12 wk old Flox and  LIRKO mice were euthanized and livers 

immediately snap frozen in liquid Nitrogen. (A) Liver TG was extracted, measured, and 

normalized to total liver protein.  (B and C) RNA was extracted from livers and qRT-PCR 

performed.  Genes were normalized to β-actin and presented as a percentage of the respective 

levels in flox control mice. n=5 per group;  p<0.05  vs. flox 
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On the opposite extreme, the hepatic Phosphatase and tensin homolog knockout (PTEN KO) 

mouse, which has markedly increased hepatic insulin signaling due to the loss of PTEN, which, 

when present, converts PIP3 to PIP2, thereby limiting insulin signaling[147].  Mice with the 

PTEN floxed were crossed with an Alb-Cre mouse to create a liver specific knockout and 

littermate flox control. The PTEN KO has increased DNL due to the constitutive increase in 

insulin signaling and, therefore, has increased liver TG [147, 148]. (Figure 4-5A)  The PTEN KO 

mouse  has significantly elevated PPARγ2 expression as compared to the floxed mouse with no 

change in PPARγ1 expression. (Figure 4-5B,C) 
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Figure 4-5.  PTEN KO mice (increased hepatic insulin signaling) have increased PPARγ2 

expression with no change in PPARγ1 expression. 12 wk old Flox and PTEN KO mice were 

euthanized and livers immediately snap frozen. (A) Liver TG was extracted, measure, and 

normalized to total liver protein.  (B and C) RNA was extracted from livers and qRT-PCR 

performed.  Genes were normalized to β-actin and presented as a percentage of the respective 

levels in flox control mice. n=3-4 per group;  p<0.05  vs. flox 
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Taken together these two mouse models with altered insulin signaling confirmed the in vitro 

findings that increased I is responsible for an increase in PPARγ2 expression.  In order to further 

confirm these results, we restored insulin signaling in the LIRKO by injecting the mice with an 

adenovirus over expressing a constitutively active AKT (CA-AKT) and then subjecting the mice 

to a 24hr fast and 12 hr re-feeding period.  Under the conditions of fasting/refeeding, the 

restoration of AKT signaling caused an increase in liver TG due to an increase in DNL (data not 

shown).  We also observed an increase in PPARγ2 expression with no change in PPARγ1 

expression, once again demonstrating I regulation of PPARγ2. (Figure 4-6)  However, the results 

in the PTEN KO model and CA-AKT restoration model are confounded by the fact that while 

there is no increase in FFA flux to the liver from the periphery, there is an increase in de novo 

synthesis of FAs due the increased insulin signaling.  Therefore, the increase in liver lipid could 

be the reason for the increase in PPARγ2 in the in vivo liver.   

             

Figure 4- 6.  Restoration of insulin signaling in LIRKO mice increases PPARγ2 but not 

PPARγ1 expression.  20 wk old LIRKO mice were injected IV with either a LacZ control 

adenovirus or a constitutively active Akt adenovirus.  After4 days, the mice were subjected to a 

24 hr fast and 12hr  re-feed, and then the mice were euthanized and RNA extracted from livers.  

qRT-PCR performed for PPARγ2 and PPARγ1.  Genes were normalized to β-actin and presented 

as a percentage of its respective flox control mice. n=3 per group;  p<0.05  vs. LacZ  
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In order to study the effects of increased FFA flux to the liver in a low insulin state, we utilized a 

24 hour fasting model in C57BL/6J mice.  During a prolonged fast, there is a decrease in total 

body weight and liver weight but there is also an increase in lipolysis in the adipose tissue in 

response to low plasma insulin which results in an increase in plasma FFA levels. (Figure 4-7A-

C) The majority of this FFA gets taken up by the liver which results in an increase in hepatic TG 

concentration.  (Figure 4-7D) 
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Figure 4-7.  C57BL/6 mice fasted for 24 hours 10 wk old male C57Bl/6 were either fed ad lib 

with a standard chow diet or subjected to a 24 hr fast.  (A) At the end of the fast, mice were 

weighed and (B)  then blood was collected and plasma was measured for FFA concentration 

using kits from Wako Diagnostics (C) The mice were then euthanized and livers removed and 

weighed (C).  (D) TG was extracted from the liver, measured, and normalized to cell protein.    

