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ABSTRACT 

Insulin-resistant States are commonly associated with lipoprotein abnomalities that 

rire risk factors for coronary hem disease. Hepatic overproduction of apolipoprotein B 

(apo0)-containing lipoproteins is the hallmark of metabolic dyslipidemia in insulin 

resistrince. We used Syrian golden hamsters to study the mechimisms of hepatic 

overproduction of apoB-containing lipoproteins, as their lipoprotein metabolism closely 

resembles chat of hurnans. Our studies revealed that hamster hepatocytes efficiently assemble 

and secrete ripoB-containing very Iow densicy Iipoprotein (VLDL) particies. We induced an 

insulin resistant state in the hamster by fructose feeding and studied the effects of insulin 

resistance on npoB biogenesis. 

CeIluhr stability of apoB was significantly increased in insulin resistant hepatocytes, 

possibly Iinked to marked suppression of ER-60, an apoB-associated ER cysteine protease. 

Furthemore, hepatic mRNA levels, protein mass, and activity of microsomd tngiyceride 

m s f e r  protein (W). a key enzyme in assembly of apoB-contahing Iipoproteins were 

drmaticaliy increased. Overall, VLDL-apoB overproduction in fmctose-fed hamsters 

appexed to result from enhanced post-translationai stabiIity of nascent apoB and an 

enhanced expression of MTP, leading ro faciiitated assembly and secretion of W L .  



We also investigated hepatic insulin sigaiing in the fructose-fed hamster mode1 to 

examine the potential contribution of attenuated insulin sigding to the observed VLDL 

overproduction. Reduced tyrosine phosphoryiation of insulin receptor (IR), and its substrates, 

reduced PI 3-kinase activity, and attenuated serinefthreonine phosphorylation of AkflKB 

confirrned induction of hepritic insulin resistance. EIevation of protein mnss and activity of 

protein tyrosine phosphatase (PTP)-Il3 appeared to be partly responsiblc for induction of 

hepatic insulin resistance. Chronic exposure of control hepatocytes to high insulin attenuated 

IR phosphorylation and increased PTP-LB levels, coinciding with marked suppression of ER- 

60 and apoB oversecretion. tmprovements in phosphoryiation status of the IR, in vitro by 

treatmenr with sodium onhovanadrite, or in vivo by rosiglitazone treatment, attenuated 

secretion of apoB from fructose-fed hamster heparocytes. 

In summary, induction of whole body and hepatic insulin resistance in the hamster by 

fructose-feeding is accornpanied by a marked hepntic overproduction of VLDL-apoB. The 

VLDL-apoB overproduction may aise from interplay between hepatic insulin resistmce and 

changes in several key componencs of the VLDL assembiy and secretion process including 

MTP and ER-60. 
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CHAPTER ONE 
INTRODUCTION 

PART 1: General Introduction 

1.1.1 Lipoprotein Metaboiism and Atherosclerosis 

The relationship between dyslipidernia and atherosclerosis has been well documented 

(Lusis, 2000). Both genes and the environment modulate plasma lipoproteins. Atherogenesis 

can be viewed as a "response to injury" with lipoproteins or other risk factors as the injurious 

agents (Libby, 2000, Ross. 1999). Lipoproteins as energy transport systems have been 

optimized to transfer energy-rich fatty acids in their core to tissues either utilizing or storing 

energy as fat. The initial linkage of cholesterol, lipoproteins, and atherosclerosis began in the 

early 1900s. These studies led to 80 years of investigation to establish the cause-effect 

relationship of cholesterol and atherosclerosis. In the mid 1980s. it was clinically established 

that lowering the concentration of plasma LDL reduced risk of CHD (Rifkind, 1984). 

Animal models (uansgenic and non-transgenic) have significantly advanced our 

understanding of the mechanisms of atherosclerosis and the evaluation of thenpeutic options. 

Sorne animal models such as rnice, rats, and dogs have been found to be resistant to 

developing experimental atheroscIerosis, while other species, such as rabbits and non-human 

primates, were found to be atherosclerosis-susceptible animal models, in which apoB- 

containing lipoproteins are the major cholesterol carrier particles in plasma 

(Narayanaswamy, et al., 3000). A variety of diets have been used to induce experimental 

atherosclerosis (Brousseau and Schaefer, 2000, Schaefer and Brousseau, 1998). The 

development of efficient transgenic technologies in mice and rabbits has allowed the study of 

the consequences of genetic dterations on atherosclerosis and cardiovascular 

pathophysioiogy. Overexpression, as well as deletion, of apoproteins, enzymes, and 



lipoprotein receptors dramatically modulate circularing plasma iipoproteins (Brousseau and 

Hoeg, 19954 Cmeliet, ee al., 1998, Kalopissis and Cnambaz, 2000). Furthemore, 

combination of different diets with trans_oenic animais provides strong models tu investigare 

cardiovascular diseases. Dietary changes interact with the underlying genotypes, ,g-eatly 

modifying the composition of the circulating plasma lipoproteins. 

In human, there are three major groups of atherogenic lipoproteins. W L  is the best 

known and established atherogenic particle. Severe atherosclerosis associated with incmsed 

LDL levels (by ten-fold) have been reported in humans and animal models (mice and rabbits) 

lacking a gene encoding LDL recepror. Boren and collaborators using uansgenics in which 

LDL receptor binding sequences of apoB-LOO had been disrupted, demonstrated 

hypercholesterolernia and atheroscIerosis similar to the familial Iigand-defective lipoB-100 

hyperchoIesterolemic syndrome {Boren, et al.. L996, Boren, et al., 1998a). Both in vitro and 

in vivo studies in animals have demonstrated chat endotheliai function may be abnormal 

within a few hours of exposure to increased IeveIs of D L  cholesterol, indicating a toxic 

effect of LDL on endothelial cells (Harrison, et ai., 1995, Naito, et al., 1994). Subendothelid 

retention of LDL through the interaction with extracei1ulrtr matrix, chiefly proteogIycans 

appears to be a key pathogenic process in atherosclerosis. The link between dyslipidemia, 

especially hypercholesteroIernia. and loss of NO-driven endotheliurn-dependent dilatation 

has been demonstrated by numerous investigators (for a recent review refer to Adams, et d., 

2000). A reduction of nitric oxide (NO) has been shown in the coronary arteries of 

hypercholesterolernic pigs (Cohen, et ai., 1988). When the plasma LDL IeveIs increase, 

positively charged apoB-100 bind to the negatively charged g~ycosamino;lycans of the 

arterid waiIs. Recently, Boren and colIeagues @oren, et ai., 19986) identified basic amino 



acid residues in delipidrited apoB-100 that bind the negatively charged proteogIycans. Upon 

recruitment of the monocytes io the sites of endothehl disruption, azd re1ertse of hydrogen 

peroxide by the scavenger macrophages, apoB-100 present in the tethered LDL particles 

undergoes oxidative modifications. Oxidized D L  has a profound effecr in activating 

inflrtmmatory process within endothelial cells and other cells within the vesse1 waiIs 

(reviewed in Avirarn, 7000). AIthough the experimentd evidence suggests that most of the 

endothelial tiinctional disturbances are caused by oxidized LDL rather than native D L .  

there is some evidence indicatiq that native LDL hrts similar deleterious effects (Pritchard, 

et al.. 1995). LDL metabolism by endothelial cells, monocytes, and macrophages within the 

ce11 walI. can lead to a variety of modifications induding the accumulation of the products of 

lipid oxidation (such ris renctive hydroxy fatty ricids) as well as lysophophotidylcholine, 

which rire highIy toxic for the endothelid cell functions (Kugiyama, et al., 1990). Covdently 

modified apoB-100 loses its affînity for binding to native LDL ceceptors and then hinders 

plasma LDL clearance (Steinbrecher, 1987). In human and animal studies, the degree of LDL 

oxidation has been related to endotheliai dysfunction both in large vessels and in the 

microcircu~ation. Sevenl lines of evidence suggest that elevated leveis of both native and 

oxidized LDL in the merid wall increase oxidative stress via the enzyrnatic actions of 

NADPINADPH, NOS, and xanthine oxidase. The excessive generation of the free ndicds (- 

O? and -OH) deteriorates the impairment of NO, celI permeability, endocytic activity, 

prostacyclin production, and many other endothelial functions (Adams, et al., 2000). The end 

result of chese modifications is the reversai of normally anticoagulant endothelid surface to a 

procoagulant condition. 



In addition to LDL. other apoB-containing Iipoproteins, such as pre-fi migrating TG- 

enriched VLDL, Lipoprotein (a), and remnants can potentially prornote atherosclerosis. 

Findings in animal studies and patients with dysbetalipoproteinemia have confirmed the 

possible role of these TG-rich VLDL particles in the pathogenesis of atherosclerosis, Recent 

evidence suggests that TG-rich particles may directly damage the endothelium by stimulating 

the expression of cell adhesion molecules and plasminogen activator inhibitor (Sanar, et al., 

1998). Moreover, reduced endotheiium-dependent dilatation has been reported in a number 

of parhologic conditions associated with high TG, such as obesity/insulin resistance 

syndrome (Steinberg, et al., 1996) and in non-insulin dependent diabetes mellitus (NDDM) 

(Clarkson. et al., 1996, McVeigh. et al., 1992). Lipoprotein (a), a particle resembling LDL 

but containing an additional polypeptide called apolipoprotein (a) that is Iinked to apoB by a 

disulfide bridge hris been proven to be particularly atherogenic owing to its additionai effects 

on fibrinolysis and srnooth muscle ceIl growth (Grainger, et al., 1994). Lipoprotein (a) is 

considered an inherited risk facror for prernature atherosclerosis. 

In contnst to the ribove-mentioned proatherogenic lipoproteins, HDL is strongly 

protective against atherosclerosis. An important mechanism underlying this protective effect 

is the role of HDL in the "reverse cholestcrol transport". HDL is considered ar. antioxidant 

particle because it carries m esterase cdled parzonase, which can degrade cenain 

biolo,oicaIly active oxidized phosphoiipids (Hegele, 1999, Shih, et al., 2000). HDL cm also 

inhibit cytokine-induced expression of endothelid ce11 adhesion molecules (CockeriII, et ai., 

1995). Despite prornising anti-atherogenic effects of HDL shown by numerous reports, 

results obtained from transgenic mimals have been inconclusive sugesting that specific 

HDL subspecies rnay confer benefit, whereas others are not protective (Hoeg, 1998). 



Tanger disease is a rare genetic disorder, which is characterized by severe plasma HDL 

deficiency, hypercatabolism of HDL constituents, impaired cellular cholesterol eftlux, almost 

complete absence of plasma HDL choiesterol and phospholipids, and mutations in the gene 

of ATP-binding cassette 1 (ABC-1). The ABC proteins are plasma membrane localized Iipid 

transporters (Broccardo, et al., 1999). Based on the above observations in Tangier diserise, it 

has been suggested that ABC-I is involved in both phospholipid and free cholesterol 

transportntion across the plasma membrane. A two-step mechanism for ABC-ldependent 

lipid et'fIux from human vascuInr cells has been proposed by Fielding et aI (Fielding, et al., 

2000). Asztalos and colleagues ( AsztaIos, et al., 200 L ) have found si pi ficant abnomdi ties 

in subpopu1ûtion of HDL in homozygous and heterozygous Tangier diseue patients. These 

subpopulations were chmcterized by srnaII size HDL, poor in cholesterol, and different 

npoA-I contents. tvhich may account for the high risk of CHD in these patients. 



PART II: Synthesis, Assembly, and Secretion of ApoB-containing Lipoproteins 

1.2.1 Introduction 

ApoBLOO, the major glycoprotein in VLDL, and the only pratein in LDL, is an 

exuemely large hydrophobic protein of 4536 amino acids with a moleculrir rnass of 

approximately 550 D a .  Carbohydrates riccount for approximately 5% of apo B and include 

mannose, galactose, fucose, glucose, glucosamine, and sialic acid. Human apoB100 is 

synchesized in the liver, while in the human intestine, an editing process resuIts in production 

of apoB48. Liver of some rodents (except nbbit and hamster) produces both apoBlOO and 

apoB48. Except where noted, the term apoB will refer to apoB LOO throughout the course of 

chis chapter. In contrast to the classes of soluble apoproteins epitomized by epoA-1 and apoE, 

apoB is insolubIe in aqueous buffers. Hence, apoB is incapable of exchange among 

lipoprotein classes, and its initial biosynthetic association with nascent VLDL panicle that 

occurs in the endoplasrnic reticulum (ER) is considered irreversible. ApoB100 is the major 

apoprocein of VLDL, D L  and LDL, compnsing approximate1y 30,60, and 95 percent of the 

proteins in these lipoproteins, respectively. It is essential For the assembly and secretion of 

VLDL t'rom the liver and is the ligand for the removal of LDL by the LDL receptor. LDL 

receptor binding domain of apoB is located in the region between amino acids 3000-3700 

(Knott, et ai., 1986, Yang, et ai., 1986). ApoB contains both hydrophobic lipid-binding 

regions, which probably participate in the assembly of nascent VLDL, as well as hydrophilic 

sequences, which interact with the polar aqueous environment (Olofsson, et ai., 1987). 

Elevated plasma concentration of apoB is an important risk factor Cor CHD 

(Lamarche, et ai., 1996). Overproduction of apoB-containing lipoproteins is a common 



phenotype in different types of hyperlipidemic patients and animal models (for reviews refer 

to Brewer, 1999, Pac kard, 1999). Several recently available geneticdly modified animal 

rnode1s have further confirmed direct involvement of apoB overproduction in the pathogenesis 

of hyperlipidernia (geneticall y modified animal models for apoB reviewed in Kim and Young, 

1998. Venirtnt, et al.. 1999). The recognition of apoB-containing lipopmteins as a potentiator 

of cardiovascular diseases has triggered inrerest in determinhg apoB structure, biogenesis and 

mettlbolism. ApoB biogenesis and secretion is a cornplex process involving apoB gene 

transcription, protein translation, ER translocation, apoB degradation, lipoprotein rissembly 

and secretion. ApoB biogenesis occurs in a coordinated and regulated manner involving 

several chaperones and non-chaperone proreins which will be discussed in this chapter (for 

general reviews refer to Adeli, et al., 1995, Davis, 1999, Ginsberg, 1997, Yao and McLeod, 

1994. Yeung and Chan. 1998). 

1.2.2 Structure of Apolipoprotein B 

1.2.2.1 The Humn ApoB Gene 

The apoB gene is Iocated in the short arm of chromosome 2 in the region from p23 to 

p24 (3~23-2pX) (Knott, et ai.. 1986, Mehrabian, et al., L986). This gene consists of 28 

introns and 29 exons, which span a total of 43 kilobases of genomic DNA. The first exon 

contains the 5'-untmnsIated region and also codes for the signal peptides. The mature protein 

sequence starts wich exon 2. Most of the exons range in size from 150 to 250 nucleotides, and 

24 of these encode the first one-third of apoB (Schumaker, et al., 1994). A single opoB gene 

produces a single sized rnRNA, which is rranslated into the rwo different molecuIar mass 

foms of apoB. ApoB m W A  has a size of about 14 kb. 



Several regulatory sequences have been identified in the apoB gene including a 

classical TATA box located 29 nucleotides 5' of the transcriptional start site and a CAAT 

box, 31 nucleotides 5' of the TATA box. Two GC boxes are present on the 3' side of the 

transcriptional start site within the untmslated portion of the mRNA (Blackhart, et al., 

1986). ApoB is constitutively and tissue specificaily expressed in liver, hem, and intestine. 

Expression of apoB gene in the liver is controlled by two positive elements located from - 

125 to -85 and -84 to -70 (Das, et al., 1988). The regulatory elements of the human apoB 

gene are located in the proximal promoter region (Kardassis, et al., 1992, Metzger, et al., 

1993). Kardassis et ai. (Kardassis. et al., L992) have demonstrated that four elements (named 

A, B, C, and E) are recogized by nuclear factors, Three of these elements (A, B, and C) are 

spaced within the apoB promoter -36 to -1 18, and element E is located in +35 to +53 region 

within the tirst exon of the apoB gene. Annlysis of the interaction of nuclear proteins with 

element A (5' -GCGCCCTïïGGAC(X"MTGCAATCC-3') locaiized in the -79 to -63 

apoB promoter showed the presence of multiple sequence-specific DNA complexes. Two 

liver-enriched transcription factors, hepatic nuclear factor4 (HNF4) (Sladek, et al., 1990), 

and CCAATfenhancer-bindins protein u (CEBPu) (Metzger, et al., 1993), bind to che -8 L to 

-53 region of the apoB promotec both hctors are critical for gene expression in hepatocytes. 

Furthemore, both transcription factors have an overlapping binding site in the apoB 

promoter. Zhuang and colleagues (Zhuang et ai., 1992) reported that in the rat liver, nucIear 

proteins such as BRF-L, BRF-2, CEBP and hepatic nuclear factor4 (HNF-4) bind to these 

regulatory elements. Recently, Novak et al. (Novak, et al., 1998) found that the interaction 

between HNF-4 and C/EBP alpha in the promoter of apoB occurs through 5'-CCCTTïGGA- 

3' motif. Brooks and Levy-Wikon (Brooks and Levy-Wilson, 1992) have identified a tissue- 



specific transcriptional enhancer containing €our distinct protein binding sites in the second 

intron of the apoB gene from +806 to +952. Severa! gcoups have also reported negative 

regulatory sequences in the 5' region of the apoB gene @as, et al., 1988, Levy-Wilson, et al., 

1991, Paulweber, et al., 1991a, PauIweber, et al,, 199Lb). Intestinal expression of the apoB 

gene is governed by a distal intestinal enhancer element that is located between 54 and 62 kb 

upstrearn from the apoB gene (McCormick, et al., 1996, Nielsen, et al., L998a, Nielsen, et al., 

1997). Interestingly, expression of apoB gene in the heart of transpenic mice does not require 

distant gene regulatory sequences and consuucts containing as little as 5 kb of 5' flanking 

sequences and 1.5 kb of 3' flanking sequences wece efficiently expressed (Veniant, et al., 

1999). 

The genetic variation of apoB may play a major role in lipid metabolism and 

especially in plasma cholesterol levels. A 9-base-pair insertionfdeletion polyrnorphism in the 

signal peptide region of the apoB gene was localized by Boenvinkle and Chan (Boenvinkle 

and Chan, 1989). Delghandi et aI. (Delghandi, et al., 1999) also reported that variations in the 

apoB gene may alter charged amino acids, affecting the circulating blood lipids and 

contribute to the risk of atherosclerosis. Sevenl studies elucidated the role of the apoB 

polyrnorphisrn in response to diet (Abbey, et al., 1995, Ber;, 1986, Boenvinkle, et al., 1991, 

Friedlander, et al., 1993, Law, et al., 1986a, Pajukanta, et al., 1996, Rantala, et ai., 1000, 

Talmud, et al., 1987, Xu, et al., 1990n. Xu, et al., L990b). Plenty of evidence have shown 

siu@ïcant associations mong apoB polyrnorphism. plasma iipid and lipoprotein levels 

(Gardemann, et al., 1998, HaIIman, et al., 1994, Xu, et ai., 1990b), and coronary 

atherosclerosis in several populations (Benes, et al., 2000, Corbo, et ai., 1999, Delghandi, et 

ai., 1999, Peacock, et al., 1992, Regs-Bailly, et al., 1996). However, no association with 



CAD was observed in other studies (Bohn, et ai., 1994, Visvikis, et al., 1993). There is also a 

recent report connecting an apoB gene Xba I polymorphism with high incidence of 

cholesterol galhtone disease (Han, et ai., 2000). ApoB polymorphism ais0 has forensic 

values and can be used as a usefuI tool in species identification and mo1ecular evolutionacy 

studies (Latorra and Schanfield, 1996). The d e  of apoB gene variations in hyperlipidernia 

h a  been discussed by Schonfeld (Schonfeld, 1995) and Humphries (Humphries and Talmud, 

1995). 

1.2.2.3 Apolipoprotein B mRNA 

Humrtn apoB mRNA contains 14,121 and i4,112 nucleotide (Cladaras, et al., 1986a), 

depending on the p e n c e  or absence of a 9-nucleotide insertioddeletion polymorphism in 

the signal sequence (BoenvinkIe and Chan, 1989). ApoB mRNA is abundant in the liver, 

intestine and hem. The two major isoforms of apoB, apoB-100 and apoB-48, both are 

synthesized frorn the same gene by s post-transcriptional mechanism known ris apoB mRNA 

editing (Chen. et al., 1987, Powell, et ai., 1987). A cytidine to uridine conversion in the apoB 

transcript at the nucleotide position of 6666 results in editing of o glutamine CAA codon to 

UAA. at amino ncid residue 2153 into an in-fanie translational stop codon. This mRNA 

editing explains the formation of truncated isoform apoB48, Although intestinal apoB 

mRNA editing occurs at high leveis in nearly dl rnammals examined, hepatic editing is much 

less cornmon and occurs only in certain species. Greeve et al. (Greeve, et ai., 1993), 

comparing apoB mRiiA edicing in 12 different marnmdian species reported that intestinai 

apoB mhVA was edited rit high Ievels in al1 species, 40% in sheep, 73% in horse, 82% in 

pig, 84% in dog, 84% in cat, 87% in guinea pig, 88% in rat, 89% in mouse, and >90% in 

human, monkey, cow, and rabbit. The same group detected the liver apoB mRNA editing as 



about 18% in dog 43% in horse, 63% in rat, 70% in mouse, and 4 %  in rabbit and guinea 

pig. in contrast, hepatic mRNA from human, monkey, pig, cow, ship, and cat liver was not 

edited. Reaves et al. (Reaves, et al., 3000) have dso reported editing activity in the smail 

intestine and colon of hamster but not in the liver. This finding may explain in part why 

hamster lipoprotein metabolism is more similar CO humans thm that of most other rodents. 

The editing reaction occurs in the nucleus and is perforrned by a multiprotein enzyme 

complex or "editosome" compt-ised of ri 27-kDa RNA-specific cytidine deaminase, named 

apoB mRNA editing catalytic subunit I (apobec-1) and other auxiliary Factors (reviewed in 

Davidson and Shelness. 2000). Apobec-1 has been cloned from humrin, rat, rabbit, and 

mouse (Hadjiagapiou, et al., 1994, Teng, et al., 1993, Yamanaka, et al., 1994). Apobec-1 is a 

heterodimer enzyme with considerable sequence homology with other cytidine deaminases. 

Editosome assembly is facilitated by an 1 l-nucleotide "mooring sequence" that begins five 

nucleotides downstream of the editing site in the apoB transcnpt (Smith, et al., 1991); this 

region has been shown to be criticai for editing efficiency (Shah, et al., 1991). The "mooring 

sequence" also functions to promote editing, aIbeit at a reduced efficiency, when insened 

into heterologous gene (Backus and Smith, 1994, Driscoll, et ai., L993) or alternative sites in 

apoB mRNA (Backus and Smith, 1992). The mRNA characteristics and structure are 

important for the efficiency of the editing process. A critical enhancer sequence located 

immediately 5' of the editing targeted cytidine has been identified. Length and AU content of 

RNA sequences more distally located from the editing site aiso contribute a 'bulk RNA 

context' that enhances editing in vitro (Backus and Smith, 1994). The editing process is aiso 

subjected to developmental, environmentai, hormonal, and dietary regdation. Intestinal apoB 

RNA editing is developmentaily reguIated in humans, with exly fetai small intestine 



expressing predorninantly unedited apoB mRNA and secreting apoB-100 (Patterson, et ai., 

1992, Teng, et al., 1990). ApoB RNA editing in the intestine starts around the third trimester 

of pregnancy, and there appears to be little regulation of this process after birth. Research 

evidence in human, rat, and mouse indicates that intestinal mRNA editing is not responsive 

to alterations in lipid flux or TG feeding (Higuchi, et al., 1992, Inui, et ai., 1994, Lopez- 

,Miranda, et al., 1994). In human, the Iack of hepatic editin; activity is thought to contribute 

to our susceptibility to develop atherosclerosis. Consequently, numerous labontories are 

developing ways to induce hepatic editing usin; techniques such as gene therapy. 

1.2.2.3 Structural and Functional Domains of ApoB 

Apolipoprotein B size and insoluble nature has made it difficuit to deduce the 

structural motifs responsible for its lipid-association propenies. On the other hand, the 

exchangeable apolipoproteins are sohble in aqueous solutions, and the secondary structural 

motif (amphipathic u helix) responsible for their lipid association has been extensively 

studied (Segrest, et al.. 1994a, Se-pst, et al., 1974). The amphipathic a helix is a common 

secondruy structural motif in biologicaily active peptides and proteins, ApoB has a high 

affinity for lipids which is reflected by a high average hydrophobicity, hindeting studies of 

its protein structure (0.9 16 kcal/residue) (Chen, et al., 1986). First success came from data of 

several different groups using complete apoB cDNA that elucidated primary sequence of the 

apoprotein (Cladaras. et ai., 19868, Knott, et al., 1986, Law, et al., L986b, Olofsson, et ai., 

L987, Yang, et al., L986). Circular dichroism (CD) anaiysis indicated that apoB in LDL 

contained approximately 41 percent u helix, 22 percent B structure, 20 percent 13 turns, and 

17 percent random coi1 structure (Chen and Kane. 1986, Scanu and Hirz, 1968), in close 

armement with secondary structure predicted from cDNA sequence (Yang, et al., 1986). 



Segrest and colleagues (Sekgest, et ai., 1994b) used a computer based program cdIed 

LOCATE that searched arnino acid sequences to identify potentid arnphipathic stnictunl 

motifs based on sets of rules for u heIix and strands and identified lipid-associating 

domains within apoB-100 sequence, According to their model, two dense clusters of putative 

lipid-associating arnphipathic helices were located precisely in the middle and C-teminal 

end of apoB-100; a cluster of class G* hclices was located at the N-terminus. The two 

regions between the three amphipathic clusters were found to be highly enriched in putative 

amphipathic fl strands, while the three amphipathic helical dornains were laqely devoid of 

this putative lipid-associating motif. They finaIly proposed that human apoB-100 has a 

pentapartite structure, NHz-ccL-PL-u&-uj-COOH, with CL, representing a globular domain. 

One of the p sheet dornains locaced between amino acids at about 18 and 43% of full-length 

apoB-100 appears to be invoIved in translocation arrest of the protein by a hydrophobic 

interaction with the ER membrane (Du, et al.. 1994, Du, et al., 1996, Thrift, et al., 1992). The 

fl sheet dornain has also been suggested to be responsible for lipid binding and VLDL 

assembly (McLeod, et al., 1996). Liang et al. using human apoB chirneric constnicts 

demonstrated that the transIocation efficiency, susceptibility to proteasomal degradation, and 

lipid responsiveness of apoB were determïned by the presence of a lipid binding 0 sheet 

dornain (Liang, et al., 1998). Chauhan et ai. (Chauhan, et al., 1998) based on a series of 

experïments on delipidated LDL using 38 different anti-apoB monoclonai antibodies 

proposed that the P strands of apoB-100 may represent a non-flexible Iipid-associating 

backbone, while the amphipathic a-helical domains may represent flexible iipid-binding 

regions that allow the particle to accommo&te varying arnounts of lipid. Segrest, et aI, 

(Segrest, et al,, 1998) recentIy reported the ubiquitous presence of the pentapartite stnicture 



in apoB-100 from eight species of vertebrates (chicken, frog, hamster, monkey, rnouse, pig, 

rat. and rabbit). Figure 1.3.1 shows a schematic diagram of their proposed structural mode1 of 

apoB-LOO. Structural resemblance between apoB and microsomal triglyceride transfer protein 

(MTP), vitellogenin (the ancient egg yolk storage protein and precursor form of lipovitellin), 

lipovi tellin (an oocyte lipoprotein), encouraged researchers to crystallize some of these 

proteins in order to decipher the mystery surrounding apoB-LOO structure. Anderson et ai. 

(Anderson, et al., L998) by crystallizing lipovitellin which has two large domains consewed 

in both apoB and MTP, proposed chat the lipid binding cavity is fomed pnmrtrily by a 

singIe-thickness P-sheet structure which is stabilized by bound lipid. Mann et al. (Mann, et 

al.. 1999) based on molecular modeling and mutagenesis showed that the globular amino- 

terminal regions of apoB and MIT are closely related to the vitellogenin. They proposed a 

model for assembly and secretion of apoB-containing lipoproteins (Mann, et ai., 1999). 

Segrest et al. (Segrest, et al., 1999), reported that the first 200 residues of human apoB-100 

(the ul domain plus the first 100 nsidues of Pl  domain) have sequence and amphiphatic 

motif homologies to the lipid binding pocket of lamprey lipovitellin. They also showed that 

most of the ul domain of apoB has sequence and amphipathic motif homologies to PUTTP. 

Based on their data, they suggested a "lipid pocket"mode1 for the assembly of apo0- 

containing lipoproteins, 

During its complex biosynthesis, apoB is further modified by disulfide bond 

formation, gIycosylation, phosphollation, and fatty acylation (Davis, 1996, Havel, 1995). 

Human apoB-100 contains 25 cysteine residues of which at l e m  16 are invoived in 

intramolecular disulfide bonds (Cardin, et al., 1982, Yang, et ai., 1989). Fourteen of these 

disulfide Iinkage are located within the N-terminal portion (Yang, et ai., 1990). Secondary 



structural analysis has predicted thac N-terminal 17% of apoB may form a giobular structure 

owing to the presence of concentrated disulfide bonds. Scverai groups have shown that the 

N-terminal disulfide bonds are necessary for proper folding, stability, lipid recnritrnent and 

secretion of apoB lipoproteins (Shelness and Thomburg, 1996, Tran, et al., 1998). CalIow 

and Rubin showed that the C-terminal Cysteine at residue 3426 forms the disulfide link of 

LDL apoB-100 to glycoprotein in the Lp(a) complex (Callow and Rubin, 1995). 

Both apoB-LOO and apoB-48 are glycoproteins. ApoB-LOO contains at least 20 

potential N-linked glycosylation sites (Siuta-Mansano, et al., 1982), with concentrations in 

the N-terminal region and around the putative LDL-receptor ligand domain (Yang, et ai., 

1989). Although VLDL apoB is secreted containing N-linked high mannose and mature 

cubohydrate chains. tunicamycin-based studies showed that inhibition of glycosylation 

decreased net production of apoB by increasing cellular degradation (Liao and Chan, 2001, 

Macri and Adeli, 1997a). 

Early studies have shown that apoB is covalently modified by the fatty acid palmitate 

via a thioester bond (Hoeg, et al., 1988, Huang, et al.. 1988, Kamanna and Lee, 1989, Lee, 

1991, Lee and Singh, 1990). Protein palmitoylation is a reversible posttranslationai 

modification that occurs on cysteine residues. Recently, Zhao et al. (Zhao, et al., 3000) 

demonsuated that palmitoylation of apoB is a stmctud requirernent for proper assembly of 

the hydrophobic cote of the Iipoprotein particle and its intracellular sorting. 

Data from cultured rat hepatocytes @avis, et al., 1984) and diabetic rat hepatacytes 

(Sparks, et al., 1988) indicate that apoB is subjected to phosphoryIation on senne and 

tyrosine residues and phosphorylation occurs early in the secretory pathway. Swift using nt 

hepatic Golgi apparatus-rich fractions found that the Golgi appmtus is the subcellular site 



For apoB phosphorylation (Swift, 1996). Functionnl significance of apoB phosphorylation is 

not fully understood- 

A te r t iq  structure of apoB-100 in LDL particle has been proposed based on 

molecular mapping as wdl as differenr approaches including proteoIytic digestion (Yang, et 

al., 1986, Yang, et al., L989), electron microscopy (Lee, et al., 1987), X-ray studies (Luzzati, 

et al., 1979) and a brirtery of monoclonal antibodies (Chatterton, et al., 1991). These data 

confirmed that there was one moiecule of apoB per WL particle (Miine and Marcel, 1982) 

which surrounds the LDL neutrd lipid core. The results led Chatterton and colleagues 

(Chatterton, et al., 1995) to propose a three-dimensionai model cdled "ribbon and bow" 

model. According to this model, the first 89% of apol3100 forms a thick nbbon thar 

compIetes a circle around the particle ar residue 4050 and is in contact wirh the neutrai lipid 

core. There is also a kink iocrited close ro the middle of the proposed ribbon structure. The 

remriining 11% C-terminal of ripoB forms an elongated structure of about 480 residues or 

"bow" which is stretched back into one hemisphere and chen crossing the ribbon into the 

other hemisphere toward the LDL-receptor binding domain. Funher data suggested that the 

ribbon and bow mode1 might be applicable for the TG-rich particles like VLDL and 

chylomicrons. The combined data suggest that the circumference of the circle made by apoB 

is likely to be one criterion chat determines the size of the neutrai lipid core and thus the 

cripacity to transport TG and choIescero1 esters (Davis, 1999). AIthough the above three 

dimensionai model is the most comprehensive model proposed for the apoB-LOO, there are 

still some questions left unanswered by the mode[ especially regarding the very Iarge TG- 

rich particles. 



FIGURE 1.2.1 

Schematic diagram of the distribution of arnphipathic a helixes and amphipathic f3 

strands in apolipoprotein BlOO (adapted from Segrest, et al., 1998). 
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1.2.3 TranscriptionaI Reguiation of Apoiipoprotein B Production 

The body of evidence collected from different ce11 culture systems indicates that acute 

regulation of apoB secretion is not transcriptional in nature. In Hep G2 cells the Ievel of 

intracellular apoB mRNA is quite stable and generally does not change when the secretion uC 

apoB-containin; panicles is changed by metabolic perturbations (ûashti, et al., 1989, 

Pullinger, et al., 1989). An apoB mRNA has a half-life of 16 h (Pullinger, et al.. 1989), 

making short-term regulation of apoB biogenesis by control of transcription relatively 

inefficient. In HepG2 and Caco-cells, incubation with fatty acids causes stimulation of apoB 

secretion without any change in its mRNA levels (Dashti, et al., 1989, Kaptein, et al., 1991, 

Moberly, et al.. 1990, Pullinger, et al.. 1989). Similady, in African green monkey, 

consumption of high cholesterol diets increased plasma Ievels of apoB-containing 

lipoproteins without altering hepatic apoB mRNA levels (Sorci-Thomas, et al., 1989). 

Srivastava (Srivastava, 1996) using high cholesterol and high fatty acid fed mice and rats 

showed no alteration of hepatic apoB mRNA despite a sipificant elevation of plasma levels 

of apoB-containing particles. Raspe and colleagues (Raspe, et al., 1999) found that 3-thia 

fatcy acids through PPARu activation significantly reduced serurn TG, cholesterol, and free 

fatty acid Ievels in rats. Although these fatty acids decreased Iiver mRNA levels of apoA-1, 

A-ii, A-IV, and C-iU, they had no sigificant effect on apoB mRNA Ievels. It is known that 

insulin exens inhibitocy effects on apoB secretion through a non-transcriptionai control of 

apoB biogenesis (Dashti, et al., 1989, Pullinger, et al., 1989). Recently, NeeIe and coiIeagues 

(Neek, et ai., 1999) using primary cultures of Cynomolgus monkey hepatocytes reported 

similar results on apoB mRNA levels. Fasting and feeding of animal modeIs aiso showed no 

sigificant effects at the mRNA levels, despite significant aiterations of secretion of apoB- 



containing lipoproteins (Leighton, et ai., 1990). lnui and colleagues (Inui, et al., 1997) in 

fatty liver of obese rats fed with high sucrose diet reported enhanced apoA-TV mRNA levek 

without any alteration in apoB gene expression. Gruffat et ai. (Gruffat, et al., 1997) using 

lactating cows reported that apoB synthesis during early lactation was decreased although its 

mRNA level was unaltered, Nassir et al. (Nassir, et al., 1996) reported that increased plasma 

levels of apoB-100 in experimentalIy induced copper deficient rats was not due to apoB gene 

transcription. 

Despite strong evidence indicating stability of transcriptional levels of apoB gene 

under different metabolic conditions, there are sorne reports showing that apoB mRNA cm 

be moduiated under certain conditions. Dashti reported an increased mRNA level in HepG2 

cells incubated with 35-hydroxychoIesteroI (Dashti, 1993). Theriault and colleügues 

(Theriault. et al.. 199%) showed a 30% increase in apoB mEWA levels of HepG:! ceils 

incubated with thyroid hormone. Incubation of HepG2 cells with VLDL particles can dso 

increase the level of apoB mRNA (Wu, et al., 1994). 

Despite a few reports showing alteration of apoB gene transcription, it appem that in 

most cases apoB message levels rernain relatively constant under different metabolic 

perturbations. Acute modulation of apoB secretion appears to be mediated by post- 

transcriptiona1 rnechanisms. Fig 1.2.3 depicts some key factors involved in post- 

transcriptional regulation of apoB biogenesis in hepatocytes. 

1.2.4 Translational Regdation of Apolipoprotein B Production 

There is plenty z ~ f  evidence suggesting chat apoB production is mainly regulated 

through post-translational modifications. However, it appears that in some cases transiational 

level of apoB mRNA may controI apoB secretion. Theriault et al. (Theriault, et ai., 1992b) 



reported an increase in apoB secretion in HepG2 cells incubated with thyroid hormone due to 

the increased rate of apoB synthesis. Sparks and Sperks (Sparks and Sparks, 1990), in 

primary rat hepatocytes incubated with insulin showed a reduction in apoB synthesis and 

secretion. Later, AdeIi and Theriault (Adeli and Theriault, 1992), using a HepG2 ce11 in vitro 

translation sysrem demonstrated that acute insulin mamient could attenuate apoB mRNA 

translation, In addition, in hypoinsulinemic streptozotocin-induced diabetic rats, apoB 

production was reduced due ro a decrease in apoB synthesis (Sparks, et al., 1992). In these 

rats impairment of apoBJ8 and complete block of apoB100 translation was detected at the 

level of peptide elongation. They suggested that insulin-dependant factors control apoB 

mRNA translation through protein-RNA interaction. Wu and colleagues (Wu, et al., 1994) 

reported that incubation of HepG2 cells with exogenous VLDL, resulted in an increase in 

apoB synthesis and production. Zhang et al. (Zhang, et al., 1993) demonstrated that apoB 

mRNA translational modulation was involved in decreased apoB secretion in HepG2 celis 

incubated with amino acids. Furthemore, Wüthur and coileagues (Mathur, et al., 1996) 

reported a stimulation of apoB synthesis in CaCo-2 cell lines incubated with 

phosphatidylcholine. 

Despite the above-mentioned reports on the roIe of translational modulation of apoB 

mRNA, the major mode of reguIation of apoB production in most instances appears to be 

post-translational in nature. Translocation of ApoB across the ER-membrane, apoB 

de-mdation, and its rissernbly in the secretory pathway to form the Iipoprotein partîcle are 

considered three major pmcesses determining the Frite of newly synthesized apoB. 



Some important factors involved in post-transcriptional modulation of hepatic apoB 

biogenesis 

Newly synthesized apoB is cotnnslationally transiocated via tnnslocon channel across the 
ER membrane. Chaperones such as Bip, calnexin assist the nascent apoB moIecule to fold 
properly. In case of tr;inslocation inefficiency such as lipid substnte shortage, apoB 
polypeptides become exposed to the cytosol and interact with hsp70190 and are targeted for 
proteasomal degradation. In the presence of adequet lipid substrates, microsoma1 triglycende 
transfer protein (MTP) uansfers core lipids such as TG and cholesterol esters (CE) to the 
cotranslationally translocated nascent apoB and creates a smail dense premordial particle 
inside the ER-lumen. These precursor particles are convened to mature, secretion-competant 
VLDL particle by recmiting more lipids. Particles chat fail to recmit adequate lipids are 
secretion-incompetent and are subjected CO both intraluminal and proteasomal degradation. 





1.2.5 Co-translational and Post-translational Regulation of Apolipoprotein B 

Production 

1.2.5.1 Translocation of Apolipoprotein B across the Endoplasmic Reticulum 

It has been shown that translocation efficiency of apoB is a major determinant in 

apoB secretion (Borchardt and Davis, 1987, Davis, et al., 1990, Du, et al., 1994). The key to 

this post-trrinslational regulation appem to be the rapid degradation of newly synthesized 

apoJ3, which results from inefficient translocation of nascent ûpoB across the ER membrane. 

[n mammalian cells, al1 nonorganellar protein biosynthesis is initiated on unbound 

cytoplasrnic ribosomes. Those ribosomes synthesizing proteins destined for secretion or for 

integration into the ER membrane rire identified by a 15-30 residue signal sequence at the N- 

terminal end of the nascent chah (reviewed by Walter and Johnson, 1994). The sorting of 

most non-cytoplasmic proteins begins rit the membrane of the endoplasmic reticulum (ER). 

Proteins destined for secretion are translocated aaoss the ER membrane at sites called 

translocons (reviewed in Johnson and van Waes, 1999). In eukaryotic cells, this translocation 

occurs co-translationally, at the same time that protein is being synthesized by a ribosome. 

Numerous reports indicate that apoB becomes associated with the ER membrane, 

either co-translationally or very early in the post-translationai period. Olofsson and 

colleagues (Boren, et al., 1990, Bostrom, et ai., 1986) demonstrated that in HepG:! cells, the 

majority of newly synthesized apoB was ER membrane associated. In chick hepatocytes, 

Bamberger and Lane (Bamberger and Lane, 1988), obsented that after aikaiine treatment of 

microsomes, approximately 40% of apoB remained in the membrane fraction. Davis et al. 

(Davis, et ai,, 1989) reported that in nt hepatocyte, apoB was eenposed to the cytosolic side of 

ER membrane. This observation was Later confirmed in both chicken hepatocytes (Dixon, et 



al.. 1992) and HepG2 cells (Wilkinson, et ai., 1993, Wilkinson, et al-? 1992). SevenI 

different groups have confirmed the exposure of the apoB co the cytosolic side of the ER 

membrane, using exogenous protease digestion assays and isolated ER or microsomal 

vesicles (Du, et al,, 1994, Edwards and Grundy, 1989, Furukawa, et al., 1992, McLeod, et al., 

1996, Wang, et al., 1996) and later Davis et al. (Davis, et al., 1990) using isolated 

microsomal fractions obtained from rat Iiver, determined the susceptibility of apoB48 and 

apoB-LOO to digestion wich trvpsin and proteanase K. They showed that approximate1y 50% 

of apoB-100 and apoB48 in rat Iiver rough microsomes was degaded by exogenous trypsin 

under conditions in which microsomes remained intact. In addition, Davis et al. (Davis, et al., 

1990) used pulse-chase and irnmunological methods to assay apoB topography, Their 

combined data indicated that apoB domains are exposed on the cytoplasmic surface of rat 

liver rough microsomes. In another approac h, Lingappa and colleagues found speci fic 

sequences called pause transfer (PT) sequences that direct the transient pausing and 

subsequent restarting of niiscent apoB chain across the ER membrane (Nakahara, et d., 

1994). Later the same group suggested a pausing-based mode1 of co-translocational exposure 

of apoB to the cytosol (Hegde and Lingappa. 1996), and also found several PT sequences 

distributed asymmetrically throughout the apoB moIecule (Kivlen, et al., 1997). Reserirch 

done by Lingappa's group provides evidence that translocational pausing may play a role in 

the formation of several di fferent so called "unconventionai" secretory and membrane 

proteins in addition to apoB (Nakahara, et al., 1994). 

Although, some investigators have failed to demonstrate the existence of cytosolic 

exposed apoB (Ingram and Shelness, 1996, Leiper, et al., 1996, Pease, et al., 1995, Shelness, 

et ai., 1999, Shelness, et al., 1994) the majority of reports using different hepatocyte models 



including rat liver (Verkade, et ai., 1993)- HepG2 CeIIs (Bonnardel and Davis, 1995, Boren, 

et al., 1993, Furukawa, et al., 1992, Macri and Adeli, 1997b), chicken hepatocytes (Dixon, et 

aI., 1992), and rabbit livers (Wilkinson, et al., 1992) Xe in favor of membrane association of 

apoB. 

More recently, Ginsberg and his collertgues (Pan, et al., 2000) have found a 

connection between apoB translocation and apoB mRNA translation. They demonstrated that 

in HepG2 cells, treatment with an blTF inhibitor and A U ,  a proteasomal inhibitor, caused 

accumulation of newly synthesized apoB in the translocation channel, which subsequenrly 

exerted ri selective and negative effect on the synthesis of apoB at the stage of elongation. 

1.2.5.2 Factors Involved in ApoB Trrinslocation 

Several factors are known to contribute to the efficiency of apoB translocation, 

including protein factors such as microsomaI tnglyceride transfer protein (MTP) and 

chaperone proteins, lipid availability, and structural domains of the nascent apoB molecule. 

1.2.5.2.1 Microsomal Triglyceride Transfer Protein (MTP) 

M ï T  is a heterodimer procein consisting of a 97 kDa catalytic subunit and a 58 kDa 

enzyme protein disuifide isomerase (PDi) (Ferrari and Solin;, 1999, Wetterau, et al., 1990). 

iMTP is located in the lumen of ER of apoB secreting cells, hepatocytes, enterocytes. 

(Gordon, et al., 1994) and cardiac myocytes (Boren, et al., 1998~. Nielsen, et al., 1998b) and 

acts as neutral lipid transfer protein. PD1 is a ubiquitous, multifunctionai ER protein that 

catalyzes the insertion of disulfides into folding proteins and corrects errors in disulfide 

bonding (Noiva and Lennarz, 1992). The lxger subunit of MTP is responsible for its lipid 

tramferring activity. Formation of a heterodimenc complex between MTP and PD1 is 

absolutely required in order to express active lipid transfer acùvity (Wetterau, et ai., 1991). 



Wang et al. demonstrated that the role of PD1 in MTP complex involved functions other chan 

its known enzyrnatic activities which was also important for the so-called MTP-independent 

steps of apoB secretion (Wang, et ai., L997). Although MTP is capable of transfemng 

cholesteryl esters, free cholesterol, and phospholipid, it preferably transiers TG and 

cholesteryl esters (Jamil, et al., 1995). The ul domain of apoB and the amino-terminal - 65% 

of the 97-kDa subunit of MTP were found to be homologous with lipovitellin, an ancient 

lipid transporter in egg-layin; animals (Baker, 1988, Shoulders, et al., 1994). MTP. apoB, 

and Iipovitellin share an amino-terminal B-bmel and an extended cc-helical domain (Mann, 

et al., 1999). MTP is thought to transfer lipids to apoB while the apoB polypeptide chain is 

being translated and translocated into the lumen of ER, allowin; apoB to fold properly and 

assemble into a spherical lipoprotein with a core of neutrd lipids (Gordon and Jamil, 2000). 

Studies in patients with abetalipoproteinemia. an autosornal recessive disease in which MTP 

activity is vinually absent (Wetterau, et al., 1992 and recently reviewed in Beniot- 

Varoqueaux, et al., 3000) and dose-dependrint inhibition of apoB secretion in animals and 

cells treated with specific iMTP inhibitors (Benoist, et al., 1996, Haghpassand, et al., 1996, 

Jamil, et al.. 1998, Jamil, et al., 1996, Macri, et al., 2000, Wetterau, et al., 1998) have 

suggested that the presence of active MTP is absoluteiy essential for the assembly and the 

secretion of ripoB-containing lipioproteins. Furthemore, recent studies in Watanabe rabbits 

(LDL receptor deficient) have sho~vn that fetding with an M W  inhibitor normaiizes plasma 

cholestero1 and TG most likely via extensive presecretory apoB degradation (Wettenu? et al., 

1998). in addition, apoB production and secretion in non-hepatic and non-intestinal celIs 

requires CO-expression of apoB with MIT (Gordon, et al.: 1994, Leiper, et al., 1994, Patel 

and Gmndy, 1996, Wu, et d., 1996). in the absence of MTP, newly synthesized apoB is 



rapidly degraded by the proteasorna1 pathway (Benoist and Grand-Perret, 1997) and 

essentially none of it gets secreted. Numerous studies (Gordon and Jarnil, 2000, Wu, et ai., 

1996) have demonstrated a physical interaction between MIT and apoB, and in Hep G2 cells 

the dismption of this interaction inhibited apoB secretion by 70-8596 without affecting lipid 

transfer activity of MTP (BakilIah, et al,, 3000, Hussain, et al., 1998). Mutagenesis studies 

showed that cysteine-enriched amino terminus of apoB was necessary for the MTP 

responsiveness (Gretch, et al., 1996). N-terminai amino acid residues 430-570 (Hussain, et 

al., 1998) and 512-721 (Bradbury, et al., 1999) have been proposed to contain the MTP 

binding sites. 