(E) Livers were homogenized in lysis buffer, protein were separated on a 8% SDS-PAGE gel, 

transferred to a PVDF membrane, and western blotting was performed for SREBP1c, FAS, and 

actin n=5 per group;  p<0.05 vs. Fed 
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There is also a significant decrease in FAS and mature SREBP1c protein at the end of the fasting 

period, indicating a decrease in DNL. (Figure 4-7E)  The increase in liver TG is associated with 

the up-regulation of several PPARγ target genes, including the lipid droplet proteins CideC and 

Plin2 (ADRP). (Figure 4-8C) Under these conditions of low insulin and high FFA flux, there was 

a significant decrease in PPARγ2 expression. (Figure 4-8A)  At the same time, there was a 

significant increase in PPARγ1 expression, which could  be responsible for the increase in the 

downstream PPARγ target genes that was observed.  (Figure 4-8B) Of note, the increase in 

PPARγ1 expression was not sufficient to increase transcription of aP2, once again suggesting 

that this is regulated specifically by PPARγ2.   
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Figure 4-8.  C57BL/6 mice fasted for 24 hrs have increased PPARγ1 but not PPARγ2 

expression (A) RNA was extracted from livers of 10 wk old male C57Bl/6 that were either fed 

ad lib with a standard chow diet or subjected to a 24 hr fast. qRT-PCR was performed for 

PPARγ2 and PPARγ1. (B) and PPARγ target genes. Genes were normalized to β-actin and 

presented as a percentage fed mice (B).    n=5 per group;  p<0.05 vs. Fed 

 

Finally, we sought to compare the effect the restoration of insulin signaling in the LIRKO mouse 

during a period of increased FFA flux to the liver.  Therefore, we once again injected LIRKO 

mice with CA-AKT adenovirus and 4 days later, subjected the mice to a 24 hr fast.  There was 

no effect of restored insulin signaling as compared to control LIRKO mice on liver TG after the 

fast.  There was however a significant increase in PPARγ2 expression. (Figure 4-9)  These 

results demonstrate an increase in PPARγ2 expression in response in an increase in insulin 

A. 

B. 
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signaling in the absence of increased liver TG.  It also confirms the results in primary 

hepatocytes, where the increase in PPARγ2 expression occurred without an increase in TG mass.   

                      

Figure 4-9.  Restoration of insulin signaling in LIRKO mice after a 24 hour fast.  LIRKO 

mice were injected  I.V. with either  a control adenovirus (LacZ) or a Constitutively Active-Akt 

adenovirus (CA-Akt).  After 4 days, the mice were subjected to a 24 hr fast and then euthanized.  

RNA was extracted from livers using TRIzol.  qRT-PCR was performed and genes were 

normalized to β-actin. n=3 per group; p<0.05 vs. LacZ 

 

Human PPARγ promoter activity in H2.35 cells-  Since all the previous experiments measured 

endogenous mouse PPARγ2 and PPARγ1 expression.  We returned to the in vitro H2.35 cells to 

further investigate if human PPARγ2 was increased by insulin.  We obtained constructs 

containing 1000 base pairs of the humanPPARγ2 (g2p1000) promoter or 3000 base pairs of the 

human PPARγ1 (g1p3000) promoter in the pGL2 luciferase construct as a gift from Johan 

Auwerx [216].  We transfected these 2 constructs as well as a control (pGL2) construct into 

H2.35 cells to measure their relative expression.  Similar to their expression in HepG2 cells that 

was previously published, we observed that there was very low luciferase activity of the 
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PPARG2 promoter in H2.35 hepatocytes as compared to the PPARG1 promoter. (Figure 4-10)  

This confirms that PPARG1 is the predominant isoform in the hepatocyte.  

                         

Figure 4-10.  Low human PPARγ2 promoter activity and high PPARγ1promoter activity in 

H2.35 hepatocytes.  H2.35 cells were transfected with control (pGl2), human PPARγ2 promoter 

(g2p1000), or human PPARγ1 promoter (g1p3000) vectors after 3 days at the non-permissive 

temperature and after an additional 48hrs, the cells were collected in a Reporter lysis Buffer 

(Promega) and the amount of luciferase activity was measured using Luciferase Assay Kit 

(Promega), n=3j per group;  * p<0.05 vs. pGL2 and g2p1000 

  

When we treated the cells with 30nM I  for 48 hrs, there was a significant increase in the 