The relationship between transIocntion of the newly synthesized apoB and MïE) 

activity has been a controversial issue. Thriff et al. (Thrift, et al., 1992) has reported apoB 

translocation arrest in Chinese hamster ovary (CHO) cells transfected with apoB gene in the 

absence of W P .  Translocation mesred apoB was Inter depded  producing an 85-kDa N- 

terminal fragment (Du, et al.. 1994). Wang et aI. (Wang, et al., 1996) demonstrated 

transiocation iacilitatin,o effects of LW in COS-7 ceils transfected with apoB72 and 

apoB94. In contrast, other researchers using cell-free systems (Rusinol, et ai., 1997), or cell 

lines such as COS cells (Shelness, et al., 1994), and murine C-127 (Herscovitz, et al., 1995) 

suggested that M I T  may not be required for the trans[ocation of apoB. More recently, Macri 

et al. (Macri, et al., 2000) using an MïT inhibitor reported that in HepG:! cells, M.TP lipid 

transfer activity did not influence transiocational status of apoB, instead it increased 

susceptibility to proteasome-mediated degradation and reduced assembly and secretion of 

apoB lipoprotein particles. In agreement with the above issue, Huang and SheIness (Huang 

and SheIness, 1999) using different truncated apoB appended to a shoa peptide containing 



glycosylation sites expressed in hepatic and non hepatic ceIl lines also reported efficient 

MTP independent translocation of apoB. 

It appears that expression of the 97 kDa subunit of MTP is tightly regulated, mostly 

because of its heterodimeric existence with PDI. Recently, Sato et al. (Sato, et al., 1999) 

found two sterol response elements, SREBP-L (arnino acids, 1487) and SREBP-2 (amino 

acids, 1-48 1) overlapping with an insulin response element in the promoter of the MTP gene. 

1\11 these metabolic response elements negatively regulate the expression of the lMTP gene. 

Lin et al. (Lin, et al., 1994) demonstrated dietary regulation of MTP activity and rnRNA 

levels in Syrian golden hamster intestine and liver. They found that a hi& fat diet increased 

LMTP mRNA levels in the liver and throughout the small and large intestine whereas a high 

sucrose diet only increased (-55%) MTP mRNA in the Iiver. Raabe et al. (Raabe, et al., 

1998) first reported the production of MTP knockout mice by gene tacyoeting Liao et al 

(Liao. et al., 1999) using adenoviral expression system, overexpressed MTP in HepG2 cells 

and increased its Iipid tnnsfer activity up to Fïve-fold, ahhou~h most of the overexpressed 

protein was secreted out of the cells (due to the absence of a KDEL sequence). This MTP 

overexpression increased apoB secretion and reduced its proteasornal degradation providing 

more evidence on the crucial role of blTP in apoB production. In addition to overexpression 

studies, severai groups have attempted to develop biTF knock out mice models (reviewed in 

Chan. et al., 2000). Hornozygous MIT knockout mice do not survive embryonicaily. To 

overcome this problem, two different goups (Chang* et ai., 1999, Raabe, et ai., 1999) used 

conditionai blTi? gene inactivation methods by inserting loxP sequences and adenovirus- 

mediated transfer of Cre recombinase. Although the insertion of loxP sequence was not 

successful, the Cre recombinase system selectively inactivated the hepatic MTF gene. 



lnterestin~ly these mice showed marked diminution in plasma apoB-100 levels and variable 

diminution in plasma apoB48 levels. Homozygous knockout animais did not respond to a 

high cholesterol diet due to accelerated hepatic apoB deagadation and abolition of VLDL 

secretion. Electron microscopy examination of the livers revealed chat, in contrat to normal 

mice, in MTP knockout hepatocyces, no K D L  size particle was observed while numerous 

cytosolic frit droplets were detected (Raabe, et al., 1999). Raabe et al. concluded that MTP is 

essential for transferring the bulk of TG into the lumen of the ER for VLDL assembly and is 

thus essentiai for both the first and the second step of apoB LOO lipidacion. Severn1 recent 

reviews on LMTP function are available (Berrioc-Varoqueaux, et al., 3000, Gordon and Jamil, 

2000, Murphy and Vance. 1999). 

1.1.5.2.2 C haperone Proteins 

Molecular chaperones are defined as a class of proteins involved in correct folding of 

nascent peptides as well as proper conformation and assembly of the mature forms and even 

depdation of misfolded proteins (reviewed in Ellis, '1000, Fink, 1999, Freeman, et al., 2000, 

Ma, et ai.. 2000. Saibil, 2000). interactions between apoB and several different chaperones 

have been documenced. In HepGî cells, calnexin, which is an ER transrnembrane protein, 

has been s h o w  co associate with several glycoproceins, including apoB (Bergeron, et al., 

1994, Ou, et al., 1993). PateI and Gnindy (Patei and Gnindy, 1996) co-immunoprecipitated 

cdnexin with apoB and showed that their interaction was diminished in the presence of 

bïîP. Aichough they reported that inhibition of N-linked giycosyiation prevented the binding 

of cainexin, this caused no aiteration in secretion kinetics and assembly of apoB-cuntaining 

particies, Chen et al. (Chen, et al., 1998) observed that impairhg this association blocked 

transtocation and caused rapid ubiquian-dependent proteasorne degradation. Linnik and 



Herscovitz (Linnik and Herscovitz, 1998) have reported the association of apoB with severai 

intraluminal chaperones including Erp72, GRP94, crtlreticulin, and Bip. The importance of 

these associations has not been defined. 

1.2.5.3 Post-translational Degradation of Apolipoprotein B 

The biogenesis of large secretory proteins such as apoB-100 is a complex process 

with a high chance of production of misfolded or aberrant proteins. Perturbed folding and 

assembly of secretory proteins within the ER usually results in retarded or blocked 

anteropde transport and subsequcnt degradation (Fink, 1999, Hampton, 2000). Co- 

translational and posttranslationai degadation of apoB has been demonstrated and 

documented using different cell systems. In BepG2 cells rtpproxirnately one hdf to two thirds 

of de nnvo synthesized apoB is degraded (Adeli, 1994, Borchardt and Davis, 1987, Sato, et 

al.. 1990). In primriry ce11 cultures of rat hepatocytes (Martin-Sanz, et al., 1990, Sparks and 

Sparks, 1990. Wang, et al., 1995b), 25% CO 50% of the newly-synthesized apoB appears to be 

degraded whereas the extent of deImddrttion is about 44-50% in primary rabbit hepatocytes 

(Cartwright and Higgins, 1996, Tanaka, et ai., 1993). In HepG2 cells (Dixon, et al., 1991) 

and McA-RH777 cells (White, et al., 1992), stimulation of TG synthesis following addition 

of oleate protected apoB against degradation and dramatically increased its secretion without 

affecting synthesis rate. ApoB depdation was initiaily thought to occur in a pre-Golgi 

compartment (Adeli, 1994, Borchardt and Davis, 1987, Furukawa, et al., 1992, Sato, et al., 

1990), in a process inhibited by ALLN (Adeli, 1994, Sakata, et ai., 1993, Thrift, et ai., 1992), 

mostly based on evidence from HepG2 cells. Thus, a Iarge body of evidence suppom the 

notion that apoB is synthesized in surplus and shunted to a pathway involved in Iipoprotein 



assernbly and secretion or degradation. The balance between assembly and degradation 

determines the secretion rate of apoB. 

In HepG2 cells, the site of degradation appears to be IocaIized in a pre-Golgi 

compmment that does not involve the lysosomal pathway (Adeli, 1994, Dixon, et ai.. 1992, 

Du, et al., 1994, Furukawa, et al., 1992, Sato, et al., 1990). However, in most primary 

hepatocytes exarnined, degradation of apoB is not confined to the ER (Sparks and Sparks, 

19941) and appears to occur even afier an apoB-lipoprotein is formed (Cmwright and 

Higgins, 1996, Fast and Vance, 1995, Verkade, et al., 1993, Wang, et al., L99Sa. Wang, et 

al., 1993). OveraIl the available data indicate that apoB degradation c m  occur in dl secretory 

compartments by proteasomal and non-proteasomal degradative systems (for recent reviews 

refer co Davidson and Shelness, 2000, Olofsson, et al., 1999, Yao, et al., 1997). 

1.2.5.3.1 Proteasomal Degradation of Apolipoprotein B 

Degradation of a protein via the ubiquitin-proteasorne pathway involves two 

successive steps: covalent attachrnent of multiple ubiquitin molecules to the substrate, and 

degradation of the tagged protein by 26s proteasorne and recycling of ubiquitin via the 

activity of ubiquitin C-terminal hydrolase (isopeptidases) (for reviews refer to Ciechanover, 

et al., 2000, Kornitzer and Ciechanover, 2000, Voges, et al., 1999). Several research groups 

have shown that the degradation of apoB is mediated mainly by the cytosoiic ubiquitin- 

proteasome pathway and that apoB is ubiquitinated and intraceIIularly degraded (Chen, et al., 

1998, Fisher, et al., L997, Liao, et ai., 1998, Mitchell, et al., L998, Yeung, et al.? 1996, Zhou. 

et al., L998). Newly synthesized apoB appears to be subject to npid CO-translational 

degradation by the cytosolic proteasome (Chen, et ai., 1998, Fisher, et aI., 1997, Yeung, et 

al., 1996, Zhou, et aI., 1998). In a recent report, Chen and colleagues (Chen, et al., 1998) 



detected ubiquitinated apoB that was associated with the Sec61 cornplex and showed that 

factors including calnexin, which alter translocation, can affect apoB ubiquitination and 

degadation. The s m e  goup reponed that in HepG2 cells adenoviral overexpression of MTP 

caused stimulation of apoB production through downregulation of ubiquitin-proteasome- 

mediaced apoB desadacion (Liao, et al., 1999). Sakata and Dixon (Sakata and Dixon, 1999) 

using rabbit reticulocyte lysate developed an in vitro system to investigate ubiquitin- 

proteasome-dependent apoB degradation. They also showed that in permeabilized HepG2 

cells cytosolic components were required for proteasomal degadation of newIy synthesized 

apoB (Sakata, et al., 1999). 

Although a strong body of evidence supports the degradation of newly synthesized 

apoB by the ubiquitin-proteasome pathway, the mechanism for the targeting of apoB to the 

cytosolic proteasomal system has not been elucidated. Based on availabie data on 

tnnslocationa1 efficiency of apoB, two possible mechanisms have been suggested: First, 

there is some evidence supporting the notion that the translocation of newly-synthesized 

apoB across the ER membrane is inefficient and incomplete in the absence of sufficient 

triglyceride and cholesterol esters which results in a biuopic orientation or buigïng of apoB 

which exposes some domains to the cytosol and subsequent ubiquitination and degradation 

(Davis, et al., 1989, Davis, et al., 1990, Du, et al., 1994, Du, et al., 1998, Furukawa, et ai., 

1992, Liang, et al., L998, iMitche11, et al., 1998). Secondly, a model has been proposed for the 

early dezndation of apoB based on complete and efficient translocation. According to this 

retro_mde translocation model, fulI-length apoB is retracted through sec 61 p translocationai 

channei, ubiquitinated, and targeted to proteasornai degadation (Huang and Shelness, 1999). 

Fig- 1-23 depicts three possible pathways for retrotranslocation of apoB, based on a model 



proposed by Liao et al. (Chan, et al., 2000, Liao, et al., 1998). More recently, in addition to 

the two above mentioned models, Ginsberg et al. (Liang, et al., 2000), examined a third 

possible mode1 involving CO-translational retrogade translocation of the N-terminus of apoB 

to the cytosol via a second nearby translocon as well. They used Chinese hamster ovary 

(CHO) and HepG2 cells transfected with C and N terminal tagged apoB4î construccs and 

presented evidence against apoB retrogade translocation (via both original and nearby 

translocons) and concluded that in the absence of adequate core lipids, partially translocated 

apoB was exposed to the cytosol. and was ubiquitinated and degraded by proteasornes 

directly from the original translocon chmnel. 

1.2.5.3.2 Non-Proteasomal Degradation of Apolipoprotein B 

There is strong evidence supporting post-translational non-proteasomal degradation 

of apoB by mostly unidentified proteases in the ER (Adeli, et al., L997a, Wu, et al., 1997) 

and post ER (Wang, et id., 19951) compartments. A two step post-translational apoB 

degadation mechanism has been suggested by Wu et al. (Wu, et al., 1997). They 

hypothesized that in the first step translocation arrested apoB associated with the ER 

membrane is degraded by an ALLN-sensitive pathway, while the second step occurs in the 

ER lumen in a DTT-sensitive process. The exact identity of most of the proteases involved in 

non-proteasomril apoB degradation is not known and they are clusified based on their 

inhibition by different prokase inhibitors. Cartwright and Higgins (Cartwright and Higgins, 

1996) found that in freshly isolated rabbit hepritocytes, inhibitors of metaIloproteases (o- 

phenanrhroline), senne proteases (aprotinin), sennelcysteine proteases (leupeptin) or cysteine 

proteases (calpain inhibitor I; U N )  but not aspartate proteases (pepstatin) resulted in 

inhibition of cellular degradation of apoB. Although Ieupeptin did not affect apoB-100 



FIGURE 1.2.3 

Mode1 of proteasorne-mediated degradation of apoB 

Three possible pathways have been proposed for the retrograde translocation of apoB 
to the cytosol for proteasomal degradation, L, nascent partially synthesized apoB 
polypeptides are cotranslationaIly bulged, ubiquitinated and are fed to the proteasornes in a 
retrograde fashion. 2, full-length gIycosylated apoB is rerrotranslocated from the ER lumen 
back into the cytosol for ubiquitination via the same tnnslocon through which the apoB was 
initially translocated into the ER. 3, the full-length glycosylated apoB is discharged into the 
ER and is back transported into cytosol ior proteasornai degradation via a different 
translocon channel. Adapted with sorne modifications from (Chan, et al., 2000, Liao, et al., 
L998). 
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degradation in HepG2 cells (Sato, et aI., t 990). in rat primary hepatocytes it inhibited apoB- 

100 degradation by 20-3096 (Wang, et al., 1995a). Wang er al. (Wang, et al., 199%) also 

showed chat the post-ER degradation of apoB couId be inhibited by a cysteine protease 

inhibitor, EST. 

Occurrence of apoB degradation in permenbilized ceIl s ystems which has been 

repocted by several groups including our laboratory is a strong cvidence supporting the 

presence of a non-proterisoma1 q o B  depdation pathway (AdeIi, 1994. Adeii, et al., 1995, 

Adeli. et al., L997b. Du, et al., 1994. SaIlach and Adeli. 1995). De-gradation of apoB appears 

to gentrate proteolytic fragments or intermediates in both intact and permeabirized celIs 

(Adeli, 1994). In permeabiIized cells, apoB degradation occurs by a temperature- and pH- 

dependent and ALLN-sensi tive c ysteine protease in an ER-related compmment ( Adeli, 

1994) resulting in generation of an abundant N-terminal 70 kDa fracment (Adeli, 1994, 

Adeli, et al., 1997b. SaIIrich and Adeli, 1995). in a recent report, CavaIlo et al. (CavalIo, et 

al., 1999) showed that despite the loss of proteasorna1 activity in perrneabilized HepG2 cells, 

degradation of apoB occurred generating a 70 kDa fragment, contiming the involvement of 

non-proteasornai proteolytic systerns in apoB dezndation. 

ER-69 an ER resident cysteine protease has been postuhted to be involved in the ER 

depdation of apoB (Adeli, et al., L997a). ER-60 is a multiiunctionai protein with 

proteolytic activity and disuIfide bond-dependent folding activity (Urade and Kito, 1993, 

Unde, et ai., 1992, fipun, et al., L998). ER-60 hris 98% homology in runino acid sequence to 

rat phosphoinosi tide-speci fic phospholipase C (Urade, et ai., L992). Proteoiytic action of ER- 

60 is inhibitable by p-chloromercuribenzoate @CMB) and cysteine protease inhibitors such 

as ALLii, U, ER-@ and Ieupeptin (Undt and Kito, 1992). Interestingly, C-terminai 



truncated ER-60 itself is subjected to the degradation by a non-proteasomal, ALLN-sensitive 

degradative pathway (Urade, et al., 2000). Although there are striking structural similarities 

between ER-60 and PD1 such as sharing a CGHC motif, which is the active center for 

proteolytic activity in ER-60, it is not cIear whether ER-60 undergoes autodegradation 

similar to PD1 (Urade, et al., 1999). Otsu et ai. (Otsu, et al., 199s') reported the association of 

ER-60 with misfolded human lysozyme (expressed in mouse L cells), while there was no 

association with the wild-type procein. Funhermo~, they also demonstrated in vitro 

degradation of denatured lysozyrne by ER-60, but not the native protein suggesting the 

possible role of ER-60 as a component of proteolytic rnachinery of the ER. Adeli et al. 

(Adeli. et al., 1997a) using cross-linking rnethods demonsuated association of an ER-60 

homologue with apoB in HepGî, cells and hypothesized that ER-60 may be involved in the 

degradation of apoB within the lumen of microsornes in HepG2 cells. There are reports 

suggesting chaperonic functions for ER-60 (Lindquist, et al., 2001, Lindquist, et al., 1998, 

Zapun, et al., 1998). It is not currently known whether apoB is directly degaded by ER-60 or 

ER-60 acts as a tag chaperone, which facilitates apoB degradation. by another unknown 

proteolytic system. 

More recently an interesting and novel fom of presecretory non-proteasomal VLDL 

degradation was reponed by Twisk et al. (Twisk, et aI., 2000). They obsewed that apoB 

secretion from hepatocytes isolated from LDL receptor-knockout mice was 3.5-fold higher 

than that from wild type hepatocytes. They proposed that the intracellular interaction of LDL 

receptor with nascent VLDL, via either apoB or apoE target nascent VLDL for presecretory 

degradation by an unknown proteolytic pathway. The above finding may explain the 

overproduction of VLDL in genetic LDL receptor deficiency States (familial 



hypercholesterolemia) and reduced VLDL production observed when LDL receptors are 

upregulated by statins (Shelness and Sellers, 700 1). 

1.2.5.4 Modulation of Apolipoprotien B Translocation and Degradation 

There is a suong body of evidence suggesting that the lipid availability and cellular 

apoB levels are the two major factors influencing apoB-containing lipoprotein production 

(for the recent reviews refer to Chan, et al., 2000, Davidson and Shelness, 2000, Davis, 1999, 

Shelness and Sellers, 200 1). 

1.2.5.4.1 The Effects of Lipid Availability on Apolipoprotein B Production 

Several research groups have s h o w  that lipids and especially fatty acids directly 

stimulate VLDL-TG synthesis and secretion in hepatorna cells (Byrne, et al., 1991, Byrne, et 

al., 1992, Cianflone, et al., 1990, Dashti and Wolfbauer, 1987, Dixon, et al., 1991, Pullinger, 

et al.. 1989, White. et al.. 1992) and pnrnary culrured heparocytes (Gibbons, et al., 1992, 

Levinson, et al.. 1990). Different lipid substrates exert different effects on hepatic VLDL 

production. SaIter et al. (Salter, et al., 1998a) using Syrian golden hamster fed with either 

rnyristic, stearic or palmitic acids found that only dierary palmitic acid significantly increased 

hepatic apoB mRNA levels. Funhermore, it is also suggested that oleate treatment of the 

cells facilitates translocation of newly synthesized apoB across the ER-membrane, which in 

turn reduces early degradation (Macri and Adeli, 19976). However, whether or not this 

protection of early degadation stimulates apoB secretion appears to differ among different 

ce11 types. in HepG3 cells, exogenous oleate significantty stimuiates apoB secretion 

(Bosuom. et al.. 1988, Dixon, et al., 1991, Pullinger, et al., 1989). White et al. (White, et al., 

1992) reached similar conclusions using a rat hepatoma ce11 line. Cartwright and Higgins 

(Cartwight and Higgins, 1996) reported that in freshIy isoiated rabbit hepatocytes, oierite, in 



addition to prevention of cellular apoB degradation, stirnulated its seccetion as much as 6- 

fold. In contrast, no stimulatory effect of oleate on secretion of apoB was observed in rat 

(Davis and Boogaens, 1982, Patsch, et al., 1983b), hamster (Arbeeny, et al., 1992) or human 

hepatocytes (Lin, et al., 19951). Sparks et al. (Sparks, et ai., 1997) reported an inhibitory 

effect of oleate on the secretion of apoB in McArdle hepatoma cells and no effect on apoB 

secretion or cellular apoB of primary rat hepatocytes. Gibbons et al. (Gibbons, et al., 1992) 

using pnrnary rat hepatocytes dernonstrated that, the size of the cytosolic TG pool, rather 

than the availability of extracellulx oleate, correlated with VLDL secretion. Salter et al. 

reached similar conciusions cornparing hamster hepatocytes with rat hepatocytes (Salter, et 

al,, 1998b). More recently, Pan et al. found a relationship between lipidation of apoB and 

translational elongation rates (Pan, et al., 2000). Translocational arrested apoB can be 

targeted for proteasorna1 degradation, however in the presence of oleic acid, it c m  be rescued 

and undergo lipidation and secretion. in HepG2 cells the cytosolic chaperone Hsp70 binds to 

apoB; oleic acid reduces this association, causing more apoB to be translocated and 

subsequently secreted as a lipoprotein particle (Zhou, et al., 1995). 

1.2.5.4.2 Effect of Conformational Status of Apolipoprotein B on Production of ApoB- 

containing Lipoproteins 

tt is widely accepted that any factor that interferes with apoB conformational status 

c m  potentidly hinder its translocation leading to intracellular degradation. Althouph the 

effect of inhibition of N-linked glycosylation on protein conformation and secretion varies 

with the protein (Bauer, et al,, 1985), most of the reports indicate that inhibition of N-Linked 

glycosylation interferes with apoB production in HepG2 cells. Adeli (Adeli, 1994) using 

permeabilized HepG2 celIs reported that inhibition of N-linked glycosyIation aitered apoB 



degradation and its fra,mentation pattern. Macn et al. (Macri and Adeli, 1997b) using 

HepGî cells reported that disruption of disulfide bond formation using dithiothreitol reduced 

the percentage of translocated apoB by 63%. Dithiothreitol induced specific changes in the 

pattern of protected apoB fn-ments, sugesting a conformational change in apoB that may 

hinder its translocation. Inhibition of N-Iinked glycosylation did not significantly alter the 

rate of apoB translocation but it appeared to stimdate its degradation. Their data suggest that 

the rate of apoB translocation across the membrane of the ER is determined by both lipid 

availability as well as the correct conformation of nascent apoB molecules. In a series of 

experiments in HepG2 cells, Macri and Adeli (Macri and Adeli, 1997a) reached similar 

conclusions demonstrating that misfolding of üpoB prevented the proper association of apoB 

with lipids, resulting in impairment of the assembly of mature apoB-containing lipoproteins. 

Furthemore, alteration in the conformation of apoB aitered the degradation pathway of 

apoB. In a recent report Liao and Chan (Liao and Chan, 2001) demonstrated that treating 

HepG2 cells with tunicamycin and inhibiting N-Iinked glycosylation decreased apoB 

biogenesis and increased proteasomal and non-proteasornai apoB degradation without any 

effect on its assembly and secretion. 

1.2.6 Assembly of ApoB100-containing lipoproteins 

The basic mechanism for the assembly of apoB-containing lipoproteins appears to 

involve two relritively well defined steps (Boren, et al., 1994). Based on the effect of 

Brefeldin A (BFA) and involvement of in the assembly process, Olofsson and 

colleagues (reviewed in Olofsson, et al-, 1999, Rustaeus, et ai., 1999, Shelness, et al., 1999) 

proposed two MïT-dependent (Gordon, et ai., L996, Rustaeus, et ai., 1998) and MTP 

independent steps of VLDL assembly. In the fmt or eariy step (MIT'-dependent), two VLDL 



precursors including apoB containing pre-VLDL (Alexander, et ai., 1976, Boren, et al., 1994) 

and VLDL-size lipid droplets (Alexander. et ai., 1976, Hamilton, et al., 1998) are formed 

simultaneously and independently in the secretory pathway. The apoB-containing pre-VLDL 

particles are formed co-translationally and in the posttnnslational petiod (Rustaeus, et al., 

1998). The membrane-bound apoB is partially Iipidated and resembles HDL-like particles 

found in the secretory pathway (Boren, et al., 1994, Boren, et al., 1993). In the hepatoma cell 

lines and trrinsfected non-hepntic cell lines these pooriy Iipidated particles can be secreted as 

LDL particles (Bostrom, et al., 1988)- In contras[, dense HDL like apoB100-containing 

particles are secretion incompetent and appear to be decmded post-translationally, unless 

they rue converted to mature secretion competent particles, Evidence using MTP inhibitors 

and pulse-chase studies indicate that MIT is needed for both co-translational and post- 

translational lipidation of apoB (Gordon, et d., 1996, Rustaeus, et al.. 1998). The MTP 

dependence disappeared before the newly synthesized apoB acquired the major amount of 

lipid to form VLDL. In the second or late step, which is MTP-independent VLDL precursors 

fused with lipid droplets to form bona fide VLDL particles (Buren, et al., 1994, Hamilton, et 

aI., 1998). Recent resuits of Hamilton et al. have confirmed the exiscence of apoB-free lipid 

droplets in the secretory pathway (HamiIton, et al., 1998). IL appears that the formation of 

these lipid droplets is LW-dependent (Raabe, et al., 1999). To forrn mature secretion 

competent VLDL particles, these Iipid droplers are fused with pre-VLDL precursors in the 

secretory pathway in a Brefeldin A-sensitive and MTP independent manner. BFA is a fungai 

metabolite capabte of blocking ER to Golgi transport. BFA inhibits nucleotide exchange on 

the ADP-nbosylation factor 1 (ARF 1) (Donaidson, et al., 1992, Helrns and Rothman, 1992, 

Morinaga, et ai., 1996). A recent in vitro VLDL assembty study confmed ARF-dependent 



inhibition of VLDL assembty by BFA (Asp, et ai., 2000). ARF 1 is invoIved in formation of 

secretory transport vesicles (Schekman and Orci, 1996). The rnolecular mechanism behind 

the formation of these transport vesicles is currently under extensive investigation. 



PART III: Metabolic Dyslipidemia in Insulin Resistant States 

1.3.1 Insulin Signaling Pathway: An Overview 

Upon che binding of insulin to its receptor several important physioIogic and metabolic 

celIular events are triggered. Some of the celluiar insurin effects are stirnuiatory such as 

olucose uptake, gl ycogen synthesis, DNA s ynthesis, amino acid uptake, protein synthesis, ion 
w 

transport and fmy acid synthesis. Insulin also exerts some inhibitory cellular effecrs such ris 

inhibition of ripoptosis, gluconeogenesis, and Iipolysis. Insulin signahg pathway initiates 

kom interaction of the hormone with its receptor on the ceIl membrane. Insulin receptor is a 

tetrrirner u2/P2 receptor. its extracellular u subunits contliining the insulin binding site, and 

~rrinsrnernbrane subunits (Van Obberghen, et al., 1981). Insulin binding to the u subunits 

causes conFomationa1 changes and thereby activation of the tyrosine kinase of the insulin 

receptor p-subunits (Klisuga, et al., 1983). Insulin receptor kinase activity induces buth 

autophosphoryIation and phosphorylation of other celIuIar substrates. White and colleagues 

(White, et al., 1985) described the first subsmte of the insulin receptor, a 180 kDa protein 

which was later cloned and named insuiin receptor substnte-1 or iRS-1 (Sun, et al., 1491). 

ES-1, iRS-3, RS-4, Gab 1 and p 6 P k  are new rnernbers of insulin recepcor substrate family. 

Al1 rnernbers of this family have common structural features incIuding an NH7-terminal 

pelkstnn homology (PH) andlor phosphotyrosine-binding domain (PTB); mdtiple tyrosine 

residues that crerite SH2-protein binding sites; proline-rich regions to engage SE or WW 

domains; and serinelthreonine-rich regions (White, 1998). Tyrosine phosphorylation of IRSs 

provides docking motifs for the other downstream sipding proteins, mon; which is 

phosphoinositide 3-kinase (PI 3-kinase). Receptor tyrosine kinases, induding p w t h  factors 

and insulin receptors, stimulate ciass LA Pt 3-kinases. in vitro studies have show that class 



L A  PI 3-kinases phosphorylate phosphatidylinositols (Ptdins), phosphatidylinositol 4- 

phosphate (PtdIns4P) and phosphatidylinositol 4, 5-biphosphate (PtdIns4,5P1) to produce 

phosphatidylinositol 3, 4, 5-triphosphate (PtdIns3,4,sT3 ) as their final products whereas in 

vivo evidence suggested PtdIns(3,4)P1 as the major substrate for the enzymes (Carter, et al., 

1994, Domin and Waterfield, 1997, Hawkins, et ai., 1992, Stephens, et al., 1991). Class lA PI 

3-kinase is a heterodimer protein consisting of an 85 kDa regulatory subunit and a 110 kDa 

catdytic subunit. PI 3-kinase cataiyzes the phosphorylation of phosphoinositides at the 3' 

position of the inositol ring. Inhibition of PI 3-kinase activity by either dominant-negative 

mutants or pharmacological agents profoundly abrogates several biologicai responses to 

insuiin (Cheathm, et al., 1994, Korani, et al., 1995, Okada, et al., 1994, Quon, et al., 1995). 

Class L A  Pt 3-kinases have a very important role in many of insulin regulated physiologie 

responses including glucose uptake, protein synthesis, membrane ruffling and cell growth 

and proliferation (for review refer to Alessi and Downes, 1998, Taha and Klip, 1999). Protein 

kinase B. PKB, is the cellular homoIogue of the transforming oncogene v-Akt located 

downstream of PI 3-kinase in the insulin sigaling pathway (for a recent review refer to 

Chan, et ai., L999). In vitro evidence indicate that PKBIAkt can bind to GLUT4-containing 

vesicIes and mediate insulin stimulated glucose transport (Cong, et al., 1997, Kohn, et ai., 

1996. Kupriyanova and Kandror, 1999, Tanti, et al., 1997). PKBIAkt is a Pleckstrin 

homology (PH) domain-containing serine-threonine kinase, which can not auto- 

phosphorylate itself and has three isoforms (Aiessi, et al., 1996, Kohn, et al., 1995). The PH 

domain is a LOO- to 120-amino acid motif, which exhibits sigificant sirnilarity to the 

structure of the phosphotyrosine-binding (FTB) domain. PH domains are pcïmarily lipid- 

binding modules, although they are also invotved in mediating protein-protein interactions 



(reviewed in Bottornley, et al., 1998). Insulin and growth factors activate Akt-1 and -2, 

whereas Akt-3 is not activated by insulin in muscle and adipose tissues. Akt-1 and Akt-2 are 

the main isofoms of Akt activated by insulin in muscle, hepatocytes, and adipocytes 

(reviewed in Chan, et al., 1999). PI 3-kinase activity is necessary for the activation of 

PKBIAkt and blocking PI 3-kinase activity abrogates insulin mediatebPKB/Akt activity 

(Alessi, et al., 1996, Burgering and Coffer, 1995, Datta, et al., 1996). The fuI1 activation of 

PKB/Akt requires phosphorylation of threonine-308 (~h?") and serine473 (sef7'). 

Although it is still controversiai, it appears that both PtdIns (3A)P2 and PtdIns(3,4,5)Pj 

stimulate PKB/Akt activity. Interaction between phosphoinositol lipids and PKB/Akt recruits 

Akt to the plasma membrane and causes conformational changes so that ~ h ? "  and ser4'j 

become accessible to phosphorylation by phosphoinositide-dependent protein kinase 1 and 2 

(PDKL, PDK?), respectively (Corvera and Czech. 1998). PDKl cm phosphorylate and 

activate PKCW in a similw manner. To date, two potential in vivo substrates of PKBiAktl 

have been identified, namely glycogen synthase kinase3 (GSK3) and BH3 apoptotic domain 

(BAD) protein (Alessi and Cohen, 1998). Insulin stimulates cglycogen and protein synthesis 

by Akt-rnediated dephosphorylation (activation) of glycogen synthase and initiation factor 

eff1B. respectively. Moreover, BAD phosphorylation by Aktl pmtects cells From apoptosis 

(del Peso, et al., 1997). A phosphatase called protein phosphatase 2A (PP2A) acts in opposice 

direction of PDK and dephosphorylates Akt. Recently Yamada et al. have identified PP2A 

and not PPI (protein phosphatase 1) as the phosphatase invoived in dephosphorylation of 

 hi" of Aktl (Yamada, et ai., 2001). Sato. et ai. found that binding of heat shock pmtein 90 

(Hsp90) to Akt pmtected Akt from protein phosphatase 2A (PP2A)-mediated 

dephosphorylation and concluded that Hsp90 interaction might pIay an important roie in 



regulacing Akt kinase activity (Sato, et al., 2000). A phosphornonoesterase protein h a  been 

recencly identified acting in opposite direction of PI 3-kinase signaling cascade. It appears 

thnt PTEN (phosphatase and tensin homologue deleted on chromosome ten) a gene Iocated at 

10q33, encoding a phosphornonuesterase, negritively controls the PI 3-kinase and Akt 

s i p . h g  pathways for regulation of celI p w t h  and survival by dephosphorylating the 3 

position of phosphoinositides (reviewed in Cantley and Neei, 1999). Torres and Pulido 

(Torres and Pulido, ?OOL) recently found that protein kinase CK2 to phosphorylate FTEN 

protein, and modulace both its stability and proteasorne-mediated degradation- in general, 

activation of PKB/Akt by growth factors, such as insulin and gowth factors appears to be 

necessary for various cellular processes including ce11 powth, differentiation, metabolism, 

and ripoptosis (for a recent review d e r  to Chan, et id., 1999). Figure 1.3-1 demonstrates the 

two major insuIin receptor sigaling pathways, metnbolic and mitogenic cascades. For more 

detail information, refm to the recently published review papers (Baumann and Saltiel. 2001, 

LE Roith and Zick, 2001, Taha and Klip, 1999). 

Tt is now becoming clear thac lipid microenvironrnenc on the cell surface, known as lipid 

rafts, h a  an important role in signal transduction including insuIin signaling cascade 

(reviewed in Brown and London, 2000, Dobrowsky, 2ûûû), In insulin signal transduction, the 

IR-Pi 3-kinase-Akt pachway appears to be required for rnost of the cellular actions of insulin. 

However, there is a second insulin sigaiing pathway, which is PI 3-kinase-independent. It 

involves tyrosine phosphorylation of the Cbl protooncogene, via its recruinnent to the 

receptor by the adaptor protein CAP (c-Cbl-associating protein) (Ribon md Saltiel, 1997)- 

CAP is expressed in insulin sensitive tissues and its Ievel of expression correlates well with 

insulin responsiveness. Upon phosphorylation, CbVCAP complex 



The insulin receptor tyrosine kinase substrates and downstrearn signaling pathways 

The binding of insulin to the u subunic of its receptor triggers autophosphoryIation of the 
p subunit on three tyrosine residues. This resuIts in maximal activation of the receptor 
tyrosine kinase and subsequent tyrosine phosphorylarion of a number of intracellular 
substnces, including the insulin receptor substrates ( E S  L4), Shc and Gab 1. 
Phosphoryiatian of c-CbI requires the adapter protein CAP for the recruitrnent to the insulin 
receptor. Phosphorylation of these proteins then facilitates the activation and localization of 
several downstrearn effector proteins leading to initiation of multiple signahg pathways that 
regulates diverse Functions incIuding metabolic activity, growth and differentiation. For more 
derail refer to the text, 



FIGURE 1.3.1 



translocates to a lipid raft subdomain of the plasma membrane (Mastick and Saltiel. 1997), 

where it interacts with the SH2 dornain of the adaptor protein CrkiI and eventuaily activates 

the G protein TC 10. The activation of this pathway appears to provide a second signai to the 

Glut4 protein that functions in parailel with the activation of PI 3-kinase-dependent sigaling 

pathway (Baumann, et al., 2000, Chiang, et ai., 2001). 

1.3.2 Molecular Mechanisrns of Insulin Resistance 

Insulin resistance is centrai to the pathophysiology of type 2 diabetes and a number of 

other related pathologie complications (for review refer to Cefaiu, 2001, Saitiel, 2001). 

Previously, it was thought that insulin resistance simply occurs, because of a reduction in the 

number or activity of insulin receptors at the cell surface. However, recently published 

papers indicate that insulin resistance involves dysfunction not only at the ce11 surface but 

also intracellularly in the molecular machinery responsible for insulin signal transduction. 

Goodyear et al. reported that (Goodyear, et al., 1995) in the muscle of severely obese 

subjects with insulin resistance, PI 3-kinase activation by insulin was ceduced. They aiso 

reported the reduction in the protein expression level of regulatory subunit of the enzyme in 

the above subjects. Bjomholm M, et rit. (Bjornholm, et ai., 1997) reported similar 

observations in patients with established type 2 diabetes. Both groups aiso observed 

reduction in phosphoryiation strttus of insuiin receptor and IRS-1 in their patients- More 

recently, Brown, Goldstein and their coIIeagues (Zhang, et al., 2001), identified a 

heptanucleotide sequence (TGTTITG) in the 5' flanking region of the hurnan iRS-2 gene 

which is a perfect match for the insulin response element reported previously in insulin 

repressed genes in Iiver (Hail, et al., 2000). They showed that this sequence was required for 

insulin mediated repression of IRS-2 gene transcription in hepatocytes. They sugested 



insulin-rnediated repression of RS-2 gene transcription as a poten tial mechanism of hepatic 

insulin resistance in hyperinsuhemic conditions. 

Up-regulation of proteins that negatively modulate signal transduction cm dso impair 

signahg pathway. Protein tyrosine phosphatases (ms) dephosphorylate tyrosyl 

phosphoproteins, in a relativeiy substrate specific mnnner (specitïcity of PTPs reviewed in 

Tonks and Neel, 1001). Several FWs such ris SWL. Sm, PTPcc, PTP 1B and LAR 

(Hahimoto, et al., 1997a, Kharitonenkov. et al., 1995, Lammers, et al,, 1997, Uchida, et al., 

1994) have been investigated for their possible role in attenuating insulin signal transduction 

and pathogenesis of insuIin resistance. Ahmad and colIeagues (Ahmad, et d., 1997) reported 

an elevation of activity and protein b e l s  of protein tyrosine phosphatases in the skeletal 

muscle of insulin resiscant obese and diabetic patients, Protein tyrosine phosphatase 1B 

IPTP-LB) has been panicularly the subject of extensive investigations for its role in 

pathogenesis of diabetes and different types of cancer (Bjorge, et ai., 2000, Warabi, et al., 

2000). Recently, Elchebly et ai. (EIchebly, et al., 1999) reported that knocking out the PTP- 

I B gene, increased insulin signal transduction and prevenced both insulin resistance and 

obesity in high fat diet mice. Similar observations were made by Maman et al. [Klaman, et 

al., 7000) using homozygotic RP-Li3 nul1 mice. In another approiich, Egawa et ai. (Egawa, 

et al., 2001) overexpressed PTP-1B in L6 myocytes and Fao cells (liver ceIr line) and 

observed that significant blockase of insulin stimulated tyrosine phosphorylation of the IR 

and RS-1 resulted in reduced p85 and lRS-1 association, and decreased Akt and h4AP 

kinase phosphorylation. Adenovirai-rnediated PV-1B uverexpression in 3T3Ll adipocytes 

(Venable, et al., 3000) resulted in drastic reduction of IR and IRS-L phosphorylation, as well 

as Pt 3-knase ruid MAP kinase activity, while Akt phosphorytation and xtivity were 



unchanged (Venable, et al., 2000). PTP-LB has been a particulxly important candidate for 

involvement in insulin sigaling since it is an abundant intracellular PTPase that is widely 

expressed in insulin-sensitive tissues (Goldstein, 1993). Early studies of PTP-1B 

dernonstrated its ability to dephosphorylate insulin receptor in vitro (Hashimoto, et al., 

1992b. Tonks, et al., 1988). Moreover, microinjection of a truncated form of PTP-IB from 

hurnan placenta into Xenopus oocytes diminished insulin stimulated oocyte maturation and 

S6 peptide phosphorylation (Cabibbo, et al., 2000, Cicirelli, et al., 1990). Ahmad et al. 

(Ahmad, et ai., 1995) by using an osmotic loading technique and inhibiting FïP-1B activity 

with a neutralizing antibody showed chat ETP-1B has an essential role in the negative 

regulation of insulin sigaling. Seely et al. (Seely, et al., 1996) demonstrated in vivo 

association of PTP-IB with the activated insulin receptor and its tyrosine phosphorylation by 

the insulin receptor kinase. Recently, Cheung et al. (Cheung, et al., i999) reported that in 

patients with obesity and type 3 diabetes, insulin resistance was characterized by the 

increased expression of a catalytically impaired PTP-1B in adipocyte tissue. Goldstein et al. 

(Goldstein. et al., 2000) studied the in vitro specitic activity of four protein tyrosine 

phosphatases including FTP- lB, SHP-2, LAR, and LRP on RS- 1 dephosphorylation. In their 

study PTP-1B exhibited the highest speciFic activity and inclusion of GRBl in a reaction 

mixture of IRS-1 and PTP-1B resulted in enhanced dephosphorylation of the substrate. Most 

recently, Mahadev et al. (Mahadev, et ai., 2001) observed that upon the insulin stimulation, a 

redox signai enhances the early insulin-stimulated tyrosine phosphorylation of sigaling 

proteins by oxidative reversible inactivation of PTP-1B. Furthemore, it hris been aiso 

suggested that inhibitors of this enzyme may be beneficiai in the treatrnent of type 2 diabetes 

(Kennedy, 1999, MaIarnas, et ai., 2000, W a p a n  and Nuss, 2001, Yokomatsu, et ai., 1999). 



For a recent review on ETP-1B refer co Byon et ai. (Byon, et ai., 1998). More recently, 

Zabolotny, et al. reported that overexpression of Ieukocyte antigen related (LAR) PTP, in the 

muscle of transgenic mice also induced insulin resistance (Zabolotny, et al., 2001). 

There are several recent reports on intracellular localization and 

compartmentalization pattem of proteins involved in insulin signaling in normal and insulin 

resistant conditions. Clark, et al. (Clark, et al., 2000) reported that in insulin resistance 

following okadaic acid or high insulin incubation of adipocytes, dislocation of IRS-1 and 

iRS-2 from cytoskeleton to the cytosol may be the underlying mechanism of insulin 

resistance. Calera, et al. (Calera, et aI., 7000) studied dynarnics of PTPases in rat adipocytes 

and found that PTP-LB and RS-1 were present in light microsornes and cytosol, whereas 

SHPTPYSyp was exclusively cytosolic. They also found that distribution of PTP-LB in the 

light microsomes from resting adipocytes was similar to that of IRS-1. Effects of 

compartmentalization pattem on insulin signal transduction has been comprehensively 

reviewed by Baumann and SaltieI (Baumann and Sriltiel, 2001). 

1.3.3 Pathologie Consequences of Insulin Resistance 

it is clear thet insulin resistance is not simply a problem of deficient glucose uptake in 

response to insulin, but a multifaceted syndrome, A Iarge number of epidemiological and 

clinical studies have suongly established consistent correlation between certain 

anthropometnc, metabolic, and hernodynamic variables. These variables include obesity, 

unfavorable body fat distribution, glucose intolerance or type 2 diabetes, hypennsulinemia, 

hyperuiglycerïdemia, low levels of HDL cholesterol, and hypertension. Tt is also welI 

established that patients exhibiting these features are at increased risk of atherosclerotic 

disease (Stem, 1997). Several studies have detennined insulin resistance as a common 



pathophysiolo$cal feature of the above cluster of abnormalities. Reaven (Reaven, 1988) was 

the first to use the term 'syndrome X' to define the cluster of resistance to insulin-stimulated 

gIucose uptake, glucose intolerance, hyperinsulinemia, increased VLDL-TG, decreased HDL 

cholesterol, hypertension and hypercoagulation. 

1.3.3.1 Metabolic Dyslipidemia in Insulin Resistant States 

Insulin resistance and diabetic dyslipidemia is characterized by elevation of TG-rich 

lipoproteins and small dense LDL, and reduced plasma HDL Ievels. It appears that these 

anomalies are direct andor indirect consequence of hyperinsulinemia and hyperglycemia 

associated with insulin resistance and diabetes. The most common lipid abnormality in 

patients with insulin resistance and type 2 diabetes is hypertriglyceridemia. Accumulation of 

TG-rich lipoproteins such as chylomicrons, VLDL, and D L  can cause hypertri;lyceridemia. 

However, hepatic overproduction of VLDL and impaired clearance of VLDL particles due to 

reduced lipoprotein lipase (LPL) activity are considered the main contributors of 

hypenriglyceridemia (Garg, 1998). In diabetic patients, the composition of VLDL and D L  

are aIso abnormal by having more TG and unesterified cholesterol. The hyperuiglyceridemia 

associated with insulin resistance titnher deteriorates dyslipidemia by enhancing cholesteryl 

ester CFTP-mediated exchange (reviewed in Bruce, et al., 1998) of TG from VLDL with 

HDL cholesteryl esters convening VLDL to atherogenic smail cholesterol-rich dense LDL 

pmicIes. The loss of cholesteryl ester content and TG enrichment are thought to enhance 

hepatic lipase and LPL-mediated TG hydrolysis. The TG-hydrolyzed HDL is also less 

protective against oxidative stress and atherosclerosis. Moreover, these smdl HDL pm-cles 

shed their surface apoA-1, which is later filtered by the kidney (Horowitz, et ai., 1993). 

Overall, multiple aspects of the commonly observed Iipid profiIe in insuIin resistance and 



diabetes are atherogenic. Since overproduction of TG-rich-apoB containing Iipoproteins is 

central to diabetic dyslipidemia, we will discuss it here in more detds. 

1.3.3.1.1 lnsulin Resistance and Increased Frce Fatty Acids Efflux 

Adipocytes are well known for their essential role as energy storage depots for 

triglycerides, from which energy is cailed forth at times of need in the fom of FFAs and 

glycerol. Adipose tissue is considered an endocrine organ secreting several peptide hormones 

and cytokines. including leptin, TNF-u, interleukin-6, plasminogen-activator inhibitor-1, 

angiotensinogen, etc. Most recently a 12.5 kDa, adipocyte secretory peptide named resistin 

was identified and show to be involved in induction of insulin resistance and appem to link 

obesity to diabetes (Kim, et al., 2001b, Steppan, et al., 2001a, Steppan, et al., 2001b). 

Adipocyte secreted cytokine, TNF-U, plays a similar role in induction of insulin nsistance. 

TNF-u signahg impairs insulin signal transduction, in part through inducin; serine 

phosphorylation of iRS-1 (Hotamisligil. 1999, Peraidi and Spiegelman, 1998) and can reduce 

GLUT4 gene expression (for review rekr to Kahn and Flier, 2000). Adipocytes can aiso 

produce active steroid hormones, including estrogen and cortisol. 

It is commonly believed that insulin resistance insult first starts from adipose tissue. 

In fact, there are mon; links between adipose function or mass and insuIin resistance. 

Experimental and clinical evidence suggest that insulin resistance at the level of the fat cells 

Ieads to reduced FFA uptake. increased intracellular hydrolysis of TG, release of fatty acids 

into the circulation and peripheral tissues such as liver and muscle and exposing the target 

tissues with increased avaihbility of energy. Based on available data (Gavrilova, et ai., 2000, 

Spiegelman and Flier, 2001) both the absence and abundance of fat are associated with 

increased fatty acid flux to the liver and subsequent overproduction and secretion of VLDL. 



Functional impairment of several genes and proteins have been suggested as candidate ;enes 

involved in oveflow of FFA in insulin resistance, including hormone-sensitive lipase (HSL) 

(Klannemark, et al., 1998). lipoprotein lipase (LPL) (Babirak, et al., 1992), cornplement 

component C3a (Murray, et al., 2000), and various fatty acid binding proteins and 

transporters (e.g. CD36). Recent studies have shown that significantly elevated FFA levels 

inhibit glucose uptitke by muscle and also impair critical steps in insulin signahg (Dresner, 

et al., 1999). FFA taken up by muscle and liver are either oxidized or esterified to form TGs. 

In hepatocytes, de novo TG pools are stored and some utilized in assernbly and secretion of 

VLDL particles (Dixon and Ginsberg, 1993, Wiggins and Gibbons, 1992). Evidence suggests 

that high FFA flux to the liver in the insulin resistant state, contributes to overproduction of 

VLDL by providing core lipid substrates for lipoprotein assernbly andior facilitating 

mnsIocation of newly synthesized apoB as well as reducing co-translational apoB 

degradation (Macri and Adeli, 1997b, reviewed in Davis, 1999). tndeed, the response of the 

Iiver to the stress of increased FFA flux and lipid synthesis is immediate incorporation of the 

lipid load into VLDL and its secretion to the circulation (Lewis, 1997). Lewis et al. (Lewis, 

et al., 1995) have also reported stimulatory effects of elevated plasma FFA on VLDL 

production in healthy volunteers. In a recent report, Carpentier et al. (Carpentier, et ai., 300 1) 

studied the effect of systemic versus portal insulin delivery in pancreas transplant patients on 

insulin action and VLDL metabolism. They found that chronic hyperinsulinemia and 

peripherd tissue insulin resistance with the consequent elevation of plasma FFA flux are 

insufficient per se to cause VLDL overproduction. They conciuded that additional factors, 

such as hepatic insulin resistance, may be an essential prerequisite in the pathogenesis of 

VLDL overproduction in the insulin resistance syndrome. 



1.3.3.1.2 Insulin Resistance and ApoBlOO Biogenesis 

Insulin has two profound effects on synthesis and secretion of apoB. Acute and short- 

term incubation of rat hepatocytes (Bjomsson, et al., 1992, Dumngton, et al., 1982, Patsch, et 

al., 1983a, Patsch, et al., 1986, Sparks, et al., 1986, Sparks and Sparks, 1990, Sparks, et al., 

19S9), isolated human hepatocytes (Salhanick, et al., t991), and HepG2 cells (Pullinger, et 

al., 1989) with insulin suppressed apoB synrhesis and secretion- Sparks et al. (Sparks, et al., 

1994) also found more sensitivity to the inhibicory action of insulin on apoB secretion in 

heparocytes derived from partidly hepatectornized rats compared 10 that of normal rats. The 

inhibitory effect of insulin was attribured to the increased degradation of apoB in cells 

incubated with the hormone (Jackson, et al., 1990b, Sparks and Sparks, 1990). Patsch et al. 

(Patsch. et al., 1986) showed that insulin exerted this effect through its receptor. More 

recently, studies in glucose injected rats confirmed the suppressive effects of insulin on 

VLDL-TG and apoB secretion (Chineac, et al., 2000). Studies in our laboratory, using cell- 

free systems. have shown that insulin attenuates the rate of apoB mRNA translation (Adeli 

and Theriault, 1992, Theriault. et d., 199%)- [t has also been suggested that apoB availability 

may become a limiting factor in VLDL assembly and secretion in insulin-treated hepatocytes 

(Wiggins and Gibbons, 1992). Sparks et al (Sptirks, et al., L996), demonstrated that in rat 

hepatocytes insulin-mediated inhibition of apoB was a PI 3-kinase-dependant process. Phung 

et al. (Phunz, et al., 1997) reponed that in rat hepatocytes PI 3-kinase activity was necessary 

for insulin-dependant inhibition of apoB secretion and insutin induced activation and 

localization of PI 3-kinase and IRS-1 in an ER fraction containing apoB. Insulin c m  also 

affect the phosphorylation of apoB (Jackson, et al,, 1990b)- hsuiin may exert its suppressive 

effect on VLDL secretion through reguhting microsomal triglyceride transfer protein (MIT). 



The promoter resjon of the MIT sene has insulin response elements, which is negatively 

replated by the hormone (Lin, et al., 1995~1, Sato, et al., 1999). 

On the contmy, long-term chronic exposure of primary rat hepatocytes (E?jornsson, et 

al., 1993). and HepG2 cells (Dashti, et aI., 1989) increased secretion of apoB. Inui et al. 

reported that in obese n ts  hepatic fatty acid synthesis and apoB transcription increased 

cornpmd to lean rats ( h i ,  et ai., 1989). The same group later ( h i ,  et ai., 1997) showed 

that, in obese rats fed with a high sucrose diet. apoB mRNA Level remained constant while 

hepatic fatty acid synthesis and apoA-IV gene expression were elevated. Bourgeois et ai. 

(Bourgeois, et ai., 1995) and Sparks and Sparks (Sparks and Sparks, 1994b) reported that 

hepatocytes prepared from obese Zucker rats were resistant to the inhibicory effects of 

insulin. Sprirks et al. (Sparks, et al., 1989) also demonstrated that in cultured hepatocytes 

from diabetic rats insulin failed to inhibit apoB secretion. In rat hepatocytes which synthesize 

both apoB48 and apoB LOO, insulin exposure increases expression of apobec-1, the cataiytic 

subunit of the apoB rnRNA editing complex in favor of more apoB48 synthesis over 

apoB LOO (Thorngate, et al., 1994, von Wronski, et ai., 1998). Yamane et al. (Yamane, et al., 

1995) reported that in non-insulindependent diabetic rats, the apoB48/apoB100 ratio in 

piasma was increased because of enhanced apoB rnRNA editing in the liver. Aithough some 

progress have been made in eiucidating the underlying mechanisms of apoB overproduction 

in insulin resistance, the molecular mechanisms connecting insulin signaiing pathway to the 

apoB overproduction is stili unclear. 



PART IV: Animal Models for Insulin Raistance Related Metabolic Dyslipidemia 

[nsulin resistance status such as obesity and type II diabetes are serious and growing 

heûlth concems (discussed in d e r d  in Chapter 1, Part Dl). Elucidrition of the origin of the 

defects leading to insulin resistance and consequent rnetabolic disorders such ris dyslipidemia 

can only be redized by experirnentation with appropriate animal rnodels. The major reason 

for using animal mode1s in biomcdical sciences is chat experiments can be conducted that are 

not practicaliy and ethicdly possible in humans, particuiarly those involving tissue sarnpling 

for evaluûring specific morphoIogical, biochemical and metabolic parameters. Prograrnmed 

breeding of animals with genetic hornogeneity, availtibility of geneticall y rnodified animal 

models especially rodents, possibility of tesring different environmental factors such as diet 

and finally the sirnilarity between animal models and hurnan genes are considered the other 

advancages of using animal models. 

Since dietary and environmental trigsers and genetic suscepci bili ty determinanrs are 

important etioIogica1 factors for hurnan insuiin resistance and type LI diabetes, the efforts 

have been focused co manipulate these factors in order to present suitable animal models. 

Based on these determinmts we cm categorize animai models of insuiin resistance into three 

caregories of genetically rnodified, diet induced, and surgicdly induced animal models. Since 

our current research has focused on diet-induced and specifically carbohydmte-induced 

insulin resistance, we wilI discuss these anima1 models in more cietai[. There are nlso other 

models of insulin resistance based on genetic or surgicd manipulations, however they lie 

outside the scope of our research and wil1 not be discussed here. For more information refer 

to these reviews (Kadowaki, 2000, McIntosh, 1999, Patti, 1999, Shafrir and Ziv, 1998, 

Shafrir, et  ai., 1999). 



1.4.1 Nutrient or Diet-induced Animal Models of Insulin Resistance and Diabetes 

Growing data support a prominent role for environmental factors such as diet and 

inactivity, in the pathogenesis and maintenance of insulin resistance. Epidemiological studies 

have also confirmed that alterations in diet and physical activities of healthy individuais may 

lead to the development of obesity, insulin resistance, and diabetes (for recent review on 

epidemiological factors refer to Zimmet, 1999). It appem that nutrient excess and long-term 

positive energy balance may play a mle in the pathogenesis of insulin resistance in 

genetically predisposed individuaIs- At the cellular and tissue levels, availability of substrates 

for cellular energy production may play an important role in metabolic regulation and, in 

particular, in determining the response to insulin stimulation. Li?ids and fatty acids, amino 

acids, and carbohydrates are the three types of nutrient substrates capable of inducing insulin 

resistance. Here we will only discuss carbohydnte-induced animal models of insulin 

resistance. For more information on other nutritionally-induced animal models of insulin 

resistance refer to these reviews (Patti, 1999, Patti, et al., 1998, Shafrir and Ziv, 1998, 

Shafrir, et al., L999). 

1.4.1.1 Carbohydrate-induced Animal Models of Insulin Resistance 

Carbohydrate and glucose-toxicity have been always synonymous terms with insulin 

resistance and diabetes suggesting a crucial key role for carbohydrates in pathogenesis of 

insulin resistance (reviewed in WoIever, 2000). In mammds, excess carbohydrate triggers 

lipogenesis, which induces the conversion of sirnpte carbohydrates into TG and subsequent 

lipotoxicity. Lipogenesis occurs predominantIy in the liver and adipose tissue and its 

activation by carbohydrate diet is accomprtnied by the induction of key metabolic enzymes 

such as enzymes invohed in ~yco~ysis ,  fatty acid synthesis and fatty acid maturation and 



packaging. In fact carbohydrates especially glucose exert their effects on lipogenic genes 

through a new1y identified carbohydrate response element (ChoRE) which is distinct fmm 

insulin mediated transcription factor (SREBP) gene regulation (Koo, et al., 2001, Koo and 

Towle, 2000). Studies conducted in patients with diabetes and rat models have established 

that chronic hyperglycemia is an independent cause of insulin resistance (Rossetti, et ai., 

1987). A recent report by Kawanaka et al. (Kawanaka, et al., 2001) indicares that in glucose 

induced insulin resistance (in muscle cells), neither glycogen accumulation nor impaired 

insuiin sigaling is responsible, instead synthesis of a short-lived unknown protein mediates 

insulin resistance. In a recently published report, Mclaughlin et ai. (McLaughIin, et ai., 2000) 

showed that feeding healthy volunteers with 60% (total calories) carbohydrates resulted in 

sigificantly higher plasma TG and insulin and lower FFA concentrations. At the cellular 

Ievels, riccording to Marshall et al. (Marshall, et al., L99L), metabolism or glucose by the 

hexosamine pathway generates a signal of "cellular satiety" (reviewed in Rossetti, 3000). [n 

insulin target tissues. this signal leads to desensitization of the glucose transport sysrem to 

subsequent stimulation by insulin. In fact, prolonged incubation of cultured adipocytes or 

hepatocytes in the presence of high glucose and insulin resulted in a marked impairmenc of 

insuiin signal transduction (Marshall, et al., 199 1, Sparks and Sparks, 1994a, Traxinger and 

Marshall, 1992). indeed, ovenctivity of the hexosamine pathway has been suggesred CO be 

one of the primary mechanisms mediating glucose-induced insulin resistance or "glucose 

toxicity" (McClain and Crook, 1996). 

Fructose done or as a constituent of the sucrose molecule, has profound metabolic 

effects. Dietary fructose alters the activity of severai important enzymes and reguiates 

hepatic carbohydrate metaboiisrn, leading to hepatic insuiin resistance (Blakeiy, et al., 1981, 



Tuovinen and Bender, 1975). Furthemiore, fructose promotes metabolic changes that are 

actually or potentialIy deleterious, eg., hyperlipidemia, hyperuricemia, nonenzyrnatic 

fmctosylation of proteins, lactacidernia, and disturbmces in copper metabolism. In fact most 

of the metabolic effecrs of fructose are due to its rapid utilization by the liver and its by- 

passin2 the phosphofructokinase regulatory step in glycolysis, leading to far reaching 

consequences CO carbohydrate and lipid metabolism. Fructose causes a shift in balance from 

oxidrition to esterification of non-esterified fatty xids resuiting in increased secretion of 

VLDL (Mayes, 1993, Toppin; and Mayes, 1972, Topping and Mayes, 1976). Acute loading 

of the liver with fructose causes sequestration of inorganic phosphate in fructose-1-phosphate 

and diminished ATP synthesis (Reviewed in Mayes, 1993). 

Rats fed with a high fnictose diet provide an animal mode1 of insulin resistance 

associated wi th h yperinsulinemia, hypertriglycendemia (Sleder, et al., 1980, Tobey, et al., 

1982, Savaroni. et ai,, 1982, Zavaroni, et d., 1980) and hypertension (Hwang, et al., 1987, 

Thorburn, et ai., 1989). Rats fed with high sucrose diets also exhibited insulin resistance, 

hypertriglyceridemia. Iiver TG accumulation. and decreased glucose tolerance, (Kanarek and 

Onhen-GambiI1, 1982. Yamamoto. et al., 1987). Bird and Williams (Bird and Williams, 

1982) reponed 50% higher TG secretion races in rats fed with hi@ fructose diec compared 

with animals fed with high glucose or sucrose. In another study, BlakeIy et al. (BIakely, et 

al., 1987) reported that iasting plasma insuiin IeveIs were higher in fructose- than in glucose- 

fed rats. Interestingly, Boivin and Deshaies (Eloivin and Deshaies, 1995) reported that in rats 

fed with a hi$ carbohydrate diet fristing and postprandiai hyperuigiycemia was more 

prominent than rats fed with a high fat diet, whereas insulin sensitivity was more 

compromised in the latter +pup. Recently, Bezerra et al. (Bezerra, et al., 2000) reported a 



significantly reduced IR, and IRS-1 phosphorylation as well as decreased PI3-kinase activity 

in the muscle and livers of rats fed with high fmctose-diet. 

1.4.2 Syrian Golden Hamster as an Animal Mode1 of Insulin Resistance 

The Syrian golden hamster has been used with increasing frequency in recent years to 

study hepatic lipid metabolism (Hoang, et al., 1993, Hoang, et al., 1995, Hoang, et al., 1992, 

Jackson, et al., 1990a, Nistor, et al., 1987, Ontko, et al., 1990, Sullivan, et al., 1993). The 

hamster has attracted increasing attention as a model for lipoprotein research since its 

lipoprotein metabolism appears to more cIosely resemble that in humans (GouIinet and 

Chapman, 1993, Hoang, et al., 1995, Liu, et al., 199 1). In contrast to other rodent models and 

hepatic ce11 lines, hamster liver produces apoB-containing lipoproteins with a density close to 

that of human VLDL (Liu, et al., 199L), which functions as the main plasma cholesterol 

carrier in this species (Spady and Dietschy, 1983, Spady, et al., 1986). Moreover, hamsters 

develop hyperlipidemia and atherosclerosis in response to a modest increase in dietary 

cholesterol and saturated fat (Arbeeny, et al., 1993, Liu, et al., 1991) and cm be made obese, 

hypectriglyceridemic, and insulin-resistant by fructose keding (Kasim-Karakas, et al., 1996). 

Psanimoniys obestiu, a desert gerbil Living in the sandy arid zone of North Africa 

(nicknamed sand n t )  has been introduced as a diet induced animal model of insulin 

resistance and diabetes (Hackei, et al., 1965, ShaCrïr and Ziv, 1998, Shafrir, et al., 1999). This 

rodent, in its natural habitat may have only seasonai obesity but no hyperglycemia or 

hyperinsulinemia. It acquires a diabetic syndrome rnimicking human type 2 diabetes only 

when exposed to a high-energy diet composed of rnainly carbohydrates (68% compared to 

53.3% carbohydrates in its natural diet). Serum, liver and muscle TG contents of animais 

under diet progressively increases depending on the duration of exposure to the high 



carbohydrate diet. Recently, Bennani-Kabchi et al. reported induction of advanced 

atherosclerotic lesions and plaques in the same animal mode! fed with high cholesterol diet 

and vitamin D2 (Bennani-Kabchi, et ai., 2000). Other animals such as dog (Martinez, et al., 

1994). and rhesus monkey (de Koning, et ai., 1993, Hotta, et al., 1999, Omeyer, et al., 

1999) have also been used to study effects of carbohydrate induced insulin resistance, 

diabetes, obesity and hypertension (Syndrome X). 

1.13 Research Rationale 

lnsulin resistance is usually defined as reduced insulin mediated whole-body glucose 

uptake as measured by the glucose clamp technique (DeFronzo, et al., 1979). Insulin 

resistance is an extremely common pathophysiological trait that is implicated in the 

deveIopment of a number of important human diseases including type 2 diabetes, obesity, 

atheroscIerosis. hypertension, and dyslipidernia (reviewed in Cefalu, 200 1, Donnelly and 

Davis, 2000, Fujimoto, 2000, Ginsberg, 2000, Groop, 1999, Kahn and Flier, 2000, Reaven, 

1995, Rett, 1999). Cardiovascular disease (CVD), particularly coronary hem disease (CHD), 

is a major complication of insulin resistance and type 2 diabetes and in fact over 50% of ail 

these patients die of CH13 (Ginsberg, 2000, Mtitsumoto, et al., 1999, Ounpuu, et al., 2001). 

Growing evidence supports the notion that insulin cesistance-associated dysiipidemia plays a 

major role in development of CVD in these patients (reviewed in Baikau and Eschwege, 

1999, Cullen, et al., 1999, Hayden and Reaven, 2000). The atherogenic dyslipidemia 

commonfy associated with insulin resistant States is chancterized by hypenriglyceridernia, 

increased very low density lipoprotein (VLDL) output by the Liver, low HDL cholesterol 

(Taskinen, 1995), and srnaII, dense LDL (Reaven, et ai., L993). It has been suggested that the 

most fundamental defect in these patients is resistance to cellular actions of insulin, 



particuIarly resistance to insulin-stimulated glucose uptake leading to hyperinsulinemia, 

enhanced VLDL secretion and hypertriglyceridernia (Cefalu, 1001, Lewis and Steiner, 1996, 

Lewis, et al., 1993, Timar, et al., 2000). The increase in VLDL-triglyceride production in 

insulin resistance appears to result frorn decreased sensitivity to the inhibitory effects of 

insuIin on VLDL secretion (Betteridge, 2000, Howard, 1987). Resistance to suppressive 

actions of insulin would thus have important consequences in dysreguiation of VLDL 

production. Surprisingly, A significant gap of knowledge exists currentiy on the mechanisms 

that link insulin resistance to hepatic VLDL overproduction. Thus, it appears that significant 

new efforts are needed to elucidate molecular and cellular mechmisms underlying VLDL- 

ripoi3 overproduction in insulin resistance States. 

1.4.4 Overall Hypothesis 

Impairment of hepatic insulin signaling directly conuibutes to the overproduction of apoB- 

containing lipoproteins in insulin resistant States. 

1.4.5 General Research Objectives 

Objective 1: Select a suitable animal model and characterize its apoB metabolism. 

Objective 2: Develop insulin resistance in this model by fructose feeding. 

Objective 3: Investignte ceIlular mechanisms underlyin~ apoB overproduction in the 

fructose-fed hamster. 

Objective 4: Investigate hepatic insulin sigaling in the fmctose-fed hams:er mode]. 

Objective 5: Explore potential links between impairment of insulin signaiing and hepatic 

VLDL-apoB overproduction. 



CHAPTER TWO 

Materials and Methods 

2.1 Chemicals and Reagents 

Trypsin (tissue culture grade), soybean trypsin inhibitor (tissue cuIture grade), oleic 

acid, leupeptin, phenylmethylsulfonylfluoride (PMSF), piperazine-N,N'-bis 12- 

ethrtnesulfonic acid] (PIPES), sodium carbonate (monohydrate), glycerol, ammonium sulfate, 

4-morpholinepropanesulfonic acid (MOPS), imidiizole, cyclohexamide, purornycin, t- 

octylphenoxypolyethoxyethanol (Triton X-LOO), bovine semm albumin (BSA) (Fraction V), 

fiitty acid free BSA (Fraction V), al-antitrypsin antiserum, albumin antiserum, transfemn 

antiserum, digitonin (80% pure), brefeldin A, sodium fluoride, ethylenediaminetetraacetic 

acid (EDTA) ( sodium-free and disodium srilt), ethylene glycol-bis (P-aminoethyl Ether) 

N.W,N',N1-tetraacetic acid (EGTA), fmctose, glucose, ultra pure sucrose and bromophenor 

blue (sodium salt). O-phenanthroline. (2S,3S)-trans-epoxysuccinyi-L-leucylamido-3-methyi- 

butane erhyl ester (EST), sodium onhovanadate, sodium pyrophosphate, were purchased 

from Sigma Chemical Company (St. Louis, MO). N-acetyl-L-leucyl-L-leucyl-L-norleucinal 

(calpin inhibitor i )  ( U N )  was obtained from Caibiochem (Lajolla, CA). N-carbobenzoxyl- 

L-Ieucinyl-L-leucinyl-L-norleucinal (MG132) was from Biomol (Plymouth, PA). 

Rosiglitazone (5-(4-[Zrnethyl-N-(2-pyridyl)amino)ethoxy] benzy1)-thiazolidone-2,Uione) 

was kindIy provided by Dr. Robin Buckingham (GIaxo/Srnith Kline Beecham). Lactacystin 

was purchmed from Dr. E. J. Corey, Harvard University (Boston, MA). 

Ai1 ultra pure electrophoresis reagents, includinj 40% acrylamide/bis acrylamide 

(37.51 soiution (2.67%C)), tris(hydroxymethyl)-aminomethane (TRIS), glycine, sodium 



dodecyl sulfate (SDS), ammonium perdfate (APS), N,N,N,N7-methylene-bis-acrylamide 

(TEMED), were from Bio-Rad Laborataries (Richmond, CA). Trasylol (aprotinin) was 

purchased from Bayer (Leverkusen, German y). 

Methanol, ethano1 (anhydrous), isopropanol, acetic acid (glacial), hydrochloric acid, 

perchloric acid, dimethyl sutfoxide (DMSO), hydrogen peroxide, magnesium chloride, 

potassium chloride, sodium chloride, sodium phosphate (dibasic), potassium phosphate 

(monobasic), were obtained from British Dmg House (BDH, Toronto). pp60c'S'C C-terminal 

phosphoregulatory peptide (TSTEPQpYQPGENL) and Biomol Green reagent were 

purchased from Biomol (Plymouth Meeting, PA). The enhanced cherniluminescence 

detection reagents (ECL~") and fluoropphic enhancer ~ r n p l i f ~ ~ '  were from Amershm 

Life Sciences (Buckinghamshire. LK). Prestained ~ a i n b o w ~ '  protein molecular weight 

marker was also purchased from Amersharn life sciences (Buckinghamshire, UK). 

[35~]protein labelin mixture (Easy Tag EXPRE~~S~~S~', specific activity of > LOO0 

Cilmmol) was from Mandel Scientific (Guelph. ON). R e d y  safem' liquid scintillation 

cocktail was obtained from Beckman Coulter Inc. (Fullerton, CA). The MTP activity assay 

kit was obtained from Roar Biomedical Inc. (New York, NY). 

L-methionine, L-leucine, insulin, EagIe's minimum essentiai medium (alpha) without 

L-methionine, and L-leucine, fetal bovine serum (FBS) (certified grade), trypsin-EDTA (1 X 

liquid), penicillin Glsueptomycin (100 X )  solution, Iiver perfusion, wash, digest, attachment, 

and William's E media were obtained fiom Life TechnoIogies (Grand IsIand, NY). 

Rabbit anti-human insulin receptor 8 subunit, nbbit anti-human RS-1, rabbit anti- 

p85 subunit of PI 3-kinase, and mouse anti-phosphotyrosine monoclonal antibodies were 

purchased from Santa Cruz (Santa C m ,  CA). Goat anti-bovine M3T polyclonai mtibody 



was obtained as a gift from Dr. David Gordon (Bristol-Meyers-Squibb). Anti-RS-2 rabbit 

polyclonai IgG was obtained from Upstate Biotechnology (Lake Placid, NY). Mouse anti- 

PTP-LI3 monocIonal antibody (Ab- 1) was obtained from Oncogene Research Products 

(Boston, MA). Rabbit anti-total Akt, anti- phospho-Akt (Ser473). and anti-phospho-Akt 

(Thr308) polyclonal antibodies were purchased from Cell Sigaling Technology (Beverly, 

MA). Rabbit anti-hamster apoB antiserum was prepared by Lampire Biological Laboracories 

(Pipersville, USA) using hamster LDL prepared in our laboratory. Specificity of this 

commercial preparation of anti-apoB polyclonal antibody and lack of any cross-reactivity to 

other hamster apolipoproteins (apoAI or apoE) was confirrned by immunblotting analysis of 

purified plasma lipoprotein fractions. Rabbit anti-rat uansfemn antibody was obcained from 

ICN Pharmaceuticals, Inc. (Aurora, Ohio). Rabbit anti-human ubiquitin antibody was 

obtained from Dako Diagnostic Inc. (Mississauga, ON). Rabbit anti-rat ER60 was a gift from 

Dr. Makito Kito (Kyoto University, Japan). 

Omgs used for animal surgery were isoflurane from Technilab Inc. (Toronto, ON), 

ketarnine hydrochloride from Vetrepharm Canada (London, ON), Xylazine from Bayer 

(Etobicoke, ON), Lidocaine from Langford (Guelph, ON), and Aceprornazine from Ayerst 

Lriborarories (Montreal, PQ). Normal rodent chow diet and fructose-enriched die t (hamster 

diet with 60% fructose, pelIeted) was obtained from Purina Mills, Inc. (SC. Louis, Mû) and 

Dyets Inc. (Bethlehem. PA) respectively. 

2.2 Laboratory Supplies 

Cell culture dishes (35 mm, 60 mm, and LOO mm) were fiom either Sarstdet (Newton, 

NC), andor Nunc (Kamstrupues, Denmark). Disposable, stenle, polystyrene conicai 

centrifuge tubes (15 ml and 50 ml) were obtained Gom either Sarstdet or Faicon (Franklin 



Lakes, NJ). Disposable sterile serological pipettes (5 ml, 10 ml) were from VWR Scientific 

(Toronto, ON). Cell scrapers and regular disposable syringes were from Becton Dickinson & 

Co (Franklin Lakes, NJ). Disposable syringe filters (0.25 pm and 0.45 pm) were obtained 

from Sarstdet (Newton, NC). Precision 100 pL glass syringe pipettor was from Hamilton 

Syringe (Reno, NV). Polypropylene rnicrocentnfuge tubes (1.5 ml, 2.0 ml) as well as 

micropipette tips were from Sarstedt (Newton, NC). Dialysis tubing (molecular weight cut- 

off 6000-8000) was purchased from Spectrum Medical Instruments Inc (Houston, TX). Al1 

surgical disposable materials were obtained from Ethicon (Somerville, NJ) or Johnson & 

Johnson Medical [nc. (Arlington, TX). 

Scientific irnaging films were obtained from Eastman Kodak Company (Rochester, 

NY). Al1 lriboratory glassware were from Corning (Cocninp, NY). Plastic back prepared 

TLC plates (Silica gel 60 FX4) were obtained from EM Science (Gibbstown, NJ). Parafilm 

taborarory film was from Amencan National Co. (Greenwich, CT). Phosphoimager screen 

with cassette was purchased from Molecular Dynamics (Sunnyvale, CA). ~ o l ~ s c r e e n ~ '  

PVDF tnnsfer membrane and  bond^'^^^^' nitrocellulose membrane were obtained 

from N E N ~ '  Life Science Products Inc, (Boston, MA) and Arnersham Pharmricia Biotech 

(Buckinghamshire, üK) respectively. 

2.3 Apparata 

Micropipettes were from Eppendorf (0.5-10 pL, 2-20 pL, 10-100 pL, 200-1000 pL; 

Germany) and Gilson (1-20 pL, 10-100 pL: Mandel Scientific, Ville St. Pierre, PQ). 

Repetitive pipettors were from Eppendorf (Germany), and pipettes aÎds were either 

purchased from Dmmmond Scientific Co. (Broomall, Pa), or Falcon (Franklin M e s ,  NJ). 

AI1 pH measurements were performed usin; a Corning pH meter (mode1 240) (Corning, 



NY). Before any pH measurement, the electrode was calibraced by pH standard solutions (pH 

4, pH 7, pH 10) €rom BDH (Toronto, ON). A Sartorius CT series electronic balance was used 

for mass measurements. 

AI1 procedures involving ce11 culture including; preparation of culture media, 

perfusion solution. ceIl wash media, and expenments with cultured primary hepatocytes, 

were conducted under a Nuaire class IZ, type NB3 flow-hood cabinet (plymouth, MN). 

Long-term incubation of the cells was achieved using a Nuaire Auto flow COz incubator 

(Plymouth, MN). Viability and counting of the cells was checked using a Leica inverted 

phase-contrast microscope (Leica Microscope Systems, Wetzlar, Germany). Temperature of 

media and soIutions was set by using a Haake typeWI9 water bath (Haake Circulators, 

Dieselstnsse, Germany). A small animal anesthetic machine from Med-Vet Anaesthetic 

System Inc. (Toronto, ON) was used to achieve cornplete hamster anesthesia. A peristaltic 

pump (Pharmaciri Biotech, Sunyvale, CA) was used to circulate different solutions through 

the liver during perfusion. 

Centrifugation was performed using bench top regular ~iofuge-picon', Heraeus 

Instruments (USA), or refrigerated Beckman GS-LSR centrifuge (Palo Alto, CA). 

Ultracentrifugation was ctinducted using either the Sorvall Ultra proM 80 ultracentrifuge in 

conjugation with the Sorvall TH-641 rotor (Dupont Co, ~Mississauga, ON) or Beckman 

Optima LE-80K with SWJLTi, and SW55Ti rotors (Paio Alto, CA). Ultracentrifugation 

tubes in different sizes were from Beckman (Palo Alto, CA). Mixers, orbital shakers, and 

rotntors were from either VWR Canlab (Mississau,oa, ON) or Fisher Sçientific (Nepean, 

ON). The $ass dounce homogenizer was from Kontes Glass Co. (VineIand, NJ). A 

~ e r s a m a x ~ '  tunable rnicmplate reader from Molecular Device Corporation (Sunnyvde, 



CA) was used to conduct protein assay. SDS-polyacrylarnide gel electrophoresis (SDS- 

PAGE) was conducted using either the SE400 Sturdier Vertical SIab Unit from Hoefer 

Scientific Instruments (San Francisco, CA) or the Protean II xi from Bio-Rad Laboratories 

(Richmond, CA). The mini SDS-PAGE apparatus was purchased from Bio-Rad 

Laboratones (Richmond, CA). The gradient gel rnaker was obtained From Hoefer Scientific 

Instruments (San Francisco, CA). Trans ferring step of the western blotting was performed 

using a Bio-Rad Wet Transfer Systern (Richmond, CA). The power supply units were either 

Power Pac 300 from Bio-Rad Labontories (Richmond, CA), or EC-103, and EC-420 

models from Mandel Scientific Co+ Ltd. (Ville Sc. Pierre, PQ). SDS-PAGE gels were dtied 

using either SES40 Stab Gel Dryer. Hoefer Scientific Instruments (San Francisco, CA), or 

the gel Air Drying System from Bia-Rad Laboriitories (Richmond, CA). or Speed  el^ 

(Holbrook, NY). Quantification of the radiolabeled band was achieved using either LS 7500 

Liquid Scintillation Systern (Beckmaii Instruments Inc, Palo Alto, CA) or LKB-Wallric- 

~ e r k i n ~ l r n e r ~ '  12 L9 Rackbeta liquid scintillation counter (St-Laurent, PQ). In some cases 

band quantitation was achieved by densitometnc scanning of the gels using either the 

Imaging Densitometer Model GS-670 from Bio-Rad Labontories (Richmond, CA), or 

Kodak ds 1D scientific imaging system (New Haven, CT). Phospho-imagn; screens as well 

as radiolabeled TLC plates were quantified by a Storm 840 phosphorimagern', Molecular 

Dynamics (Sunnyvaie, CA). Quantified bands were statisticdy analyzed using either 

Microcd Origins pro_= version 3.5 (Northampton, MA) or Microsoft Exce1 version 97. 



2.4 Procedures 

3.4.1 Animal Protocols 

Male Syrian golden hamsters (Mesocricerus nrtrants) were obtained from Charles 

River Canada (Montreal, PQ. All animals were housed in pairs and were given free access to 

food and water. Normal chow was given for two days to dlow acclimatization to the new 

environment and recovery from the stress of shipping. After blood collection, animals were 

placed on either the control diet (normal chow) or fructose-enriched diet (hamster diet with 

60% fructose, pelleted. Dyets Inc.. Bethlehem, FA). The diet was continued for 1-3 weeks 

and hamster weipht was monitored every two days. Plasma glucose, TG, and cholesteroI 

Ievels were determined on an automated clinical chemisuy analyzer (Hitachi 705 or Vitro 

950). Plasma insulin levels were determined by radioimmunoassay using a rat insulin kit 

from Linco Research (St. Louis, MO). This assay has LOO% cross reactivity to hamster 

insulin and the intra- and inter-assay coefficient of variation were 6.8% and 10.6%. 

respective1 y. 

2.42 Preparation of Collagen-Coated Culture Dishes 

Type 1 calf skin collagen was dissoived in 0.05 M hydrochloric acid solvent to make a 

LOO pg/mt solution. Prepared coilagen solution was rhen sterilized by a syringe-filter system 

(0.35 pm). For 35 mm, 60 mm, and LOO mm dishes, 1, 3, and 5 ml of FiItered collagen 

solution was added respectively and the dishes lefi under the tissue culture hood to dry. The 

dned dishes were then washed twice with sterile PBS. dried and stored at 4T. 

2.4.3 Liver Perfusion and Isolation of Primary Hamster EIepatocytes 

At the end of the 3-week feeding period, hamsters were fasted ovemight and blood 

samples were cotlected for measurement of a number of analytes in plasma. Hamsters were 



then fed for another day and were anesthetized by isoflurane or by intramuscuIar injection of 

aczpromazine (1 mgkg) and inüapecitoneal injection of ii mixture of ketamine (200 mz/kg) 

and xyliizine (10 mzJkg). Liver was perfused as described (Miller, 1973) with srnall 

modifications which included using cornmerciai liver perfusion and liver digest media to 

achieve partial Iiver tissue digestion. Brietly. the animal was placed on a heating pad to 

reduce Ioss of body heat and an incision wm made dong the abdomen exposing the Iiver md 

intestines. A 13-griuge burterfly needle was inserted into the abdominal vena cava and 

sutured in place such that flow to the kidneys was arrested. The liver was isolated from the 

circuIatory system by two funher sutures. one blocking the thoracic aona and caudal vena 

cava and one beIow the insertion point of the needle blocking the abdominal aona and 

abdominal vena cava, Once the sutures had been tied, the portal vena was cut and perfusion 

by a peristaltic pump (Phmacia Biotech) began at a rate of 3.6 mljmin. Solurions used in 

perfusion were heated to 39 OC and filtered through a 0.22 gm syringe filter. They were dso 

aerated with 100% oxygen and supplemented wiih penicirlin G and streptomycin as well as 

10 m i  HEPES, pH 7.2, to prevent pH drift. Initial perfusion was with Liver Perfusion 

 medium (Life Technologies) until no blood was observed exiting the portal vena (-20-30 

ml), The Iiver was then partiaIIy digested in situ with Liver Digest Medium (Life 

Technologies) delivered at 2.6 ml/min. Perfusion was stopped when liver integrity begrin to 

deteriorace as evidenced by the appemce of cracks when the tissue was gently probed (-10- 

15 mi of digest medium), At this point the liver was dissected out of the animai, minced with 

scissors, and filtered through scerile gauze using Hepatocyte Wash Medium (Life 

Technologies). Hepatocytes were sepmted from contaminating ceil types by sequential 

centrifugation in a 50 ml conicd centrifuse tube at 720,300, L 15, and 30x g. Mter each spin, 



pelleted cells were resuspended in 25 ml of fresh wash medium. After the final spin 

hepatocytes were resuspended in 35 ml of Cell Attachment Medium (Life Technologes) 

supplemented with 5% fetal bovine serum md 10 pgml insulin. Cells were placed in an 

incubntor (37 "C, 5% CO7,95% air, 100% humidity) for 30 min. Cell viabiIity was measured 

by exclusion of 0.7% crypm blue and 35 mm dishes, previously coated with collagen Type i 

(100 pgdish. KN), were seeded with 1.5 million viable cells. Cell viability varied between 

60 and 75%. ilishes were incubated for 4 h to allow attachment of viable cells. Non viabIe 

cetls were rcmoved by 2, x L m1 washes with Attachment Medium + 5% ferai bovine semm + 

0.00 15 pgml insulin. Primary hamster hepatocyces were used in experiments either after 4 h 

or ovemight incubation and additional washing. 

The viribility and tissue specificity of primary hepatocytes were examined by trypm 

b1ue exclusion assay, protein synthesis rate, SDS-PAGE analysis of ceIl extracts and the 

synthesis and secretion of hepatic specific proteins, dbumin and apo3, We cunsistently 

obtaîned a 60-75% ceIl viability (67.565%. in four representative animals) bsed on trypan 

blue exclusion assay. The average yïeld of cellular protein recovered was also repmducible in 

various primary ceIl cultures (O.4~.08 mg protein per 1o6 cells. n=8). SDS-PAGE analysis 

of ceIl extracts ruid media €rom cultured hepatocytes indicated a consistent profile of hepatic 

proteins over a 3 day period (data not shown). We aiso examined the ability of cultured 

hepatocytes to synthesize totd as welI as liver specific proteins after radiolabeling of primary 

hepatocytes isolated from various animais with [35~]merhionine. P r i m q  hepatocytes were 

consistently capable of incorporating ['s~]methionine into TCA precipitable protein 

indicating a hi$ degree of viability. Furthemore, d l  cultures were found to be capable of 

synthesizing and secreting liver specific proteins, apoB and aibumin. The rates of albumin 



synthesis and secretion in 3 different cultures of primary hepatocytes were 18137+873 

CPM/LO~ cellsth and 34151f1753 C P M / ~ O ~  cellsh, respectively. Pcimacy hamster 

hepatocytes were found to maintain their synthesis and secretion of alburnin for a period of at 

Ieast three days. Densitometric analysis of the SDS-PAGE profile of media from cultured 

hamster hepatocytes indicated a consistent rate of albumin secretion (Day 1, 123991k9780, 

day 2, 1 14470k3 197, and day 3, 102452k4327 scan units/dish). 

2.4.4 Metabolic Labeling of Intact Primary Hamster Hepatocytes 

Primary hamster hepatocytes were washed twice and then preincubated in 

merhionine-free minimum essential medium (MEM) rit 37OC for 1 h and pulsed with 75-100 

pCi/ml of [35~lmethionine for 45 min. Following the pulse, the cells were washed twice and 

chased in either Williams' E media or hepiitocyte attachment media supplemented with 10 

mM non-radiolabeled (cold) methionine. At various chase times duplicate or triplicate dishes 

were washed once with PBS (8 ZL of NaCl, 0.2 ZL of KCI, 1.44 E/L NazHPOd and 0.24 g/L 

K&P04, pH 7.4) and then harvested, and cells were lysed in solubilization buffer (PBS 

containing 1% Nonidet P-40. 1% deoxycholate, 5 mM EDTA, 1 mh4 EGTA, 2 mM PMSF, 

0.1 m .  leupeptin, 100 m l m l  Trasylol, 0.5 pM ALiJ) and homogenized using a 3 ml 

syinge containing a 21G1.5 ;auge needle. The lysates were centrifuged at 14000 g for 10 

min at 4°C in a microcentrifuge, and supematants were collected and subjected to 

immunoprecipitation, SDS-PAGE and fluorography. The media samples were centrifuged at 

7,000 g for 1 min and 500 FI of solubilizing buffer containing 0.3% BSA was added to the 

supernatant. Media samples were also subjected to imrnunoprecipitation, SDS-PAGE and 

fluoro_orphy. 



2.4.5 Determination of Apolipoprotein B Turnover in Permeabilized Primary Hamster 

Hepatocytes 

Primary hamster hepatocytes were pulse-chased and made semi-permeable essentially 

as descnbed for HepG2 cells (Adek, 1994). Semi-permeabilization was achieved by 

incubating radiolabeled cells with cytoskeietal (CSK) buffer (0.3 M sucrose, 0.1 M KCl, 2.5 

mM MgC11, 1 mM Na-free EDTA, 10 mM PIPES, pH 6.8) containing 50 pgml of digitonin 

for 10 min or 75 pgml for 5 min at room rernperature and then chased in CSK buffer. AL 

various intervals, duplicate or triplicate dishes were washed with cytoskeletal (CSK) buffer 

and solubilized in the solubilization buffer. Ce11 extracts were centrifuged in a 

microcentrifuge at 14,000 rpm, W, for 10 min, and the supematant was subjected to 

immunoprecipi tation. 

3.46 Trypsin Digestion of Permeabilized Primary Hamster Hepatocytes 

In order to study apoB translocation, primruy hamster hepatocytes were incubated 

with methionine-free a-bEM for 1 h and then puIsed with 100 pCi/ml [3S~]rnethionine, and 

chased for 10 min in u-MEM or Williams' E media concaining 10 mM cold methionine. The 

cells were then washed with CSK buffer and permeabilized by incubating in CSK buffer 

containing 75 pgm1 digitonin for 5 min at room temperature. Permeabilized cells were 

washed with CSK buffer and then incubared with CSK buffer containing 150 pM puromycin, 

50 @mI cyclohexamide, and 1.25 pM ALLN in the presence and absence of 200 p g h l  

trypsin for 10 min at room temperature (Macri and Adeli, 1997b). In order to stop the 

reaction, an equal volume of CSK bufrer containing 2 mghi soybean trypsin inhibitor, 1 

mM PMSF, 1.25 pM ALLN and 100 Kni/mi aprotinin was added to al1 dishes and cells were 

incubated for 10 min at room temperature. CelIs were then transferred on ice and incubated 



an additional 10 min. finally, the pemeabilized cells were solubiIized and ce11 Iysates 

subjected to irnrnunoprecipication and SDS-PAGE as described above. In some experiments, 

MG131 (25 ph@ was added 15 min before the puise and was pcesent throughout the pulse 

and chsse. 

2.4.7 Isolation and Trypsin Treatment of Hepatic Microsomes 

Hamster hepatocytes were pulseci for 1 h in the presence and absence of MG132 (25 

phi), and were used to prepare a microsornal fraction as described (Borchardt and Davis, 

1987, Davis, et al., 1990) with minor modificarions. Briefly, cells were wrished and 

homogenized after the pulse to isolate crude microsomes. Microsomes were purifiecl on a 

step grndient using two sucrose densities (1.3 M and 1.75 M) and centrifuged for 1 h at 4°C 

and 40,000 rpm. Microsomes coIIected from the interface be~ween sucrose Iayers were 

pooled. aliquoted, and incubated with 5100 pg/ml trypsin for 30 min at room temperature. 

After the incubation, soybean trypsin inhibitor (1 mgml) and PMSF (final concentration 100 

FM) were added and the microsomes were soiubilized and subjected to immunoprecipitation, 

2.4.8 Analysis of Luminal and Membrane-sissociated ApoB Pools 

Isolation of a microsomaI fraction and the separation of the lumind and membrane 

components by carbonate extraction and sucrose gradient ultracentrifugation were perfomed 

as described (Boren, et ai., 1992, Boren, et ai., 1990, Bostrom, et al., 1988, Bostrom, et ai., 

1986). Briefly, primary hamster hepatocytes were pulsed for I h, chased for O or 1 h, then 

homogenized to prepare a crude microsomd fraction. The microsornes were subjected to 

sodium carbonate trerttrnent to dissaciate the luminal and membrane fractions which were 

sepmted by uitracenuifugation. Membrane and luminal fractions were then diluted with 800 

pI of  a solubilization buffer containhg 360 pi 5xC buffer (250 mM tns-Ha, pH 7-4, 750 



m M  NaCl, 25 mM EDTA, 5 mM PMSF, 5% Triton-X100), and 410 pl PBS (containing 450 

m m 1  Trasylol, and 5 m M  PMSF) ana subjected to imrnunoprecipitation, SDS-PAGE, and 

fluorograph y. 

2.4.9 Isolation and Subcellular Fractionation of Hamster Liver Microsornes 

Isolation of a microsornai fraction and the sepriration of the luminal and membrane 

components by carbonate extraction and sucrose gradient ultracentrifugation were performed 

as described (Boren, et al., 1993, Boren, et al., 1990, Bostrom, et al., 1988, Bostrom, et al., 

1986). Intact cells were pulsed for I h in the presence and absence of the protease inhibitor, 

MG132 (25 PM) and were then scraped in 0.5 mI of 50 mM sucrose solution supplemented 

with a cocktail of protease inhibitors (1 m\l PMSF, 100 m m 1  Trasylol, 1 pM pepstatin A, 

and 5 pM ALLN) and homogenized with a glass dounce homogenizer. The homogenate was 

centrifuged for 10 min at 2300 x g. The supernatant containing the cmde microsomes was 

then treated with sodium carbonate pH 11. The luminal component released by carbonate 

extraction was isolated from the membrane fracrion by ultriicentrifugation at 37000 rpm for 

90 min at I? "C in a SW4l rotor- The isolated microsomd membrane was resuspended in 1 

ml of PBS, solubilized in 800 pl of a solubilization buffer containing 360 pl 5xC buffer (250 

rnM tris-HC1, pH 7.4, 750 mM NaCl, 25 mM EDTA, 5 mM PMSF, 5% Triton-XLOO), and 

410 pl PBS (containing 450 W / m I  TrasyIoI, and 5 rnM PMSF), and then subjected to 

immunoprecipitation. The lumind fractions were either directly solubilized and 

immunoprecipitated for apoB, or were subjected to lipoprotein fnctionation by sucrose 

gradient ultracentrifugation. 



2.4.10 Sucrose Gradient Fractionation of the ApoB-containing Lipoproteins 

ApoB-containing lipoproteins present in lurninal contents of microsomes (prepared as 

above) or secreted into the medium were analyzed by gradient ultracentrifugation. The 

sucrose gradient was fomed by layering from the bottom of the tube: 1.5 mi of 49% sucrose, 

3.0 ml of 25% sucrose, 2.0 ml of 10% sucrose, 3.0 ml of sample in 12.5% sucrose, 1.9 ml of 

5% sucrose, 0.9 ml of 0% sucrose. Al1 solutions contained L rnM phenylmethylsulfonyl 

tluoride, 100 kallekrein inhibitory unitslml aprotinin, 5 pM ALLN, and 3 m M  imidazole, pH 

7.4. The gradient was ultracentriiuged at 35,000 rpm in a Sorval TH-64 1 rotor for 65 h at 12 

OC, unloaded into 12 fractions, and apoB was recovered from each fraction by 

immunoprecipitation and SDS-PAGE and fluorogaphy. The band corresponding to the apoB 

wns cut out of the gel and dizested and the radioactivity counted. 

2.4.11 Determination of the synthesis and secretion of celiular and secreted lipids 

Primacy hepatocytes were pulsed for 3 h or 18 h with 5 pCi/ml  la lace ta te to assess 

the rates of synthesis and secretion of cholesterol, cholesteryl ester, and phospholipids. TG 

synthesis and secretion were monitored by labeling cells for 3-3 h with 5 pCi/ml [Qoleate 

bound CO bovine serum albumin. Following labeling, cells were extracted with 

hexanelisopropanol (3:2) and the total Iipid extract was dried, suspended in hexane and 

applied to a thin layer chromatoCrcrun. The TLC plates were developed using a two solvent 

system to separate polar lipids with chIoroform/methanoI/acetic acid/formic acid/H~O 

(70:30:13:4:3) and neuuaI lipids with petroleum etherlethyl etheriacetic acid (90:LO:l). The 

lipids were stained with iodine vapor and identified based on the use of a set of known iipid 

standards (Sigma). The spots identified on the TLC plates tvere cut and counted using a 

scintillation counter, 



2.4.12 Preparation of Oleate-BSA Cornplex 

Oleate-BSA complex was prepared based on the method descnbed by Van Harken et 

al. (Van Harken, et ai., L969). A total of 150 mg of fatty acid-free BSA was added to 10 rnI 

of pre-warmed methionine-free MEM, or hepatocyte attachrnent media, or WilIiamsY E 

media and rniiced and allowed CO incubate for 5 min at 37OC until BSA wris completely 

dissolved, The media-BSA solution was then sterilized by syringe-filtration (0.45 m. The 

fiItered solution was diluted by adding 40 ml additional media- A solution of oIeic acid was 

preprired by dissolving 34 mg of the oleic acid in 500 pl of anhydrous ethanol. A volume of 

75 y1 of the prepared oleate stock solution was added in 50 ml of media-BSA solution, The 

mixture was then either incubated overnight whiIe constantly rotating at room temperature or 

for 2 h tit 37°C. By using this protocol, the final concentration of oleate in solution was 360 

~i with an oleate/BSA ratio of 8: 1. 