PPARγ2 promoter luciferase activity as compared to non-treated (NT).  Similar to the 

endogenous response to I, there was no difference in the amount of PPARγ1 promoter luciferase 

activity in response to I.  (Figure 4-11A) We repeated the experiment in H2.35 cells that were 

co-transfected with the g2p1000 which is upstream of a firefly luciferase gene and a construct 

with  Tyrosine Kinase  promoter driving a renilla luciferase gene to control for differing 

transfection efficiencies.  The amount of firefly and renilla luciferase was measured using a Dual 

luciferase assay and a ratio of the g2p1000 firefly luciferase to renilla luciferase was calculated.  



174 
 

Using this assay, we found that there was still a significant increase in PPARG2 promoter 

activity in response to I. (Figure 4-11B) 

   

                           

Figure 4-11.  Insulin increases human PPARγ2 promoter activity but not PPARγ1 

promoter activity (A) H2.35 cells were transfected with either human PPARγ2 promoter 

(g2p1000) or human PPARγ1 promoter (g1p3000) vector after 3 days at the non-permissive 

temperature and after an additional 48hrs, the cells were treated with DMEM+BSA (NT) or 

30nM I for another 48 hrs. The cells were then collected in a Reporter lysis Buffer (Promega) 

and the amount of luciferase activity was measured using Luciferase Reporter Assay Kit 

(Promega), n=6.  (B) H2.35 cells were transfected with g2p1000 driving a firefly luciferase 

activity and pTK-renilla luciferase construct and then treated for 48hr with or without 30nM I. 

The cells were collected in Reporter Lysis Buffer and firefly and renilla luciferase activity were 

measured using Dual Luciferase Reporter Assay Kit (Promega).  The results are presented as a 

ratio of g2p1000 firefly luciferase to renilla luciferase. n=6 * p<0.05 vs. NT 
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CA-AKT increases PPARγ2 expression and promoter activity-  To determine how I may be 

regulating PPARγ2 expression, we examined the effect of increased activation of AKT which is 

a downstream of insulin receptor.  H2.35 cells were infected with CA-AKT or control adenovirus 

after 5 days in the non-permissive temperature.  2 days after infection, we confirmed that the 

adenovirus worked by measuring phosphorylation of AKT and FoxO1;  there was clearly 

increased downstream insulin signaling.  We also measured FAS protein to show that there was 

increased production of I regulated genes.  (Figure 4-12C)  The amount of PPARγ2 and PPARγ1 

mRNA was then measured.   As a control, we also treated other H2.35 cells with 30nM I or NT.  

Similar to previous results, there was a significant increase in PPARγ2, but not PPARγ1, 

expression with I treatment.  Infection with CA-AKT also resulted in an increase in PPARγ2 

expression, but this increase was not significant, due possibly to a small sample size. (Figure 4-

12A) There was a slight increase in PPARγ1 expression after infection with CA-AKT but this 

was also not significant. (Figure 4-12B)  There was no significant increase in PPARγ2 or 

PPARγ1 protein after 48 hrs of infection though perhaps a longer infection period might show an 

increase. (Figure 4-12C) 

 In preliminary results, g2p1000 transfected H2.35 cells that were also infected with the 

CA-AKT adenovirus also had increased luciferase activity as compared to those treated with a 

control (LacZ).  (Figure 4-12D) The results in H2.35 cells as well as the in vivo studies where 

insulin signaling was restored in the LIRKO mouse by infection with CA-AKT, indicate that an 

increase in AKT activity is sufficient to increase PPARγ2 expression. 
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Figure 4-12.  CA-AKT increases PPARγ2 expression and promoter activity in H2.35 cells 
(A,B) H2.35 cells were cultured at the non-permissive temperature for 5 days and then treated 

with DMEM+1.5% BSA only (NT) or with 30nM I for 48 hours, after which the cells were 

collected for RNA extraction and qRT-PCR was performed to determine PPARγ2 and PPARγ1 

mRNA levels. n=6 per group.  H2.35 cells were treated with DMEM+1.5% BSA only (NT) or 

with 30nM I for 48 hrs, and qRT-PCR was performed to determine PPARγ2 and PPARγ1 

mRNA levels, n=12 per group.  (C)  H2.35 cells infected with LacZ or CA-AKT adenovirus  

were collected in lysis buffer, separated on a 8% SDS-PAGE gel, transferred to a PVDF 

membrane, and western blot performed using phosAKT, phos FoxO1, FAS, PPARγ and actin 

antibody, n=6 per group.   (D) H2.35 cells were transfected with g2p1000 driving a firefly 

luciferase activity and pTK-renilla luciferase construct and infected for 48hr with control (LacZ) 

or CA-AKT adenovirus. The cells were collected in Reporter Lysis Buffer and firefly and renilla 

luciferase activity were measured using Dual Luciferase Reporter Assay Kit (Promega).  The 

results are presented as a ratio of g2p1000 firefly luciferase to renilla luciferase. n=6 per group; * 

p<0.05 vs. LacZ 
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C/EBP transcription factors do not affect hepatic PPARγ2 expression-  One potential family of 

transcription factors that could be responsible for the increase in PPARγ2 expression in response 

to insulin is CCAAT-enhancer-binding proteins  (C/EBP) family.  These transcription factors are 

turned on early in adipogenesis and are necessary for induction of PPARγ1 and PPARγ2[222, 

227, 228].  However, there was no increase in C/EBPβ, C/EBPα, or C/EBPδ in H2.35 cells 

treated with I as compared to NT.  (Figure 4-13A)  There was also no difference in C/EBPβ 

expression in either LIRKO or PTEN KO mice as compared to their floxed control.  There was a 

non-significant increase in C/EBPα or C/EBPδ expression in both LIRKO and PTEN KO mice 

but since these mice have opposite levels of insulin signaling and PPARγ2 expression, this 

increase  does not appear to be the cause of the increased PPARγ2 driven by I. (Figure 4-12B,C) 
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Figure 4-13.  Insulin or altered insulin signaling does affect C/EBP transcription factors 

expression.  RNA was extracted from and qRT-PCR was performed to determine  cebpb, cebpa, 

and cebpd mRNA levels in either  (A) H2.35 cells cultured at the non-permissive temperature for 

5 days and then treated with DMEM+1.5% BSA only (NT) or with 30nM I for 48 hours at which 

time levels. n=12 per group.  (B) 20 weeks flox and LIRKO mice, n=4 and (C) flox and PTEN 

KO mice,  n=5.  All qRT-PCR data are normalized to β-actin levels and presented as a 

percentage of the NT or Lacz control group.  *- p<0.05 vs. NT or flox 
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Discussion 

 The results from two in vitro models, primary hepatocytes and H2.35 cells, demonstrate 

that increased insulin signaling causes an increase in PPARγ2 expression but not PPARγ1 

expression in hepatocytes.  This increase in hepatic PPARγ2 expression was driven by insulin 

and occurred independently of any increase in liver TG.  These findings were confirmed in 

several mouse models of altered insulin signaling.  LIRKO mice, which have decreased insulin 

signaling, have decreased PPARγ2 expression.   On the other hand, PTEN KO mice have 

increased PPARγ2 expression with increased insulin signaling and restoration of  insulin 

signaling in LIRKO mice also caused an increase in PPARγ2 expression.  Neither an increase 

nor decrease in hepatic insulin signaling affected PPARγ1 expression.  Insulin was also able to 

increase human PPARγ2 promoter activity but not human PPARγ1 promoter activity indicating 

that this is not just a mouse hepatocyte-specific effect. 

 In contrast to previously published  results, we did not observe an increase in PPARγ2 

expression in primary hepatocytes when they were treated with FA alone, despite an increase in 

liver TG mass.  Furthermore, an increase in FFA flux to the liver associated with fasting of mice 

did not affect PPARγ2 expression.  Of note, fasting did induce expression of PPARγ1, which 

was able to up regulate the expression of PPARγ target genes.  We did not see an increase in 

PPARγ1 with OA treatment in primary hepatocytes or H2.35 cells.  The reason for this could be 

that the amount of OA delivered to the cell was not sufficient to increase PPARγ1 expression or 

that OA alone is not able to induce increased expression.  FFA flux to the liver during fasting 

would result in a mix of different length both saturated and unsaturated FAs, any one of which 

might act as a specific ligand for increased PPARγ1 transcription.  Fasting is also associated with 
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significantly declines in insulin levels and that may have played a role in the induction of 

PPARγ1 expression.  