2.4.13 Assessment of Insulin-Induced Phosphorylation 

In order to detect tyrosine phosphorylation of insulin çeceptor subunit, IRS-1, and 

IS-2, hepacocytes derived from control, and fructose-fed hamsters were incubated for 5h in a 

serum and insulin free media. Haif of the cells in each group were then stimulated witb LOO 

nM insuiin for 10 minutes at room temperature. Cells were then washed once with PBS and 

Lysed with a buffer containint a phosphatase inhibitor cocktail (150 m M  NaCl, 10 rnM tris 

(hydroxyme~hyI)arninornethane (pH 7.4), LmM EDTA, 1 m M  EGTA, 1% Triton X-100, 1% 

NP40, 2mM PMSF, 10 pgml aprotinin, 10 pgmi leupeptin, 100 mM sodium fluoride, 10 

mM sodium pyrophosphate, and 2 rnM sodium orthovmadate] and subjected to 

immunoprecipitation with a specific polyclonai antibody agaïnst either insulin receptor f! 

subunit, TRS-1, or RS-2 (1 pg antibody10.5 mg of total cell Iysate) using 50 pl of 10% 



protein A sepharose (for each sample). Irnrnunoprecipitates were then washed three times at 

4°C using wash buffer (PBS containing LOO mM sodium fluoride, 10 m M  sodium 

pyrophosphare, 2 mM sodium orthovanadate, 0.1% W40, and 0.1% Triton X-LOO). 

Lmmunoprecipitates were used for imrnunoblotting with mouse monoclonal antibody agaïnst 

tyrosine phosphorylated proteins (1: 1000 dilution) using ECL chemiluminescence system as 

described above. 

2.414 PI Skinase Activity Assays 

The PI 3-kinase assays were performed as described (Kido, et al., 2000, Wang, et al., 

1998). Briefly, hepatocytes isolated from control and fnictose fed hamsters were incubated in 

serurn- and insulin-free media for 5 h and then exposed to LOO nM insulin for 10 min at room 

rempenture. Ceils were washed and lysed in solubilizing buffer containinp 150 mM NaCl, 

10 mM tris(hydroxymethy1)aminomethane (pH 7.J), 1 mM EDTA, 1 mM EGTA, 1% Triton 

X-LOO, 1% NP-40. protease inhibitors (2 rnM PMSF, 10 pgml leupeptin, and 10 pg'ml 

aprotinin), and phosphatase inhibitors (LOO mM sodium fluoride, 10 rnM sodium 

pyrophosphate, and 2 mM sodium orthovanadate). Ce11 lysates were subjected to ovemight 

immunoprecipitation with anti-p85 or anti-phosphotyrosine antibodies at 4 O C .  Pt 3-kinase 

activity was merisured on p85 or phosphotyrosine immunoprecipitates. A11 

immunoprecipitates were washed and incubated for 5 min with 20 pg of 

phosphatidylinositoI. The reaction was started by the addition of 5 pl of 1 rnM [Y-~+]ATP 

(10 pCi/S pl) in 20 mM MgCl, and then stopped after 10 min by the addition of 8 M HCI, 

The lipids were extracted with 160 pi of chloroform/methanol (1:l). Fifty pl of the lower 

phase was appIied io a silica gel 60 F~ thin layer chromatognphy pIastic sheet (EMerck, 

Germany) and tipids were sepmted in a chlorofodmeth~oVwater/ammonium hydroxide 



(60:37:13:2) solvent system. RadiolabeIed lipids were qumtitated using a Storm 840 

phosp hoimager (Moiecular Dynamics. USA). 

LAIS PTP- LB Activity Assay 

The in virro PTP assay was conducted based on a protocol previously published by 

Cho et al. (Cho, et al., 1993) with some modifications. Hepatocytes isolated from control and 

fructose-fed hamsters were Iysed in solubilization buffer (PBS containing 1% W O ,  1% 

deoxycholate, 5 mM EDTA, 1 mM EGTA, 2 rnM PMSF, 0.1 mM Leupeptin, 2 pjml  

U N ) .  The lysates were cenuifugsd for 10 min at 4OC in a microcentrifuge, and 

supernatants were collected for immunoprecipitation. Prior to immunoprecipitation, ceII 

Lysates were subjected to preclearing with protein A Sepharose for 15 min at 4°C. EquaI 

ltmounts of each sample (750 pg a€ total protein) was then subjected to immunoprecipitation 

with anti-PTPlB antibody (Ab-1. Oncogene Research Products) at 4 C overnight. PTP-Li3 

immuncomplexes were pulled down b y adding protein A Sepharose nt 4 O C  for an additional 

1 h. Imrnunoprecipitates were then washed with the FTP assay buffer (lûû mM Hepes, pH 

7.6.2 rnM EDTA, 1 rnM Dm, 130 rnM NaCl, and 0.5 mgml BSA). The pp60'"" C-terminal 

phosphoregulatory peptide (TSTEPQpYQPGENL, BiomoI) wris added at 200 pM in a total 

ceaction volume of 60 pl in the PTP assay buffer and the reaction ailowed to proceed for 1 h 

at 30 OC. At the end of the reaction, 40 pl aliquots were placed into a 96-weII plate, 100 pL 

of BiomoI Green reagent (Biomol) was added and absorbante wris measured at 630nm. 

2.4.16 Cherniluminescent Immunoblot Analysis 

CeIl lysates or immunoprecipitates were subjected to chemiIurninescent 

irnmunoblotting for different proteins including apoB, ubiquitinated a@, 97 kDa subunit of 

MïP, insuiin ceceptor subunit, RS-1, RS-2, PTP-LB, AkiPKB, tyrosine phosphorylated 



proteins, and ER-60. Samples were analyzed by SDS-PAGE using mini gels with different 

percentase (depending on rnolecular weight of target protein) of polyacrylamide (8 x 5 cm). 

Following SDS-PAGE the proteins were transferred electrophoreticdly ovemight at 4°C 

onto nitrocellulose membranes using a Bio-Rad Wet Transfer System. The membranes were 

blocked with a 5% solution of fat-free dry milk powder, incubated with ri relevant antiserum, 

washed, and then incubated with a secondary antibody conjugated to peroxidase. Membranes 

were then incubated in an enhanced chemiluminescence detection reagent (Amersharn 

Phmacia  Biotech) for 60 seconds and exposed to Kodak HyperfiIm, according EO the 

manufacturer's recommendations, within the limits of linearity of the ECL detection system. 

Films were developed and quantitative rinalysis was performed using an imaging 

densi tometer. 

2.417 RNase Protection Solution Hybridization Assay for Hamster MTP m . A  

Hmster MTP cDNA was kindly provided by Dr. David Gordon (Bristol-Myers 

Squibb, Princeton, NJ). Two primers GCGCCTCGAGGCCTTCATCCAGCACCXC (XhoI 

site underlined) and GCGCAAGCTKCAGCCTCAGCATACTTC (HindIII site underlined) 

ivere used to arnpIify ri 517 bp fra,ment of hamster MTP cDNA. AFter disestion with XhoI 

and HindiII. this fra-ment was ligated with XhoY HindIII digested pGEM-7ZI vector 

(Promega), These constructs served as templates to synthesize anrisense RNA probes and 

standard CRNA. Unltlbeled cRNA corresponding to the sense DNA strand was prepared for 

use as hybridization standard. Total RNA from liver tissue were isoiated using Trizo! 

reazent (Gibco BRL). RYase protection analyses were performed as described by Azrolan 

and Breslow (Azrolan and Breslow, 1990). Briefly, riboprobe and either sampie or standard 

cRNA were hybrkiized ovemight in 40 jd hybridization buffer (80% (vlv) formamide; 40 



mEvI HEPES, pH6.7; 0.4 M NaCI; 1 rnM EDTA) at 63°C. m a s e  A and RNase T l  in 

digestion buffer (0.3 rnM NaCI; 10 mM Tris-HC1, pH7.4; 5mM EDTA) were added to each 

sample and incubated at 34OC for 1 hr. After incubation, 20% trichloroacetic acid (TCA) and 

LOO yg salmon sperm DNA were added and incubated for 15 min to precipitate protected 

RNA, and each sample was filtered using glas fiber filters (Whatman). Filters were washed 

with 10% TCA and counted with scintillation fluid in a beta counter. 

2.418 MTP Activity Assay 

The assay wris cmied  out using the MTP activity kit (Rom Biomedical, Inc.) 

according to the manufacturer's recommendations. The activity assay is based on M P  

mediated transfer of a proprietary fluorescent neutral Iipid entrapped in donor vesicles (self- 

quenched state) to the acceptor (fluorescent state). The MIT mediated transfer is observed by 

the increase in fluorescence intensity as the fluorescent neutrai Iipids is transferred from the 

self-quenched donor to the acceptor. Briefly, primary hamster hepatocytes isolated from 

control and fructose-fed hamsters were suspended in a homogenization buffer (150 mM 

NaCl, 1 mM EDTA, 0.5 rnM PMSF, 2 mg leupeptin, in LOO ml of 10 mM tris pH 7.4). The 

suspensions were then sonicated on ice with €ive-second bursts in a sonicator fitted with a 

microtip on power setting 4. LOO yg of homogenate pcotein of each goup was used in the 

assay. The LMTP source (0.5 ml total volume) was combined with 10 y1 donor and 10 pl 

acceptor and then incubated for 12 h at 37°C. The assay was read in a fluorescence 

spectrometer at excitation wavetength of465 nm and emission waveIength of 535 nrn. 

2.4.19 Immunoprecipitation 

Al1 samples including cell lysates, media, and subcellular or lurninal fractions were 

first subjected to pre-immunoprecipitarion by ridding 2 pl of an appropriate anti serum plus 



30 pl cmde irnmunoprecipitin. A11 samples were rotated for L h at room temperature and then 

centnfuged for 3 min at 14000 g. Supernatants were collected and subjected to 

immunoprecipitation by adding 5 pl of antibody and ovemight incubation at 4°C. The 

following day LOO pl of irnmunoprecipitin was added to each sampie and mixed for L h on a 

rotaror 3t room tempemure. The imrnunoprecipitates were separated by centrifugation for 2- 

3 min rit 14000 g and supematnnts were discarded. Each immunoprecipitnte was washed 

dons with resuspending for 3 times by adding 1 ml of wash buffer (PBS containing, 2 rnM 

EDTA, pH 8, 0.1% SDS, 1% 'o-40, 1% DOC). After the third wash, pellets were 

resuspended in LOO pl of Laemmti eIectrophoresis sarnple buffer (M20 containing 125 rnM 

Tris-HCI, pH 6.8. 4% SDS, 20% glycerol, 5% 0-mercaptoethnnol, 0.1 mg brornophenol 

blue). Sarnples were then buiied on a heat bIock at 100°C for 5 min, centrifuged at 14000 g 

for 3 min and supernatants were loaded onto SDS-PAGE gels. 

2.1.20 SDS-PAGE 

SDS-PAGE tvas performed essentinlly os described (Laemmli, 1970). Depending on 

the molecuIar weight of the protein(s) under investigation, the percentage of acrylamide in 

resolving and stricking gels was varied which is indicated in the figure legends. Laemmli 

sarnpIe buffer (0.L35 M Tris-KI, pH 6.8, 5% v/v ~rnercaptoethanol, 20% v/v glyceroi, 

4.1% wiv SDS. and 0.02% w/v bromophenol blue) and the composition of the other major 

buffers used to perform SDS-PAGE has been indicated below: 

ResoIving Gel: 4S%, 6%,8%, IO%, or 3-L5% (,-dient gel) (w/v) acrylamide, 0-375 

M Tris-HC1, pH 8.8,O. 1 % (WN) ammonium persulfate, and 0.07% (VN) TEMED. 

Seacking Gel: 3% or 4% (WN) acrylamide, 0.125 M tris-HCI, pH 6.8,0.05% (WN) 

SDS, 0.1% (WN) ammonium persdfate and 0.05% (VN) 'ïEMEû. 



Running Buffer 0.02 M Tris, 0.192 M glycine, and 0.01% (W/v) SDS. 

Once the gel was cast, it was usuaIIy run for 16 h at 60 V or until the blue dye 

nached the bottom of the gel, depending on the rnolecular weight of target protein and 

percentage of acrylamide. Following SDS-PAGE, the gels were removed and incubated in a 

fixer soIution (dH20 containing 40% V/V methanor and 10% V N  glacial acetic acid) for at 

Ieast 45 min at room temperature. 

7.1.21 Fluorography and Scintillation Counting 

[n order to enhance fluoropphical propenies of the fixed sels, they were soaked in 

~ r n ~ ~ i f ~ ~ '  (Amersham) for 30 min, and then washed wirh distilled water for 1 min and 

placed on a sheet of Whatman filter priper and covered with a sheet of plastic wrap. The ;el 

was dned in a gel drier under vacuum ar 80aC for 1.5 h. and then txposed to Kodak 

autorrtdiographic film at -80 O C  for 1-4 days, The film was later developed in an X-ray 

processor machine. Finally the bands of interest were excised from the gels and piaced into 

scintillation tubes, Perchlocic acid (658,200 pl) and hydrogen peroxide (JO0 pl) was added 

to e x h  via1 {on the excised band). and incubated overnight ac 60°C. After overnight 

incubation, 4 ml of scintillation cocktail was added to the digested piece of the gel in each 

via1 and mixed well to ensure that it was completely dissolved. After 1 h incubation at room 

temperature, the sampies were counted for radioactivity in a scintillation counter and band 

radioactivity was quantified as counts per minute (CPM)- 

To m e s s  total mdiolabeied proteins, 5 pl of radioIabeIed cell iysates (befote pre- 

imrnunoprecipitation) was spotted on a srnaIl piece (1.5 Cm x 1.5 Cm) of filter paper and was 

allowed to air dry at roorn temperature. The filter papers were then heated twice for 5 min in 

LO% TCA soIution to fix and precipitate labeIed protein on the paper. Filter papers were then 



soaked in anhydrous ethanol twice for 3 min and then left to dry at room temperature. 

Finally, 4 ml of scintillation cocktail was added to each via1 containing filter paper and 

subjected to scintillation countin; as described above. 

2.1.22 Protein Assay 

In order to measure total protein content of samples, 3 small fraction (-20 pl) of cell 

lysate was aliquoted and subjected to the commercially available Bio-Rad DC Protein Assay 

kit, according to the maufacturer's recommendations. This method is a colorirnetric assay 

sirnilar co the well-documented Lowry assay (Lowry, 1951) with some improvement and 

modifications. The assay is based on the reaction of protein with an alkaline copper cartarate 

solution and Folin reagent. The protein standard (BSA) was made with the same solubilizing 

buffer used for Iysing the cells. Samples were measured using manufacturer's micropIate 

assay protecol and absorbances read at 750 nrn. Samples and standards were measured in 

triplicate and protein mass concentration expressed as mgrnl. 

2.4.23 Calculations and Shtistical Analysis 

A11 the values are reported as MEAN + STDV. Statistical signitïcance was calculated 

by performin; 2-tailed paired Student t-test analysis. A p value equal or less than 0.05 was 

considered to be significant. Each experiment was repeated at l e s t  three times in dupiicate or 

triplicate. 



Intracellular Mechanisms Regulating ApoB-containing Lipoprotein Assembly and 

Secretion in Primary Hamster Hepatocytes 

3.1 Rationale, Hypothesis, and Research Objectives 

3.1.1 Rationale 

Most ex vivo studies on hepatic biogenesis of apoB-conraining Iipoproteins have been 

conducted either in cell lines or primary rodent hepatocytes. Although a great deal of data h a  

been collected using the nbove cellular models, however they have not been without pitfalls. 

HepG2 cells as the most cornmonly used ce11 line has major limitations. The most notable 

limitation of HepG? cells in the study of apoB biogenesis is in the type of secreted 

lipoprotein particles. Little of the neutral core lipids are secreted as VLDL, but are instead 

secreted as panicles in the LDL-density range (Cianflone, et al., L992, Cianflone, et al., 1990, 

Gibbons, et al., 1994). The prirnary nt hepatocyte is the rnost commonly used primary rodent 

hepatocyte system. Rat Iiver secretes both apoB48 and apoB100, making it difficult to 

extrapolate collected data to humans (Rusinol, et al., 1993, Swift, 1995). 

The Syrian golden hamster has been used with increasing frequency in recent years to 

study hepatic lipid rnetabolism (Burton and Chiou, 1989, Fungwe, et ai., 1994, Hoang, et al., 

1992, Sessions, et al., 1993, Sessions and Salter, 1994, Weingand and Daggy, 1991, Zhang, 

et al., 1999) and atheroscIerosis (Nikkari, et al., 1991, Nistor, et al., 1987). The hamster has 

attracted increasing attention as a mode1 for lipoprotein researctt since its Iipoprotein 

metabolism appem to more closely resemble that in hurnans (Gouhet and Chapman, 1993, 

Hoang, et al., 1995, Liu, et al., 1991). In contrast to HepG2 cells, hamster liver produces TG- 

rich, apoB LOO-containing lipoproteins with a density close to that of human VLDL (Liu, et 



al., L991), and the total body cholesterol synthetic rates in hamsters are comparable with 

humans (Spady and Dietschy, 1983, Spady, et al., 1986). Moreover, cholesterol rnetabolisrn 

(Hoang, et al., 1993), LDL binding and degradation (Salter and Sessions, 1993), and bile acid 

synthesis (Hoang, et al., 1993) in hamster hepatocytes resemble that in humans. Despite the 

advantages of the hamster as a unique animal model for lipoprotein research, there has not 

been a comprehensive report published on the intracellular biogenesis and assembly of apoB- 

100-containing lipoprotein particles in this animal rnodel, in this part of study, we have 

investigated the intracellular rnechanisms regulating apoB biosynthesis, assembly, 

degradation, and secretion in prirnary hamster hepatocytes, a prirnary ce11 model exclusively 

expressing apoB-100-containing VLDL particles. 

3.1.2 Hypothesis 

P r i m q  hamster hepatocytes assemble and secrete apoB-100 containing lipoproteins 

with VLDL density, and ripoB, dunng its intracellular biogenesis is subjected to co- and post- 

translational degradation by non-proteasornai and proteasomd proteoiytic systerns. 

3.1.3 Research Objectives 

Objective 1- Prepare and culture viable primary hamster hepatocytes 

Objective 2- Confirrn that prirnary hamster hepatocytes secrete apoB 100-containing particles 

with the density of VLDL 

Objective 3- lnvestigate apoB synthesis, transIocation, degradation, assembly, and secretion 

in intact prïmrtry hamster hepatocytes 

Objective 4- Study turnover of apoB 100 in permeabitized hamster hepatocytes 

Objective 5- Study the effects of exogenous oIeate on apoB biogenesis in prïmary hamster 

hepatoc ytes 



3.2 Results 

3.2.1 Primary Hamster Hepatocytes Secrete ApoB-Containing Lipoprotein at the 

Density of VLDL 

The density of apoB-containing lipoproteins secreted by hamster hepatocytes was 

investigated by density fractionation of isolated Iipoproteins in media of cultured hamster 

hepatocyces labeled with [î5~lrnethionine. In this study, after a 1 h pulse, cells were chased 

for 1 and 2 h in the presence and absence of ALLN (JO pg/ml). Density of the media sampIes 

was adjusted to L .O06 ghl. After ultncentrifu~ation, the top fraction (1/10 of total vohme of 

the media) was collected and subjected to immunoprecipitation. Ce11 lysaces were also 

irnrnunoprecipicated for apoB. After ri i h chase, 39% of total apoB was recovered in the 

VLDL fraction of the media; whereas after a 1 h chase, 56% of total apoB was recovered 

from the VLDL fraction of the media. In AILN trented cells, at L h and 2 h chase, 33% and 

42% of total apoB wrts recovered from media VLDL, respectively. Thus U V  treatment did 

not increase the efficiency of VLDL secretion (as esumated by cornparhg the percentase of 

total radiohbeled apoB secreted as VLDL-apoB). However, totaI radiolabeled apoB 

recovered in ALLN treated ceIIs wm about 40% higher at O tirne and by more than 2-Fold 

higher after 1 and 2 h chase times compared CO controt cells. hcreased recovery of IabeIed 

apoB in the presence of ALLN suggesced protection against co- andfor post-üanslational 

degradation of the protein during pulse and chase periods. 

3.2.2 Analysis of ApoB Transtocational Status in Permeabüized Primary Hamster 

Hepatocytes 

Since our prelirninary studies had suggested that hamster apoB may be subjected to 

intraceIlu1ar deagadation, we investigated the translocationd statu of hamster apoB in 



primary hamster hepatocytes. Transiocational status of newly synthesized hamster apoB-100 

was assessed based on trypsin digestion of permeabilized hamster hepatocytes. This protocol 

has previousIy been used by out- Irtboratory to investigare apoB translocation in HepG7 cells 

(Macri and Adeli, 1997b) and McRH7777 cells (Cavallo, et al., 1998). The procedure for 

permeabilizing prirnary hamster hepatocytes was similar to that previously described for 

HepG?, tells- Optimization expenments showed that incubation with CSK buffer containing 

50 pgml digitonin for 10 min or 75 pg/mt digitonin for 5 min at room temperature was 

sufficient to permeabilize hamster hepatocytes without causing significant damage to 

intrrtcellular organeiles (as assessed by the loss of ER-lumenal proteins). To confirm the 

integty of intrricellular membranes after the permeabiiization process, we monitored the 

retention of radiolabeled apoB and transferrin in permeabilized cells and any possible 

Ieakage into the surrounding medium (CSK buffer). No npoB or transfemn could be 

recovered by irnmunoprecipitation from the CSK buffer (pooled solutions of CSK-digitonin 

and wash buffers). In addition, no significant difference wris detectable in the 

irnmunoprecipitable apoB and transfemn recovered from pemeabilized cells at different 

concentrations of digironin. Immunoprecipirable transfemn recovered at 0, 50, and 100 

p$ml digi tonin was 1 l l4  L S ? ,  9675554, and 9548k193S CPM/plate (n=3) respectively; 

immunoprecipitabIe apoB recovered was 1373-t.136, 1257fi1, and 1284k43 CPM/pIate 

(n=3), respectively. The absence of IabeIed uansferrin and apoB in the CSK buffer and the 

Iack of a decrease in ceIluIar levels of these proteins strongly arceue against any significant 

leakage of newly-synthesized proteins residing in the secretory pathway of the hepatocytes. 

This in rurn sugests that the integity O €  the ER-Golgi component of the secretory pathway 

remains rnostty intact after permeabilizaüon of the cells. 



In this and al1 subsequent protease protection experiments, intact primary hamster 

hepatocytes were initially pulse-chased to achieve biosynthesis and translocation of apoB 

across the ER membrane. Permeabilization was only carricd out to allow the deiivery of 

trypsin to the cytosolic surface of the ER membrane. Fig. 3.1A shows immunoprecipitabIe 

apoB recovered from permeabilized cells (pulsed for 45 min, chased for 10 min, and 

permeabilized) with and without trypsin digestion (in the presence or absence of Triton X- 

LOO). The amount of trypsin resistant apoB was measured as a percentage of the intact apoB 

immunoprecipitated from control cells not subjected to trypsin treatment. An average of 

42.4k 10.1% of newly synthesized apoB was trypsin sensitive in permeabilized cells. In the 

presence of both trypsin and Triton X-LOO, no immunoprecipitable apoB could be recovered 

suggesting that the trypsin-resistant apoB detected in permeabilized celis is segregated by 

intracellular membranes which become accessible to trypsin upon addition of the membrane 

solubilizing agent, Triton X-LOO. Finally, percent trypsin sensitivity in permeabilized cells 

was significantly greater with apoB (42.4 + 10.1%) than the control protein, transfemn (13.9 

+ 6.78) (Fig, 3,1B), P c0.05, under similar experimental conditions. Addition of Triton X- 

LOO to permeabilized cells caused an aimost total degradation of transfemn by exogenous 

trypsin suggesting that transfemn was not inherentiy resistant to trypsin digestion (Fig. 

3.1B). 

3.2.3 Trypsin Sensitivity of Hamster ApoB-100 in Isolated Microsornes 

Protease protection assays were also performed with microsomes isolated from 

hamster hepatocytes to confirm the observations made in permeabilized cells. in these 

experiments, hamster hepatocytes were pulse-labeled for 1 h and then used to isoiate a 

mimsomal fraction by ultracentrifugation. lsolated microsomes were then subjected to in 



vitro trypsin digestion. Figs. 3.lC and 3D indicate the amount of apoB recovered From 

microsomes isolated from control and MG132 (25 CiM) treated cells in the presence and 

absence of exogenous trypsin. In control ceIIs, 27&7.9% of newly synthesized microsornai 

apoB was trypsin accessible, whereas in MG132 treated cells, 54.7k10.596 was accessible to 

trypsin digestion, This difference in trypsin sensitivity between the two conditions (nearly 2 

times more in MG132 treated cells) can be attnbuted to the protective effect of MG132 

against degradation of the pool of apoB associated with the cytosolic side of the ER 

membrane. It should be noted that MG132, a proteasorne inhibitor, also increased the total 

amount of immunoprecipitated apoB 2.2-fold compared to control cells. Most of the pool 

protected by MG132 was thus trypsin accessible. MGL3Ztreated microsomes had 35% more 

immunoprecipitable apoB than controI cells folIowin; trypsin digestion. As a control, we 

also examined the trypsin sensitivity of transferrin in both control and MG132 treated cells. 

In control cells, 87.6I13.8% (n=3) of labeled transfemn was resistant to trypsin digestion 

whereas in MG132 treated cells 97.6k5.9% (n=3) of labeled transferrin was uypsin resistant. 

Trypsin resistance of transferrin in isolated microsomes and the Iack of effect of MG132 on 

uypsin accessibility of this control protein appear to confirm the specificity of the 

observations with respect to protease sensitivity of apoB in control and MG132 treated cells. 

3.2.4 Analysis of ApoB-100 in Subcellular Fractions of Isolated Microsornes 

Intracellular distribution of newIy synthesized apoB-LOO in primary hamster 

hepatocytes was examined by isolating a total rnicrosornal fraction and preparing luminal and 

membrane subfractions. Figs. 3.2.4 and Y3 show the results of such an expenment. A smdl 

fraction of newly synthesized apoB was consistentiy found to be associated with microsornai 

membrane (1 1.2%d.l). However, a large pool of radiolabeled apoB could be extracted with 



sodium carbonate and was thus detected in the soluble luminal fraction of microsomes. It 

appeared that the distribution of rnicrosomal apoB in the luminal and membrane pools did 

not change with MG132 pretreatment of the cells (control cells, 88.895H.7 luminal apoB, 

and 11.2%~4.1 membrane apoB; MG132 treated cells, 86.596H.9 luminal apoB, and 

12.896d.5 membrane apoB). Although the ratio of the pools was similar in control and 

MG132-treated cells, treatment with the inhibitor increased total and luminal apoB by 

18.5%r7.6 and 16.3%+3.6 respectively. SimiIar observations were made when subcellular 

fractionation studies were performed in the presence of ALLN as the proterise inhibitor. 

ALLN u-eatment did not alter the proportion of newly synthesized apoB found associated 

with the membrane and luminal fractions of rnicrosornes. Following a 1 h pulse in control 

ceIls, 80.7% and 19.3% of immunoprecipitated apoB was luminal and membrane-bound 

respectively, whereas in ALLN-treated cells, 83.2% and 16.8% of apoB was rccovered in 

lumen and membrane fractions, respectively. After a 30 min chase, 65.3%, 11.996, and 

22.8% of immunoprecipitated apoB in control ceIls, and 67.6%. 14.896, and 17.6% of apoB 

in ALLN treated cells were recovered in lumen, membrane and media of hamster 

hepatocytes, respectiveiy. It shouId be noted that total immunoprecipitable apoB increrised in 

ALLN treated cells by 11.1% and 19.9% at O and 30 min chase times respectively, compared 

to control cells. Furthermore, after the 30 min chase chere was no significant difference in 

secreted apoB between control and ALLN treated cells, but lumenal and membrane- 

associated apoB both showed an increase of 14% and 49% respectively in the presence of 

ALLN (compared to control). 



3.2.5 ApoB Stability and Secretion in Primary Hamster Hepatocytes 

Pulse-chase labeling experiments were performed to andyze the stability and 

secretion of apoB in ptimary hamster hepatocytes. Fig. 3.3A shows the turnover of newly 

synthesized apoB in the presence and absence of MG132. MG132 induced accumulation of 

apoB during the pulse (Fig. 3.38) and appeared to protect apoB during the chase. The 

kinetics of apoB degradation was funher exarnined in a 6 h chase experiment (Figs. 3.3C and 

3.3D). [n control cells, the percentage of cellular apoB remaining after 30, 60, 120,240 and 

360 min chue was 72.6%&18 (n=2), 55-4829.3 (n=5), 25.8%+8.3 (n=7), 15.6%&1.9 (n=S), 

and L 1.2%11.5 (n=2) respectively. The percentage of radiolabeled apoB secreted into the 

media at the same time points was 12%+lA, 3 1% 5,35.3%13.1, 36%&.9, and 40.3%&7.9 

respectively. Percent apoB degnided after a 30 min chase was 15.8%?14 which increased to 

38.8%+o.2 and 48.3%20.7 after 120 and 340 min chase, respectively. Interestingly, after a 4 

h chase. dewdation reached a plateau (48.3%6.6) and no further degradation occurred after 

a 6 h chnse. Treatment with MG132 significantly altered the pattern of ripoB degradation 

kinetics. In these experiments, cells were treated with MG132, 15 min before the pulse, and 

then chased in the presence of the protease inhibitor. As depicted in Fig. 3.3D, the percentage 

of cellular apoB remaining was decreased during the chase from 1008 at O time to 99.4%.c36 

(n=2), 77,2%&8.5 (n=5, p=0.03), 61.2%110 (n=7, p= 0.01), 32W2.2 (n=2), and 25,L%e.7 

(n=7 ) at 30,60, 120,240. and 360 min chase times, respectively. Due to protection of apoB 

from de-mdation, the percentage of cellular apoB remaining in MG132 treated cells was 

significantly higher than the control at various time points. Interestingly, the percentage of 

radioiabeled apoB secreted into the media of the above cells showed no significant difference 



FIGURE 3.1 

Trypsin sensitivity of hamster apoB-100 in permeabilized hamster hepatocytes and 

isolated microsomes 

Panel A: Primary hamster hepatocytes (1.5 X 10~1dish) were pulsed with 
[%]methionine for 1 h, chased in hepatocyte attachment medium plus 10 m M  L-methionine 
for 10 min and then incubated in CSK buffet containing 75 pgml digitonin for 5 min at room 
temperature to achieve permeribilization. Permeabilized cells were then washed and 
incubated in the presence and absence of trypsin (LOO pglml) or trypsin plus 0.5% Triton X- 
100, for 10 min at room temperature. Trypsin treatment was stopped by the addition of 
soybean trypsin inhibitor and other protease inhibitors. Cells were solubilized and cell 
extracts werc subjected to immunoprecipitation by a specific anti-apoB antibody and then 
analyzed by SDS-PAGE and fluorogmphy. Data shown as mean +/-SE (2 separate 
experiments in triplicate). Panel B: protease protection expenments similar to thrit in panel A 
were performcd and a control protein, transfemn, was immunoprecipitated to monitor its 
trypsin sensitivity in the presence and absence of Triton X-100, For al1 experiments apoB 
radioactivity recovered were against total TCA-precipitable radioactivity in each dish before 
converting to percentages. Panels C & D: Intact cells (1.5 X 1o6/dish) were pulsed for 1 h in 
the presence and absence of MG132 (25 CIM) and then homogenized to isolate crude 
microsomes. Purified microsomes were obtained by sucrose gradient centrifugation as 
described in the methods section. CoIIected microsomes were treated with 100 pdml trypsin 
for 30 min at room temperature. Trypsin treatment was stopped by addition of soybean 
trypsin inhibitor. Samples were solubilized and subjected to immunoprecipitation by a 
specific anti-apoB antibody and rhen analyzed by SDS-PAGE and fluorogaphy. ApoB- 
associated radioactivity was quantitated by excision and scintillation counting of the apoB 
bands. C) a representative fluorogaph; D) trypsin resistant apoB (mean f SD, 3 separnte 
expenments in duplicate, pcO.05 in trypsin-treated cells between 4- MG132) as a percenrage 
of apoB recovered in the absence of trypsin. 





Subcellular distribution of newly synthesized apoB in microsomal membrane and 

lumen 

Primary hamster hepatocytes were putsed (1 h) and chased (5 min) in the presence 
and absence of 25 pM MG132 Cells were washed, homogenized and subsequently subjected 
to subcellular fractionation to isolate microsomes. Luminal apoB was extracted from 
microsomes by carbonate treatment and separated from the membrane fraction by 
centrifugation (SW41 rotor, 37000 rprn, 90 min). 00th the membrane and lumenal fractions 
were immunoprecipitated with a specik anti-apoB antibody and analyzed by SDS-PAGE 
and fluorography. ApoB radioactivity was quantitaced by cutting and scintillation counting of 
the apoB band. A) a representative fluoropph; B) distribution of labeled apoB in membrane 
and lumen of isolated microsomes. In ench experiment. two sers of dishes per condition, each 
set contained five dishes of 1.5 X 1o6 ceells (7.5 X ~0~ cells) were pulsed and later cornbined 
for microsomal membrane and lumen preparation. 



FIGURE 3.2 

A Lumen Membrane . 

Control MG132 



bettveen MG133 treated and control celIs. In MG133 treated celts, at 30, 60, 130, 740, and 

360 min chase time points, 10.4%+.1, 33.3%e.9, 36%&.6, 35.59M.3, and cSZ4%22 of 

radiolabeled apoB wris secreted in the media respectively. ApoB was stabilized considerably 

tvith MG132 treaunent- In fact, no significant degradation occurred for the initiai 3 h of chase 

(average of 0.5% rit 60 and 2.7% at 120 min); but it  was dramaticall y increrised to 34.8%&.3 

at 240 min and remained approximately constant up to the end of the chase period (33%+o.6 

rit 360 min). 

3.2.6 ApoB Degradation in Permeribilized Primary Hamster Hepatocytes and Detection 

of Degradation In termediates 

Experiments were aiso performed in permeabihzed hamster hepatocytes. CelIs were 

pulsed and then pemeabilized and chrised in CSK buffer for different time points from O to 

ISO min in the presence and absence of L L N .  Fig. 3BA shows the pattern of apoB 

degradation in pemeabilized hamster hepatocytes, ApoB was gradually degraded in 

pemeabilized cells such chat the percencage of apoB remaining was 9L.6%+15.2 (n=2), 

91696k6.3 (nd) ,  76.3%5.4 (n=3), 77.69612.4 (n=4), and 51.9W4.9 In&) at 30. 60, 90, 

120, and 180 min chase times respectively. Degradation was more prominent after 60 min 

chase and reached 48.1%&4.9 ( n 4 )  after 180 min chase. The extent of degradation in 

permeabilized cells was Iower chan that obsecved in intact cells during the first 3. h chase 

(8.29663 and 22.49h-2.5 in pemeabiiized ceIIs compared with 17.8%28 and 38.8%'0+6.2 in 

intact cells rit 60 and 120 min chase, cespectiveiy). Interestingly, several degradation 

fn_ments were observed in pertneabitized cells with approximate moiecular sizes of 167,70, 

37. and46 ma. The 70 kDa fraroment was surprisingly identicai to the fragment previousiy 



FIGURE 3.3 

ApoB stability and secretion in control and MG132-treated intact primary hamster 

hepatocytes 

Primary hamster hepatocytes were pulsed ivith ["~lmethionine and chased for up to 6 
h. MG132 (25 CiM) was added L5 min before the pulse and was present throughout. Media 
sarnples and cell lysates were coI1ectcd at each chase cime point, subjected to 
imrnunoprecipitation and then analyzed by SDS-PAGE and fluorography. Panel A shows a 
representative experiment in control and MG132 treated cells (five separate pulse-chase 
Iabeling experirnents were performed with similar results). Panel B shows the effect of 
MG133 on apoB accumulation during the pulse (at O cime) (mean +/-SD of the pulse-chue 
experiment in Panel A, p ~0.05, n=7). Panels C and D show the results of severai 
experiments at O (n=7), 30 (n=3), 60 (n=S), L20 (n=7), 340 (n=2), and 360 min (n=3) chase 
times. Panel C shows the distribution of apoB in cells (open squares), media (open circles) as 
well as the total apoB (open triangles) in control hamster hepatocytes expressed as a percent 
of labeled apoB at O tirne. Panel D shows the percentage of apoB in cells (closed squares), 
media (closed circles) as well as the total apoB (closed triangle) in MG132-treated cells. Data 
shown as mean +/-SD of a representative pulse-chase expriment performed in triplicate. 
Data were normalized against total TCA-precipitable radioactivity in each dish prior to 
convenin; to percentages. * and ** significant differences when cornparin; control with 
MGL32-treated cells (p values 0.03 and 0.0 1, respectively). 



FIGURE 3.3 
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observed in HepG3 cells (Adeli, 1994, Sallach and Adeli, 1995). Also shown in Fig. 3AB is 

the effect of ALLN on apoB degadation in permeabilized cells. Interestingly, the appeaance 

of the 70 kDa Fragment was ALLN sensitive and was almost entirely abolished in WLiY 

treated permeabilized cells. ALLN caused a significant protection against degradation in 

permeabilized cells especially at 130 and 180 min chase times (percent apoB-100 remaininp 

was 94.89b1o1.2 and 78.8%&.1, respectively; p values were 0.01 and c0.05, respectively 

compared to control cells, n= 4). MG132 showed a similar protective effect on apoB-100 

degradation although it did not inhibit the generation of the 70 kDa fragment (data not 

shown). The formation of the 46,57, and 167 kDa fragments were both ALLN- and MG132- 

insensitive. 

3.2.7 The Sensitivity of ApoB Degradation to Various Protease Inhibitors 

To more extensively characterize apoB degradation in hamster hepatocytes, the effect 

of a number of other protease inhibitors including ALLN (JO pC/rnI). MG132 (25 pM), 

Iactacystin (3.5 FM), EST (40 pgml), PMSF ( 1  mM), leupeptin (LOO @ml), and o- 

phenanthroline (100 pg/ml), on cellular and secreted apoB as welt as the total apoB pool was 

determined, The results, show in Fig. 3.5, are expressed as imrnunoprecipitable apoB 

recovered/total Iabeled protein under control and various experimental conditions. Among 

various protease inhibitors tested, only ALLN, Iactacystin, md o-phenanthroline 

hadstatisticaily significant (p<0.05) effects on newly synthesized apoB. Both ALLN and 

lactacystin increased cellular apoB without affecting its extrrtcellular secretion. Treatment 

with o-phenanthroline, a metalloprotease inhibitor, significantly increased both cehlar  and 

secreted apoB . 



FIGURE 3.4 

Intracellular stability of apoB in permeabilized primary hamster hepatocytes 

Prirnary hamster hepatocytes (1.3 x 106 cell/dish) were pulsed with [j5~]rnethionine 
and then permeabilized with 50 @ml digitonin in CSK buffer for LO min at room 
temperature. Permeabilized cells were incubated in CSK buffer for 0, 2, and 3 h. ALLN (JO 
pglrnl) was added 15 min before the pulse and was present throughout the experirnent. Cells 
were solu bilized and ce11 extrac ts were subjected to irnmunoprecipitation wi th a specific anti- 
apoB antibody and then analyzed by SDS-PAGE and fluorogaphy. The position O €  the intact 
apoi3-100 and its degradation fra,gnents (167, 70, 57, and 46 D a )  are indicated with 
arrowheads. The band that appeared between the apoB 167 kDa €ra,gnent and intact apoB LOO 
resuIted tiom non-specific protein binding to immunoprecipitin. This was confirmed by 
immunoprecipitation in the absence of apoB antibody. A) control cells; B) ALLN-treated 
cells. 





3.2.8 Evidence for Involvement of the Ubiquitin-Proteasome Pathway in Hamster 

ApoB Degradation 

inhibition of hamster apoB turnover by MG132 and lactacystin appeared ta implicate 

the ubiquitin-proteasorne systern in the degradation process. To funher investigate the 

involvement of the proteasorne, hamster hepntocytes prerreated with ALLN (40 j@ml) or 

MG132 (25 were solubilized and the cell lysares wre irnrnunoprecipitated with anti- 

apoB antibody and then immunoblotted with anti-apoB and anti-ubiquitin antibodies. As 

shown in Fig. 3.6, imrnunoblottin; of irnmunoprecipitated apoB by an anri-ubiquitin 

tintibody revealed a speciFic and consistent pattern of polyubiquinnted apoB. In the absence 

of MG131, a small amount of ubiquitinated apoB couId be derected, most likely as a result of 

rrtpid proteasomal degradation. There wtis considerable increase in ubiquirinated apoB upon 

pretrratment of the cells with either ALLN or MGL32. (Fig. 3.6). OveraII these data, as we1l 

as the inhibition of apoB de-pdation by lactacystin (Fig. 3 . 9 ,  support the notion that 

hamster apoB undergoes ubiquitination and may act as a substrate for the cytosok 

proteasorne. 

3.2.9 Assembly and Secretion of Hamster ApoB-100 VLDL 

[n order to investigate the assernbly and secretion of apoB-containing lipoproteins in 

prirnary hamster hepatocytes, celb were Iabeled with [j5~]methionine, chased for O or 1 h, 

and used to isoIate microsomes. Luminal contents of microsomes as welI as culture media nt 

each chase time were subjected to sucrose k ~ d i e n t  ultracentrifugation as described in the 

methods section. Fractions 1 through 5 represent fiigh density apoB Iipoprotein particles 

(apoB Iipoproteins with a density similar to that oFHDL, peak density 1.065 to 1.170 @ni), 



FIGURE: 3.5 

Effect of various protease inhibitors on apoB stability and secretion 

Primary hamster hepatocytes (1.5 x 106 cellldish) were pulsed with LOO @ilml 
['s~]methionine for 2 h. in the presence and absence of different protease inhibitors including 
ALLN (40 pgml), MG132 (25 PM), lactacystin (2.5 pi@, EST (40 p;/rnl), PMSF (1  mM), 
leupeptin (0.1 rng/rnl), and O-phenmthroiine (200 pgrni). Cell lysates and media were 
collected and subjected to immunoprecipitation with a specific anti-apoB antibody. 
Immunoprecipitates were analyzed by SDS-PAGE and fluorogmphy as described under 
"E~perimental Procedures". The apoB band was excised and associated radioactivity was 
rneasured by scintillation counting. CelIular (open bars), and media (solid brus) apoB are 
expressed as apoB radioactivity recovered, normalized against total TCA-precipitable 
radioactivity in each dish (mean i SD, n= 3). * significant ciifference hom control (p 4.05). 
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FIGURE 3.6 

Evidence for ubiquitination of hamster apoB-100 in primary hamster hepatocytes 

Primary hamster hepatocytes (4 x 35 mm dishes) were pretreated with proteasome 
inhibitors, U V  or MG132 for 1 h, washed, solubitized, and ce11 lysates were first 
immunoprecipitated for hamster apoB and the apoB immunoprecipitates were subjected to 
SDS-PAGE using 4.5% polyacrylamide mini-gels. Following SDS-PAGE, the proteins were 
transferred electrophocetically onto nitrocellulose membrane, and the membrane was 
immunoblotted with a primary antibody (anti-apoB or anti-ubiquitin), Followed by detection 
using a s econdq  antibody conjugated to peroxidase and an ECL detection reagent. The blot 
with mi-üpoB is not shown here, but it has been used to identify the position of apoB. 
Lanes L,?, contro1 cells, Imes 3 3 ,  ALLii-treated cells, lanes 5-6, MG132-treated cells. The 
figure shown is represenrative of two independent experiments. 



FIGURE 3.6 
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fractions 6-10 represent the Iower-density apoB lipoprotein particles OL-apoB, peak 

density 1.01 1 to 1.û45 g/ml) and the top fractions, 11 and 17, contain very low density apoB 

Iipoprotein particles (density <l.OL 1) (see refe~nces Boren, et al., 1992, Boren, et al,, 1994). 

ResuIts depicced in Fi;. 3.7A indicate that in the microsoma1 lumen, radiolabeled apoB was 

distributed in three different density regions of the gradient with the majority of newly 

synthesized apoB being present in the low density fractions. There was a small pool of 

Iabeled apoB associated wiih the dense fractions at time O, which increased following a 1 h 

chase. The Iumenal apoB lipoproteins in the low density as welI as the very tow density 

fractions of the gradient both decreased ColIowing a 1 h chase. Sucrose gradient 

ultracentrifugation of media samples reveded that the secreted form of apoB lipoprotein 

parricles was presenc only in the very low density fractions of the gradient (fractions 11 and 

12). Very Iow density Iipoprotein particles were presenc at O time in the media but were 

increased significantly CoIlowing a 1 h chue (Fig. 3.7B, fractions 10-12). Secretion of apoB- 

VLDL particles appeared co coincide with their disappearruice from the Iurnenal top light 

fraction. 

The distribution of membrane-associateci apoB was also assessed by 

immunoprecipitating apoB from the membrane peIIet recovered dunng subceIluIar 

hctionation of luminal contents and membrane fnctions. The results are shown in Fig. 

3.7C. Membrane-bound apoB rernaining at L h chase was 58.5% of that at O cime. It appem 

that dunng the 1 h chase, 47.5% of IabeIed apoB disappeared frorn the membrane either as a 

resuIt of translocation across the ER membrane andor intncellular degadation. 



3.2.10 Effect of Oleate on the Stability and Secretion of ApoB in Primary Hamster 

Hepatocytes 

The effect of exogenous oleate on the stability and secretion of apoB was detemined 

following an ovemight pretreatment. Fig. 3.8 shows the imrnunoprecipitated apoB in cells 

and media, as well as total apoB remaining in control and oleate treated hamster hepatocytes. 

Oleate treatment increased cellular apoB at both 1 h and 4 h chase (Fi;. 3.8A). Despite the 

stabilizing effect of oleate on cellular apoB, no stimulation of apoB secretion couId be 

observed at either 1 h or 4 h chase compared to control cells (Fig. 3.8B). In control ceIIs, tord 

apoB nrnrtining decreased frorn LOO% at O time to 78.4%k9.2 and 57.2%'olr12.7 at 1 h and 4 h 

chase times, respectively (Fig. 3.8C). ln oleate treated cells, total apoB remaining decreased 

frorn 100% at O time to 91.5%13.9 and 59.7%+6.7 at 1 h and 4 h chase period, respectively 

(Fig. 3.8C). The protective effect of oleate against apoB degradation was thus evident after 

the first hour of chase, but not at 4 h. 