 The mechanism by which insulin increases PPARγ2 expression is not clear.  It is possible 

that insulin is acting directly to transcriptionally regulate PPARγ2 as it does for genes such as 

FAS and SREBP1c.  However, since the increase in insulin signaling is also accompanied by an 

increase DNL, it is also possible that there is increased synthesis of a yet unknown PPARγ ligand 

that results in the increased transcription of PPARγ2.  To determine if this is the case, we plan to 

knockdown of DNL gene such as FAS or SREBP1c and observe whether the induction of 

PPARγ2 by insulin still occurs.  If the absence of DNL prevents the increase in PPARγ2 by 

insulin, then that would be evidence that a product of DNL is responsible for the insulin driven 

increase in PPARγ2 expression. 

 

Figure 4-14.  Schematic of 

potential mechanisms of 

PPARγ2 transcriptional 

regulation by insulin.  Insulin 

stimulates PPARγ2 through 

increased AKT activity which 

increases transcription of 

lipogenic genes.  It is not know 

whether the increase in 

PPARγ2 is through direct 

transcriptional control or 

increased synthesis of a 

PPARγ ligand. 
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  It still remains to be determined what aspect of the insulin signaling pathway 

regulates PPARγ2 expression.  Edvardsson et al showed that the effect of insulin on PPARγ2 

expression was dependent on PI3-K activation[224].  Our studies in both LIRKO mice and 

H2.35 cells demonstrated that activation of AKT was sufficient to increase human PPARγ2 

promoter activity and PPARγ2 transcription.  It is still not known what downstream protein 

contributes to PPARγ2 regulation.  Possibilities include mTOR, forkhead box protein O1 

(FoxO1), and Glycogen synthase kinase 3 (GSK3).  These molecules can be tested in our in vitro 

H2.35 insulin treated model.  First, mTOR can be inhibited using rapamycin to see of the insulin 

effect remains in the absence of mTOR signaling.  A chemical inhibitor of GSK3 can be used 

along with insulin treatment to see if the insulin effect is GSK3 dependent.  We can investigate if 

FoxO1 could be negatively regulating PPARγ2 transcription by transfecting H2.35 cells with a 

dominant negative FoxO1 construct we obtained from the Accili lab.  If there is an effect of 

FoxO1 inhibition, then PPARγ2 expression should increase and there should be no effect of 

insulin.  Another approach is to use a constitutively active FoxO1 construct which should have 

no effect on PPARγ2 expression in the non-treated H2.35 cells and should prevent the increase in 

PPARγ2 expression in H2.35 cells treated with insulin.  If there is no regulation of PPARγ2 by 

FoxO1, then there should be no effect of either overexpressing or inhibiting FoxO1 

transcriptional activity.    

 If there is a transcriptional regulation of PPARγ2 by insulin, we can determine what 

region of the human PPARγ2 promoter is being activated by generating truncations of the 

PPARγ2 promoter construct that we have used.  If a specific region is found to be critical, studies 

to identify which transcription factors might bind to that region of the PPARγ2 promoter could 

be performed. 
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 The determination of how PPARγ2 is increased in an insulin resistant fatty liver is 

important in order to understand the pathogenesis of the hepatic steatosis and its progression into 

more severe stages of NAFLD.  PPARγ2 has been shown to increase transcription of genes 

related to lipid storage and lipogenesis which both contribute to the increase accumulation of 

hepatic lipid.  The hepatic induction of lipid storage genes that are normally expressed in the 

adipose tissue by PPARγ2 may be protective for the liver.  The increased uptake of both dietary 

lipids  and FFA from the adipose tissue requires an increase in FATPs and FABPs in the liver to 

transport the lipid.  It also results in an increased pool of FAs in the liver that must be stored in 

cytosolic lipid droplets to protect against lipotoxicity, necessitating the up-regulation of lipid 

droplet protein such as Plin2 and Fsp27.  However, increased expression of PPAR γ2 specifically 

also causes an increase in lipogenic gene expression and production of newly synthesized FAs in 

both mouse livers and an in vitro hepatic cell line[29, 30].  This increase in DNL only serves to 

further worsen the steatosis.  A current treatment for insulin resistance, pioglitazone, caused a 

increase in hepatic lipid accumulation in diabetic mice by increasing PPARγ activity which then 

increased lipogenic and lipid storage genes[229].  Therefore, understanding how hepatic 