Analysis of apoB-100-containing Iipoproteins in microsomal fractions of primary 

hamster hepatocytes 

Primary hamster hepatocytes were pulsed, chased for O and 1 h, and used to prepare a 
total microsomal fraction. Luminal contents of isolated microsomes as well as culture media 
were subjected to ultracentrifugation in a sucrose gradient. The gradient was fractionated 
from the bottom into 12 fractions, and apoB was imrnunoprecipitated from each fraction. 
Microsomal membranes were also solubilized and subjected to irnmunoprecipitation with a 
specific anti-apoB rintibody. lmmunoprecipitates were analyzed by SDS-PAGE and 
fluorography. The apoB band was excised and its radioactivity was detemined by 
scintillation counting. Panels A and B show apoB recovered from lumenal and media 
fractions at O time (closed squares) and 1 h chase (closed circles), respectively. Panel C 
shows membrane apoB recovered at 1 h txpressed as a percentage of that present at O tirne. 
The figure s h o w  is represencative of two independent experiments. 
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Efîect of oleate on stability and secretion of apoB in primary hamster hepatocytes 

Cells (1.5 x 1o6 cellldish) were treated with hepatocyfe attachrnent medium 
supplemented with either BSA or an oleate-albumin complex (oleatetBSA ratio of 8:L). After 
overnight incubation, both oleate-treated and control cells were pulsed with LOO pCi/ml 
[%]methionine, and then chased in the presence (oleate-treated celIs) and absence (control 
ceIIs) of oleate for O, 1, and 4 h. Ce11 lysates and collected media were subjected to 
immunoprecipiration and analyzed by SDS-PAGE and fluorography. The apoB band was cut 
out and counted. Panels A and B show apoB recovered from cells (mean k SD, n = 6, p 
values for 1 and 4 h, 0.0023 and 0.19, respectively) and media (mean I SD, n = 6, p values 
t'or L and 4 h. 0.08 and 0,0018, respectively) of control (open circles) and o1eate-treated 
(closed circIes) ceIls. In Panel C, total apoB remaining (cell+media) is shown in control 
(open circles) and oleate treated cells (closed circles) at different periods of chase (mean k 
SD. n = 6, p values for 1 and 4 h, 0.04 and 0.38, respectively). Data were nomaiized against 
total TCA-precipitable radioactivity in each dish prior to converting to percentyes. 
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Mechanisms of Hepatic VLDL Overproduction in Insulin Resistance 

4.1 Rationale, Hypothesis and Research Objectives 

4.1.1 Rationale 

Insulin resistance is an extremely common pathophysiological trait that is implicated 

in the development of a number of important human diseases including type 2 diabetes, 

obesity, atherosclerosis, hypertension, and dyslipidemia (Reaven, 1995). The atherogenic 

dyslipidemia commonly asociated with insulin resistant States is charactenzed by 

hypertriglyceridernia, increased very low-density lipoprotein (VLDL) secretion from the 

liver. increased small, dense low density lipoprotein &DL) (Reaven, et al., L993), and 

decreased high density lipoprotein (HDL) cholesterol (Taskinen, 1995). It appears that 

hepatic overproduction OF apoB-containing VLDL particles is the major pathophysioIogic 

basis of insulin resistance-associated dysIipidemia Several different animal models have 

been used to study various pathologie manifestations of insulin resistance including 

dyslipidemia (for details refer to Chapter 1). Unfortunately, in rnost of these studies, the 

metabolic basis of hepatic VLDL-overproduction has not k e n  investigated at the cellular and 

molecular levels and thus a significant grtp of knowledge exists on the molecular mechanisms 

that mediate hepatic VLDL overproduction. Furthemore, lack of similady between apoB 

biogenesis in human liver and Iiver of more tiequently used anima1 models (rat and mouse) 

has made it difficult to draw concIusions based on existing data. As it was discussed in 

Chapter 3, the Syrian golden hamster exhibits close similarïty to human in t e m  of 

lipoprotein metabolism. Hamsters deverop metabolic syndrome including dyslipidemia in 



response to fructose feeding and thus fructose-fed hamsters were used to investigate hepatic 

VLDL secretion. 

4.1.2 Hypothesis 

Fructose feeding induces insulin resistance and hepatic VLDL overproduction in the 

hamster. VLDL overproduction is associated with enhanced intracellular apoB stability and 

facilitated lipoprotein assembly in insulin resistant hepatocytes. 

1.1.3 Research Objectives 

Objective 1: induce insulin resistance in male Syrian golden hamsters by feeding them with 

a high fructose-diet. 

Objective 2: Study molecular and cellular mechanisms regulating apoB100 synthesis, 

degradation, assembly, and secretion in ptimary hamster hepatocytes isolated from chow-fed 

and fructose-fed insulin resistant hamsters. 

4.2 Results 

4.2.1 Metabolic Effects of Fructose Feeding in Syrian Golden Hamsters 

Fig. 4.1 shows the physiological changes observed in control and fructose-fed 

hamsters after a two week feeding period. Fructose-fed hamsters gained body weight at 

approximately the same rate as that for control hamsters over the two week feeding period. 

Fructose-fed hamsters showed a significant elevation of plasma TG (p=0.0309) and an 

eIevation of plasma cholesterol level that approached statistical significance (p=0.0550), 

following a two week period on a fructose-rich diet (Fig. 4.1A and 4,lB). There was dso a 

significant elevation (p=O.Ol 10) of plasma insulin level (Fig 4.LC), a significant eievation of 

plasma free fatty acids (p=0.0045) as shown in Fig. 4.1D. However, plasma glucose levels 

did not differ significantly (pS.9452) between control and fmctose-fed hamsters (Fig. 4.11E). 



Overali, fructose feeding induced significant etevation in plasma Ievels of TG, insulin, and 

free fatty acids. 

4.2.2 Effect of Fructose Feeding on Hepatic Synthesis and Secretion of Lipids 

Primary hamster hepatocytes isolated from normal chow-fed and fructose-fed 

hamsters were used to determine the s ynthesis and secretion of cholesterol, cholesteryl es ter, 

and TG. Fi;. 4.2 shows the effect of fructose feeding on the hepatic synthesis and secretion 

of total lipids. There wris ri srnall decrease in ce1lulrtr lcveIs of cholesteryl ester, although this 

change was not sratisticall y significant (Fig. 42A). However, the intracellular levels of TG 

and free cholesterol were both signiticantl y increased in hepatoc ytes from fructose-fed 

hamsters (Fig. 4.2A). Analysis of rndiolabeled lipids in culture media of primary hamster 

hepntocytes ülso reveüied no significant change in cholesteryl ester secretion (Fig. 433).  

[nterestingly however the secretion of TG was sigificantly elevated in fructose fed hamsters 

(Fig. 1-28), Conversely, hepntocytes from fructose-fed hamsters secreted sigificantly lower 

1eveIs of free cholesterol (Fig. 4.2B). The decline in free cholesterol secretion (p= 0.033, 

n 4 )  was accompanied by an increase in its intracelIular Ievels (pe0.05, nd), suggesting that 

fmctose-feeding of hamsters has an inhibitory effect on the release of free cholesterol €rom 

hepatocytes. In the case of TG, both the cellular (pcû.05, n 4 )  and secreted (pcû.04, n 4 )  

levels were elevated, suggescing chat fructose-feeding enhanced the synthesis of TG and its 

secretion from the tell, 

We aIso analyzed the secreted levels of core Iipids rtssociated with VLDL particles 

secreted by primary hepatocytes. FoIlowing radiohbeling of hamster hepatocytes, the 

cuitured media was subjected tu ultracentrifugation to isolate the VLDL fraction. The 

radiotabeled Iipids associated with media VLDL were then analyzed by solvent extraction 



and thin layer chromatogaphy. Secretion of VLDL-TG was also significantly induced in 

fructose-fed hamsters whereas VLDLcholesteryl ester secretion was unaffected by fructose 

feeding. The observed increase in VLDL-TG secretion compared well with the increase in 

the intracellular and secreted fevels of totaI TG reported in Figs. 4.2A and B. 

42.3 Overproduction of VLDL-apoB in Hepatocytes from Fructose-Fed Hamsters 

Primary hepatocytes isolated from hamster Iiver secrete apoB at a density of VLDL 

(Refer to the Chapter 3). To determine the effect of fructose feeding on VLDL-apoB 

secretion, we performed in vitro steady state Iübeling experiments in which hepatocytes from 

control and fructose-fed hamsters were ndiolrtbeled for a 3 h penod. Culture media 

containing secreted lipoprotein particles was then collected and subjected to 

ultracentrifugation to isolate VLDL. Rridiolabeled apoB associnted with VLDL particles was 

immunoprecipitated and analyzed by SDS-PAGE and fluorography. Fig. 4.3 shows the 

immunoprecipitable VLDL-apoB secreted by control and fructose-fed hepatocytes. There 

was a highly significant (4.6 fold) elevation in the arnount of VLDL-apoB secreted into the 

media in fructose-fed hepatocytes. Increased VLDL-apoB levels suggest the secretion of a 

considerably higher number of VLDL p ~ c l e s  by fructose-fed hepatocytes compared to 

control hepatocytes. 

4.2.4 Turnover of apoB in Control and Fructose-Fed Hepatocytes 

We employed pulse-chase Iabeling experiments to assess the stability and secretion of 

apoB in hepatocytes isolated [rom control and fructose-fed hamsters. Isolated hepatocytes 

were pulsed for 45 min and then chased for 1 and 2 h. Cellular and media apoB was 

immunoprecipitated and andyzed by SDS-PAGE and fluorograaphy. Fig. 4.4 shows the 



Effect of fructose feeding on plasma lipids, insulin, free fatty acids, and glucose 

Male Syrian golden hamsters were fed either a control diet {standard chow) or 
fructose ennched diet for a two-week penod. Blood samples were collected in EDTA fmm 
the orbital sinus, before and after feeding and plasma levels of lipids, insulin, free fatty acids, 
and glucose were determined. A) Plasma cholesterol, B) plasma TG, C) plasma insulin, D) 
plasma fee  fatty acids, and E) plasma glucose concentrations. AI1 determinations are mean 2 
SD of 4-7 animais per group. 
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FIGURE 4.2 

Synthesis and secretion of newly-synthesized iipids in control and fructose-fed 

hepatocytes 

Primary hepatocytes immediateIy foliowing attachment to culture plates were pulsed 
for 11 h with 5 pCilml fwacerate ro assess the rares of synthesis and secretion of 
cholesterol, and cholesteryl ester. TG synthesis and secretion were monitored by labeling 
c e h  for 3-5 h with 5 pCi/ml [jwoleate bound to bovine serum aibumin. (A) CelIuIar levels 
of cholesterol, cholestery1 ester, and TG; (B) Secreted leveis of cholesterol, cholesteryI ester, 
and TG. (mean t SD, n4). * , ** and *** sisni ficant differences (pcO.05, pcO,û4, and p= 
0.031, respective1 y). 
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intracellular turnover and extracellular secretion of apoB in control and fructose-fed 

hepritocytes. A large percentage of newly-synthesized, radiolabeled apoB disappeared from 

control cells over the 2 h chase with a small percentage appeuing in the media (Fig. 4.4A 

and B). The disappearance rate of apoB in fnictose-fed hepatocytes was considerably slower, 

with only about 25% of apoB having been lost during the 2 h chase (Fig. 4.4A). The 

increased stability of apoB in fructose-fed hepatocytes was accornpanied by a ciramatic 

increrise in the secreted level of newly-synthesized apoB. As shown in Fig. 44B, fructose-fed 

hepatocytes secreted about 20% of newly-synthesized apoB compared to only about 5% in 

control cells. Overall, intracellular stability of nascent apoB was found to be significantly 

enhanced in hepatocytes isolated from fructose-fed hamsters, which appeared to result in a 

considerable increase in the accumulation of apoB in the extracellular media. 

4.2.5 Stability of ApoB in Perrneabilized Primary Hamster Hepatocytes 

Permeabilized cells have been used previously to investigate posttranslationd 

degrridation of apoB, allowing for detection of specific depdation intermediates, inctuding 

a 70 D a  fragment (Adeli. 1994, Sallach and Adeli, 1995). We also applied the 

permeabilization protocol to prirnary hamster hepatocytes and have investigated hamster 

apoB stability and turnover in this ce11 mode1 system (see Chapter 3). Urilizing the 

permeabilized ce11 mode1 system, we attempted to determine the effect of fructose feeding on 

the turnover of apoB. Control and fmctose-fed hepatocytes were pulse-labeled, 

pemeabilized, and then chased for a 2-3 h penod. Fig. 4.5 shows the turnover of full-lengch 

hamster apoBlOO in permeabilized conuol and fructose-fed hepatocytes. Hamster apoBLûû 

was significantly more stable in fmctose-fed hepatocytes as judged from the considerabiy 

higher intracellular level of apoB remaining in permeabiIized cells after a 3 h chase. ïhere 



was approximately a 2 fold higher level of apoB100 remaining in fructose-fed hepaiocytes 

following completion of the chase period (Fig. 4.5). The higher intrace1lular stability of apoB 

in permeabilized cells compared well with the above data in intact ceIls and further confimis 

the notion that in fructose-fed hepatocytes post-translational stability of apol3 is enhanced. 

42.6 Translocational Status of Hamster ApoB in Control and Fructose-Fed 

Hepatocytes 

The incrcased stability of hamster apoB LOO in fructose-fed hepatocytes as evidenced 

by the data presented in Figs. 4.4 and 4.5, could result from an enhanced translocationai 

efficiency of apoB across the membrane of the ER, as has been argued in a number of 

previous studies on intracellular apoB biogenesis (Bonnardel and Davis, 1995, Macri and 

Adeli. l997b. Thrift, et al., 1993). To investigate this possibility, we assessed the trypsin 

sensitivity of newiy-synthesized hamster apoB 100 in control and fructose-fed hepatocytes 

using a previously published permeabilized ce11 protocol (Macri and Adeli, 1997b). 

Keparocytes were initially pulse-labeled, permeabilized, and then subjected CO exo, venous 

trypsin treatment. Fig. 4.6 shows the percent intact apoBlOO recovered from cells treated 

with or without exogenous trypsin. There was no significant difierence observed in trypsin 

sensitivity of hamster apoB 100 in control vs. fructose-fed hepatocytes. Since the trypsin 

resistant apoB pool detected in this experiment represents the proportion of apoB fu1ly 

vanslocated across the ER membrane, the data suggest that the translocationai efficiency of 

hamster apoBlOO is unaItered with fmctose feeding. It is thus intriguing that despiee a 

significant increase in stability of hamster apoB in hctose-fed hepatocytes, its 

translocational sratus does not appear to change under this metabolic condition. 



VLDL-apoB production in control and fructose-fed hepatocytes 

Primary hamster hepatocytes were pulsed for 2 h with 100 pCi/ml [3S~]methionine 
and ["~]c~steine. Culture media was collected, density adjusted to 1.006 g/ml, and adjusted 
media was subjected to ultracentrifugation for 1s h rit 35000 rpm in a SW55 rotor to float the 
VLDL fraction. The VW)L fraction was then cdlected and was immunoprecipitated with an 
specific anti-hamster apoB antibody. The imrnunoprecipitates were anaiyzed by SDS-PAGE 
and fluorography. Quantiration of apoB was performed by scintillation counting of the 
apoBioo band. (mean + SD, n4). Recovered VLDL-apoB was normalized against total TCA- 
precipitable radioactivity in each condition prior to convening to percentages. "sigificantly 
di fferent from controi (pcO.05). 
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FIGURE 4.4 

Intracellular stability of hamster apoB in control and fructose-fed hepatocytes 

Primary hamster hepatocytes were pulsed for 45 min with 100 pCi/ml 
 met me thionine, and the radioactivity was chased for 1 and 7 h in the presence of 5 mM 
excess cold methionine. Media and cells were collected and apoB was irnmunoprecipitated 
with a specific mti-hamster apoB antibody followed by SDS-PAGE and fluorography. 
Quantitation of apoB was perforrned by scintillation counting of the apoB 100 band. A) apoB 
stability expressed as percent apoB remaining in cells+media (total apoB) in control and 
fmctose-fed hepatocytes at O time (beginning of the chase), 1 h chase, and 2 h chase. * and 
** indicates significant ciifference (p values 0.02 and ~0.001, respectively). B) disvibution of 
immunoprecipicable apoB in cells and media expressed as a percenrage of radiolabeled apoB 
in cells at O time. (mean & SD, n=3). Data were normalized against total TCA-precipitable 
radioactivity in each dish pnor to converting to percentages. *Si,onificantly different from 
conrroi (p4.05). 
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FIGURE: 4.5 

Posttranslational stability of hamster apoB in perrneabilized primary hepatocytes 

Primary hamster hepatocytes were puIsed for 45 min with LOO pCi/ml 
 met me thionine. Cells were then permeabilized with digitonin (50 @ml), and the 
permeabilized cells were incubated in CSK buffer for 2 and 3 h pnor to irnmunoprecipitation 
with an anti-hamster apoB antibody. Hamster apoB LOO radioactivity was quantified by 
cutting and scintillation counting of the bands and apoB degradation was assessed by 
calculating the total apoB remaining under various conditions. Data were normaiized against 
total TCA-precipitable radioactivity in each dish. *Sigificantly different from control 
(pc0.05). 
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Trypsin sensitivity of hamster apoB in permeabilized hamster hepatocytes 

Primary hamster hepatocytes (1.5 x 1o6/dish) were pulsed for 45 min with 
["~lmethionine, and then permeabilized with digitonin, and the permeabilized cells were 
incubated with trypsin to digest any untranslocated apoB chains. Hamster apoB was 
irnmunoprecipitated and the imrnunoprecipitates were anaiyzed by SDS-PAGE and 
fluorography, A representative fluoropph of the apoB ~ s l o c a t i o n  expenment in control 
and fructose-fed hepatocytes is shown in (A). ApoB ndioactivity was quantitated (B) by 
cutting and scintillation counting of the apoB 100 band (mean in ID,  n=4, p= 0.5 1). Data were 
normalized against total TCA-precipitabie radioactivity prior to convening to percentages. 
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42.7 Effect of Fructose-Feeding on lntracellular Assembly of ApoB-Containing 

Lipoproteins 

Evidence presented above demonstrating that fmctose-fed hepatocytes secreted a 

significantly higher amount of VLDL-apoB and VLDL-TG, strongly suggest enhanced 

efficiency of lipoprotein assembly with fructose feeding. To directly investigate the 

formation of apoB-containing lipoprotein particles in hamster hepatocytes, cells were pulse- 

labeled. chased for O and 1 h and then subjected to subcellular fractionation. Nascent 

lipoproteins accumulated in the microsomal lumen were fractionated by sucrose ;radient 

centrifugation and irnmunoprecipitated with anti-hamster apoB antibody. Fig. 4.7 illustrates 

the pattern of nascent Iipoproteins accumulated in the lumen of controi hepatocytes compared 

with that of lipoproteins detected in fructose-fed hepatocytes. Luminal apoB-containing 

iipoproteins in control hepatocytes were predominantly recovered from the bottom (fractions 

1-2) and the top (fraction 13) fractions plus some in the fractions 6-8 which corresponded to 

densities of HDL, VLDL, and LDL respectively. Whereas in the lumen of the hepatocytes 

isolated from fructose-fed hamsters only two types of radiolabeied apoB-containing particles 

were recovered: the minority of counts were found in the LDL fraction (fractions 6-8) and 

the majority of the counts were recovered from the top fraction or VLDL fraction, The 

efficiency of this method of fractionation has been well documented (Adeli, et ai., 199713, 

Boren, et ai., 1992, Boren, et al., 1990). There was however a considerable discrepancy as to 

the ratio of VLDL to HDL-like lipoproteins in control vs. fnictose-fed hepatocytes. Control 

cells had a significantly higher Ievel of HDL-like lipoproteins which are in fact secreuon- 

incompetent (Fig. 4.7A). In contrast, most of the apoB-containing Iipoproteins formed in the 

Iumen of microsomes from fructose-fed hepatocytes at 1 h chase had a VLDL-Iike density 



and no HDL-like particle was detected (Fig. 4.7B). This observation suggests that a 

considerable pool of nascent hamster lipoproteins may form a dense, secretion-incornpetent 

pool in normal hamster hepatocytes as previously reponed in HepG7 cells (Boren, et al., 

1992. Boren, et al., 1990). The absence of HDL-like apoB-containing lipoproteins in 

microsornes of fructose-fed hepatocytes may in tum suggest a higher efficiency of 

lipoprotein assembly under this metabolic condition. It should be noted however that at 1 h 

chase, there was still a significant amount of VLDL particles in the microsomal lumen of 

both control and fmctose-fed hepatocytes, suggesting delayed secretion of these assembled 

particles. This observation rnay however result from the long pulse period (45 min) used in 

the experiment in order to achieve suficient synthesis and assembly of npoB-containin; 

lipoproteins in this ptirnary cell system (which requires a much longer pulse period in such 

experiments compared to established ce11 lines such as HepG3). A chase period of 3 or more 

hour is necessary to achieve cornplete secretion of newly-assembled lipoproteins by hamster 

hepatocytes after a 45 min pulse. However, even at 1 h chase, there was some secretion of 

VLDL-apoB in media of fructose-fed hepatocytes arguing against a defect in its secretion. 

4.2.8 Evidence that Direct Incubation with Fructose Does Not Directly Affect Hepatic 

ApoB Secretion by Primary Iiamster Hepatocytes 

It was important to determine if fructose cm directly induce the hepatic synthesis and 

secretion of apoB 100 in hamster hepatocytes since such a direct effect wouId complicate the 

interpretation of our data relating apoB overproduction to the development of fmctose- 

induced insulin resistance. Freshly isolated hamster hepatocytes from control, chow-fed 

hamsters were incubated with different concentrations of fructose for a 24 h period and 

synthesis and secretion of apoB were monitored by pulse-labeling with [35~]methionine. Eig. 



4.8A shows a dose-response study of the effect of fructose on hepatic apoB. Cellular 

accumulation and extraceIIuIar secretion of apoB were unaffected in the presence of 

inçreasing concentrations of fructose in the culture media. Even at the highest concentration 

of 3 mM, there was no siyificant effect on the synthesis or secretion of apoB in primary 

hamster hepatocytes. To funher confirm a lack of direct effect of Fructose on hamster apoB 

biogenesis, we incubated cultured hepatocytes for a penod of up to 3 days with exogenous 

fructose rir the highest concentration (3 mM). C e h  incubated for 1, 2, or 3 days were then 

subjected to pulse-chase labeling (45 min pulse, 1-2 h chase) to determine the extent of 

hamster apoB secretion and its inrrace1luI;ir stability in hamster hepatocytes. Fig. 4.8B-G 

show the effects of fructose incubation for periods of 1-3 days. Panels B, D, and F show 

hamster apoB secretion, while panels C. E, and G show the stability of apoB as issessed by 

the total apoB fernainin: in cells and media over a 3 h chase. There was no detecrribk 

stimulation of apoB secretion or stability with fructose treritment for up co 3 days. There was 

actunlly some inhibition of apoB secretion observed at dday 2, but overall the entire 

experiment revealed no specific effect. Longer incubation of hepatocytes wris not atternpted 

due to probkms associated with ceIl lifting and loss of hepatocyte-specific funcrions when 

cells are cultured for more than 3 days. We have severd Iines of evidence however showing 

thnt hamster hepatocytes maintain their hepatocyte specific funcrions during at least the first 

3 days in culture. 



Intracellular distribution of nascent apoB-containing lipoproteins in microsomal lumen 

of control and fructose-fed hepatocytes 

Cultured primary hamster hepatocytes were pulsed for 45 min with [35~]rnethionine 
and the radioactivity was chased for O or 1 h. Labeled cells (five dishes of 1.5 x 106 cells for 
each chase point) were then cornbined and subjected to hornogenization and fractionation of 
microsornes. LurninaI lipoproteins were extracted from rnicrosomes by carbonate treatrnent 
and were separateci frorn the membrane fraction by centrifugation (SW55, 35000 rpm, 93 
min). Frxtionation of Iuminal Iipoproteins was perfonned by sucrose-=dient centrifugation 
(SW41, 35000 rpm, 6s' h). ARer centrifugation, gradient fractions were collected and 
irnmunoprecipittited wirh an mi-hamster apoB antibody. Immunoprecipitates were analyzed 
by SDS-PAGE and fluorogmphy and apoB rndioactivity was quantitated by cutting and 
scintillation counting of the apoB 100 band. A) Luminal lipoproteins in control hepatocytes at 
O h and ! h chase: B) Luminal Iipoproteins in fructose-fed hepatocytes at O h and 1 h chase. 
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Effect of in vitro incubation of primary hamster hepatocytes with fructose on synthesis, 

secretion and stability of hamster apoB 

A) Control hamster hepatocytes were incubated in the presence of different 
concentrations of fructose for 24 h, CeIIs were then pulsed for 2 h with 100 pCi/ml 
["~lmethionine. Culture media were immunoprecipitated with an anti-hamster apoB 
antibody and immunoprecipitates were analyzed by SDS-PAGE and fluorogaphy. B-G) 
control hamster hepatocytes were incubated in the presence (closed circles) and absence 
(open circles) of fructose (3 mM) for 1, 1, and 3 days. Following 1-3 days of treatrnent, 
primary hamster hepatocytes were pulsed for 45 min with LOO pCi/mI [35~]methionine, and 
the radioactivity was chased for 1 and 2 h in the presence of 10 m M  excess cold methionine. 
Pulse-chase experiments were conducted in the presence and absence of fructose (3 mM). 
Media and cells were collected and apoB was immunoprecipitated with a specific anti- 
hamster apoB antibody followed by SDS-PAGE and fluorogaphy. Quantitation of apoB 
band was perfomed by cutting and scintillation counting of the apoBloo band. ApoB band 
counts were nomalized against TCA-precipitabIe radioactivity. Panels B, D, F show secreted 
radiolabeled apoB at 1 and 2 h chase at 1,2, and 3 days of incubation. Panels C, E, G show 
the rates of apoB turnover expressed as total radiolabeled apoB remaining in cell+media at O. 
1, and 2 h chase at 1, 2, and 3 days of treatment (Mean k SD, n=3). * and ** indicates 
significant differences (p values, 0.05 and 0.008, respectively). 
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4.2.9 Evidence for Enhanced Expression of MTP Mass, mRNA Levels, and Increased 

MTP Activity in Fructose-Fed Hepatocytes 

Facilitated assembly of ripoi3-containing lipoprotein particles in fructose-fed 

hepatocytes couId be related to an increrised mas  andor activity of MiT (microsorna1 

triglyceride transfer protein), the key factor involved in the lipoprotein assembly process. To 

test this hypothesis, a speciFic anti-hamster MIT antibody was used to estirnate the protein 

mnss of MTP in control and fructose-fed hepatocytes. Equal quantities of total cell lysate (1 

pg) were andyzed by SDS-PAGE and then subjected to imrnunobIotting with the anti- 

hamster MTP antibody. Fig. 4 9 A  shows the immunoblotting analysis of lysates from control 

and fructose-fed hepritocytes. There twas approximrttely two fold higher (p=0.02) cellular 

protein mas  of MTP in fructose-fed hepatocytes compared to control hepatocytes after 

con-ection for total protein concentration of the ce11 lysaies analyzed. Fig. 4.9B illustrates the 

and ysis of duplicate aliquots of hepatocyte celI Iysates from two di fferent controI hamsters 

and two fructose-fed hamsters. This representative experirnent was repeated once with 

similar results. To further confirm the above obsentations, M T '  mRNA levers were 

measured using EWase protection rissay. LW mRNA levek in insulin resistant hepatocytes 

were 47% higher (pc0.02) compared to that in the control ceils (Fi;. 4.9C). In order to 

evaiuate the impact of elevated iMTP protein mass and mRNA on its functionality, MTP 

activity was measured in hepatocytes isolated frorn control and fructose-fed hamsters, as 

described in the LMateriais and Methods section. As depicted in Fig. 4.9D, M ' P  activity in 

hepatocytes isolated from fructose-fed hamsters was significantly higher chan control 

hepatocytes (177.5 t L4S% of that of control, n= 3, P= 0.042) suggesting enhmced MIT 

Iipid tnnsfer activity in fructose-fed hamsters. 



FIGURE 4.9 

Evidence for Enhanced Expression of MTP Mass, mRNA Levels, and Activity in 

Fructose-Fed Hepatocytes 

Panels A & B: Control and fructose-fed hepatocytes were soiubilized, and equal 
amounts of cel1 protein (1 pg) were subjected CO SDS-PAGE (10% (vlv) acrylarnide 
resolving gel) and proteins were then wnnsferred onto nitroceltulose membranes. 
Imrnunoblotting was performed to detect the 97 kDa MTP subunit with a rabbit anti-bovine 
MTP antiserum. {A), the nutoradiogaph of the MTP immunoblot. In (B), the MTP bands 
were quantitated by densitometric scannin; and the mass of the 97 kDa MIT subunit 
detected was normalized tu the pg of totaI protein mass and then expressed as a percmta;e of 
the MTP mass detecred in controi cells (F= 0.02). Panel C: hlTP rnRNA leveIs were 
analyzed by RNase protection/soIution hybridization assays as described in the Materials and 
Methods section. mRNA wns quantitaced using standard curves of CRNA. The results are 
expressed as pg mRNA per pg of total RNA.Values are ~ i v e n  as the mean +SD from three 
experiments. P < 0.033 vs. controL Panel D: Equal amounts of microsomal proteins prepmd 
from hepatocytes isolated from controI and fructose-fed hamsters were subjected to MW 
activity assay ris described in the Materials and Methods section. The results are expressed as 
percentage of MTP activity in control hepatocytes. Values are Sven as the mean + SD from 
four experiments (P= 0.041). 
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CHAPTER FIVE 

Hepatic VLDL-apoB Overproduction is Associated with Attenuated Hepatic Insulin 

Signaling in a Fructose-Fed Hamster hlodel of Insulin Resistance: Evidence for 

increued expression of PTP-1B and decreased abundance of ER60 protease 

5.1 Rationale, Theory, and Research Objectives 

5.1.1 Rationale 

Acute insulin exposure is known to suppress hepatic apoB production in ex-vivo 

celIular experiments as we1l as human and animal mode1 studies (Sparks and Sparks, 1994a). 

[t is believed that insulin exerts its effects through the insulin recepcor sigaling pathway. ln 

fact. this suppressive action of insulin on apoB production is Pi 3-kinase-dependent (Phung, 

et al., 1997). Acute insulin exposure of hepatocytes reduces apoB secretion by attenuating 

mRNA translation, increasing its cellular apoB degradation and possibIy by interfering its 

rissembly into lipoproteins (by negative regulatory effects on MTP) ( d e r  to the Chapter 1). 

On che contrary, in case of insuiin resistance, where hepatocytes are chronicdly exposed to a 

high level of insuiin, liver overproduces apoB-concaining lipoproteins. Indeed, 

overproduction of hepatic apoB-containing Iipoproteins is considered a hallmark of insuiin 

resistance associated dyslipidemia (Betteridge, 2000). Despite numerous in vivo animal and 

human studies of insuiin resistance-associated dyslipidemia, litenture search shows chat 

molecular and celIular aspects of apoB overproduction in insulin resistant hepatocytes have 

k e n  surprisingiy understudied. 

Data presented in Chapter 4 suggested thrit in hepatocytes isolated from insulin 

resistant hamsters, higher ceIIular srability and facilitated assembly (MTP elevation) 

contributed to the overproduction of apoB-containing Iipoproteins. Here we have attempted 



to define hepatic insulin resistance at the lever of insulin sipaling proteins in order to link 

chronic high insuIin exposure. insulin resistance to the observations reported in Chapter 3. 

5.1.2 Hypoihesis 

Impairment of the hepatic insulin signa1 transduction pathway may contribute to the 

overproduction of qoB-containing lipoproteins in hepatocytes isolated from fnictose-fed 

hamsters. 

5.1.3 Resarch Objectives 

Objective 1: In order to show impaired insulin signal transduction in fructose-fed hamsters, 

conduct comparative rissessment of insulin sipaling pathway (phosphoryIation, mass, andlor 

activity) in hepmcytes isolated from control and fructose-fed hamsters, by exarnining insulin 

receptor (Kt), LRS-1, RS-2, PTP-lB, PI 3-kinase. and AktPKB. 

Objective 2: To demonstnte if chronic high insulin exposure of hepatocytes is the 

determinant factor in induction of insulin resistance, conduct ex vivo studies by chronic 

incubation of controi hepatocytes with high insulin levels and monitor insulin signaling 

pathway (TR-tyrosine phosphoryIation and mus, PTP-LB mass) 

Objective 3: To determine if (ex vivo) induction of insuIin resistance as a consequence of 

high chronic insulin exposure ofcontrol hepatocytes resu1cs in apoB overproduction 

Objective 4: Demonstrate if improvement of insulin resistance in hepatocytes isolated from 

fructose-fed hamsters coincides with reduction of hepatic apoB secretion. 

5.2 Resuits 

5.2.1 Effeci of Fructose Feeding on the Phosphorylation Status and Protein Mass of the 

Insulin Recepaor, IRS-1, and IRS-2 in Hepatocytes of Syrian Hamsters 

Phosphorylation status of the insulin receptor and its substrate proteins were assessed 



in hepatocytes derived from control and fructose-fed hamsters. As depicted in Figure LIA, 

basa1 insulin receptor phosphorylation (in the absence of insulin) in hepatocytes isolated from 

control and fructose-fed hamsters was too weak to be detected by immunoprecipitation and 

immunoblotting methods. As expected, insulin treatrnent in vitro caused a significant 

elevation of IR phosphorylation in both control and FF hepatocytes. However, in control 

hepacocytes, insulin-induced phosphorylation of its receptor was about 2-fold (n=3, p=0.001) 

higher chan that induced in hepatocytes isolated from fructose-fed hamsters. To examine 

endogenous substrate phosphorylation, immunoprecipitated IRS-1 was subjected to Western 

blottin; with an anti-phosphotyrosine antibody as described in Materials and Methods. 

Densitometric analysis (Fig. 5.lB) revealed that in hepatocytes isohted from fructose-fed 

hamsters, both basa1 and insulin-induced phosphorylation of IRS-L were lower by more than 

Wold (n=3, p=O,OL) and 11-fold (n=3, p=0.009) respectively, cornpared to that in control 

hepatocytes. Moreover, in control hepatocytes, insulin increased RS-1 phosphoryiation 

approximately two fold over basal (199.7 + 34.5% of basal, n=3, p= 0.04). whereas in 

hepatocytes isolated from fructose-Fed hamsters insulin failed to induce phosphorylation of 

LRS-1 (91.35 f 11.2% of basal, n=3, p= 0.73). We also examined the effects of fructose 

feeding on the protein mass and phosphorylation level of RS-2. As depicted in Fig. S.lC, in 

controI hepatocytes, stimulation with 100 nM insulin caused a 54.5 + 3.4% (n=3, p=0.023) 

increase in tyrosine phosphorylation of R S -  compared to its basal level, whereas in 

hepatocytes isoIated from Fructose-fed hamsters insuIin increased phosphorylation ody by 20 

+ 7.4 % (n=3, p= 0.39) of basal, suggesting a si,güficant impairment in R S -  mediated 

insulin signai transduction following fructose feeding. Reduced IRS-1 and ES-2 

phosphorylation in hepatocytes from fmctose-fed hamsters is consistent with the data on 



insulin receptor tyrosine phosphorylation and further supports the induction of hepatic insulin 

resistance in this model. 

To investigate whether down-regulation of insuiin receptor, RS-1, and IRS-2 

phosphorylation in hepatocytes isolated from fmctose-fed hamsters was related to changes in 

the intracellular mass of these sigaling molecules, we exarnined cellular levels of insulin 

receptor, IRS-1, and iRS-2 by irnmunoblotting. As shown in Figure 5.lD, in hepatocytes 

isolated from fmctose-fed hamsters, the mass of insulin receptor was 92.4 k 12% of that in 

control hepatocytes, suggesting no significant changes in receptor protein mass with fructose 

feeding. Figure 5.lE shows protein expression levers of RS-1. Compared to controi 

hepatocytes, iRS-1 protein levels were significantly Iower (31.8+ l%, n=3, p=0.01), 

indicating a significant downregulation of [RS-1 in fructose-fed hamster hepatocytes. We 

also determined protein expression levels OF IRS-2 in hepatocytes isolated from control and 

fructose-fed hamsters. As shown in Fig. 5,lF, ERS-? protein mass in insulin resistant 

hepatocytes was dnmatically reduced to 17.5 + 0.4% (n=3, p= 0.01) of that in control 

hepatocytes. 

5.2.2 PI 3-kinase Activity in Hepatocytes Isolated from Control and Fructose-fed 

Hamsters 

PI 3-kinase activity was assessed in two ways. Totai activity was rneasured in 

irnmunoprecipitates generated using an antibody specific to the p85 subunit of PI 3-kinase. 

Figure 5.3A dernonstrates tota1 PI 3-kinase activity (nonnalized to total protein) as a 

percentrige of die activity in the control hepatocytes- There was no si,gificant difference in 

total PI 3-kinase activity between cells derived from cuntrol and fructose-fed Iivers. The 

second assay was designed to assess the PI 3-kinase activity associated with insulin receptor 



substrates (Le. the pool activity recruited to the insulin sigaling pathway). These 

expenments were performed on ce11 lysates immunoprecipirated with an anti- 

phosphotyrosine antibody. As s h o w  in Fig. 5 3 ,  PI 3-kinase activity associated with 

tyrosine phosphorylated proteins was about 25% lower in hepatocytes isolated from fructose- 

fed hamsters (74.7 & 3.3% of control, n=3. p=0.03). 

5.2.3 Evidence that tntracellular Level and Activity of PTP-IB are Enhanced in 

Hepatocytes Isolated €rom Fructose-fed Hamsters 

Protein-tyrosine phosphatases, particularly PTP-lB, play an important role in 

regulating the phosphorylation status of proteins involved in insuiin signahg (for a recent 

review see Byon, et al., 1998). To investigate the possible role of PTP-Li3 in the impairment 

of signal transduction in Iiver of fructose-fed hamsters, i mmunoblot experiments were 

conducted using a specific anti-PTP-LB polycional antibody. Figure 5 . X  shows a 

representative Western blot for PTP-1B and the quantification of data obtained from 3 

independent experirnents. These experirnents revealed that PTP-IB protein levels in 

hepatocytes isolared from fructose-fed hamsters were signitïcrintIy higher (147.03 k 22.696, 

mean +_ SD, p= 0.004, n= 3) compared to that of control hepatocytes. 

We dso conducted experiments to measure FiT-LB activity in hepatocytes isolated 

from control and fructose-fed hamsters. PïP-LB activity in hepatocytes isolated from 

fructose-fed hamsters was sigrtifîcantly increased by airnost two foId (193 f 51.9%) 

compared to that in controi hepatocytes (n=8, p= 0.0021) (Fig. 5.2D)- These results paralle1 

the above observation of an elevated protein mass of ETP-1B and together suggest enhanced 

expression and activity of this phosphatase in liver of fructose-fed hamster. 



FIGURE 5.1 

Insulin receptor, IRS-1, and IRS-2 phosphorylation status and protein mass in 

hepatocytes isolated from control and fructose-fed hamsters 

Hepatocytes freshly isolated from control and fmctose-fed hamsters were incubated 
in serum- and insulin-free media for 5 h. CelIs were then divided into two groups, one group 
(baseline) was iysed immediately after 3 h incubation while the second group was subjected 
to 10 min stimulation with LOO nM insulin before being solubilized. Ce11 lysates were first 
irnmunoprecipitated for either insulin ceceptor P subunit, IRS-1, or iRS-2 and then 
irnmunoblotted using a monoclonal antibody against phosphotyrosine groups as described in 
Materials and Methods. Each pane1 depicts a representittive immunoblot dong with 
cornbined densitomettic qunntitation of multiple experiments. Net intensity of the bands was 
normalized for the total protein content of the samples. A) Phosphorylated insulin receptor. 
Data were collected from 5 experiments performed in duplicate or triplicate. *significantly 
different (p= 0.001). B) Phosphorylated iRS-1. Data were collected from 3 experiments 
performed in duplicate or triplicate, C )  Phosphorylated iRS-2. Data were collected from 3 
experiments performed in duplicate. D) Insulin receptor subunit protein mass (basal level). 
Data were collected from 5 experiments performed in auplicate or triplicate. E) RS-1 protein 
rnass (basal level). Data were corlected from 3 experiments performed in duplicate or 
triplicate. *significantly different (p= 0.01)- F) iRS-2 protein mass. Data were collected from 
3 experiments performed in triplicate and normalized for the total protein content of the 
sarnples prior to converting to percentages, *signiîïcantly different (p= 0.001). Al1 data are 
shown as mean k SD. 
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5.2.4 Impaired AktiPKB Serine and Threonine Phosphorylation in Hepatocytes ïsolated 

from Fructose-fed Hamsters 

In order to investigate insulin sigaling status downstrem of PI 3-kinase, we 

exarnined the phosphorylation stacus of serine473 and threonine308 of AktlPKB, a key 

serinelthreonine kinase, which mediates rnany merabohc effecrs of insulin. Figures 5.7E and 

F show serine and threonine phosphorylation of AktiPKB in hepatocytes isolated from 

control and fructose-fed hamsters. Fructose feedinj reduced insulin stimulated 

phosphorylation levels of serine473 and threonine308 to 29 + 15% (n4, p= 0.002) and 42.6 

f: 20.8 (n=S, p= 0.001) of that of control hepatocytes respectively, indicating that 

phosphorylation, and therefore nctivity, of Akt/PKB with fmctose feeding were sigificantIy 

compromised. [mmunobIotting for Akt mas (Fig, 5.2G) showed a srnaIl but significant 

increrise (39.3 2 196, n=3. p= 0.03) in Akt(PKB protein expression levels in hepatocytes 

isolated h m  fmctose-fed hamsters, suggesting a possible compensatory response to the 

suppressed phosphorylation status of the protein. 

3.2.5 Insulin Signaling Shtus in Hepatocytes Exposed to High Insulin Concentrations 

Ex Vivo 

Fntctose-fed hamsters were previously shown to have an elevated pIasma insulin 

level (see above), apparently due to peripheral insulin resistance as documented by the 

euglycemic-hyperinsulinemic clmp technique (Taghibigiou, et al., 2000). Such 

hyperinsulinemia may in tum be responsibIe for the downreguIation of insulin signaiing in 

the Liver and the induction of hepatic insuLin resistance obsewed in experiments above. To 

further examine this hypothesis, ive directly incubated control hepatocytes with hi& insulin 

(1.0 &ml), for up to 3 days and measured the basal phosphoryIation Ievel of the insulin 



FIGURE 5.2 

Fructose feeding reduces PI 3-kinase activity and AkflKB phosphorylation and 

increases the protein mass and activity of PTP-IB in hamster liver 

Panels A-B: Cell lysates were subjected to imrnunoprecipitation with anti-p85 or 
mi-phosphoryrosine antibodies. Pt 3-kinase activity was measured on p85 (panel A) or 
phosphotyrosine immunoprecipitates (panel B), as described in Methods. The PI 3-kinase 
iictivity was normalized for total protein content of the samples and expressed as a 
percentage of activity detected in control hepatocytes. Data represent mean + SD, n=3, 
*significant difference (p= 0.03). Panel C: Hepatocytes isolated from control and fructose- 
fed hamsters were solubilized and 20 pg of tata1 ce11 Iysate of each simple was subjected to 
SDS-PAGE and immunoblotting for PTP-LB as described in Materials and Methods. 
Corresponding bands were quantified by densitometry and expressed as a percentage of PTP- 
1B in control hamster hepatocytes. Shown is one represencarive immunoblot and combined 
quantitation of irnrnunoblots from 3 experiments performed in triplicate. Mean k SD, 
**significant difference (p= 0.004). Panel D: Hepatocytes isolated from control and 
fructose-fed hamsters were Iysed in solubilization buffet-. The lysates were centnfuged and 
supematants were collected and 1 mg of total ceIl lysnte of each sarnple was subjected to 
immunoprecipitation with anti-PTP-IB antibody. PTP-1B immuncomplexes were used to 
measure phosphatase activity using the pp60C-S" C-terminal phosphoregulatory peptide 
(TSTEPQpYQPGENL. Biomol) as substrate. PTP-1B activity is expressed relative to the 
rictivity detected in control hepatocytes. Activity was measured in 5 control and 8 fructose- 
fed hamster hepatocyte preparations and is expressed as mean + SD. *** significant 
difference (p= 0.0021). Panels E-F: Lysates from basal and insulin-stimulated cells were 
irnmunoblotted using polyclonal antibodies against phospha-~erJ73-~kt (panel E) or 
phospho-~h~08-~kt  (panel F). A representative imrnunoblot is shown dong with 
densitometric quantification. Net intensity of the bands was normalized for the total protein 
content of the samples prior to converting to percentages, Data were coliected from 4 
experiments performed in duplicate. All data are shown as mean f SE).*** significant 
difference (p= 0.0021) and **** significant difference (p= 0.001). Panel G: WhoIe cell 
Iysates (30 pg) from control and fructose-fed animal hepatocytes were subjected to 
immunobIot analysis for total Akt mass and data were expressed as a percentage of Akt mass 
in controi hamster hepatocytes. A representative immunobIot is shown with combined data 
from 3 experirnents performed in duplicate or üiplicate. Mean 2 SD. *significant difference 
(p= 0.03). 
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receptor following each day of incubation. Figure 5.3A shows a representative immunoblot 

of the tyrosine phosphory1ated insulin recepcor following vatious periods of insulin exposure. 

For the purpose of these experiments the basai level of insutin receptor phosphorylation was 

taken to be that rneasured in freshly isolated. and therefore untreated, hepatocytes @ay O). In 

cells incubated with high insulin, insulin receptor phosphorylation initially decrensed from 

day O to day 1 and then increased from day 1 to day 2, but was substantially reduced by day 3 

(456 + 24, 520 k 9, 851 + 48, and 285 4 69 arbitnry densitometric unitslmg of total cell 

protein x 10-' on days O, 1.2, and 3 of incubation, respectively). As depicted in Figure 53A. 

fo1Iowing 3 dnys of high insulin exposure, phosphorylation of the insulin receptor in high 

insulin-incubated ceIls. decreased to 33.3 I 8.1% of control, suggesting possible 

desensitization of the insulin receptor under this rnetcibolic condition. 

Since the observed differences in insulin receptor phosphorylation status may be 

attributed to possible changes in the expression level of the insulin receptor, we dso 

measured insuIin receptor protein levels under the above experimental condition. 

Phosphotyrosine immunablots were stripped and reprobed with a polyclonal antibody against 

the insulin receptor fi subunit as described in Materials and Mechods (Ftg. 5.3B). Insulin 

receptor band intensity under rhe control condition (day 0) wns rneasured as 1136 + 16 

arbitrary unitdmg protein. High insulin incubation resulted in a slight but consistent 

reduction in the receptor protein, suggesting possible dom-regulation of the receptor. The 

insulin receptor protein mass significantly decreased on the third day of incubation and 

reached 56.8 t_ 14.1% (p= 0.025) of the basal level (day O). 

An arbiuary index (Specific insuIin Receptor Phosphorylation index, SIRPI) was dso 

cdculated CO better compare the phosphorylation status of the insulin receptor under contra[ 



and high insulin exposed conditions. The index is calculated as the ratio of phosphorylated 

insulin receptor to the total insulin receptor protein mass, as measured by densitometric 

quantification of Western blots, normdized for total cellular protein content. Figure 5.3C re- 

evaluates the data presented above in terrns of the SIRPI. The SIRPI value for untreated, day 

O cells was 0.75 +_ 0.01. After exposure CO high insulin concentrations, the index remained 

constant and approximately equal to control(0.62 + 0.02, and 1.01 -t- 0.24) on days 1 and 2 of 

incubation, respectively, however, it dropped significantly to 0.4 10.003 (p= 0.01) at day 3 

of incubation, suggestin_o the induction of insuiin resistance. 

5.3.6 Chronic High Insulin Exposure Induces PTP-1B Expression in Hamster 

Hepatocytes 

In order to investigate whether changes in the insulin sigaling pathway may be 

related to alterations in expression of FIT-LB in hamster hepatocytes, we investigated 

protein levels of PTP-LB in concrol hamster hepatocytes incubated with 10 pgml insulin for 

3 days. As shown in Figure 5.3D, immunoblocting of equd amounts of ce11 lysate (10 pg 

total ce11 protein) revealed that PTP-LB levels in hepatocytes incubated with high insulin 

gradually increased on day 1, reached a plateau on day 2 and day 3 of incubation. Cellular 

levels of PTP-1B on days 1, 2, and 3 wece 108.3 k 0.158, 138.3 + 2.76% (p= 0.003), and 

134.8 It 4.33% (p= 0.008) of the basal level (driy O), respectively. Thus elevation in cellular 

levels of PTP-1B occurred earIier on day 3 and appeared to precede the down-regulation of 

insulin receptor phosphorylation in hamster hepatocytes on day 3 (as shown above). 

5.2.7 Chronic Exposure of Hepatocytes to High Insulin Induces ApoB Oversecretion 

In order to assess the effect of long term high insuIin incubation of controi hamster 

hepatocytes on apoB biogenesis, hepatocytes were incubated with culture media 



supplemented with 5% FE3S and I p g h l  insulin for up to 3 days. After each day of 

treatment, cells were pulsed with ['*~jmethionine wd apoB secreted into the media was 

anaiyzed by irnrnunoprecipitation, SDS-PAGE, and fluorogaphy. As depicted in Fi:. 5.4A. 

secreted apoB rvas slightly increased day O to day 1 and then remaineci unchanged on day 7 

of exposure (O. 124 5 0.006 labeled apoB/ total labeled protein x 300). The apparent elevation 

in secreted npoB from day O co days 1 and 2 was not statistically sipificant (p=0.22). On the 

third day of incubation secreted apoB was significantly increased to 0.235 5 0.006 labeled 

ripoB/toral IabeIed protein x 300), an increase of approximately 3.5 foId (pS.04) over the 

basal level (day O), Imponantly, totaI protein synthesis did not change significnncly during 

the incubation period (5649.6 -t 58 1,4287.8 f 8 11, 6456.8 I 865, 5852.8 k 622.3 CPWpg 

ceIl protein on dnys O, 1, 2. and 3 respectively). Thus, long terni exposure to high insulin 

levels appeared to cause a significant hypersecretion of apoB, which coincided with 

desensitizacion of the cells to insulin and downregulation of the insulin signahg parhway. 

5.2.8 ER-60 Protein Mass in Hepatocytes Isolnted from Fructose-Fed Hamsters 

We have previously shown thüt ER-60, a cysteine protease Iocalized in ER-lumen 

Localized. is associated with spoB intraceIlularly and may be invoIved in apoB deagadation 

(Adeli, et al., 1997a). In order to investignte possible down-regulation of this important 

protease in hepatocytes isolated from fructose-fed hamsters, we conducted immunoblotting 

experiments using a rabbit potyclonal antibody rtgainst n t  ER-60 that readily cross-reacts 

with hamster ER-60. As depicted in Fig. 5.4B, ER-60 protein levels in hepatocytes isolated 

from fructose-fed hamsters [n=8) were reduced to 14.7 & 6.8% of Chat in control hepatocytes 

suggesting drastic down-regulation of ER-60 in insulin resistiint hamster livers- In order to 

detcrmine whether the suppression of ER-60 expression was a result of an impairment of 



FIGURE 5.3 

Chronic High Insulin Exposure of Control Hepatocytes Impaired Insulin Receptor 

Phosphorylation, Reduced IR Mass and Increased PTP-1B Mass 

Primary hepatocytes isolated from control hamsters were incubated in culture 
medium containing high insulin (1.0 pg/ml), and 5% FBS for up to 3 days and 
phosphorylation status and mass of insulin receptor were assessed on a daily basis, 
Hepatocytes were solubilized and immunoprecipicated for insulin receptor fi subunit and 
immunoprecipitates were then subjected to immunoblotting with a monoclonal antibody 
against phosphotyrosine. The same membrane was then stripped of antibody and reprobed 
for insulin receptor mass using a poIycIonal antibody against the insulin receptor f3 subunit. 
Panel A: Representative immunoblot for tyrosine phosphorylated insulin receptor and its 
quantification (expressed as scinning units/ mg total protein). Data are shown as mean f SD. 
*** significant difference (p= 0.001). Panel B: Representative immunoblot for insulin 
receptor p subunit and its quantification (per mg protein). Data are shown as mean f: SD. * 
and ** significant differences (p= 0.035 and p= 0.025, respectively), Panel C: SIRPI, an 
arbiuary parameter used to assess the phosphorylation status of the insulin receptor, taking 
into account variability in insulin receptor prorein mass levels, The value consists of the ratio 
of phosphorylated insulin receptor (measured as described above) to total insutin receptor 
m m ,  as measured by densitomeuic quantitation of Western blots, normalized for total 
cellular protein mass. Sm1 is a dimensionless arbitnry parameter. Data are shown as mem 
+ SD. ** sigificrint difference (p= 0.01). Panel D: Equal amounts of cell lysate (10 pg) 
were subjected to SDS-PAGE (8%) and immunoblottin; for PTP-1B as described in 
Methods. Corresponding bands were scanned, quantified and nonalized to the amount of 
protein loaded in each Iane. This figure shows a representative immunoblot for PTP-LB and 
densitornetric quantification of immunoblots from 3 experiments. Data rire shown ris mean + 
SD. *** sigtificant difference (p= 0.003). 
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insulin signal transduction in fmctose-fed hamsters, we repeated the above experiments using 

hepatocytes isolated from fmctose-fed hamsters treated with rosiglitazone, an insulin 

sensitizing drug (20 pmolskg body weight, once d d y  for 3 weeks). As depicted in Fig. 

5.4B, rosiglitazone significantly increased ER-60 protein levels da t ive  to untreated fmctose- 

fed animals, although it could not restore the ER-60 levels to the Ievel observed in control 

hepatocytes. Control experirnents showed that rosiglitazone treatment was also capable of 

enhancins insulin receptor phosphorylation in hamster livers. 

5.2.9 ER-60 Suppression Can be Induced by High Insulin Exposure and is 

Accompanied by the Induction of lnsulin Resistance 

To funher investigate whether ER60 protein levels change in response to insulin 

exposure, we incubared control hamster hepatocytes with high concentrations of insulin for 

up to 3 days and monitored expression levels of ER-60. As shown in Fig. 5.JC, ER-60 

protein levels increased frorn 100 + 14.4% on day O to 149.17 + 13.27% (p= 0.01) on day 1 

and rernained constant on day 2 (153.73 I 8.18%). Interestingly, on day 3 of incubation, 

where we have observed high PTP-LB levels and induction of insulin resistance (see above), 

ER-60 protein rnass was drarnaticalIy decreased to 18.39 k 1.9% of basal (day O) levels (p= 

0.007) demonsuating an association between the induction of insulin resistance and ER-60 

suppression. 

5.2.10 Vanadate Improves Tyrosine Phosphorylation of Insulin Receptor in 

Hepatocytes Isolated hom Fructose-fed Hamsters in a DoseDependent Manner 

Sodium vanadate is a known phosphatase inhibitor and insulin-mimetic agent, which 

improves insulin signa1 transduction. We investigated whether ex vivo treatment of 

hepatocytes frorn fructose-fed hamsters with vanadate c m  improve insulin signaling and 



reduce apoB secretion. Hepatocytes isolated from fructose-fed hamsters were incubated in 

serum- and insulin-free Williams' medium E containing O, 10, JO, and 80 pM sodium 

orthovanadate for 6 h and then subjected to 100 tuM insulin stimulation for 10 minutes. Equal 

amounts of cell lysates (0.5-1 mg) were immunoprecipitated for insulin receptor fi subunit 

and then immunoblotted with anti-phosphotyrosine antibody as described in the MateriaIs 

and Methods section. Fig. 5.5A depicts the dose-response curve of the effect of vanadate on 

insulin receptor phosphoryhtion and a representative immunobloc. Exposure to vanadate 

increased tyrosine phosphorylacion of the insulin receptor from 100 + 6.4% in untreated cells 

to 365.2 + 30.5% {p=0.0009), 474.3 + 9.9%. and 488.4 + 1996, at 10, 40, and 80 pM 

vanadate respectively. These results indicate that vanadate improved phosphorylation of the 

insulin receptor in n dose-dependent manner, reaching a plateau at JO pM. Membranes were 

Iater stripped and reprobed for insulin receptor mass. As depicted in Fig. 5.SB insulin 

receptor protein rnriss was detected 106 4 3.6, 107 + 7.5%, and 95 4 6.1% of that ofcontrol 

in hepatocytes incubated with 10. 40, and 80 pM vanadate, respectively suggesting no 

significnnt change in insulin receptor mass. 

5.2.11 Vanadate Reduces Synthesis and Secretion of ApoB from Insulin Resistant 

Hepntocytes in a Dose-Dependent Manner 

To investigate whether the vanadate-induced enhancement in insutin receptor 

phosphorylation influences the synthesis and secretion of apoB, we incubated hepatocytes 

isolated from fmccose-fed hamsters wiih culture media containing 0, 10, 70, 40, and 80 pM 

vanadate for 6 h. Cells were then pulsed with [j5~]niethionine for 90 minutes. Vanadate (0-40 

pM) and insulin (1 pg/rnI) were present throughout the experiment. Cellular, secreted, and 

total (secreted + celtular) apoB, are shown in Fig. 5.33-D. Exposure of the cells to vanadate 



FIGURE 5.4 

Chronic High Insulin Exposure of Control Hepatocytes, Caused ApoB Oversecretion 

and Significant Suppression of ER-60 

Panel A: Control hamster hepatocytes were incubated with a high concentration of 
insulin (1 @ml) for up to 3 days. Cells from each day of incubation were pulsed 90 minutes 
with ["~lrnethionine (100 pCi/ml) as described in the Methods section. Culture media were 
collected and subjected to immunoprecipitation using an anti-hamster apoB antibody. 
Immunoprecipitates were subjected to SDS-PAGE and fluorography. ApoB bands were 
excised and their radioactivity was quantified by scintillation countinp and normalized 
rigainst TCA-precipitable radioactivity in each dish and expressed as CPM/Total labeled 
protein counts. Shown is a representative gel and quantification of apoB bands. Data are 
presented as mean + SD. *significant different from day O (p= 0.04). Panel B: Equal 
rimounts of hepatocyte ce11 lysates (30 pg) from control, fructose-fed, and fructose- 
fed/rosiglit;izone-treated animals were subjected to SDS-PAGE (8%) and immunoblotting for 
ER40 as described in Methods. Corresponding bands were scanned and quantified. Shown is 
a representative immunoblot for ER-60 and densitometric quantification of immunoblots 
from 3 experiments performed in duplicate or tnplicate, expressed as mean k SD.* and ** 
indicate significant differences (p= 0.004 and p= 0.04, respectively). Panel C Control 
hamster hepntocytes treated with 0-3 days exposure to insulin 1 @ml insulin as in panel A 
were analyzed for ER-60 protein mass at each time point. 20 pg of ce11 lysate of each sarnple 
was subjected to SDS-PAGE and immunoblotting. A representative imrnunobiot is show 
dong with combined data from 3 experiments. Mean + SD. * indicates significant difference 
(p< 0.008}* 
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reduced cellular apoB from 100 1 7% at O pM, to 97.6 + 14.1% (~30.788). 92.9 1 9.3% 

(p=0.26), 75.9 i- 13.2% (p=O.OjO), and 62.8 k 7.1% (p=0.003) of control, at 10, 20, 40, and 

80 pM respectively, indicating that vanadate did not affect ce1luIar apoB significantly at 

doses up to JO pM but caused about a 25% suppression of celluIar apoB iit 40 pM which 

increased to 37.7% at 80 W. However, vanadate had a more sigificant suppressive effect 

on apoB secretion at lower doses such that at 10 pM vanadate reduced apoB secretion CO 52 k 

19% ((p=0.0 15) of control. ApoB secretion was funher reduced at 20 pM vanadate (48.7 k 

13.5% of control, p= 0.007). JO pM (36.9 + 11.7% of control, p=0.003), and 80 ph1 (35.0 k 

9. L% of control, p=O.OO 1). Vanadate also caused a dose-dependent reduction in total IabeIed 

apoB (total labeled apoB was 100 + 4.8'37, 87.8 1 1 1.2% (p=0.122), 81.2 + 4.3% (p30.009). 

65.1 i 7.6% (p=0.006), and 55.4 + 3.8% (p=0.0006), with 0, 10, 20, JO and 80 pM vanridate 

respectively), suggesting reduced intracellular apoB stability nt doses above 20 pM. 



Vanadate treatment stimulates tyrosine-phosphorylation of the insulin receptor and 

reduces apoB synthesis and secretion in hepatocytes isolated from fructose-fed hamsters 

Panels A and B: Hepatocytes isolrtted from insulin resistant fructose-fed hamsters 
were incubated with serum- and insulin-free Wilhm's Medium E media containing 0, IO, 
JO, and 80 ph4 activated vanadate for 6 h and cells were then subjected to LOO nM insulin 
stimulation for 10 minutes. Equd amounts of ce11 lysates (0.5-1 mg) were 
immunoprecipitated for the insulin receptor B subunit and then immunoblotted with an anti- 
phosphotyrosine antibody, as described in the Materials and Methods section. In order co 
measure insulin receptor protein mas. the above membranes were stripped and reprobed for 
the insulin receptor subunit, as described in the Materials and Methods section- 
Corresponding bands were quantified by densitometry and normalized for total protein and 
expressed as percentage of control. One representative immunoblot is shown along with 
densitometric quantification. Data were collected from 3 experiments performed in duplicate. 
Al1 data are shown as mean 2 SD.*significantly different from control (p<0.0 1). Panels C- 
E: Tissue culture dishes (60 mm) containing 3 x 106 hepatocytes isolated from fructose-fed 
hamsters were incubated with vanadate for 6 h as nbove and pulsed with [j5~]methionine for 
90 minutes. Vanadate (0-80 FM) and insulin ( 1  pg/ml) were present throughout the 
experirnent. CeIl lysates and media were coIIected and subjected to immunoprecipitation for 
apoB and Fiuorography. Qurtntitated labeled apoB was normalized against total radiolabeled 
protein (CPM) prior to converting to percentage. Panel C: Representative autoradiogam of 
cellular apoB as well as combined quantitated data for 3 experiments performed in duplicate. 
*significantly different from control (p<O.OS).Panel D: ApoB detected in the media. Panel 
E: Sum of cellular and secreted apoB (total apoB). All data are shown as mean + 
SD.*sigificantly different from control (p<O.O 1). 
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CHAPTER SIX 

Effect of treatment with rosiglitazone, an insulin sensitizer agent, on hepatic VLDL- 

apoB secretion in the fructose-fed hamster mode1 

6.1 Rationale, Hypothesis, and Research Objectives 

6.1.1 Rationale 

Dyslipidernia is an important cornponent of rnetabolic syndrome observed in patients 

and animal models of insulin resistance and type 7 diabetes (Betteridge, 2000). Peroxisorne 

proliferator-activated receptors (PPARs) are lipid-activated transcription factors that regulate 

the expression of genes involved in lipid and glucose homeostasis (Tom, et al., 2001). 

Dysregulation of PPAR activity modulates the onset and evolution of rnetabolic disorders 

such as obesity, insulin resistance. and dyslipidemia (Torra, et al., 2001). Recent evidence 

indicates that the thiazolidinediones (e.g, rosiglitazone and pioglitazone), which are PPARy 

agonists, exert direct effects on Lipid and glucose homeostasis and improve insulin sensitivity 

and glycemic control with reduced insulin requirernent (reviewed in Mudaiiar and Henry, 

2001, Sunayarna, et al., 2000). AIthough the exact rnolecular mechanisrn of insulin 

sensitizing action of thiazolidinediones is not yet known, some reports suggest that they may 

exen their effects panly by increasing expression of insulin signaling proteins such as p85 

(Rieusset, et al., 2001), and iRS-2 (Smith, et d., 2001). 

In Chapter 5. we demonsuated that induction of hepatic insulin resistance in fructose 

fed hamster coincided with hepatic overproduction of apoB-containing lipoproteins. We dso 

showed that sodium vanadate as a phosphatase inhibitor and insulin-mimetic agent increased 

insulin receptor phosphorylation and reduced synthesis and secretion of apoB in hepatocytes 

isolated frorn fructose-fed hamsters. in this part of our research we have attempted to 



investigate whether irnprovement of hepatic insulin signal transduction in fructose-Fed 

hamsters treated with rosigiitazone, cm result in improvement in apoB oversecretion. 

6.1.2 Hypothesis 

lrnprovernent of hepatic insulin signal transduction in hepatocytes isolated from Fmctose-fed 

rosiglitazone-treated hamsters, results in attenuation of hepatic apoB oversecretion. 

6.1.3 Research Objectives 

Objective 1. Assess tyrosine phosphorylation and mass of insulin receptor, IRS-1, and iRS-2 

in hepatocytes isolated from fructose-fed and fmctose-fedrosiglituone treated hamsters. 

Objective 2. Investigate VLDL-apoB production in hepatocytes isolated frorn fructose-fed 

and fmctose-fed/rosiglitazone-treated hamsters, 

6.2 Results 

6.2.1 Improvement of Hepatic Insulin Signal Transduction in Hepatocytes Isolated 

from Fructose-Fed/Rosiglit;izone-Treated Hamsters 

In order to study the effect of rosiglitazone treatment on hepatic insulin signal 

transduction, hepatocytes prepared from controI, fructose-fed, and fructose-fed rosiglitazone- 

trerited hamsters were subjected to immunoprecipitation for insulin receptor fi subunit, RS-1, 

and IRS-2 and subsequent irnmunoblottin~ For tyrosine-phosphorylated proteins, as described 

in Materials and Methods. As depicted in Figure 6,1A, in hepatocytes isolated from fructose- 

fed hamster, insulin-stimulared insulin receptor B subunit tyrosine phosphorylation was 

reduced to 34.1 + 2.6% (n=3, p=0.033) of that in contro1 hepatocytes and this was restored to 

the control levels (98.3 k 0.596, n=3) following rosigiitazone treatment, indicating complete 

restoration of insutin receptor phosphorylation by the drug. Insulin-stimulated RS-1 

phosphorylation vs. basai was 184.3 I22.6% in controls ( n d ,  p=0.002), 130.3 t 5.3% in FF 



( n d ,  p=0.007), and 188.9 It 8.5% in FR ( n 4 ,  p=0.001) (Figure 6.1B), indicating 

improvement of IRS-1 phosphorylation to the control levels in hepatocytes isolated from 

drug-treated hamsters. The effect of insulin on phosphorylation of ERS-2 was similar to that 

of IRS-1. As shown in Figure 6.lC. insulin-stimulated RS-2 phosphorylation over basal was 

325.7 + 70.5% in conuols, 122.7 k 17.7% in FF, and 319.5 F 43.9% in FR, indicating 

significant reduction (n=3, p=O.O 1) in insulin-scimulated IRS-2 phosphorylation with fructose 

feeding and a marked improvement (n=3, p=0.004) after treatment with rosiglitazone. As 

shown in Fig. 6.2A, and also previously mentioned. fructose feeding had no significant effect 

on IR protein mass (100 + 14-196 in control Vs. 88.3 + 29.6% in FF, n=4, p=0.3). However, 

in rosiglitazone-treated FF hepatocytes, IR protein mass was signitlcantly increased to more 

than two-fold of that in control and FF celIs (212.6 f 4 7 8  of control, n d ,  p=0.0001). As 

depicted in Figure 62B, fructose feeding drasticaIIy reduced protein mass of IRS-1 from 

359.7 + 23.9 scanning unitsimg of total protein in control hepatocytes to 80 +, 11.5 in 

hepatocytes from FF animals (n=3, p4.0002). indicating a significant 77.7% reduction in 

RS-1 mass following fructose feeding. Rosiglit~one-treatment partially restored RS-1 

mass to 190 t 40 scanning units/mg of totaI protein or 52.8 + 11.1% of that in controI (n=3, 

p=0.003). RS-7 protein mass in hepatocytes isolated from FF hamsters was reduced to 57.8 

f 7.1% (pc0.001) of the levels in control cek ,  whereris rosiglitazone treatment increased it 

to 74.1 +8 % of that of control hepatocytes (n= 4, @.O 13) (Figure 6.2C). These data suggest 

that the observed changes in IR, RS-1, and RS-2 phosphorylation in hepatocytes isolated 

from rosiglitazone-treated hamsters may be pdal iy  due CO changes in protein expression 



FIGURE 6.1 

Improvement in tyrosine phosphorylation of insulin receptor, CRS-1, and IRS-2 in 

hepatocytes isolated €rom the fructose-fed/rosiglitazone-treated hamsters 

Hepatocytes freshly isolated €rom control, fructose-fed, and fnictose-fed/ 
rosiglitazone-treated hamsters were incubated in semm- and insulin-free media for 5 h. Cells 
were then divided into two groups, one group (baseline) was lysed immediately after 5 h 
incubation while the second group was subjecced CO 10 min stimulation with 100 nM insulin 
before being solubilized. Equal amounts of ce11 lysates (1 mg) were First irnmunoprecipitated 
for either insulin receptor fl subunir, [RS-1, or ES-?, and then imrnunoblotted using a 
monoclonal antibody against phosphotyrosine goups as described in Materials and Methods, 
Each panel depicts a representative immunoblot along with combined densitometric 
quantitation of multiple experirnents. Net intensity of the bands was norrnalized for the total 
protein content of the samples. A) Phosphorylated insulin receptor. Data were collected frorn 
3 experirnents performed in duplicare or triplicate and expressed as percent of control. P 
values between control and FF, and FF and FF+R were <O.OS and 0.001, respectively. B) 
Phosphorylated iRS-1. Data were collected frorn 4 experiments performed in duplicate or 
triplicate and expressed as scanning units/mg of total protein. * and ** significant differences 
(p= 0.002 and p= 0.00 1, respectively). C) Phosphorylated iRS-2. Data were collected from 3 
experirnents performed in d u p h t e  and expressed as percent of control. P values between 
control and FF, and FF and FF+R were 0.01 and <0.005, respectively. All data are shown as 
rnean k SD. 
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FIGURE 6.2 

Effects of rosiglitazone on hepatic protein mass of IR, IRS-1 and IRS-2 

Equal amounts of ce11 lysates (20, 20, and 30 pg for R, RS-1, and IRS-2, 
respectively) prepared from hepatocytes isolated [rom control, fmctose-fed, fructose-fed 
rosiglitazone-treated hamsters were subjected to SDS-PAGE (8% v/v) and immunoblottin; 
for IR, IRS-1, and IRS-1 as described in Materiais and Methods. Panels A, B and C depict a 
representative irnmunoblot along with combined densitometric quantitation of multiple 
experiments for IR, IRS-1 and iRS-2, respectively. Net intensity of the bands was normalized 
for the total protein content of the simples and is either expressed as scanning unithg total 
protein (panel B) or percent of control cells (panels A and C). Solid, open, and gay bars 
represent IR, IRS-1, and IRS-2 protein mass in control, FF, and FF+rosiglitazone treared 
hepatocytes, respectively. Data were collected from 3 4  experiments performed in duplicate 
or triplicate. A) f values between control and FF, and FF and FF+R were 0.3 and 0.001, 
respectively. B) P values between control and FF, and FF and FF+R were c0.00 1 and 0.02, 
respectively. C) P values between control and FF, and FF and FF+R were 0.001 and 0.002, 
respectively. Ail data are shown as mean 2 SD. 
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levels of these proteins. 

Since ETP-1B plays a crucial role in rnodulating insulin signal transduction and our 

previous data showed its enhanced protein mass ruid activity in insulin resistant hepatocytes, 

we investigated the effects of rosiglitazone treatment on protein expression levels of PTP-1B. 

Figure 6.3 shows that PTP-1B protein mass increased to 169.9 k 13.2% (n=3, p = 0.0002) of 

chat of controls in hepatocytes of the fructose-fed animals. Rosiglitazone treatment of 

fructose-fed hamsters markedly reduced the level of PTP-1B to 24.4 + 12.98 (n=3, p = 

0.0004) of that in control cells. 

6.2.2 Significant Reduction of VLDL-apoB Secretion €rom Hepatocytes Isolated from 

Rosiglitazone-Treated Fructose Fed Hamsters 

To determine the effect of rosiglitazone treatrnent on WL-apoB  secretion, we 

performed in vitro steady state labeling experiments in which hepatocytes from fmctose-fed 

and fructose-fed/rosi_olitazone-treated hamsters were radiolabeled for a 2 h period. Culture 

media containin: secreted lipoprotein prinicles were then coIlected and subjecced to 

ultracentrifugation to isolate VLDL. Radiolabeled apoB associated with VLDL partictes was 

immunoprecipitated and andyzed by SDS-PAGE and fluorogaphy. As depicted in Fig. 6.4, 

rosiglitazone treatment significantly reduced VLDL-apoB secretion to 38k 32% (mean 5 SD, 

n d ,  p c 0.001) of that of fructose-fed hepatocytes. Decreased VLDL-apoB levers su,, -=est a 

considerable reduction in the nurnber of secreted VLDL particles frorn hepatocyies isolated 

from drug-ueatedfructose-fed hamsters. 

6.2.3 Effects of Rosiglitazone on Turnover of ApoB in Hamster Hepatocytes 

Pulse-chase Iabeling experiments were conducted to assess the stabitity and secretion 

of apoB in hepatocytes isolated from fmctose-fed, and fructose fed/ rosigiimone-treated 



Effects of rosiglitazone on protein expression of PTP-IB in hepatocytes isolated from 

fructose-fed hamsters 

Hepatocytes isolated from control, fmctose-fed and fructose-fedkosiglitazone-treated 
hamsters were solubilized and equal amount of ce11 lysates (25 pg) was subjected to SDS- 
PAGE and immunoblotting for PTP-LB as described in Materials and Methods. 
Correspondin; bands were quantified by densitornetry and expressed as a percentage of PTP- 
iB  in control hamster hepatocytes. Shown is one representative irnrnunoblot and combined 
quantitation of irnrnunoblots tiom 3 experirnents perforrned in tnplicate. Mean I SD, 
***significant difference (pc 0.001). 
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FIGURE 6.4 

VLDL-apoB production in hepatocytes isolated from fructose-fed and fructose-fed 

rosiglitazone-treated hepatocytes 

Primary hamster hepatocytes were pulsed for 2 h with LOO pCi/ml ["slmethionine 
and ["~]c~steine. Culture media was collected. density adjusted to 1.006 gml. and adjusted 
media was subjected to ultracentrifugation for 18 h at 35000 rpm in a SW55 rotor to float the 
VLDL fraction. The VLDL fraction was then collected and was immunoprecipitated with a 
specific mi-hamster apoB rintibody. The immunoprecipitates were analyzed by SDS-PAGE 
and fluorogaphy. Quantitation of apoB was performed by scintillation counting of the 
apoB~oo band. Data were nonnalized against TCA-precipitable radioactivity prior to 
converthg to percentages. (mean + SD, nsl). ***significantly different from control 
(pc0.00 1). 
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hamsters, as described in Materiais and Merhods. Isolated hepatocytes were pulsed for 45 

min and then chased for 1 and 2 h. CeIIuIar and media apoB was immunoprecipitated and 

analyzed by SDS-PAGE and fluoro-pphy. Fig. 6.5 shows the intncellular turnover, 

emacellular secretion, and total ripoB remaining in fmctose-fed and Fructose- 

Fed~rosigliiazone-treated hepatocytes. As depicted in Fig 6-54. in hepatocyte isolated from 

fructose-Fed hamsters, intraceIlular apoB was reduced from 100 + 20% at the beginning of 

the chase to 60 + 30%, and 45 + 16% at L and 2 h chase time points, respectively; whereas in 

rosiglitazone-treated hepatocytes cellular apoB dropped from 100 +_ 21% at TO to 44 + 16%, 

and 38 k 16% at 1 and 2 h chase time points, respectively. Although rosiglitazone treatrnent 

appeared to cause a reduction in cellular apoB, the observed differences were not statistically 

signiticant (n=4 For FF, and n=6 for FFIR). In FF hepatocytes after 1 and 1 h chase, 46 4 

16% and 48 + 13% of cellular Iabeled apoB (at TO) was secreted into the media, respectively. 

Rosiglitazone-trcatment reduced secretion of apoB to 33 k 9%, and 40 2 15% of cellular 

Iabeled apoB after 1, and 2 h chase, respectively (Fig- 6.5B). however only the change at 1 h 

was statistically sigificant (p= 0.026). Total apoB remaining in FF hepatocytes changed 

from 100 I 20% at the beginning of the chase to 106 + 28%, and 95 + 20% at 1, and 2 h 

chase, respectively, susgesting no significmt apoF3 degradation in FF hepatocytes; whereas 

in rosiglitazone-treated hepatocytes, total apoB remaining decreased from 100 + 21% at TO 

to 77 + 24%, and 78 k 23% at 1, and 2 h chase, respectively. Comparison between the two 

conditions showed a significant ciifference in totd apoB remaining at 1 h chase time (p= 

0.02) suggesting that rosiglitazone treaunent led to destabilization and increased degradation 

of nascent apoB-containing particles (Fig. 6.5C). There was also a trend toward a reduction 



in the fraction of labeled apoB recovered in the FF+R vs. FF anirnals after the 2 h cime (78 I 

9% vs. 95 f: 10% in the FR vs. FF animals respectively, p = 0.12). 

6.2.4 Rosiglitazone Significantly Suppresses Hepatic Expression of MTP Protein 

In Chapter 3, we documented the elevation of MTP rnRNA, protein mass and activity 

in hepatocytes isolated from fructose-fed hamsters which rnay partly be responsibte for the 

facilitated assembiy and overproduction of apoB-containing lipoproteins. Furthemore, the 

MIT gene promoter has an insulin response element, which negatively regulaces its 

expression. Taken together, we hypothesized that improvernent of hepatic insulin signal 

transduction in rosiglitazone-treated hamsters may decrease expression ievels of MTP and 

subsequently contribute to a reduction in apoB production. To test this hypothesis, equal 

quanticies of total protein (cell lysate) were analyzed by SDS-PAGE and then subjected co 

immunobIotting with the anti-bovine MTP antibody. Fig. 6.6 shows the imrnunoblotting 

andysis of lysntes of hepatocytes isolated from control, fmctose-fed and fmctose- 

fed/rosiglitazone-treated hepatocytes. As depicted in Fig. 6.6, cellular protein m m  of MTP 

in hepatocytes from fructose-fed hamsters was 153.3 + 6.6% ( n d ,  p=0.0002) of that of 

controis and rosiglitazone ueatrnent led to nomdization of cellular protein mass of MTP in 

fructose-fed hamsters to 107.0 + 9.4% of that in control celis (n = 4, p c 0.005). 



FIGURE 6.5 

Turnover of apoB in hepatocytes isolated fructose-fed and fructose-fed rosigiitazone 

treated hepatocytes 

Primary hamster hepatocytes isolated from fructose-fed and fructose-fed/ 
rosiglitazone treated hamsters were pulsed for 45 min with 100 pCi/ml [35~)rnethionine. and 
the mdioactivity was chased for 1 and 2 h in the presence of 5 rnM excess coId methionine. 
Media and cetls were colIected and apoB was immunoprecipitated with a specific anti- 
hamster apoB antibody folIowed by SDS-PAGE and fluoro,gaphy. Quantitation of apoB was 
perfomed by scinrilIation counting of the ripoBroa band. Daca were normalized against TCA- 
precipitable radioactivity prior CO converting to percentages. A) distribution of 
imrnunoprecipitable apoB in cells expressed as a percentage of radiolabeled apoB in cells at 
O cime. B) distribution of immunoprecipitable apoB in media expressed as a percentage of 
radiolabeled apoB in celIs at O tirne. C) apoB stability expressed as percent apoB remaining 
in celIs+media (total apoB) in fructose-fed and fnictose-fed rosiglitazone treated hepatocytes 
rit O time (beginning of the chase), 1 h chase, and 7 h chase. (mean + SD, 1-166). 
*significantly different from fructose-fed hepatocytes (p=0.026). **significantly different 
from hccose-fed hepatocytes (p=0.019). 
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FIGURE 6.6 

Rosiglitazone normalized MTP protein expression levels in hepatocytes isolated from 

fructose-fed hamsters 

Hepatocytes isolared from control. fructose-fed and fnrctose-fedlrosiglitrizone-treated 
hamsters were sdubilized, and equal amounts of ceIl protein (20 pg) were subjecred to SDS- 
PAGE (8% (vlv) acrylarnide resoiving gel) and proteins were then transferred onto 
nitrocellulose membranes. immunoblotting was petiormed to derect the 97 kDa MTP subunit 
with a nbbit anti-bovine MTP antiserum. (A), the autocadiopph of the MIT imrnunoblot. 
in (B), ihe MTP bands were quantitated by densitomettic scanning and the mass of the 97 
kûrr MTP subunit detecced was expressed as a percentage of the MIT mass detected in 
control ceIls (n=4, mean + SD, Pc 0.005). 
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CHAPTER SEVEN 

DISCUSSION AND CONCLUSIONS 

Insulin resistance a central pathophysiologic feature of type 7 diabetes and abdominal 

obesi ty, is commonl y associnted rvirh atherasclerosis, hypertension and dyslipidemia 

(Reaven. 1995). Indeed, insuIin resistance-associated dyslipidemia plays a major role in the 

pathogenesis of C m .  Since the major lipid abnormality of insulin resisrmce is 

h ypertri~l ycernia due to V U I L  overpmduction, we have focused our studies on the 

metabolism of rtpoi3-containing lipoproteins. 

First. we confirmed the sirnilarities of apoB biogenesis in hamster and human liver 

(as discussed in 7.1). We then focused on the impact of insulin resistance on VLDL-apoB 

overproductiori, We induced whole body insulin resistnnce in hamsters by feedin; [hem a 

high fructose diet and studied overproduction of VLDL-apoB in primary hamster hepatocytes 

isolared from the insulin resistant hamsters (as discussed in 7.3). Since hepatic insuiin 

sipaling is known to play an important role in the regulation of apoB production, we 

investigated the effect of fructose feeding on hepatic insuiin signaling and explored the Iinks 

between induction of hepatic insulin resistance and iWL-apoB overproduction (discussed 

in 7.3). To further study this connection, we examined the effects of insuiin sensicizrition both 

ex vivo (vanadate experiments, discussed in 7.3) and in vivo (rosigiitazone-treatment of 

insuiin resistant hamsters, discussed in 7.4) on VLDL biogenesis. 

7.1 Intriicellular hlechanisms Regulriting ApoB-containing Lipoprotein Assembly and 

Secretion in Prirnary Eamster Hepatocytes 

In the first phase of our research, ive determined the suitability of using p r i r n q  

hamster hepatocytes m n mode1 of human VLDL production, This mode1 would dlow us to 



characterize three important processes involved in apoB production: translocation, 

degradation and Iipoprotein assernbly. Apolipoprotien (apo) BlOO is an atypical secretory 

protein in that its translocation across the endoplasrnic reticulum membrane is inefficient, 

resulting in the partial translocation and exposure of apoB 100 on the cytoplasmic surface of 

the endoplasmic reticulum. Cytosolic exposure leads to its ubiquitination and proteasorna1 

degradation. 

To examine ER membrane translocation of the newly synthesized apoB, we used 

different approriches including trypsin sensitivity (protease protection) assays of apoB in 

permeabilized hepritocytes and purified microsornes as well as microsomal lumen and 

membrane fractionation. Proterise protection assnys showed different tmnslocntional 

efficiencies for the newly synthesized apo0 depending on the methodology ernployed, 

although the observed differences were not statistically significane. One possible factor 

contributing to the variability observed in trypsin accessibility of hamster apoB in 

permeribilized cells vs. isolated microsomes may be the different pulse and chase times used 

in these experiments and rnay reflect differential sensitivity of apoB to trypsin at different 

times during its transit in the secretory pathwny. This was in agreement with previous report 

by CavaIIo et al. in McRH7777 cells and HepG2, respectively (CavalIo, et al., 1998). Our 

observations suggested chat in primary hamster hepatocytes apoB translocation through the 

ER membrane was inefficient. In an alternative approach we examined newly synthesized 

apoB associated wich ER membrane and lumen (carbonate extraction method). In these 

experiments. the rnajocity of labeled apoB was recovered in the luminai fraction, which did 

not cordate well with the data obtained fmrn the protease protection experiments. This 

discrepmcy may have been due to the methodologicd variation. in fact. there are large 



differences in carbonate extractable apoB reported in various published studies (Boren, et al., 

1992, Boren, et al., 1994, Bostrom, et al., 1988). Indeed, using a revised extraction protocol, 

Olofsson and colleagues (Rustaeus, et al., 1998) showed that most of the labeled apoB could 

be extracted from HepG2 microsomes in the form of Iipoproteins with sodium carbonate. 

Interestingiy, we observed an increased trypsin sensitivity of newly synthesized apoB 

in MG132-treated microsomes, suggesting that inhibition of proteasomal degradation may 

cause accumulation of cytosoIically exposed apoB rnoIecules. Under these conditions, 

ünrilysis of a control protein, trrinsfemn did not reveal any significant change in sensitivity to 

exogenous trypsin treatmenr, suggesting rhac the effect of MG132 was specific to apoB. Our 

observation was in agreement with Bonnardel and Davis (Bonnardel and Davis, 1995) who 

previously reponed membrane accurnuIation of apoB in ALW-treated microsomes. 

Overall our protease protection studies in both permeabilized hamster hepatocytes 

and isolated microsomes appear to indicate that a fraction of newly synthesized hamster 

apoB may be trypsin accessible suggesting cytosolic exposure. However, since carbonate 

extraction studies of isolated microsomes do not support a large degree of membrane 

association and there was some variability in trypsin accessible apoB in various experiments, 

we can not make definitive concIusions as to the nature of membrane association of hamster 

apoB, or whether it adopts a transmembrane topology in these pnmary hepatocytes. 

Studies on subcelIuIar dismbution of newiy synthesized apoB in severai different ce11 

types have been inconsistent and resuhed in observations of various levels from negiigible to 

a high percentage of membrane association (Boren, et al., 1990, Bosuom, et al., 1986, 

Barnberger and Lane, L988, Davis, et ai., 1989, Davis. et ai., 1990, Dixon, et al., 1992, 

Cartwright, et ai., 1993, Shehess, et ai., 1994, Wang, et ai., 199Sa, Cartwright and Higgins, 



1995, Ingram and Shelness, 1996, Leiper, et al., 1996). Our data on membrane association of 

endogenous apoB in hamster hepatocytes appears to compare well with primary rabbit 

hepatocytes (Cartwright and Higgins, 1995). which also exclusively synthesize and secrete 

apoB LOO-containing lipoproteins. 

Intracellular degadation of the newly synthesized apoB has been reported to various 

extents depending on the different ce11 types employed (for detailed information, refer to 

page 31). The extent of apoB degadation in our primary hepatocyte mode1 was similar to 

that reported in freshly isolated rabbit hepatocytes (Cartwright and Higgins, 1996), and was 

significantly lower than the commonly used ce11 line, HepG2 cells (Adeli, 1994, Borchardt 

and Davis, 1987, Sato, et al., 1990). It should be noted that high levels of apoB degadation 

in HepGî cells has been attributed to the abnormally low TG pool in this ce11 line. It thus 

appears that the extent of apoB degadation in primary hamster hepatocytes resembles more 

closely the physiologic conditions than those in HepG2 cells. The presence of MG132 

(proterisome inhibitor) during the pulse induced significant accumulation of apoB suggestin; 

protection against proteasomal degradation. To further investigate the mechanisms of apoB 

degrridation, we employed permeabilized hamster hepatocytes. Degradation of apoB in 

permeabilized hamster hepatocytes coincided with the appearance of a number of apoB 

fragments ranging in size fiom 46 to 167 kDa. Consistent detection of these fragments 

suggests that the intact apoB may be rapidly clipped by a protease(s) to yield seved 

degradation intermediates. Interestingly, generation of the 70 kDa fragment was ALLN 

sensitive, while the appearance of the J6,57, and 167 kDa fra,gnents was insensitive to both 

MJX and MG132 indicating the involvement of different proteases in the degradation of 

hamster apoB-100. Although some of the proteoIytic fragments detected in our study may be 



sirnilar to those detected previously, this is the first observation of both ALLN and MG132- 

insensitive fragments in perrneabilized hamster hepatocytes. 

In most primary hepatocytes examined, degradation of apoB is not confined to the ER 

(Sparks and Sparks, 1994a) and appem to occur even after an apoB-lipoprocein is formed 

(Cartwright and Higgins, 1996, Fast and Vance, 1995, Verkade, et al., 1993, Wang, et al., 

1 9 9 k  Wang, et al., 1993). Our present results also indicate that degadation of hamster 

ripoB can occur post-translationally during its transit through the secretory pathway. To 

identify proteases involved in intracellular degradation of apoB, several research groups have 

employed different protease inhibitors and ce11 types (for more information, refer to page 34). 

in our study, EST, PMSF, and leupeptin showed no effect on apoB stability. Our observation 

using leupeptin was in agreement with Sato, et ai. in HepG2 cells (Sato, et al., 1990), 

whereas it was in contrast with the reports of Wang et al. (primary rat hepatocytes) (Wang, et 

al., 199Sa) and Cartwright and Higgins (rabbit hepatocytes) (Cartwright and Higgins, 1996). 

Our EST observation was also in disagreement with a previous report in nt hepatocytes 

(Wang, et al., 199%). These controversies may be due to different ceIl models or 

methodoIogica1 differences. In contrast, proteasomal inhibitors, U V ,  and lactacystin 

exerted sipificant protective effects on cellular apoB. [nterestingly, while ALLN and 

Iactacystin stabilized cellular apoB levels, no stimulation of apoB secretion was observed. 

Bonnardel and Davis (Bonnardel and Davis, 1995) reported sirni1a.r observations on the effect 

of AUN in HepG2 celIs and concluded that translocation, but not degadation determines 

che intracellular fate of de novo synthesized apoB. In the present study, o-phenanthroline also 

inhibiced apoB turnover and appeared to increase its extncelluIar secretion suggesting the 

involvement of metalloproteases in post-translational depdation of apoB. The inhibition of 



apoB degradation by o-phenanthdine was also reported by Cartwright and Higgins 

(Cartwright and Higgins, 1996) in freshly isolated rabbit hepatocytes. Overall our 

observations in primary hamster hepatocytes indicate that apoB degradation c m  occur in d l  

secretory compartments by proteasomal and non-proteasomal degradative systems. Although 

this was the first study on the role of degradative systerns in hamster apoB biogenesis, further 

studies are needed to identify nature and structure of these protease systems. 

Based on evidence obtained from density gradient fractionation of luminal 

lipoproteins, hamster apoB-100 appears to forrn LDL-like panicles in the microsomal lumen. 

Such LDL-like particles appeared to gadually remit more lipids forming lipid rich VLDL 

particles, which were subsequently secreted into the media in the form of mature VLDL. 

Similar observations have been reponed in rat hepatocytes (Swift, 1995). In our study we 

found a small pool of radiolabeled apoB in the high density fraction of the lumen. 

interestingly, the size of this pool increased after a 1 h chase. It appears that after formation 

of the first apoB pool (LDL-like particles) and its gradua1 conversion to the TG-rich VLDL, a 

proportion of newly transIated and cranslocated apoB forms high density particles possibly 

due to unavailability of lipids andor misfolding of the apoB molecule. Based on previous 

observations in HepG2 cells (Boren, et al., 199?), HDL-like particles may either be 

converted to VLDL particles by recruiting Iipids and secreted, or may be sorted to a 

de-=dative pathway. Carttvright et al. (Cartwright, et al., 1993) also reported that in freshly 

isolated rat hepatocytes, the majority of apoB in the RER and SER fractions was associated 

with HDL-like particles. The apoB of VLDL density was predorninantly found in tram- and 

&Golgi fractions (Cartwright. et al., 1993). Our findings on VLDL assembly in pnmary 

hamster hepatocytes are partly in agreement with the observations made by Cartwright and 



Higgins in isolated rabbit hepatocytes (Cartwright and Higgins, 1995). They suggested that 

assembly of apoB into complete VLDL is not a CO-translational process and most lipids 

become associated with apoB lace in the ER compartrnent and are further modified in the 

Golgi lumen. Rustaeus et al. (Rustaeus, et al., 1998) also reported that in McA-RH7777 cells, 

membrane associated apoB-LOO is partidly lipidated and can be converted to VLDL. 

In conclusion, it appears that in HepG2 cells, McA-RH7777 cells, and rabbit and rat 

hepatocytes, a significant amount of newly synthesized apoB-100 is incorporated inro a 

dense fraction. Prirnary hamster hepatocytes appear to form a smaller pool of HDL-like 

particles, although our studies suggest that the lipoprotein assembly process in these cells 

may be similar to that in other modeI systems examined. 

In contrast to HepGî cells, treatment with exogenous oleate did not stimulate apoB 

secretion by ptimary hamster hepatocytes. Instead, oleate increased stability of cellular apoB 

(over the first hour of chase) without affecting its extracellular secretion. These observations 

compare well with a previous report on the effects of oleate on apoB secretion by hamster 

hepatocytes (Arbeeny, et al., 1992). The effect of oleate on the stability and secretion of 

apoB appears to be controversiaL The eFfect may depend on the ce11 type, turnover of 

TG/fatty acid in the cells, size of cellular TG pool, and duntion of incubation with oleate. In 

our study, after a 12 h incubation with oieate, no stimulatory effect on apoB secretion wsls 

observed. Similar results were obtained for longer incubations (data not show). In a recent 

report, SaIter et al. (Salter, et al., 1998b) cornpared the TG turnover of hamster and rat 

hepatocytes, and found that hamster hepatocytes have a larger intracellular TG pool and a 

lower rate of VLDL-TG secretion cornpared to rat hepatocytes. In the hamster liver, a larger 

proportion of newly synthesized TG is rerained within the cell, nther than secreted as VLDL. 



Furthermore, Bennet et al. (Bennett, et ai., 1995) using hamsters fed with triolein, tristexin, 

and tripalmetin showed that triolein had no effects on VLDL secretion whereas tripalmetin 

increased both hepatic apoB mEWA and plasma VLDL levels. It is also believed that oleate 

treatment of the cells facilitates translocation of newly synthesized apoB across the ER- 

membrane, which in turn reduces early de-mdation (Macri and Adeli, 1997b). However, 

whether or not this protection of early degradation stimulates apoB secretion appem to differ 

rtmong different cell types (for more information, refer to pages 39-40). Our observations 

were in agreement with previous reports in rat @avis and Boogaerts, 1983, Patsch, et al., 

1983b), McArdle hepatoma cells (Sparks, et al., L997), hamster (Arbeeny, et al,, 1992) and 

human hepatocytes (Lin, et al., 1995b). Our results were also in contrast with previous 

reports on the stimulatory effects of olerite on apoB secretion in HepG3 cells (Bostrom, et al., 

1988, Dixon, et al., 1991, Pullinger, et al., 1989), n t  hepatoma ceil line (White, et al., 1993,) 

and freshly isolated rabbit hepatocytes (Cartwright and Higgins, 1996). Overail, Our finding 

that treatment with exogenous oleate faiIed to stimulate hamster apoB-100 secretion appears 

to correlate with data obtained in rat and human primary hepatocytes. 

In conclusion, the hamster presents a unique model for further investigation of the 

hepatic assembly and secretion of apoB-containing lipoproteins and their hormonal and 

phmaceutical modulation, without many of the drawbacks associated with the use of other 

primary or established ce11 culture model systems. The data presented and discussed above 

helped to characterize some of the mechanisms goveming the inuacellular biogenesis and 

subsequent secretion of hamster apoB-LOO, and provided the basis for further studies in this 

animal model. Our observations and data strongiy sugest that the hamster is a suitable 

animal model in which to study pathophysioiogïc conditions associated with VLDL-apoB 



dysregulation. Indeed, the susceptibility of hamster to diet-induced insulin resistance, 

obesity, atherosclerosis and diabetes provides a unique opportunity to study molecular and 

cellular mechanisms of insulin resistance-associated VLDL-apoB overproduction. 

7.2 Molecular Mechanisms of Hepatic VLDL Overproduction in Insulin Resistance 

Although overproduction of VLDL-TG and VLDL-apoB h a  been well dernonstrated 

in the insulin resistant state in both humans and animal models, few data are available on the 

underlying cellular mechanisms involved, panicularly those directly affecting the apoB 

protein itself. The majonty of studies have focused on the acute effects of insulin, whiie the 

role of chronic hyperinsulinemia and insulin resistance in VLDL overproduction has been 

understudied. In this phase of our study, we have simultaneously exmined the specific 

impact of inducing an insulin resistant condition on apoB biogenesis ar the potential 

regulatory steps of synthesis, ER translocation, intracellular degradation. and lipoprotein 

assembly. We employed a fructose-fed hamster model to investigate the above mechanisms 

in the state of insulin resistance. This model offers advantages over the more commonly used 

fructose-fed nit model, in that the metabolism of its apoB-contriining lipoproteins is more 

sirnilar to that of humans. 