PPARγ2 expression is regulated could help develop treatments for the prevention or worsening 

of NAFLD in insulin resistant patients. 
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Chapter 5 

Conclusions and Future Directions 

ApoB ASO Summary 

 Our studies showed that inhibition of VLDL secretion using apoB ASO prevented the 

development of hepatic steatosis by stimulating autophagy of the ER.  We have developed a 

model in which the knockdown of apoB message and protein results in the presumed 

accumulation of lipid in the lumen of the ER.  We believe this is due to the continued presence of 

MTP which acts to transfer lipid from the ER membrane onto the nascent apoB protein as it is 

being translated.  Without an apoB protein present this lipid is unable to exit the ER on a VLDL 

particle or to return to a cytosolic lipid droplet.  ER autophagy was unregulated to help deliver 

the lipid to the lysosome for degradation and eventual oxidation by the mitochondria, preventing 

steatosis.   

 We administered apoB ASO treatment for 6 weeks to apobec1 KO mice, a more 

humanized model of apoB secretion in that it only secretes apoB100 from its liver.  There was an 

increase in autophagy observed  in the liver.  We determined that the increase in autophagy was 

specific to the autophagy of ER as seen by a co-localization of LC3B and calnexin.  There was 

no co-localization of autophagosomes with markers of other organelles, including lipid droplets 

indicating that there is no increase in lipophagy.  The increase in autophagy was accompanied by 

an increase in FA oxidation.  However, studies with a labeled FA showed the FA oxidation was 

delayed.  The disappearance of labeled TG in the apoB ASO-treated hepatocytes was also 

delayed as compared to control ASO, indicative of a compartmentalization of FAs before they 

become available for oxidation in the mitochondria.  We developed a model in which 

autophagosomes engulf the lipid filled ER and eventually fuse with the lysosome where its 
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contents are degraded, including TG by acidic lipases.  FAs are then released from the lysosome 

where they can be oxidized by the mitochondria.  When we blocked either formation of 

autophagosomes using 3-MA or lysosomal degradation using chloroquine, we blocked the 

increase in FA oxidation observed in the apoB ASO-treated hepatocytes.  Chloroquine treatment 

in both primary hepatocytes and mice after apoB ASO treatment caused an increase in 

accumulation of hepatic TG content.  This further established that, consistent with our model, 

lipids must first travel through the autophagy-lysosome pathway in order to be oxidized. 

 We repeated these experiments in C57BL/6J mice to determine if this was an effect 

specific to apobec1 KO mice.  We confirmed that knockdown of apoB inhibited VLDL secretion 

but did not cause increased lipid accumulation.  There was also an increase in autophagy of the 

ER that was accompanied by increased FA oxidation which could be prevented by blocking 

lysosomal degradation.   

 The knockdown of MTP using ASO did cause an increase in hepatic steatosis concurrent 

with the decrease in VLDL secretion which confirmed many earlier results in both cells and mice 

using a chemical inhibitor to MTP..  The mechanism for this increase in liver TG appears to be 

because the lipid does not enter the lumen of ER from the ER membrane due to the absence of 

MTP activity.  Thus, the lipid can then be transferred to a cytosolic lipid droplet for storage.  

There is no induction of autophagy of either the ER or lipid droplet in MTP ASO- treated livers.  

 We looked at the effect of apoB ASO at an earlier time point of treatment to see if there 

was a similar phenotype in the ER.  After only 3 weeks of apoB ASO treatment, the presumed  

buildup of lipid in the ER induces an ER stress response in apoB ASO treated mice but not the 

control or MTP ASO-treated mice.  As a result, we did observe an increase in total liver TG in 



185 
 

the apoB ASO-treated mice as compared to control ASO- treated mice.  However, we believe 

that unfolded protein response is unable to ameliorate the stress condition because it cannot 

remove the lipid from the ER.  Therefore, an additional response is necessary in order to 

maintain normal cell function and autophagy of the ER is initiated. 

 The difference observed between the liver lipid phenotype at 3 and 6 weeks of apoB ASO 

was unique to the apoB ASO-treated mice.  In addition, studies with 4.5 weeks of apoB ASO 

showed an intermediate liver lipid phenotype between 3 and 6 weeks.  In contrast, the liver TG 

content did not change in mice treated with either control or MTP ASO from 3 to 4.5 to 6 weeks.  