It has been well documented that fructose feedin; in rodents including hamsters 

(Kasim-Kankas, et al., 1996) results in chronic hyperinsulinemia, an insulin resistant state, 

and hyperlipidemia. A previous study (Kasim-Karakas, et al., 1996) clearly demonstnced the 

feasibility of inducing insulin resistance and chronic hyperinsulinernia in fructose-fed 

hamsters. The fructose protocol employed in the current study was also similar to those 

previousiy shown to induce insulin resistance in the rat (Kazumi, et d., 1985, Kazumi, et ai., 

1986). The data from our coIlaboratin; Iaboratory (Dr. Gary F. Lewis, UHN) using in vivo 



hyperinsulinemic-eu$ycemiç clamp studies suppoaed the induction of an insulin resistant 

condition in the fructose-fed hamster mode1 (Taghibiglou, et al., 2000). Overall, these data 

combined with the resulting hyperinsulinernia in fructose-fed hamsters suggesc rhat the 

fructose feeding protoc01 was successful in inducing an insulin resistant condition. 

Our in vitro (in collaboration with the laboratory of Dr. G.F. Lewis, University of 

Toronto) and ex vivo experiments with primary hamster hepatocytes confirmed boch VLDL- 

TG and VLDL-apoB overproduction in hepatoc ytes from fructose-fed hamsters. These 

abnorrnnlities close1y resemble those obsewed in insulin resistance and Type 3 diabetes in 

humans, in which increased VLDL production is the main abnomality of lipoprotein 

metabolism (Cummings, et al., 1995, Lewis, et al., L995, MaImstrom, et al., 1497, Riches, et 

al.. 1998) and is felt to be an important contributor of the increase in cardiovascular disease 

seen in these patients (Ginsberg, 2000). This observation is important because sorne animal 

modeIs of insulin resistcince and hyperlipidemia, such as the oh and the db mouse have been 

shown not to overproduce VLDL in vivo, an observation which Iirnits the usefuIness of these 

animals as a model of humm pathophysiology (Li, et al., 1997). Although fructose feeding 

has been shown to induce an increase in VLDL-TG production in vivo in rats (Kazumi, et al., 

L985, Kazumi, et ai., 1986) these previous studies did not investigate the VLDL-apoB 

production. 

The insutin resistant, fructose-fed hamster model thus provided an excellent systern to 

investigate the inuacelluhr mechanisms that may mediate the considenble VLDL-apoB 

overproduction observed, A nurnber of important observations were made which appear to 

explin the VLDL-apoB overproduction in this rnodel. First, there was a significant 

enhancement of inuaceIIuIar stability of newly synthesized apoB with oniy a minor f~action 



being sorted to intracellular degradation. This observation was initially thought to be related 

to an enhanced rate of apoB translocation across the ER membrane. However, analysis of 

apoB translocational status in normal and fructose-fed hepatocytes failed to reveal a change 

in translocational efficiency of apoB in response to fructose feeding. This observation 

appears to suggest that the increased stability of apoB may occur post-translocationally and 

may predorninantly affect the pool of apoB fully translocated into the ER lumen. Thus, 

fmctose feeding does not appear to affect the extent of association of nascent apoB with the 

microsomal membrane and thus its trypsin sensitivity. However, increased intracellular 

stability of apoB in fructose-fed hepatocytes was evident both in intact cells as well as in 

permeabilized cells. Turnover of nascent apoB was slowed in intact fructose-fed hepatocytes 

compûred with control cells. This increased post-translocational stability could also be 

dernonstrated in permeabilized cells. Funher studies are needed to evaluate cellular 

degradative systerns including proteasomal, endopIasmic reticulum associated depdation 

(ERAû), and non-proteasomal systerns in insulin cesistant hepatocytes. 

Funher analysis of lipoprotein formation in hepatocytes derived from control and 

fructose-fed animals revealed considenble ciifferences in the distribution of apoB-containing 

lipoproteins. In the ER-lumen of control hepatocytes, three types of apoB-containing 

lipoproteins were detectable (HDL, LDL, and VLDL-like particles) with a great arnount of 

radiolabeled apoB recovered in the secretion-incompetent HDL-like particles. These particIes 

(HDL-like) are thought to be destined for intraceliular degradation. In conuast, in fructose- 

fed hepatocytes, radiolabeled apoB was only recovered in LDL and VLDL fractions with a 

large amount of secretioncornpetent VLDL particles. These observations argue for enhanced 

efficiency of VLDL assembly in the microsornai lumen of fnictose-fed hepatocytes. 



Facilitated assembly of hamster VLDL rnay be related to an increased availability of core 

lipids, an increased availability of freshly translated apoB, andor increased activity of MTP. 

Analysis of intracelIular lipid biosynthesis revealed a significant increase in intracellular TG 

levels, which may in turn contribute to increased assembly of VLDL. In addition, post- 

translocational stability of nascent apoB was aiso increased, making a higher pool of nascent 

ripoB molecules available for VLDL assembly. More studies are needed to examine the 

possibIe changes in sizes of different intracellular lipid pools especially those accessible for 

VLDL assembly. Most interestin; however was an increased mRNA level, protein mass and 

activity of iMTP detected in fmctose-fed hepatocytes. MTP catalyzes the transfer of lipids to 

the apoB moIecule and is an important factor involved in the assembly of apoB-contining 

lipoproteins (Gordon, et al., 1994, Wettenu, et al., 1992, Wetterau, et al., 1997). Thus it is 

reasonable to conclude that an increased intracellular mass, mRNA, and activity of MTP can 

enhance the VLDL assembly process, leading to formation and secretion of an increased 

number of mature particles. Furthermore, the combination of an increased abundance of 

MTP, in the presence of both higher availability of TG as well as apoB, strongly favors the 

formation of VLDL particles and their secretion from the cell. Our current observations in 

fructose-fed hepatocytes suggest that chronic hyperinsulinemia and resistance to insulin 

action in the hamster mode1 may be responsible for an increase in the expression of M.TE' and 

thus an enhanced activity of this criticai factor in VLDL assembly. Insulin is known to 

acuteIy diminish both the MTP mRNA level as well as the mass of MTP protein (Wetterau, 

et al-, 1997). It appears that elevation of MTP levels in fructose-fed insulin resistant hamsters 

arose from the resistance against negative regdatory action of insulin on MTP gene promoter 

(Hagan, et al., 1994, Lin, et ai., 1995a). A sirnilar observation was made in Otsuka Long- 



Evans Tokushima Fatty (OLETF) rat, an animal model of Type 2 diabetes, characterized by 

visceral obesity and hyperlipidemia (Kuriyarna, et al., 1998). Whether increased M P  causes 

the increased stability and assembly of VLDL in insulin resistance or is rnerely secondary to 

che increase in intracellular lipid synthesis is currently unknown. 

Hepatic overproduction of VLDL in the state of insulin resistance rnay result €rom 

direct hepatic effects of insulin as well as indirect metabolic effects, such as increased 

availability of free fatty acids (FFA) for TG secretion (Lewis, et al., 1993). In the present 

study, we found signiticantly elevated plasma levels of FFA in fructose-fed hamsters, 

suggesting that increased flux of FFA into the liver may contribute to VLDL overproduction. 

However, we did not measure in vivo FFA flux in fructose-fed hamsters and can not confirm 

the impact of plasma FFA elevation on in vivo VLDL production rates. It is also important to 

note thrtt the rate of VLDL-apoB secretion frorn primary hamster hepatocytes was measured 

under identical concentrations of FFA in the culture media, For both control and fmctose-fed 

hepatoc ytes. 

In conclusion, the fnictose-fed hamster model has ailowed us to address a number of 

important questions regarding the intracellular rnechanisrns that rnodulate hepatic VLDL 

assernbIy and secretion. The evidence obtained in this rnodel suggest that the 

hyperbetalipoproteinemia observed in the rnetabolic condition of insulin resistance may be 

caused by the combined effect of an increased expression and activity of MTP, increased 

hepatocyte neutrai lipid availability, and reduced degradation of apoB, which can in turn 

facilitate the assembIy and secretion of apoB-containing lipoprotein particles. Precisely 

which of these factors occurs directly as a result of hepatic hyperinsulinemia or insutin 

resistance and which are secondary to the extrahepatic effects of insulin is not currently 



known. The hepatic effects may be due to a direct action of insulin or may be secondary to an 

increased lipid availability. Enhanced activity of MïP rnay contribute to post-translocational 

stability of apoB, but whether it is sufficient by itself to explain the VLDL overproduction is 

unknown. Further studies are required to fully investigate the mechanisms by which insulin 

resistance can influence either the expression or invacellular stability of MTP and thus exert 

a stimulatory effect on VLDL assembly and secretion. Of particular interest is the interaction 

of MTP abundance/activity, post-translocational apoB stability, and core lipid availability in 

determining the efficiency of the VLDL assembly process. 

In this part of our research, we clearly demonstrated the coincidence of whole body 

insulin resistance with overproduction of VLDL-apoB. However, in order to connect 

hyperinsulinemia and insulin resistance with VLDL-apoB overproduction at the cellular and 

molecular levels, we needed to examine insulin signal transduction in the liver, the tissue 

where VLDL-apoB is produced. In k t ,  it was important to detennine whether resistance to 

insulin action developed in Iivers of fructose-fed hamsters and whether hepatic insulin 

resistance plays a direct role in dysregulation of VLDL-apoB production. 

7.3 Hepatic VLDL-apoB Overproduction is Associated with Attenuated Hepatic Insulin 

Signaling in a Fructose-Fed Hamster Model of Insulin Resistance 

We have previously documented the induction of whole body insulin resistance in the 

fructose-fed hamster mode1 following fructose-feeding (Taghibiglou, et al., 2000). Induction 

of insulin resistnnce at the Ievel of adipocytes and muscle tissues has also been well 

documented by others (for reviews refer to Bergman and Mittelman, 1998, Fujimoto, 2000, 

Withers and White, 2000), whereas the induction of hepatic insulin resistance is less we11 

established. It was important to determine whether resistance to insulin action develops in 



Iivers of fructose-fed hamsters and whether hepatic insulin resistance plays a direct role in 

deregulation of VLDL-apoB secretion. 

In ordtr to document the induction of hepatic insulin resistance, we quantified the 

tyrosine phosphoryiation status of the insutin receptor, ES-1, and RS-2 ex vivo using 

hepatocytes from control and fructose-fed hamsters. Data obtained from these experiments 

showed a sipificrint reduction in the phosphoryIation of these key proteins of the insulin 

signnling pathway, suggesting downregullition of insulin signaling in the liver. Our 

observations on insulin receptor and IRS-1 phosphorylation are in agreement with Bezerra et 

al. (Sezerrri, et al., 2000) who reported a reduction in IRS-L and insulin receptor 

phosphorylation in muscle and Iivers of high fructose-fed rats. Our data are aIso in agreement 

with the findings of Jiang et al. who reported significrint reductions in phosphoryIrition and 

protein mass of both iRS-1 and IRS-2 in the aorta and microvesseIs of obese Zucker ( W h )  

rats (Jiang, et al,, 1999). Kerouz et al. also observed significmt reductions in RS-1 and CRS- 

2 mass and phosphorylation in muscle and liver of the oblob mouse (Kerouz, et al., 1997). 

Anai et al, reported similar observations in che Liver and muscle of Zucker fatty rats (Anai, et 

al.. 1998). 

To determine whether or not these changes result in downstream effects, we 

examined borh phosphotyrosine- and p85-associated PI 3-kinase activity. We found that PI 3- 

kinase activity associated with tyrosine phosphorylated proteins decreased in fructose-fed 

insulin resistant hepatocytes, while p85-assoçiated activity remained unchanged. These 

observations indicate that, although the intrinsic activity of the enzyme was intact, 

recruitment to the insulin s ip i in ,o  pathway was decreased, mosc Iikely as a resuh of the 

reduced phosphorylation of upstream signalhg components. We d s o  exsunined the impact of 



fructose feeding on phosphorylation of serd7'-Akt and ~h? ' ' -~kt  a key enzyme downstream 

of PI 3-kinase. In hepatocytes isolated from fructose-fed hamsters, insulin-stimulated 

phosphorylation of both Ser473 and Thr308 was significmtIy reduced suggesting suppressed 

activity of Akt in fructose-fed hamster hepatocytes. This was most likely due to the observed 

decrease in tyrosine phosphorylation of upsrream insulin sigaling proteins and reduced PI 3- 

kinase activity. Our observations are in agreement with the findings of Krook et al. and 

Rondinone et al. who reported impaired Akt phosphoryiation in muscle and adipocytes of 

insulin resistant diabetic subjects respectively (Krook, et ai., 1998, Rondinone, et al., 1999). 

Several other groups have reponed similar observations in skeletal muscle of insulin resistant 

rats (Kim, et al.. 1999, Storz, et al., 1999) and muscIe and adipose tissues of dbtdb mice 

(Shno, et al., 2000). However the effect on hepatic insulin sigaling was not investigated in 

these previous studies. 

We also investigated whether the suppression of insulin sigaling in hepatocytes 

could be related to the hyperinsulinemia observed in fruccose-fed hamsters. We found that 

exposure to high insulin initially reduced receptor expression and eventually caused a 

significant downregulation of insulin receptor phosphorylation, These data appear to suggest 

that hepatic insulin resistance in fructose-fed hamsters rnay be secondary to elevated plasma 

insulin levels. In support of this hypothesis, Yoshino et al. (Yoshino, et al., 1992) showed 

that in streptozotocin-treated, diabetic. hypoinsulinemic rats, fructose feeding increased 

plasma insulin levels. More recentiy, Suga et id. (Suga, et ai., 2000) reponed that dietary 

fructose caused substantial insulin resistance and hyperinsulinemia in both ventromediai 

hypothalarnic-lesioned obese and sham-operated lem rats. Dirlewanser et ai. (Dirlewanger, 



et al., 2000) aIso showed that in heaithy humans, fructose infusion induced hepatic and 

extrahepatic insulin resistance. 

Since protein tyrosine phosphatases play a crucial d e  in the insulin signaling 

pathway as negative regulators of signal transduction, we examined both protein IeveIs and 

activity of PTP-1B in the current mode1 and found significant elevations in the celiular m a s  

and activity of this protein in hepatocytes isolated €rom fructose-fed hamsters. Our findings 

are in agreement with previous reports in livers of obese, diabetic oblob mice (Sredy, et al., 

19951, STZ-induced diabetic rats, and geneticall y diabetic BB rats (Meyerovitch, et al., 1989) 

as weil as muscles of non-diabetic, glucose-intolerant subjects (McGuire, et al., 1991). 

Severd reports indicate that PTP-LB is capable of dephosphorylating the insulin receptor and 

iRS-1 (Hashimoto. et al., 1992b. Seely, et al., L996, Tonks, et ai., 1988) with higher 

eificiency chan other tyrosine phosphatases (Goldstein, et aI., 1000). In the FF hamster 

modeI, PTP-LB overexpression in the Liver may contribute to dephosphorylarion of the 

insulin receptor and RS-1, leading to hepatic insulin resistance in the fnictose-fed hamster. 

In the current study, incubation of insulin resistant hepatocytes with increasing doses 

of vanadate improved the phosphorylation status of the insulin receptor in a dose-dependent 

manner. The improvement of insulin receptor phosphoryIation coincided with a marked 

reduction in ce~luliir, secrered, and total apoB, suggesting possible involvement of pmtein 

tyrosine phosphatases such as PïP-LB in rnodulating apoB production. Our observations 

con firmed previous observations b y Jackson and colleagues about inhibitory effects of 

vanadate on spoB biogenesis in rat hepatocytes, aithough they used the phosphatase inhibitor 

in normal hepatocytes rather chan insurin resistant hepatocytes from fructose-fed anirnds 

(Jackson, et al., 1988). Funher studies are needed to examine the possibIe effects of vanadate 



exposure on other important factors in apoB biogenesis such as MTP, Hsp70, Hsp90 and 

other chaperones. 

We also monitored the effects of chronic high insulin incubation of control hamster 

hepatocytes on protein expression IeveIs of PTP-1B and found that chronic exposure of 

control hepatocytes to high levels of insulin caused a ,mdual elevation of PTP-LB levels 

rexhing a plateau on day 1 of exposure. This finding was consistent with our observation of 

elevated PTP-LB levels in hyperinsulinemic fructose-fed hamsiers. More interestingly, 

upregulation of PTP-1B levels appeared to precede the decline in insulin receptor 

phosphorylation in hamster hepatocytes. In light of these findings, we hypothesize that 

chronic exposure to insulin resuIts in elevated PTP-IB and subsequent dephosphorylation of 

the insulin receptor, iRS-1, and RS-2 inducing rt state of insulin resistance. Since we have 

not studied other protein phosphatases we can not rule out their possible involvement in 

impairment of insulin signai transduction. 

in experirnents involving chronic exposure of normal hepatocytes to high insulin 

concentration, desensitization of the insulin signaling pathway and overexpression of PTP- 

1B appeared to coincide with an increase in the synthesis and secretion of apoB. This 

observation compares weli with our previous in vivo and ex vivo observations in the 

fructose-fed hamster mode1 (Taghibiglou, et al., 2000) and supports the hypothesis ha t  

induction of hepatic insulin resiscrtnce may play an important role in VLDL-apoB 

overproduction. It is uncIear however, how chmges in the insulin sigaling pathway lead to 

alterations in hepatic apoB metabolism, Insulin may directly alter the phosphorylation status 

of apoB as shown previously in rat hepatocytes (Jackson, et al., 1990b). it is dso possible 



chat reduced phosphorylation of apoB due to impaired insulin signaling may protect apoB 

from degradation in insulin resistant hepatocytes. 

It was previously reported that in HepG'I cells, an ER-localized cysteine protease 

narned ER-60 may be involved in the degradation of apoB in the lumen of the ER (Adeli, et 

al., 1997a). Interestingly, we observed a drastic suppression of ER-60 protein expression in 

hepatocytes isolated from fructose-fed hamsters compared to that of control counterparts, 

suggesting that increased stability of apoB in insulin resistant hepatocytes may be partly 

attributed to the suppression of ER-60 levels, This suppression was partially restored in 

hepatocytes isolated from fructose-fed hamsters treated with rosiglitazone, an insulin 

sensitizing drug, suggesting that ER-60 may normally be positively regulated by insulin, an 

effect which may be lost in insulin resistance leading to suppression of the cellular levels of 

this protein. ln support of this view. we observed that the expression of ER-60 protein was 

drastically suppressed with chronic high insulin exposure of control hamster hepaiocytes. 

Overall, our observation that both elevation of PTP-IB and induction of insulin resistance 

was concomitant with a marked suppression of ER-60 and overproduction of apoB, provides 

a direct link between impairment of hepatic insulin s igding and apoB oversecretion. 

In summary, hepatic VLDL-apoB overproduction in the fructose-fed hamster mode1 

appexs to be closely associated with the development of insulin resistance in hepatocytes. 

Downregulation of hepatic insulin s igding was linked to overexpression of KI?-IB and 

may be secondary to changes in the cellular level of this phosphatase. Hepatic insuIin 

resistance was in tum associated with suppression of ER-60 and elevated secretion of apoi3- 

Further studies are needed to more directty Iink changes in insutin s ipdinp starus to key 

components of the VLDL assembty and secretion process. 



The availability of a highly specific and effective new generation of insulin 

sensitizing drugs calIed thiazolidinediones (TZDs) provided a good opportunity CO examine 

and support our observations made with vanadare (a genenl insulin mimetic agent) that 

improvement of hepatic insulin signriling attenuaces apoB overproduction. Moreover, in vivo 

and ex vivo experiments with TZDs may help to obrain further additional evidence linking 

hepatic insulin resistance to VLDL-apoB overproduction. 

7.4 Effect of Treatrnent with Rosiglitazone, an Insulin Sensitizer Agent, on Hepatic 

VLDL-ApoB Secretion in the Fructose-Fed Hamster Model 

In this part of our study, we treated fructose-fed hamsters with rosiglitazone, a 

member of PPARy agonist family of insulin sensitizing rintidiabetic drugs, to investigate 

whether improvernent in insuIin resistance can attenuate hepatic apoB overproduction. 

In order to examine whether rosiglitazone treatment of fructose-fed insulin resistant 

hamsters irnproved hepatic insuiin resistance, we quantilied tyrosine phosphorylation of the 

insulin receptor, RS-1, and iRS-2 in hepatocytes isolated h m  control, fructose-fed and 

fructose-fed rosiglitazone-rreated hamsters. Data obtained from ex vivo experiments showed 

a significant enhancernenr in the phosphoryhtion of these key proteins in hepatocytes 

isohted from rosiglitazone-treaced hamsters compared to chose in fructose-fed hamsters. 

These data suggest an improvement of insulin signaiing in the liver of the drug-treated 

hamsters. We also studied protein mass of rhese key sigaiing proteins and Found that protein 

Ieveis of IR, IRS-1, and IRS-2 increased in hepatocytes isolated from rosiglitazone treated 

hamster compared to those in fructose-fed hepatocytes sugesting that rosiglitazone may 

improve hepatic insulin signd transduction partly by increasing mass of key insuiin sigiiling 

proteins. Sirnilar effects of thiazohdinediones (TZDs) on IRS-2 in 3T3-Ll and human 



adipocytes (Smith, et ai., 2001) and p85 subunit of PI3 -kinase in human adipocytes 

(Rieusset, et al., 2001) have been recently reported, however, this is the first report on the 

elevation of hepatic IR, ERS-1, and RS-2 mass in an animal model. We also exmined the 

effect of rosiglitazone on the protein expression level of PTP-LB. It appears that significant 

increases in protein mass and activity of PTP-1B partly contributes to the induction of 

hepntic insulin resistance in the fmctose-fed model. Interestingly, rosiglitazone suppressed 

celluIar protein levels of this negative regulator of the insulin signaling pathway to levels 

even Iower than that of control hepatocytes, suggesting that this cimg may exert its insulin 

sensitizing effects partly through direct or indirect modulation of PTP-1B protein levels. 

Further studies are needed to elucidate whether there is an active PPAR response element in 

the promoter of the PTP-LB or this effect is secondary to a decrease in FFA efflux to the 

liver. Shao, et al. (Shao, et al., 1998) reported that incubation of skeletal muscle and hepatic 

cetls with FFAs such as palmitate or oleate sigificantly increased protein expression of PTP- 

[B. Moreover, evidence has suggested that accumulation of lipid in liver or muscle leads to 

dcvelopment of insulin resistance and it appears that TZDs exert their insulin sensitizing 

effects by their lipid Iowering action and the sequestering of Iipids in adipocytes which 

ultimately reduces lipid accumulation in liver and muscle (Kerscen, et al., 2000, Spiegelman, 

1998, Yakubu-Madus, et al., 2000, Ye, et ai., 2001). Kim et al. (Kim, et al., 2001a) using 

tissue specific overexpression of lipoprotein lipase recently demonsmted that intracellular 

accumulation of TG and fatty acid-derived metabolites in muscle and liver c m  aiter the 

insulin signaling pathway and induce tissue specific insulin resistance. 

The effects of insulin signal transduction on hepatic overproduction of VLDL-apoB 

was aiso investigated. Interestingly, rosiglitazone treatment si,pïficantly reduced the 



secretion of VLDL-apoB containing lipoproteins. Pulse-chase studies showed reduced 

intracellulx stabirity of apoB in hepritocytes isolated from dmg treated FF hamsters 

compared to that of fructose-fed hamsters. Furthemore, irnmunoblotting studies revealed 

thrit rûsiglitazone reduced cellular protein mass of MTP to the level of contrd hepatocytes. 

Since insulin has a negative regulatory effect on expression of MTP gene (Lin, et al., 1994, 

Srito, et al., L999), the observed effects of rosiglitazone on MTP protein mass may be exerted 

via an insulin response element to produce an improvement in hepatic insulin signal 

transduction. In Chapter 4, we showed a sigificant increase in MTP mRNA levet, protein 

m a s  and activity in insulin rcsistant hepatocytes which may be a compensatory response to 

meet the increrising efflux of FFA into the liver, andior a consequence of induction of hepatic 

insulin resistance. it has yet to be determined whether reduced hepatic lipid 

oversuppiy/accumulation (reduced demand) andior insulin sigaling improvement induced 

normalizrition of hepatic lMTP levels. Consequently, reduced MTP protein mass may also 

contribute to destabilization of cellular apoB and reduce its secretion from rosiglitazone- 

treated hepatoc ytes. 

In summary, improvement in hepatic insulin signal transduction in msiglitmone- 

treated fnictose-fed hamsters coincided with increased in apoB degradation and a reduction 

in VLDL-apoB secretion. Thus, our observations support our hypothesis that the induction of 

hepatic insulin resistance causes dysreglation and overproduction of VLDL-apoB. 

7.5 Final Conclusions 

in conclusion, our observations indicated that Syrian golden hamster is a suitable 

mode1 to study metabolism of apoB IOO-containing Iipoproteins as well as dysreguIation of 

hepatic apoB biogenesis in insulin resistant States Ieading to VLDL-apoB overproduction. 



Based on our observations, we postulate (Fig. 7.1) that in the fructose-fed hamster, reduced 

expression of insulin receptor substrates, partly due to hyperinsulinemia, together with 

significant elevation of PTP-1B m a s  and activity, downregulates phosphorylation of IR, 

RS-1, and IRS-2 and consequently reduces PI 3-kinase activity. Reduced PI 3-kinase 

activity causes a reduction in serine- and threonine-phosphorylation of AkttPKB and thus a 

drastic attenuation of the hepatic insulin signal transduction. impairment of insulin signal 

transduction decreased and increased expression levels of ER-60 and MTP, respectively. 

Decreased ER-60 protease Ievel and increased LMTP leve1 mriy partly contribute to the 

enhanced apoB stability and facilitated apoB particIe assembly, respectively. Finally, higher 

stability of apoB, together with increased FFA flux, and consequently enhanced lipid 

substrate availability, resulting in facilitated lipoprotein assembly may contribute to the 

hepatic VLDL-apoB oversecretion. Funher studies are needed to link insulin signahg 

pathway to the apoB biogenesis at the subcellular levels. 

Although our animal model has significant advantages over orher rodent models, it 

appears that before extrapolating our finding in hamster to human, more comparative studies 

on different aspects of lipid metabolism in hamster are needed. One pitfall of our model is 

our use of extremely high fructose as the only source of cahohydrate to induce insulin 

resistance, which does not resemble the dietary regiment of humans. There are also some 

diKerences in lipoprotein profiles between hamster and human. Moreover, long-term fructose 

feeding of hamsters in our laboratory indicated that the insuiin resistance and dyslipidemia 

that was induced after 2-3 weeks was transient in nature and reverted back to normal with 

longer term feeding (based on observed plasma lipid levels). Our tecent preliminary data has 

shown that fructose n p i d y  enters the TG synthesis pathway in hamster Iiver rnaking it 



difficult to attribute our observations in this model to the induction of insulin resistance 

done, although our ex vivo chronic fructose incubation studies showed no significant effeccs 

on apoB biogenesis. Overall, although the FF mode1 has allowed us to obtain significant new 

insights into the link between insulin resistance and metabolic dyslipidemia, further studies 

in other dietary and genetic models are needed to fully elucidate the physiolo$cal 

mechanisms involved in the development of dyslipidemia in insulin resistant States. 

7.6 Future Studies 

In order to pursue this research, several different issues are left to be addressed in 

future research efforts: As mentioned in Chapter 1 (Pm IV) on diet induced insulin 

resistance, lipid and amino acid feeding can also induce insulin resistance. By feeding 

hamster with a high lipid and amino acid diet, and comparing the results wich the present 

research project one wn study the net effects of insuiin resistance on apoB biogenesis 

without üny possible nutrient substrate interference. On the other hand, it wilI provide 

opportunity to study any extra or spccific contribution of diet substrate (carbohydmte, Iipid, 

and amino acid) in pathogenesis of insulin resistance-associated dyslipidemia. Furthermore, 

Our animal model cm potentially be very useful to study other aspects of insulin resiscance- 

related dyslipidemia such as low HDL-cholesterol, srnall dense LDL particles, high oxidative 

stress, and etc. In insulin resistance, FFA efflux €rom adipose tissue to the liver, may directly 

contribute to the VLDL-apoB overproduction. Furthemore, adipocytes as hormone 

producing (e. g. leptin, resistin, M u )  cells are involved in energy balance regulation and 

insulin signai transduction. A comprehensive functional study of adipose tissues (brown and 

white) in our mode1 may help to reach a better understanding of the moIecuIar and celluIar 

mechanism involved in the metabolic disturbances causins apoB overproduction. 



FIGURE 7.1 

Postulated Molecular Mechanism of VLDL-apoB Overproduction in Hepatocytes 

Isolated €rom Fructose-€ed Insulin Resistant Hamsters 

Based on data presented in this thesis, as well as published literature, we postulate 
that in the fructose-fed hamster, reduced expression of insulin receptor substrates partly due 
to hyperinsulinemia, together with significant elevation of PTP-LB rnass and activity, 
downregulates phosphorylation of IR, iRS-1, and IRS-2 and consequently reduces PI 3- 
kinase activity. Reduced PI 3-kinase activity causes a reduction in serine- and threonine- 
phosphorylation of AktRKB and thus n drastic attenuation of the hepatic insulin signal 
transduction. It appears that expression and activity of MTP and ER-60. two key enzymes 
involved in apoB biogenesis are under the conuol of insulin signal transduction. 

Impairment of insulin signal transduction decreased and increased expression levels 
of ER-60 and MTP, respectively. Decreased ER-60 protease level and increased MTP level 
rnay partly contribute to the enhanced apoB stability and facilitated apoB particle assernbly, 
respectively. Finally, tiigher stabiiity of apoB, together with increased FFA flux, and 
consequentIy enhanced Iipid substrate availability, resulting in facilitated lipoprotein 
assembly rnay contribute to the hepatic VLDL-apoB oversecretion. 
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Recently, a second insulin sigaling pathway (PI 3-kinase-independent pathway) ha 

been identified which functions through flotillin-CAP-Cbl complex and promotes GLUT4- 

mediated glucose uptake (Baumann, et aI., 2000). A reliable means to introduce D-3 

phosphorylated phosphoinositides (PI 3-kinase products) into the intact insulin resistant 

hepatocytes would be of great value to check whether the newly discovered insulin sigaling 

pathway is also involved in insulin resistiince-associated apoB-overproduction. The 

incubation of insulin resistant hepatocytes with the membrane permeant esters of 

phosphatidylinositol3,4,5-triphosphate (Jiang, et al., 1998) may answer the above question 

We have shown that hamster apoB is also subjected to ubiquitination and proteasomal 

degradation. Funhermore, apoB is significantly more stable in hepatocytes isolated from 

fructose-fed hamsters. Recently, Bennett et al. (Bennett, et al., 2000) reported that insulin 

inhibits the ubiquitin-dependent degrading activity of the 16s proteasome. It would be 

interesting to evaluate proteasomal activity in hepatocytes isolated from both control and 

fructose-fed hamsters and to find out whether insulin resistance compromises proteasomal 

activity. 

It has been reported that in vitro attachment of fructose to the lysine amino acid of the 

proteins (Miyazawa, et al., 1998) increased their stability against ATP-dependent proteolytic 

systems (Suarez, et al., 1995, Sumz,  et ai., 1989). It would be interesting to invesùgate 

whether high fructose feeding in our animal mode1 can cause fructation of key proteins and 

enzymes such as apoB, MIT, and PIF-18, and thereby stabilize and prolong their 

intracellular presence leading to the types of observations reported in the pcesent study. As 

reported in our study, apoB showed si,gnïficantLy higher stabirity in hepatocytes isolated from 

insulin resistant hamsters and we postulated that suppression of ER-60 protease might 



contribute to this stability. ApoB ubiquitination and proteasomd degradation play major 

roles in regulating its stability. Evaluation and assessrnent of proteasomal activity in insulin 

resistance in general, and specifically in relation to apoB, and PTP-LB turnover may address 

some of these unanswered questions. 

We have recently found some metabolic response elements such as insulin response 

elernents (E-box), sterol response elernents (SRE), and nuclear factor Y (NF-Y) elements in 

the promoter of ER-60 gene as well as SRE in the promoter of PTP-LB using sequence 

aliyrnent method. Further study is needed to characterize the roles and functions of these 

metabolic response elements. 

Since there is an interplay between bile acid secretion and VLDL-cholesterol 

assembly and secretion, the study of function and expression of choIestero1 7u-hydroxylase, 

the rate limiting enzyme in the bile acid biosynthesis in hepatic insulin resistance will 

provide more information on the apoB overproduction in this pathologie condition. A 

men tl y publis hed report sugested a link between bile acid formation, cho1esterol 7u- 

hydroxylase activity and the c-Sun N-terminal kinase pathway (Gupta, et al., 2001). It would 

be interestins to investigate the role of pathway in hepatic apoB biogenesis. 

As a final note, although in this thesis, we have attempted to shed some light on the 

molecular and cellular mechanisms of apoB overproduction in the insulin resistant state, we 

believe that many questions are still Ieft unanwsered and further efforts are needed to address 

chose important issues. 



REFERENCES 

Abbey, M., F. Hirata, G.Z. Chen. R. Ross. M. Noakes, B. BeIling, P. Clifton, and P.J. Nestel. 
1995. Restriction fragment length polymorphism of the apolipoprotein B gene and 
response to dietary fat and cholesterol. Cun J Cardiol. 11 Suppl G:79G-85G. 

Adams, M.R., S. Kinlay, G.J. Blake, J.L. Orford, P. Ganz, and A.P. Selwyn. 2000. 
Atherogenic lipids and endothelial dys function: mechanisms in the genesis of ischemic 
syndromes, h t z u  Rev M d  5 1: 149-67, 

Adeli, K. 1994. Regulated intracellular degradation of apolipoprotein B in semipermeable 
HepCi3 cells. J Biol Clirni. 169:9 166-75. 

Adeii, K., I. Macri, A. Mohammadi, M. Kita, R. Urade, and D. Cavallo. 1997a. 
ApoIipoprotein B is intraceIluIarly associated with an ER-60 procease homologue in 
HepG3 cells. J Bi01 Chenz. 27233489-94. 

Adeli, K., A. Mohammadi, and J. Macti. 1995. Regularion of apoIipoprotein B biogenesis in 
human heparocytes: posttranscriptiontil control mechanisms that determine the hepatic 
production of apolipoprotein B-containing Lipoproteins. Clin Bioclzem. 38:133-30. 

Adeli, K., and A. Theriaulr. 1993. Insulin modulation of human apolipoprotein B mRNA 
translation: studies in an in vitro ceil-Free system from HepG2 celis. Bioclrent Ceil Biol. 
70:1301-13. 

Adeli. K.. M. Wettesten, L. Asp, A. Mohammadi, J. Macri, and S.O. OloFsson. 1997b. 
Intracellular assembIy and degradrition of apolipoprotein 0-100- containing Iipoproteins 
in digitonin-permeabiIized KEP G2 cells. J Biol Ciwni. 272503 1-9. 

Ahmad, F., J,L. Azevedo, R. Cortright, G.L. Dohm, and B.J. Goldstein. 1997. AIterations in 
s keIetal muscle protein-tyrosine p hosphatase activi ty and expression in insuiin-resis tant 
human obesity and diabetes. J Clin Invesr. LOO:*-58. 

Ahmad, F., P.M. Li, J. Meyerovitch, and B.J. Goldstein. 1995. Osrnotic loading of 
neutralizing antibodies demonstrates a role For protein-tyrosine phosphatase LB in 
negative reguiation of the insulin action pathway. J Bi01 Chern. 170:30503-8. 

Alessi, D.R., M. Andjelkovic, B. Caudwell, P. Cron, N. Morrice, P. Cohen, and B.A. 
Hemrnings. 1996. Mechanism of activation of protein kinase B by insulin and IGF-1. 
Embo J.  15:654 1-5 L. 

Alessi, D.R., and P, Cohen. 1998. Mechanism of activation and function of procein kinase B. 
Ciïw Opin Genet Dev. 855-62, 

Alessi, D.R., and C9. Downes. 1998. The role of PI 3-kinase in insulin action. Biochim 
Biopliys Acta. 1436: 15 1-64- 



Alexander, C.A., R.L. Hamilton, and R.J. Havel. 1976. Subcellular locaiization of B 
apoprotein of plasma lipoproteins in rat liver. J C d  Biol. 69251-63. 

Anai, M., M. Funaki, T. Ogihara, J. Terasaki, K. Inukai, H. Katagiri, Y. Fukushima, Y. 
Yazaki, M. Kikuchi, Y. Oka, and T. Asano. 1998. Aitered expression levels and impaired 
steps in the pathway to phosphatidylinosicol 3-kinase activation via insulin receptor 
substrates 1 and 2 in Zucker faritty rats. Diabetes. 47: 13-23. 

Anderson, T.A., D.G. Levitt, and L.J. Banaszak. 1998. The stmctural basis of Iipid 
interactions in lipovitellin, a soluble Iipoprotein. Stnmire. 6:895-909. 

Arbeeny, C.M., D.S. Meyers, K.E. Bergquist, and R E .  Gregg. 1992. Inhibition of fatty acid 
synthesis decreases very low density Iipoprotein secretion in the hamster. J Lipid Res. 
33:843-5 1. 

Asp, L., C. Claesson, J. Boren. and S.O. OIofsson. 2000. ADP-ribosylation factor 1 and its 
activation of phospholipase D are important for the assembly of very low density 
lipoproteins. J Biol Cliern. 27536285-92. 

Asztalos, B.F., M.E. Brousseau, J.R. McNamara, K.V. Horvath, P.S. Roheim, and EJ .  
Schaefer. 2001. Subpopulations of high density lipoproteins in homozygous and 
heterozygous Tangier diserise. Atlierosclerosis. 156:2L7-25. 

Aviram, M. 2000. Review of human studies on oxidative damage and antioxidant protection 
related to cardiovascular diseases. Free Radic R a .  33 Suppl:S85-97. 

Azrolan, N., and J.L. Breslow. 1990. A solution hybridizatioWase protection assay with 
riboprobes to determine absolute Ievels of apoB, A-1, and E mRNA in human hepatoma 
ce11 lines. J Lipid Res. 3 1:1141-6. 

Bribirak. S.P.. B.G. Brown, and I.D. BrunteII. 1992. Familial combined hyperlipidemia and 
abnormal lipoprotein lipase. Anerioscler Tlrrornb. 13: 1176-83. 

Backus, J.W., and H.C. Smith. 1992. Three distinct RNA sequence elements are required for 
efficient apolipoprotein B (apoB) RNA editing in vitro. Nircteic Acids Res. 20:6007-14. 

Backus, J.W., and H.C. Smith. 1994. Specific 3' sequences flanking a minimal apolipoprotein 
B (apoB) mRNA editing 'cassette' are critical for efficient editing in vitro. Biociiim 
Bioplys Acta. 1217:65-73. 

Baker, M.E. 1988.1s vitellogenin an ancestor of apolipoprotein B-100 of human low-density 
Iipoprotein and human lipoprotein lipase? Biochem J. 255: 1057-60- 

Bakillah, A., N. Nayak, U. Saxena, RM. Medford, and MM. Hussain. 3000. Decreased 
secretion of ApoB folIows inhibition of ApoB-MTP binding by a novel antagonist. 
Biocltemisrry. 39:4892-9. 



Balkau, B., and E. Eschwege. 1999. Insulin resistance: an independent risk factor for 
cardiovascular disease? Diaberes Obes Merab. 1 SuppI 1523-3 1. 

Barnberger, M.J., and MD. Lane. 1988. Assembly of very low density lipoprotein in the 
hepatocyte. Differential transport of apoproteins through the secretory pathway. J Bi01 
Clrem. 263: 11868-78. 

Bauer, H.C., J.B. Parent, and K. Olden. 1985. Role of carbohydrate in glycoprotein secretion 
by human hepatoma cells. Bioclzerii Biophys Res Coninm. 128:368-75. 

Baumann, CA.,  V. Ribon, M. Kanzaki, D.C. Thurmond, S. Mora. S. Shigernatsu, PE. 
Bickel, J.E. Pessin. and A.R. Saltiel. 2000. CAP defines a second signalling pathway 
required for insulin-stimulated glucose transport. Nartire. 407:202-7. 

Baumann, C.A., and A.R. Saltiel. 2001. Spatial compartmentaiization of signal transduction 
in insulin action. Bioessays. 23:215-22. 

Benes, P., J. Muzik. 1. Benedik, M. Frelich, L. Elbl, A. Vasku, V. Znojil, and J. Vacha. 2000, 
Single effects of apolipoprotein B. (a), and E polyrnorphisms and interaction between 
plasminogen activator inhibitor-l and apolipoprotein(a) genotypes and the risk of 
coronary artery diserise in Czech male caucasians. Mol Genet Metab. 69:13743. 

Bcnnani-Kabchi, N., L. Kehel. F. El Bouayadi, K. Fdhil. A. Amarti, A. Saidi, and G. 
Marquie. 2000. New mode1 of atherosclerosis in insulin resistant sand rats: 
hypercholesterolemia combined with D2 vitamin. Arlrerosclerosis. 15055-6 1. 

Bennett, Al., M.X. Billett, AM. Saiter, E.H. ~Vangiapane, J.S. Bruce, K.L. Andenon, C.B. 
Marenah, N. Lawson, and D.A. White. 1995. Modulation of hepatic apolipoprotein B, 3- 
hydroxy-3-methylglutaryl-CoA reductase and low-density lipoprotein receptor mRNA 
and plasma lipoprotein concentrations by defined dietary fats. Cornparison of trimyristin, 
tripaimitin, tristearin and triolein. Biochem J. 3 11:167-73. 

Bennett, R.G., F.G. Hamer, and W.C. Duckworth. 7000. lnsulin inhibits the ubiquitin- 
dependent degrading activity of the 26s proteasome. Endoc'noiogy. 1412508-17. 

Benoist, F., and T. Grand-Perret. 1997. Co-translational degradation of apolipoprotein B 100 
by the proteasome is prevented by microsomal uiglyceride trmsfer protein. Synchronized 
translation studies on HepG2 cells treated with an inhibitor of microsomal triglyceride 
transfer protein. I Biol Chem. 272:3043542. 

Benoist, F., E. Nicoderne, and T. Grand-Perret. 1996. Mcrosomai uiacylglycerol transfer 
protein prevents presecretory degradation of apolipoprotein B-100. A dithiothreitot- 
sensitive protease is invohed. Eur JBiocliem. 240:713-20. 

Berg, K. 1986, DNA polymorphism at the apolipoprotein B locus is associated with 
lipoprotein IeveI. Clin Genet. 30515-30. 



Bergeron, J.J., M.B. Brenner, D.Y. Thomas, and DB. Williams. 1994. Calnexin: a 
membrane-bound chaperone of the endoplasmic nticulurn. Trends Bioclieni Sci. 19:124- 
8. 

Berpan. RN., and SD. Mittelman. 1998. Centml d e  of the adipocyte in insulin resistance. 
J Basic Clin Physiol Pharmaco f. 9:205-2 1. 

Bemot-Varoqueaux, N., L.P. Aggerbeck, M. Samson-Bouma, and J.R. Wetterau. 2000. The 
role of the microsomal triglygeride transfer protein in abetalipoproteinemia. Annti Rev 
Ntitr. 20:663-97. 

Bettendge, D.J. 2000. Diabetic dyslipidaernia. Diaberes Obes Metab. 2 Suppl l:S3 1-6. 

Bezerra, R.M., M. Ueno, M.S. Silva, D.Q. Tavares, C.R. Carvalho, and M.J. Saad. 2000. A 
high fmctose diet affects the early steps of insutin action in muscle and liver of rats. J 
N M ~ .  130: 153 1-5. 

Bird, ML, and MA. Williams. 1982. Triacylgiycerol secretion in rats: effects of essential 
htty acids and influence ofdietary sucrose, glucose or fructose. J Nurr. 1 122367-78. 

Bjorge, J.D., A. Pang, and D.J. Fujita. 2000. identification of protein-tyrosine phosphatase 
lB as the major tyrosine phosphatnse activity capable of dephosphorylating and 
xtivating c-Src in several human breast cancer cell lines. J Bi01 Clieni. 275:41439-46. 

Bjornholm, M., Y. Kawano, M, Lehtihet, and I R  Zienth. 1997. Insulin receptor substrate-1 
phosphorylation and phosphatidylinosirol 3-kinase activity in skeletal muscle frorn 
NlDDM subjects after in vivo insulin stimulation. Diabetes. 46524-7, 

Bjomsson, O.G., J.M. Duerden, S.M- BartIett. J.D. Sparks, CE. Sparks, and GS. Gibbons. 
1992. The role of pancreatic hormones in the regulation of Iipid storage, oxidation and 
secretion in pnmary cultures of rat hepatocytes. Short- and long-term effects. Biochem J.  
18 l:38 1-6. 

Blackhart, B.D., E.M. Ludwig, V.R. Pierotti, L. Caiati, M.A. Onasch, S.C. Wallis, L. Powell, 
R. Pease, TJ.  Knott, M.L. Chu, and et al. 1986. Structure of the human apolipoprotein B 
gene. J Bi01 Chem, 26 1:15364-7. 

Blakely, SR., A.O. AkintiIo, and R.H. Pointer. 1987- Effects of fructose, levamisole and 
vanadate on insulin action in nt adipose tissue. J Nurr. 117559-66. 

Blakely, S.R., J. Hallfrisch, S. Reiser, and E.S. Prather. 198 1. Long-term effects of moderate 
fructose feeding on glucose tolerance panmeters in rats. J Ntrtr. 11 1:307-14. 

Boenvinkle, E., S.A. Brown, K. Rohrbach, AM. Gotto, Jr., and W. Patsch. 1991. Role of 
apolipoprotein E and B gene variation in deterrnining response of lipid, Iipoprotein, and 
apolipoprotein levels to increased dietary choIestem1. Am J Hrtm Genet. 49: 1145-54. 



Boerwinkle, E., and L. Chan. 1989. A t h e  codon insertionJdeletion polymorphisrn in the 
signal peptide region of the human apolipoprotein B (APOB) gene directly typed by the 
polymerase chain reaction. Niicleic Acids Res. 17:4003. 

Bohn, M., A. Bakken, J. Erikssen, and K. Berg. 1994. The apolipoprotein B signal peptide 
insenionldeletion polymorphisrn is not associated with myocardial infarction in Nonvay. 
Clin Genet. 45:255-9. 

Boivin, A., and Y. Deshaies. 1995. Dietary rat models in which the development of 
hypennglyceridemia and that of insulin resistance are dissociated. Metabolism. 44: 1540- 
7. 

Bonnardel, J.A., and R.A. Davis. 1995. In HepG2 cells, translocation, not degradation, 
determines the face of the de novo synthesized apolipoprotein B. J Biol Chenz. 
17033892-6. 

Borchardt, RA., and RA. Davis. 1987. Intrahepatic assembly of very low density 
lipoproteins. Rate of transport out of the endoplasmic reticulum determines rate of 
secretion. J Bi01 Chem. 262: 16394402. 

Boren, J., L. Graham, M. Wettesten, J. Scott, A. White, and S.O. Olofsson. 1992. The 
assembly and secretion of ApoB 100-containing lipoproteins in Hep G2 cells. ApoB 100 
is cotranslationally integated into lipoproteins. J Bi01 Chem. 167:9858-67. 

Boren, J., 1. Lee, M.J. Callow, E.M. Rubin, and T.L. Innerarity. 1996. A simple and efficient 
method for making site-directed mutants, deMons. and fusions of large DNA such as P l  
and BAC clones. Genonie Res. 6: 1123-30. 

Boren, J., 1. Lee, W. Zhu, K. Arnold, S. Taylor, and TL. Innerarity. 1998a. Identification of 
the low density lipoprotein receptor-binding site in apolipoprotein BlOO and the 
modulation of its binding activity by the carboxy1 terminus in familial defective apo- 
B 100. J Clin lnvest. 10 1: 1084-93. 

Boren, J., K. Olin, 1. Lee, A. Chait, T.N. Wight, and TL. Innerarity. 1998b. Identification of 
the principal proteoglycan-binding site in LDL. A single-point mutation in apo-BLOO 
severely affects proteoglycan interaction without affecting LDL receptor binding. J Clin 
lnvest. 10 12658-64. 

Boren, J., S. Rustaeus, and S.O. Olofsson. 1994. Studies on the assembly of apolipoprotein 
B-LOO- and B48-containing very Iow density Iipoproteins in McA-RH7777 cells. J Bi01 
Chem. 269:25879-88. 