The 4.5 weeks treatment with apoB ASO also showed a mixture of both ER stress and 

autophagy, giving evidence  that there is a transition from the ER stress seen at 3 weeks of 

treatment to the ER autophagy at 6 weeks of treatment. 

 To determine what would happen when autophagy was inhibited after 3 weeks of apoB 

ASO,  we used ASO to Atg7, which prevents the formation of autophagosomes, for the final 3 

weeks of apoB ASO treatment.  Contrary to our hypothesis, there was no difference in hepatic 

lipid in mice treated with apoB ASO plus Atg7 ASO  as compared to apoB ASO only treated 

mice.  The explanation for this lack of lipid accumulation was the there was a similar increase in 

FA oxidation as compared to the apoB only ASO- treated hepatocytes.  However, the oxidation 

of the labeled FA was not delayed as in the apoB only ASO.  We also observed an increase in 

markers of ER stress and apoptosis.  The persistence of ER stress in the absence of autophagy 

after 3 weeks suggests that the initiation of ER autophagy between 3 and 6 weeks is crucial for 

the amelioration of ER stress.  The up-regulation of apoptosis suggests that ER autophagy is 

protective of ER function and whole cell homeostasis.   
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 In conclusion, knockdown of VLDL secretion using apoB ASO causes an increase in first 

ER  stress and then ER autophagy which ultimately protects the cell from steatosis through an 

up-regulation of FA oxidation of the ER lipid that was unable to be secreted.  This model can be 

used to study the transition from lipid induced ER stress to induction of autophagy and its 

consequences on hepatic lipid metabolism and cell health.  

 

PPAR γ2 Regulation Summary 

 The results from two in vitro models, primary hepatocytes and H2.35 cells, demonstrate 

that increased insulin signaling causes an increase in PPARγ2 expression but not PPARγ1 

expression in hepatocytes, independent of an increase in liver TG mass.  Contrary to published 

results, we did not observe an increase in PPARγ2 expression in primary hepatocytes when they 

were treated with FA alone or with the glucacorticoid, dexamethasone.  Insulin was also able to 

increase human PPARγ2 promoter activity but not human PPARγ1 promoter activity indicating 

that this is not just a mouse hepatocyte-specific effect. 

 We were able to use mouse models of altered hepatic insulin signaling and prolonged 

fasting to differentiate the in vivo effect of insulin or increased FFA flux to the liver on PPARγ2  

and PPARγ1 expression.  LIRKO mice, which have decreased insulin signaling, have decreased 

PPARγ2 expression.   Conversely, PTEN KO mice with increased insulin signaling have 

increased PPARγ2 expression. Restoration of  insulin signaling in LIRKO mice also caused an 

increase in PPARγ2 expression.  Neither an increase nor decrease in hepatic insulin signaling 

affected PPARγ1 expression. Furthermore, an increase in FFA flux to the liver associated with a 

24 hr fast did not affect PPARγ2 expression but fasting did induce expression of PPARγ1.  
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Increasing insulin signaling using a CA-AKT adenovirus in fasted increased PPARγ2 expression 

with no change in liver TG as compared to fasted mice only.  We concluded that similar to the 

hepatocyte studies, the increase in hepatic PPARγ2 expression was driven by insulin and 

occurred independently of any increase in liver TG or FFA flux to the liver. 

 The mechanism by which insulin increases PPARγ2 expression has not been elucidated.    

Insulin could either acting direct to transcriptionally regulate PPARγ2 or the increase in insulin 

signaling which also increases DNL, results in the synthesis of a yet unknown PPARγ ligand that 

is able to increase transcription of PPARγ2.   

 

Future Directions 

ApoB ASO 

 There are several experiments that can be performed to further elucidate the model of 

lipid induced ER autophagy in the apoB ASO-treated livers.  The first is to definitively show that 

there is more lipid present in the total microsomal fraction in the apoB ASO-treated livers as 

compared to both control and MTP ASO-treated livers at either 3 or 6 weeks.  Since previous 

approaches have been unsuccessful in detecting a difference, we plan to use mass spectrometry 

to more accurately measure changes in lipid mass.  We would also like to use centrifugation to 

specifically isolate either ER or autophagosomes and also measure the lipid mass to see if there 

are differences due to either type of ASO treatment or duration of ASO treatment from 3 to 6 

weeks.  It will also be interesting to see if there is a change in the composition of lipid species or 

in the ratios of lipids in these various microsomal compartments.  If there are differences, they 

could be an indication of what might induce autophagy formation in the ER.  Additional studies 
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in isolated primary hepatocytes using 3-MA to block autophagosome formation or Brefeldin A to 

block exit from the ER could reveal any additional changes in lipid composition that may be 

missed at the 6 week time period due to constant flux of lipid out of the ER attributable to 

increased autophagy. 

  We also propose to knockdown autophagy using Atg7 ASO for a shorter period than the 

3 weeks that we previously used to determine if we can observe an increase in total liver TG that 

we predicted would occur before there is an increase in apoptosis in the liver.  Further 

comparison of Atg7 knockdown in control and apoB ASO-treated mice in vivo is necessary to 

determine why we see the deleterious effects of inhibition of autophagy in the apoB ASO group 

much earlier than the control.  Another approach to use apoB ASO in  a liver specific lysosomal 

acid lipase KO mouse to prevent the degradation of lipids that enter the lysosome and thus there 

availability for oxidation.  The approach would lessen the cell toxicity since the lipid would still 

be able to exit the ER but accumulation could be observed as it is stored in the lysosome.  This 

would be a more specific method of lysosomal inhibition than chloroquine which also blocks 

proteasomal degradation. 

  It appears that ER stress can induce autophagy of the ER but it is not clear if ER stress 

and the UPR directly or indirectly stimulate autophagy to which pathway of the UPR could be 

responsible.   Previous models of ER stress induced autophagy have focused on the accumulation 

of misfolded proteins in the ER but have not addressed the specific effect of excess lipid on this 

process.  Therefore, apoB ASO treatment in several different genetic mouse models that inhibit 

the 3 different arms of the UPR could uncover whether the ER stress response is necessary for 

the induction of ER autophagy and narrow down a potential pathway.   
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 Further analysis of EMs at 3 and 6 weeks is necessary to show changes in cell structures 

that occur over this treatment time course.  At 3 weeks there is no autophagy but there should be 

an abnormal ER phenotype such as expansion of the ER due to increased lipid.  At 6 weeks, 

there was obvious increase in autophagosomes and autophagolysosome containing lamellar 

structures in the apoB ASO treatment but the definitive identification of these structures as ER is 

still needed.  These EM studies could also be expanded to 4.5 week of ASO treatment where 

there is a combination of ER stress and autophagy to see if the  induction of autophagosomes  

around lipid filled ER can be observed. 

 The change in ER phenotype from 3 to 4.5 to 6 weeks will also allow for the study gene 

transcriptional changes that might occur over time.  This includes looking at regulation of the 

transcription factor TFEB and transcription and induction of Atg and lysosomes related genes.   

 Finally, to show that this is not an off target effect of apoB ASO, knockdown of apoB 

needs to be performed using another technique.  We have obtained 2 different Huh7 hepatoma 

cells with genetic KO of apoB from Kiran Musunuru at Harvard University.  Preliminary studies 

have shown that there was decrease in apoB secretion that was not associated with a change in 

cell TG mass.  Further studies are needed to ascertain whether there is an increase in FA 

oxidation or autophagy of the ER.  The lab is also attempting to use siRNA to apoB in vivo to see 

if the same phenotype is observed. 

PPARγ2 

 We plan to utilize the insulin treated H2.35 cell line as model to further clarify how 

insulin is regulating PPARγ 2 expression in hepatocytes.  We will first do analysis for the human 

PPARγ2 promoter to narrow down what region of the promoter is responsive to insulin.  Next, 
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we will determine what aspect of the insulin signaling pathway downstream of AKT is 

responsible for regulating PPARγ2.  We have both a constitutively active FoxO1 cDNA 

construct and a dominant negative FoxO1 cDNA construct to determine if the phosphorylation 

and inactivation of FoxO1 is important in this pathway. 

 Finally, we  plan to knockdown of DNL gene such as FAS or SREBP1c using siRNA in 

the insulin treated  H2.35 cells and observe whether the induction of PPARγ2 by insulin still 

occurs.  If the absence of DNL prevents the increase in PPARγ2 by insulin, then that would be 

evidence that a product of DNL is responsible for the insulin driven increase in PPARγ2 

expression.   
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