Boren, J., S. Rustaeus, M. Wettesten, M. Andersson, A. WikIund, and S.O. Olofsson. 1993. 
Influence of triacylgIycerol biosynthesis rate on the assernbIy of apoB- 100-containing 
lipoproteins in Hep G2 cells. Artenosder Titromb. 13:1743-54. 

Boren, J., M.M. Veniant, and S.G. Young. 1998~. Apo BL00-containhg Iipoproteins are 
secreted b y the hem. J Clin Invesr. 10 1: 1 197-202. 



Boren, J., M. Wettesten, A. Sjoberg, T. Thorlin, G. Bondjers, O. Wikiund, and S.O. 
Olofsson. 1990. The assernbly and secretion of apoB 100 containing Iipoproteins in Hep 
G2 cells, Evidence for different sites for protein synthesis and lipoprotein assernbly. J 
Biol Chem. 265: 10556-64. 

Bostrorn, K., J. Boren, M. Wettesten, A, Sjoberg, G. Bondjers, O. Wikiund, P. Carlsson, and 
S.O. Olofsson. 1988. Studies on the assernbly of apo B-100-containing lipoproteins in 
HepG2 cells. J Biol Chm. 263:4434-42. 

Bostrorn, K., M. Wettesten, J. Boren, G. Bondjers, O. Wikiund, and S.O. Olofsson. 1986. 
Pulse-chase studies of the synthesis and intracellular transport of apolipoprotein 8-100 in 
Hep G2 cells. J Biol Ckm.  361: 13800-6. 

Bottomley, M.J., K. Salim, and G. Panayotou. 1998. Phospholipid-binding protein dornains. 
Biocliirn Biopliys Acta. 1436: 165-83. 

Bourgeois, C.S., D. Wiggins, R, Hems, and CF. Gibbons. 1995. VLDL output by 
hepatocytes frorn obese Zucker rats is resistant to the inhibitory et'fect of insulin. Am J 
Piiysiol. 269:E208-15. 

Bradbury, P.. C.J. Mann, S. Kochl, TA. Anderson, S.A. Chester, J.M. Hancock, P.J. Ritchie, 
I. Amey, G.B. Harrison, D.G. Levitt, L.J. Banaszak, J. Scott, and C.C. Shoulders. 1999. 
A common bindin; site on the microsornal triglyceride transfer protein for apolipoprotein 
B and protein disulfide isomerase. J Biol Chem. 274:3 159-64. 

Brett, D.J., R.J. Pease, J. Scott, and G.F. Gibbons. 1995. Microsornal triglyceride transfer 
protein activity remains unchanged in rat livers under conditions of altered very-low- 
density lipoprotein secretion. Biochern J. 3 10:11-4. 

Brewer, H-B., Jr. 1999. HypertrigIyceridemia: changes in the plasma lipoproteins associated 
with an increased risk of cardiovascuIar disease. Am J Cardiol. 83:3F-12F. 

Broccardo, C.. M. Luciani, and G. Chimini. 1999. The ABCA subclass of mamrnalian 
transporters. Bioclti~n Biophys Acta, 146 1:395-404. 

Brooks, A.R., and B. Levy-Wilson. L993. Kepatocyte nuclear factor 1 and CEBP are 
essential for the activity of the human apolipoprotein B gene second-intron enhancer. Mol 
Cell Biol. 12: 113W8. 

Brousseau, M.E., and J.M. Hoeg. 1999. Transgenic nbbits as rnodels for atheroscIerosis 
research. J Lipid Res. 40:365-75. 

Brousseau, M.E., and E.J. Schaefer. 3000. Diet and coronruy hem disease: clinicd trials. 
Crirr Atlteroscler Rep. 2487-93. 

Brown, D.A., and E. London. 7000. Structure and function of sphingolipid- and cho[esterol- 
ric h membrane rafts. J Biol Chern. 275 1722 14. 



Bruce, C., R.A. Chouinard, Jr., and A.R. Tail. 1998. Plasma lipid transfer proteins, high- 
density lipoproteins, and reverse cholesterol transport. Annu Rev ~V~rtr. 18297-330, 

Burgering, B.M., and P.J. Coffer. 1995. Protein kinase B (c-Akt) in phosphatidylinositol-3- 
OH kinase signal transduction. Nature. 376599-602. 

Burton, PM., and Y.M. Chiou. 1989. Isolation, characterization and quantification of 
apolipoproteins A-1 and B of the Golden Syrian hamster (Mesocricetus auratus) and 
modification of their levels by dietary cholesterol. Comp Biochem Physiol B. 92667-73. 

Byon, J.C., A.B. Kusari, and J. Kusari. 1998. Protein-tyrosine phosphatase-IB acts as a 
negative regulator of insulin signal transduction. Mol Ce11 Biochem. 182: 101-8. 

Byme, CD., N.P. Brindle, T.W. Wang, and C.N. Hales. 1991. Interaction of non-esterified 
ht ty  acid and insulin in conaol of triacylglycerol secretion by Hep G2 cells. Biochem J. 
280:99- 104. 

Byrne, C.D., T.W. Wang, and C.N. Hales. 1992. Control of Hep Gî-ceIl triacylglycerol and 
apoiipoprotein B synthesis and secretion by polyunsaturated non-esterified fatty acids and 
insulin. Biochem J. 288: 10 1-7. 

Cabibbo, A., M. Pagani, M. Fabbri, M. Rocchi, M.R. Farmery, N.J. Bulleid, and R. Sitia. 
2000. EROI-L, a human protein that favors disulfide bond formation in the endoplasrnic 
reticulum. J Bi01 Cliem. 175:4827-33. 

Caiera. M.R., G. Vallega, and P.F. Pilch. 2000. Dynamics of protein-tyrosine phosphatases in 
nt adipocytes. J Bi01 Cliem. 275:6308-12. 

Callow, M.J., and €.M. Rubin. 1995. Site-specific mutagenesis demonstrates that cysteine 
4326 of apolipoprotein B is required for covalent linkage with apolipoprotein (a) in vivo. 
J Bi01 C h m .  270:239 14-7. 

Cantley, L.C.. and B.G. Neel, 1999. New insights into tumor suppression: PTEN suppresses 
tumor formation by restraining the phosphoinositide 3-kinaselAKT pathway. Proc Nat1 
Acad Sci U S  A. 96:4230-5. 

Cardin, A.D., KR, Witt, C.L. Barnhart, and R.L. Jackson. 1982. Sulfhydryl chemistry and 
solubility properties of human plasma apolipoprotein B. Biocltemisrry. 21:4503-11. 

Cmeiiet,  P., L. Moons, and D. Collen. 1998. Mouse models of angiogenesis, arterial 
stenosis, atherosclerosis and hemostasis. Cardiovasc Res. 393-33. 

Carpentier, A., B.W. Patterson, KD. Uffelman, A. Giacca, M. Vranic, M.S. Cattrai, and GF. 
Lewis. 2001. The effect of systemic versus portai insulin deiivery in panmeas 
transplantation on insuiin action and vldl metabolism. Diabetes. 50:1402-13. 



Carter. A N ,  R. Huang, A. Sorisky, C.P. Downes, and S.E. Rittenhouse. 1994. 
Phosphatidylinositol 3,4,5-trisphosphate is formed from phosphatidyhositol 4 5 -  
bisphosphate in thrombin-stimulated platelets. Biockem J. 301:415-20, 

Cartwright, I.J., A.M. Hebbachi, and J.A. Higgins. 1993. Transit and sorting of 
apolipoprotein B within the endoplasmic reticdum and Golgi compartments of isolated 
hepatocytes €rom normal and orotic acid-fed rats. J Biol Chem. 268:20937-52. 

Cartwright, I.J., and J.A. Higgins. L995. Intracellular events in the assembly of very-low- 
density-lipoproiein lipids with apolipoprotein B in isolated rabbit hepatocytes. Biocl~ern J. 
3 lO:897-907. 

Cartwright, I.J., and J.A. Higgins. 1996. IntraceIIular degradation in the regdation of 
secretion of apolipoprotein B-LOO by rabbit hepatocytes. Biochem J. 314977-84. 

Cavallo, D., R.S. Mcieod, D. Rudy, A. Aiton, 2. Yao. and K. Adeli. 1998. lntracellular 
translocation and stability of apolipoprotein B are inverseIy proportional to the length of 
the nascent poiypeptide. J Bi01 Clienl, 273:33397-405. 

Cavallo, D., D. Rudy, A, Mohammadi, J, Macri, and K, Adeli. 1999. Studies on degadative 
mechanisms mediaring post-translational fragmentation of apolipoprotein B and the 

of the 70-kDa fragment. J Biol Chem. 27493 L35-43. 

Cefalu, W.T. 3001. Insulin resistance: celluIar and clinical concepts. Erp Bi01 Med 
(iMq~vood). 226: 13-26. 

Chan, L., B.H. Chang, W, Liao, K. Oka, and P.P. Lau. 2000. Apolipoprotein B: from 
editosome to proteasorne. Recenr Prog Hom Rrs. 55:93-125. 

Chan, T.O., S.E. Rittenhouse, and P.N. TsichIis. 1999. AKT/PKB and other D3 
phosphoinositide-regulated kinases: kinase activation by phosphoinosicide-dependent 
phosp horylation. Annrr Rev Biochem. 68:965- L0 14. 

Chang, B.H., W, Liao, L. Li, M, Nakamuta, D. Mack, and L. Chan. 1999. Liver-specific 
inactivation of the abetalipoproteinernia gene comptetely abrogates very low density 
lipoprotein/Iow density lipoprocein production in a viable conditionai knockout mouse. J 
Bi01 Clrem. 274:605 1-5. 

Chatterton, JE., ML. Phillips, L.K. Curtiss, R. Milne, J-C- Fnichrirt, and V.N. Schurnaker- 
1995. lmmunoeIecuon microscopy of low density lipoproteins yields a ribbon and bow 
mode[ for the conformation of apoiipoprotein B on the lipoprotein surface. J Lipid Res. 
362027-37. 

Chatterton, JE., ML. PhiIIips, L.K. Curtiss, R.W. MiIne, Y L  Marcel, md VN, Schumaker. 
1991. Mapping ripolipoprotein B on the low density lipoprotein surface by 
imrnunoelectron rnicroscopy, J Biol C'hem, 2665955-62- 



Chauhan, V., X. Wang, T. Ramsamy, R.W. Milne, and D.L. Sparks. 1998. Evidence for 
lipid-de pendent structurai changes in specific domains of apolipoprotein B LOO. 
Biocheniisrq. 37:373542. 

Cheatharn, B., C.J. Vlahos, L. Chencham, L. Wang, J. Blenis. and C.R. Kahn. 1994. 
PhosphatidylinositoI 3-kinase activation is required for insulin stimulation of pp70 Si5 
kinase, DNA synthesis, and gIucose transporter transIocation. l i t01  Cell Biol. 14:4902-ll. 

Chen. G.C., and J.P. Kane. 1986. CircuIx dichroism of lipoprotein lipids. Merliods Engmol. 
1 2 ~ 5  19-37. 

Chen, S.H., G. Habib, C.Y. Yang, Z.W. Gu, B.R. Lee, S.A. Weng, S.R. Silberman, S.S. Cai, 
J.P. Dcslypere, M. Rosseneu, and et al. 1987. Apolipopmtein B-48 is the product of a 
messenger RNA with an organ-specific in-€rame stop codon. Science. 338:363-6. 

Chen, S.H., C.Y. Yang, PI. Chen, D. Setzer, M. Tanimura, W.H. Li, A M .  Gotto, Jr., and L. 
Chan. 1986. The complete cDNA and mino  acid sequence of human apolipoprotein B- 
LOO. J Biol Chrrn. 26 1: 129 18-3 1. 

Chen, Y., F. Le Coherec, and S.L. Chuck. 1998. Calnexin and other faceors thnt aIter 
translocation affect the rapid binding of ubiquitin to apoB in the Sec61 cornplex. J Bi01 
Chem. 273: 1 1887-94. 

Cheung, A., J. Kusari, D. Jansen, D. Bandyopadhyay, A. Kusari, and M. Bryer-Ash. 1999. 
Maked impairment of protein tyrosine phosphatase 18 activity in adipose tissue of obese 
subjects with and without type 2 diabetes meHitus. J La6 Clin Med. 134:115-23. 

Chiang, S.H., C.A. Baumann, M. Kanzaki, D.C. Thurmond, R.T. Watson, C.L. Neuhuer, 
I.G. Macara, J.E. Pessin, and AR. SakieI. 2001. hsulin-stimulated GLUT4 translocation 
requires the CAP-dependent activation of TCLO. rVcrrure. 410:944-8. 

Chirieac, D.V.. L.R. Chirieac, $.P. Corsetti, I. Cianci, C.E. Spiirks, and J.D. Sparks. 3000. 
Glucose-stimulated insulin secretion suppresses hepatic triglycetide-rich lipoprotein and 
apoB production. Am J Pliysioi Endocrinui Metab. 279:ElOO3- 1 1. 

Cho, H., R. Krishnaraj, M. Itoh, E. Kitas, W. Bannwarth, H- Saito, and C.T. Walsh. 1993. 
Substrate specificities of catalytic fragments of procein tyrosine phosphatases (HPTP 
beea, Lm, and 045) toward phosphotyrosylpeptide substrates and 
thiophosphotyrosyIated peptides as inhibitors, Prorein Sci. 2977-84. 

Cianflone, K., S. Dahan, J-C. Monge, and AD. Snideman. 1992. Pathogenesis of 
carbohydrate-induced hyperuiglyceridemia using HepG2 cells as a mode1 system. 
Arrerioscler Thromb. 1227 1-7- 

Cianfione, KM., Z. Yasruel, M.A. Rodriguez, D. Vas, and AD. Snidermm. 1990. 
Regulation of apoB secrecion fmm HepG2 cells: evidence for a critical role for 
cholesteryl ester synthesis in the response ro a htty acid challenge. 3 Lipid Res. 3L:2045- 
55. 



Cicirelli, M.F., N.K. Tonks, C.D. Diltz, JE. Weiel, E.H. Fischer, and E.G. Krebs. 1990. 
Microinjection of a protein-tyrosine-phosphatase inhibits insulin action in Xenopus 
oocytes. Proc Natf Acad Sci U S A. 8755 14-8. 

Ciechanover, A., A. Onan, and A.L. Schwartz. 2000. Ubiquitin-rnediated proteolysis: 
biological regulation via destruction- Bioessqs 22:M-5 1. 

Cladaras, C., M. Hadzopoulou-Cladarris. R. Avila, AL. Nussbaurn, R. Nicolosi, and V.I. 
Zannis. 1986a. Cornplementary DNA derived structure of the amino-terminal domain of 
hurnan apolipoprotein B and size of its messenger RNA transcript. Biociremistry. 
25535 1-7. 

Cladaras, C., M. Hadzopoulou-Cladaras, R.T. NoIte, D. Atkinson, and V.I. Zannis. L986b. 
The cornplete sequence and structural anaIysis of human apolipoprotein B-100: 
relationship between apoB-LOO and apoB-48 f o m .  Embo J. 5:3495-507. 

Clark, S.F.. J.C. Molero, and D.E. James. 3000. Release of insulin receptor substrate proteins 
from an intracellular complex coincides with the development of insulin resistance. J Bi01 
Cilan. 275:38 19-26. 

Clxkson, P., D.S. Celermajer, AE.  Donald, M. Sampson, KE. Sorensen, M. Adams, D.K. 
Yue, D.J. Betteridge, and J.E. Deanfield. 1996. Impaired vascular reactivity in insulin- 
dependent diabetes rnellitus is related ro disertse duration and low density lipoprotein 
cholesterol levels. J A m  Coll Cardiol. 28573-9. 

Cockerill, G.W., K.A. Rye, J.R. Gamble, MA. Vadas, and P.J. Barter. 1995, High-density 
lipoproteins inhibit cytokine-induced expression of endothelial ce11 adhesion molecules. 
Arterioscter Throm6 Vasc Bioi. 15: 1987-94. 

Cohen, R.A., K.M. Zitnay, C.C. Haudenschild, and L.D. Cunningham. 1988. Loss of 
selective endothelial ce11 vasoactive functions caused by hypercholesterolemia in pig 
coronary arteries. Circ Res. 63:903-10. 

Cons, L.N., H. Chen, Y. Li, L. Zhou, M.A. McGibbon, S.I. Taylor, and M.J. Quon. 1997. 
Physiological role of Akt in insulin-stimulated translocation of GLUT4 in transfected rat 
adipose cells. Mol Endocnirol. L I : M  1-W. 

Corbo, R.M., R. Scacchi, L. Mureddu, G. Muias, S. Castrechini, and A.P. Rivasi. 1999. 
Apolipoprotein B, apolipoprotein E, and angiotensin-converting enzyme polymorphisms 
in 2 Italian populations at different risk for coronary artery disease and comparison of 
aIleIe Fequencies among European populations. Hum Biol. 71:93345. 

Corvera, S., and M.P- Czech. 1998. Direct targets of phosphoinositide 3-kinase products in 
membrane traffic and signal transduction. Trends Cell Biol. 8:442-6. 

CuIIen, P., A. von Eckardstein, S. Souris, H. Schulte, and G. Assmann. 1999, Dyslipidaemia 
and cardiovascular risk in diabetes. Diaberes Obes Metab. 1:189-98. 



Cummings, MH., GI. Watts, AM. Umpleby, T.R. Hennessy, R. Naoumova, BM. Slavin, 
G.R. Thompson, and P.H. Sonksen. 1995. increased hepatic secretion of very-low- 
density lipoprotein apolipoprotein B-LOO in NTDDM. Diabetologia. 38:959-67. 

Das, H.K., T. Leff, and J.L. Breslow. 1985. Cell type-specific expression of the human apoB 
gene is controlled by two cis-acting regulatory regions. J Biol Chem. 263:11452-8. 

Dashti, N. 1993. The effect of low density lipoproteins, cholesterol, and 25- 
hydroxycholesterol on apolipoprotein B gene expression in HepG2 cells. J Bi01 Clzern. 
367:7 160-9. 

Dashti, N., D.L. Williams, and P. AIaupovic. 1989. Effects of oleate and insulin on the 
production rates and cellular mRNA concenuations of apolipoproteins in HepG3 cells. I 
L@id Res. 30: 1365-73. 

Dashti, N., and G. Wolfbauer. 1987. Secretion of lipids, apolipoproteins, and lipoproteins by 
human hepatoma ceIl the, HepGî: effects of oleic acid and insulin. J Lipid Res. 28:423- 
36. 

Datta, K., A. Bellacosa, T.O. Chan, and Pl i .  Tsichlis. 1996. Akt is a direct target of the 
phosphatidylinositol 3-kinase. Activation by growth factors, v-src and v-Ha-ras, in Sf9 
and mammalian cells. J Bi01 Cltem. 371:30835-9. 

Davidson, N.O., and G.S. Shelness. 1000. APOLPOPROTEIN B: mRNA editing, 
lipoprotein assembly, and presecretory degradation. Annri Rev N~itr. 20:169-93. 

Davis, RA., and Vance, 5, E. 1996. Structure, assembly, secretion of lipoproteins- in  
Biochemistry of lipids, lipoproteins and membranes. D.E- Vance, and Vance, S. E., editor, 
Elsevier, Amsterdam. Chapter 17. 

Davis, RA. 1999. Cell and molecutar bioIogy of the assembly and secretion of 
apolipoprotein B-containing lipoproteins by the liver. Biochini Biop-s Acta. 1440: 1-3 1. 

Davis, R.A., and J.R. Boogaerts. 1982. Intrahepatic assembly of very low density 
lipoproteins. Effect of fatty acids on triacylgIycerol and apolipoprotein synthesis- J Bi01 
Chem. 257: 10908- 13. 

Davis, R.A., G.M. Clinton. R.A. Borchardt, M- Mdone-McNeai, T. Tan, and GR. Lattier. 
1984. Intrahepatic assembly of very low density lipoproteins. Phosphorylation of small 
molecular weight apolipoprotein B. J Bioi Cilem. 259:3383-6. 

Davis, R.A., A.B. Prewett, D.C. Chan, J.J- Thompson, R.A. Borchardt, and W.R. Gallaher. 
1989. intrahepatic assembly of very Iow density lipoproteins: immunoIogic 
characterization of apolipoprotein B in lipoproteins and hepatic membrane fractions and 
its intracellular distribution. J Lipid Res. 30:1185-96. 



Davis, R.A., R.N. Thrift, CC. Wu, and K.E. Howell. 1990. Apolipoprotein B is both 
integrated into and trmslocated across the endoplasmic reuculum membrane. Evidence 
for two functionaliy distinct pools. J Biol Chem. 265: 10005-L 1 .  

de Koninz, E.J., N.L. Bodkin, B.C. Hansen. and A. Clark. 1993. Diabetes mellitus in Macaca 
mulatta monkeys is charricterised by islet amyloidosis and reduction in beta-ceIl 
population. Diaberoiogia. 36:378-84. 

DeFronzo, R.A., JD. Tobin, and R, Andres. 1979. Glucose clamp technique: a method for 
quantifying insulin secretion and resistance. Am 3 Physioi. 237:E214-73. 

del Peso, L.. M. Gonzalez-Garcia, C. Page, R. Herrera, and G. Nunez. 1997, Interleukin-3- 
induced phosphorylation of B A 3  through the protein kinase Akt. Scietice. 278:687-9. 

Delghandi, M., R. Thangarajjah, M- NiIsen, S. Grimsgaard, K 3 -  Bonaa, S .  Tonstad, and L. 
Jorgensen. 1999. DNA polymorphisrns of the apolipoprotein B pene (XbaI, EcoRI, and 
MspI RFLPs) in Norwegians rit risk of atherosclerosis and healthy controls. A m  Cardioi. 
54:215-25. 

Dirlewanger, M., P. Schneiter, E. Jequier, and L. Tappy. 2000. Effects of fructose on hepatic 
glucose rnetabolism in humans. Am J Plrysiol Endocniroi Merab. 379:€907-11. 

Dixon, J.L.. R. Chattnpadhyay, T. Huimn. C.M. Redman, and D. Banerjee. 1993,. 
Biosynthesis of Iipoprotein: location of nascent apoM and apoB in the rough 
endoplasmic reticulum of chicken hepatocytes. 3 CeIl Biol. 117: 116 1-9. 

Dixon, J.L., S. Furukawa, and H.N. Ginsberg. 1991. Oleate stimulates secretion of 
apolipoprotein B-containing lipoproteins from Hep G2 cells by inhibiting eady 
intracellular degradation of apolipoprotein B. J Biol C'hem. 2665080-6. 

Dixon. J.L., and H.N. Ginsberg. 1993. Regulation of hepatic secretion of apoiipoprorein B- 
containing Iipoproteins: information obtained from cultured Iiver ceIIs. J Lipid Res. 
34:167-79. 

Dobrowsky, R.T. 2000. Sphingolipid signalling domains fioiiting on rafts or buried in caves? 
Ce11 Signal. 1218 1-90. 

Domin, I., and M.D. Waterfield. 1997, Using structure to define the function of 
phosphoinositide 3-kinase famiIy members, FEBS Lett. 4lO:g 1-5. 

Donaidson, J.G., D. Finazzi, and RD. Klausner. 1992. Brefetdin A inhibits Golgi membrane- 
cataiysed exchange of guanine nucleotide onto ARF protein. Narttre. 360:3502. 

Donnelly, R., and K.R. Davis. 2000. Type 2 diabetes and atfieroscierosis. Diaberes Obes 
Merab. 1 Suppl 1:S21-30. 

Dresner, A., D. Laurent, M. Marcucci, ME. Grifin, S. Dufour, G.W. C h e ,  LA. Slezak, 
D.K. Andersen, R.S. Hundal, DL. Rothmm, ELF. Petersen, and G.I. Shuhan, 1999, 



Effects of free fatty acids on glucose transport and IRS-1-associated phosphatidylinositol 
3-kinase activity. J Clin Invest. 103:753-9. 

Driscoll, D.M., S. Lakhe-Reddy, LM. Oleksa, and D. Martinez. 1993. Induction of RNA 
editing at heterologous sites by sequences in apolipoprotein B mRiiA. Mol Cell Biol. 
13:7288-94. 

Du, E.Z., J. Kurth, S.L. Wang, P. Hurnisron, and R.A. Davis. 1994. Proteolysis-coupled 
secretion of the N terminus of apolipopro~ein B. Characterization of a transient, 
translocation arrested intermediate. J Biol Cileni. 269:24169-76. 

Du, E.Z., S.L. Wang, H.J. Kayden, R. Sokol, L.K. Curtiss, and R.A. Davis. 1996. 
Translocation of apolipoprorein B across the endoplasmic reticulum is blocked in 
abetalipoproteinemia. J Lipid Res. 37: 1309- 15. 

Du. X,, S,D. Stoops, J.R. Men,  C.M. Stanley, and J.L. Dixon. 1998. Identification of two 
regions in apolipoprotein B 100 that are exposed on the cytosolic side of the endoplasmic 
reticulum membrme. J Ce11 Biol. 141585-99. 

Dumngton, P.N., R.S. Newton, D.B. Weinstcin, and D. Steinberg. 1982. Effects of insulin 
and glucose on very low density lipoprotein triglyceride secretion by cultured rat 
hepatocytes. J Clin Invesr. 70:63-73. 

Edwards, P.A., and S.M. Grundy. 1989. Hepatic cholesterol and lipoprotein conference. 
Report of a conference. J Lipid Res. 30: 1653-9. 

Egawa, K., H. Maegawa, S. Shimizu, K. Morino, Y. Nishio, M. Bryer-Ash, A.T. Cheung, 
J.K. Kolls, R. Kikkawa, and A. Kashiwagi. 2001. Protein-tyrosine phosphatase-1B 
negatively regulates insulin signahg in 16 myocytes and Fao hepatornri cells. J Biol 
Cltem. 276: 10207- 1 1. 

Elchebly, M., P. Payette, E. Michaiiszyn, W. Cromlish, S. Collins, A.L. Loy, D. Normandin, 
A. Cheng, J. Himms-Hagen, C.C. Chan, C. Ramachandran, M.J. Gresser, M.L. Tremblay, 
and B.P. Kennedy. 1999. Increased insulin sensitivity and obesity resistance in rnice 
Iacking the protein tyrosine phosphatase-1B gene. Science. 283:1544-8- 

Ellis, R.J. 3000. Chaperone substrates inside che cell. Trends Bioclwm Sci. 25210-2. 

Fast, D.G., and D.E. Vance. 1995, Nascent VLDL phospholipid composition is aItered when 
phosphatidylcholine biosynthesis is inhibited: evidence for a novel mechanism that 
regulates VLDL secretion. Biocliim Biophys A m .  1258: 159-68, 

Ferrari, DM., and H.D. Soling. 1999. The pmtein disulphide-isomerase family: unravelling a 
string of folds. Biochem J.  339:l-10. 

Fielding, P.E., K. Nagao, H. Hakamata, G. Chimini, and C.J. Fielding. 2000. A two-step 
mechanism for free choIestero1 and phospholipid efflux from human vascuIar cells CO 

apolipoprotein A-1. Biocliemistry. 39:14113-20. 



Fink, A.L. 1999. Chaperone-mediated protein foIding. Physiol Rev. 79:42549. 

Fisher, E.A., M. Zhou, D.M. Mitchell, X. Wu, S. Ornura, H. Wang, A.L. Goldberg, and H.N. 
Ginsberg. 1997. The degradation of apolipoprotein BlOO is mediated by the ubiquitin- 
proteasorne pathway and involves heat shock protein 70. J Bi01 Chem. 27230437-34. 

Freeman, B.C., A. Michels, J. Song, H.H. Kampinga, and R.I. Morimoto. 2000. Analysis of 
rnolecular chaperone activities using in vitro and in vivo approaches. Merllods Mol Biol. 
99:393419. 

FriedIander, Y., N.A. Kaufmann, H. Cedar, and JD. Kark. 1993. XbaI polymorphism of the 
apolipoprotein B gene and plasma lipid and lipoprotein response to dietary fat and 
cholesterol: a clinical trial. Clin Genet. 43:223-3 1. 

Fujimoto. W.Y. 7000. The importance of insulin resistance in the pathogenesis of type 2 
diabetes mellitus. Ant J Med. LOS Suppl6a:gS- 14s. 

Fungwe, T.V., L.M. Cagen. H.G. Wilcox, and M. Heimberg. 1994. Effects of dietary 
cholesterol on hepatic metabolism of free fatty acid and secretion of VLDL in the 
hamster. Bioclwrn Biopliys Res Commrtn. 200: 1503-1 1. 

Furukawa, S., N. Sakata, H.N. Ginsberg, and J.L. Dixon. 1992. Studies of the sites of 
intracellular degradation of apolipoprotein B in Hep G2 cells, J Bi01 Chem. 267:72630-8. 

Gardernann, A., D. Ohly, M. Fink, N. Katz, H. Tillrnanns, F.W. Hehrlein, and W. 
Haberbosch. 1998. Association of the insertion/deletion gene polymorphism of the 
apolipoprotein B signal peptide with rnyocardial infarction. Atlierosclerosis. 141:167-75. 

Garg, A. 1998. Dyslipoproteinemia and diabetes. Endocrinol Merab Clin North Am. 27:613- 
25, ix-x. 

Gavrilova, O., B. Marcus-Samuels, D. Graham, J.K. Kim, G.I. Shulman, A.L. CastIe, C. 
Vinson, M. Eckhrius, and M.L. Reitman. 2000. Surgical implantation of adipose tissue 
reverses diribetes in lipoatrophic mice. J Clin Invest. 10527 1-8. 

Gibbons, G.F., S.M. Bartlett, C.E. Sparks, and J.D. Sparks. 1992. Extracellular fatty acids are 
not utilized directly for the synthesis of very-low-density lipoprotein in pnmary cultures 
of rat hepatocytes. Biocliem J.  287:749-53. 

Gibbons, G.F., R. Khurana, A. Odwell, and M.C. Seelaender. 1994, Lipid baiance in HepG2 
cells: active synthesis and impaired mobilization. J Lipid Res. 35:1801-8. 

Ginsberg, H.N. 1997. Role of lipid synthesis, chaperone proteins and proteasornes in the 
assembty and secretion of apoprotein B-containing lipoproteins frorn cultured liver cells. 
Clin Erp Pharrnacof PIysiol. 24:A29-33. 

Ginsberg, H.N. 3000. Insulin resistance and cardiovascular disease. J Clin Invest. lO6:453-8. 



Goldstein, B.J. 1993. Regulation of insulin receptor signaling by protein-tyrosine 
dephosphorylation. Receptor. 3: 1-15. 

Goldstein, B.J., A. Bittner-Kowalczyk, ME. White, and M. Harbeck. 2000- Tyrosine 
dephosphorylation and deactivation of insulin receptor substrate-1 by protein-tyrosine 
phosphatase 1B. Possible facilitation by the formation of a ternary complex with the Grb2 
adaptor protein. J Bi01 Chem. 2754283-9. 

Goodyear, L.J., F. Giorgino, L.A. Sherman, J. Carey, R.J. Smith, and G L  Dohm. 1995. 
Insulin receptor phosphorylation, insulin receptor substrate-1 phosphorylation, and 
phosphatidylinositol 3-kinase activity are decreased in intact skeletal muscle strips from 
obese subjects. J Clin Invesr. 952195-204. 

Gordon, D A ,  and H. Jamil. 3000. Progress towards understanding the role of rnicrosornal 
uiglycende transfer protein in apolipoprotein-B lipoprotein assembly, Biocliirn Bioplzys 
Acta. 1486372-83. 

Gordon, DA., H. JamiI, R.E. Gregg, S.O. Olofsson, and J. Boren. 1996. Inhibition of the 
microsornal triglyceride transfer protein blocks the first step of apolipoprotein B 
Iipoprotein assembly but not the addition of bulk core lipids in the second step. J Biol 
Chern. 27 l:33W7-53. 

Gordon, D..4., H. lamil, D. Sharp, D. iMullaney, 2. Yrio, R E  Gregg, and J. Wettemu. 1994. 
Secretion of apolipoprotein B-containing lipoproteins from HeLa ceIls is dependent on 
expression of the microsomal triglyceride transfer protein and is regulated by lipid 
rivailability. Proc N d  Acud Sci U S  A. 9 1:7628-32. 

Goulinet, S., and M.J. Chapman. 1993. Plasma lipoproteins in the golden Syrirtn hamster 
(Mesocricetus auratus): heterogeneity of apoB- and apoA-1-containing particles. J Lipid 
Rrs. 34:943-59. 

Grriinger, D.J.. P.R. Kemp, A.C. Liu, R.M. Lawn, and J-C. MetcalFe. 1994. Activation of 
transforming growth factor-beta is inhibited in transgenic apolipoprotein(a) mice. Nanire. 
370:460-2. 

Greeve, J., 1, Altkernper, J.H. Dieterich, H. Greten, and E. Windler. 1993. Apolipoprotein B 
mRNA edicing in 12 different mlunmalian species: hepatic expression is refiected in low 
concentrations of apoB-containing plasma lipoproteins. J Lipid Res. 34: 1367-83. 

Gretch, D.G., SL. Sturley, L, Wang, B.A- Lipton, A. Dunning, K.A. Grunwald, J.R. 
Wetterau, 2. Yao, P. Talmud, and AD. Attie. 1996. The amino temiinus of 
apoIipoprotein B is necessary but not suficient for microsomal tngiycende transfer 
protein responsiveness. J Bi01 Cltem. 271:8682-91. 

Groop, L.C 1999. Insulin resistance: the fundamental trigger of type 2 diabetes. Diabetes 
Obes Metab. 1 Suppl 1:s 1-7. 



Grnifat. D., D. Durand, Y. Chilliard, P. Williams, and D. Bauchart. 1997. Hepatic gene 
expression of apolipoprotein BlOO during early Iacration in underfed, high producing 
dairy cows. J Dai- Sri. 80:657-66. 

Gupta, S., R.T. Stravirz, P. Dent. and P.B. Hylernon. 3001. Down-regdation of Cholesterol 
7alpha -Hydroxylase (CYP7A1) Gene Expression by Bile Acids in Prirniiry Rat 
Hepatocytes Is Mediated by the c-Jun N-terminal Kinase Pathway. J Biol Cileni. 
276: 158 16-22. 

Hackel, D.B., L.A. Frohman, E. Mikat, H.E. Lebovitz, K. Schmidt-Nielsen, and T.D. Kinney. 
1965. Review of current studies on effect of diet on the glucose tolennce of the sand rat 
(Psammomys O besus). Ann iV Y Accrd Sci. 13 1 :459-63. 

Hadjiagapiou, C.. F. Giannoni, T. Funahashi, S.F. Skarosi, and N.O. Davidson. L994. 
Molecular clonin; of a human small intestinal apolipoprotein B mRNA editing protein. 
Nricleic Acids Rrs. 72: 1874-9. 

Hagan, D.L., B. Kienzle, H. JamiI, and N. Hariharan. 1994. Transcriptionai regulation of 
human and hamster microsoma1 triglyceride transfer protein genes. Ce11 type-specific 
expression and response to merabolic regulators. J Biol Clrem. 2692873744- 

Haghpassand, M., D. Wilder, and IJ3. Moberly. 1996, Inhibition of apolipoprotein 6 and 
triglycende secretion in human hepatoma cells (HepG?,). J Lipid Res. 37: LJ68-80. 

Hall, R.K., T. Yarnasaki, T. Kucera, M. WaItner-Law, R. O'Brien, and D.K. Granner. 2000. 
Regulation of phosphoenolpyruvate carboxykinase and insulin-Iike growth factor-binding 
protein-1 gene expression by insuiin. The roIe of wingd helix/forkhead proteins. J Biol 
Clirm. 27530169-75. 

Hallman, DM.. S. Visvikis, 1. Steinmetz, and E. Boerwinklt. 1994. The effect of variation in 
the apolipoprotein B gene on plasmid lipid and apolipoprotein B levels. 1. A Iikelihood- 
based approach to cladistic anaiysis. Ann H m  Gener. 58:35-64. 

Hamilton, R.L., J.S. Wons, CM. Cham, L.B. Nielsen, and S.G. Young. 1998. Chylomicron- 
sized lipid particles are formed in the setting of apolipoprotein B deficiency. 3 Lipid Res. 
39:1543-57. 

Hampton, R.Y. 2000. ER stress response: getting the UPR hand an misfoided proteins. Curr 
Biol. LO:RS18-21. 

Han, T., Z- Jiang, G. Suo, and S. Zhang. 2000. Apolipoprotein B-100 gene Xba 1 
poiymorphism and cholesterol gallstone disease. Clin Genet. 57:3û4-8. 

Harrison, GJ,, L.R. Jordan, M.L. Selley, and RJ. Willis. 1995. Low-density lipoproteins 
inhibit histamine and NriN02 reIaxations of the coronary vasculature and reduce 
contractile function in isolated rat hearts. Heart Vesseis. 10249-57. 



Hashimoto, N., E.P. Feener, W.R. Zhang, and B.J. Goldstein. i992a. insulin receptor protein- 
tyrosine phosphatases. Leukocyte common antigen-rehted phosphatase rapidly 
deactivates the insulin receptor kinase by preferential dephosphorylation of the receptor 
regulatory domain. J Bi01 Client. 267: 138 11-4. 

Hashimoto, N., WR. Zhang, and B.J. Goldstein. 1992b. Insulin receptor and epidermd 
orowth factor receptor dephosphorylation by three major rat Iiver protein-tyrosine 
C 

phosphatases expressed in a recombinant bacterial system. Bioclienr J,  284569-76. 

Havel. R.I., and Kane, J. P. 1995. Introduction: structure and metabolism of plasma 
lipoproteins and disorders of the biogenesis and secretion of Iipoproteins containing the 
apoB apolipoproteins. ln The metabolic and molecular basis of inherited diseases. C.E. 
Scnver, Beaudet, A. L., Sly, W. E., and Valle, D., eciitor. McGraw-Hill, New York, 
1841-1885. 

Hawkins, P.T., T.R. Jackson, and L.R. Stephens. 1992. Platelet-denved growth Factor 
stimulates synthesis of PtdIns(3,4,5)P3 by activating a PtdIns(4,5)P2 3-Off kinase. 
Nariire. 358: 157-9. 

Hayden, J.M., and P.D. Reaven. 2000. Cardiovascular disease in diabetes meliitus type 2: a 
patential role for novel cardiovascular risk factors, Crtrr Opin Lipidol. 11519-28. 

Hegde, R.S., and V.R. Lingappa. 1996. Sequence-specific alteration of the ribosome- 
membrane junction exposes nascent semetory proteins to the cytosol. CelL 85217-38. 

Hegele, R.A. 1999. Paraoxonase genes and disease. Ann Med. 3 1 :2 17-24. 

Helms, J.B., and J.E. Rothman. 1992. Inhibition by brefeldin A of a Golgi membrane enzyme 
that catalyses exchanje of guanine nucleotide bound to ARF. Natnre. 360:3524. 

Herscoviu, H., A. Kritis, 1. Talianidis. E. Zanni, V. Zannis, and D.M. Srnall. 1995. Munne 
mmmary-derived cells secrete the N-terminal 41% of human apolipoprotein B on high 
density Iipoprotein-sized lipoproteins containing a triacylglycerol-nch core. Proc Nnrl 
Acad Sci U SA.  92659-63. 

i-iiguchi, K., K. Kitagawa, K. Kogishi, and T. Takeda. 1992. Developmentril and age-rehted 
changes in apolipoprotein B mRNA editing in mice. J Lipid Res. 33:1753-64. 

Hoang, V.Q., K.M. Botham, G.M. Benson, E.E. Eldredge, B. Jackson, N. Pearce, and K.E. 
Suckling. 1993, Bile acid synthesis in hamster hepatocytes in primary culture: sources of 
cholesterol and compacison with other species. Biocliim Biopliys Acta. 12 tO:73-80. 

Hoang, V.Q., N.J. Pearce, KE. Suckling, and KYM. Botharn- 1995. Evduation of cukured 
hamster hepatocytes as an expenmental mode1 for the study of very low density 
Ii poprotein secre tion. Biocliim Biopliys Acta. 12%:37-J4. 

Hoang, V.Q., KE. SuckIing, and K.M. Botharn. 1992. 
hamster hepatocytes. Biochem Soc Trans. 20:337S. 

Lipoprotein secretion by cuItured 



Hoeg, J.M. 1998. Lipoproteins and atherogenesis. Endocrinol Merab Clin North Am. 37569- 
84, viii. 

Hoeg, J.M., M.S. Meng, R. Ronan, S.J. DemosLy, Jr., T. Fairwell, and H.B. Brewer, Jr. 1988. 
Apolipoprotein B synthesized by Hep G2 ceIIs undergoes fatty acid acylation. J Lipid 
Res. 29: 1215-20. 

Horowitz, B.S., LJ. Goldberg, J. Merab, TM. Vanni, R. Ramaknshnan, and H.N. Ginsberg. 
1993. Increased plasma and renaI cIearance of an exchangeable pool of apolipoprotein A- 
I in subjects with low levels of high density lipoprotein cholesterol. J Clin lnvesr. 
9 1: 1743-52. 

Hotamisligil, G.S. 1999. The roIe of TNFaIpha and TNF receptors in obesity and insulin 
resistance. J Ilireni Med. 245:62 1-5. 

Hotta, K., N.L. Bodkin, T.A. Gustafson, S. Yoshiokri, H.K. Onmeyer, and B.C. Hansen. 
1999. Age-related adipose tissue mRNA expression of ADDl/SR€BPl, PPARgamma, 
lipoprotein lipase, and GLUT4 glucose transporter in rhesus monkeys. J Geronrol A Bi01 
Sci bled Sci. 54:B 183-8. 

Howard. B.V. 1987. Lipoprotein merabolism in diabetes mellitus. J Lipid Res. 28:613-28. 

Huang, G., D.M. Lee, and S. Singh. 1988. Identificrition of the thiol ester linked Iipids in 
apolipoprotein B. Biochentisrry. 27: 1395-400. 

Huang, X.F., and G.S. Shelness. 1999. Efficient glycosylation site utilization by intracelluIar 
apolipoprotein B. implications for proteasomal degradation. J L@id Res. 40:2212-22. 

Humphries, S.E., and P.J. Talmud, 1995. Hyperlipidaemia associated with genetic variation 
in the apolipoprotein B gene. Cwr  Opin Lipidof. 6215-22. 

Hussain, MM., A. Bakillah, N. Nayak, and G.S. Shelness. 1998. Amino acids 430-570 in 
apolipoprotein B are criticd for its binding to microsomal trïglycende transfer protein. J 
Biol Chem. 273256 12-5. 

Hwang, I.S.. H. Ho, B.B. Hoffmm, and G.M. Reaven. 1987. Fructose-induced insulin 
resistance and hypertension in rats. Hypertension. 10512-6, 

ingram, M.F., and G.S. Shelness. 1996. Apolipoprotein B-100 destined for lipoprotein 
rissembly and intraceIlulx degradation undergoes efficient translocation across the 
endoplasrnic reticulum membrane. J Lipid R a .  37:3307-14. 

h i ,  Y., F. Giannoni, T. Funahashi, and N.O. Davidson. 1994. REPR and complementation 
factor(s) interact to modulate rat apolipoprotein B mRNA editing in response to 
alterations in celIular cholesterol flux. J Lipid Res. 35: 1477-89. 

nui, Y., S. Kawata, Y. Matsuzawa, K. Tokunaga, S. Fujioka, S. Tarnun, T. Kobatake, Y. 
Keno, and S. Tanri. 1989. Increased level of apolipoprotein B mRNA in the liver of 



ventromediaf hypothaiamus lesioned obese rats. Biochem Biophys Res Commun. 
163: L 107-12. 

Inui, Y., Y. Keno, K. Fukuda, T. Igura, T. Makamura, K. Tokunaga, S. Kawata, and Y. 
Matsuzawa. 1997. Modulation of apolipoprotein gene expression in fatty liver of obese 
rats: enhanced APOA-IV, but no APOB expression by a high sucrose diet. Int J Obes 
Rrlnr Metab Disord. 2 123 1-8. 

Jackson, B., A.N. Gee, M. Martinez-Cayuela, and K.E. Suckling. 1990a. The effects of 
feeding a saturated fat-nch diet on enzymes of cholesterol metabolism in the Iiver, 
intestine and aorta of the hamster, Bioclzinz Biophys Acta. lO45:2 1-8. 

Jackson. TX., M. Salhanick, J. Elovson, ML. Deichman, and J.M. Amatmda. 1990b. 
Insulin regulates apolipoprotein B turnover and phosphorylation in rat hepatocytes. J Clin 
I~zvesr. 86: 1746-5 1. 

Jackson, T.K., A.I. Salhanick, JKD. Sparks, CE. Sparks, M. Bolognino, and JM, Amatruda. 
1988. Insulin-mimetic effects of vanadate in primary cultures of rat hepatocytes. 
Diaberes. 37: L234i1O. 

Jamil, H.. C.H. Chu. J.K. Dickson, Ir., Y. Chen, M. Yan, S.A. Biller, R.E. Gregg, J.R. 
Wetterau, and DA. Gordon. 1998. Evidence that microsomal triglyceride transfer protein 
is Iimiting in the production of apolipoprotein B-containing lipoproteins in hepatic cells. 
J Lipid Rrs. 39: 1448-54. 

Jamil, H., J.K. Dickson, Jr., C.H. Chu, M,W. Lago, J.K. Rinehart, S.A. Biller, R.E. Gregg, 
and J.R. Werterau. 1995. Microsomal triglyceride trnnsfer protein. Specificity of lipid 
binding and transport. J Bi01 Client. 270:6549-54. 

Jmil ,  H., DA, Gordon, D.C. Eustice, C.M. Brooks, J.K. Dickson, Jr., Y. Chen, B. Ricci, 
C.H. Chu. T.W. Harrity, C.P. Ciosek, Jr., S.A. Biller, R.E. Gregg, and J.R. Wetterau. 
1996. An inhibitor of the microsomal triglycende transfer protein inhibits apoB secretion 
from HepG2 cells. Proc Nat1 Acad Sci U S  A- 93:1199 1-5. 

Jiang, T., G. Sweeney, M.T. Rudolf' A. Klip, A. Tnynor-KapIan, and R.Y. Tsien. 1998. 
Membrane-permeant esters of phosphatidylinositol 3,4,5-trisphosphrite. J Bi01 Chervt. 
273:11017-24. 

Jiang, Z.Y., Y.W. Lin, A. Clemont, E.P. Feener, KKD. Hein, M. Igarashi, T. Yamauchi, M I .  
White, and G.L. King. 1999. Characterization of selective resistance to insulin sigaiing 
in the vasculature of obese Zucker (fdfa) rats. J Clin Invest. 104:447-57. 

Johnson, AE., and M.A. van Waes. 1999. The uanslocon: a dynarnic gateway at the ER 
membrane. Annrr Rev Ce11 Dev Biof. 15:799-842. 

Kadowaki, T. 2000, Insights into insulin resistance and type 2 diabetes from knockout rnouse 
rnodels. J Clin Invest- 106:459-65. 



Kahn, B.B., and J.S. Fiier. 2000. Obesity and insulin resistance. J Clin Itivest. 106:473-8 1. 

KaIopissis, AD., and J. Charnbaz. 2000. Transgenic animals with altered high-density 
lipoprotein composition and functions. Ctlrr Opin Lipidol. 11: 149-53. 

Kamanna, V.S., and D.M. Lee. 1989. Presence of covalently attached fatty acids in rat 
apoli poprotein B via thiolester linkages. Biocliern Bioplys Res Commrtn. 162: 1508- L4. 

Kanarek, R.B., and N. Orthen-Gambill. 1982. Differential effects of sucrose, fructose and 
gIucose on carbohydrate-induced obesity in rats. J Ntttr. 112: 1546-54. 

Kaptein, A., L. Roodenburg, and HM. Princen. 1991. Butyrate stimulates the secretion of 
apolipoprotein (apo) A-1 and apo BLOO by the human hepatoma ce11 Line Hep G2, 
Induction of apo A-1 mRNA with no change of apo BLOO mRNA. Biocliern J.  278537- 
a. 

Kardossis, D., V.I. Zannis, and C. Cladaras. 1992. Organization of the regulatory elements 
and nucIear activities participating in the transcription of the human apolipoprotein B 
gene. J Bi01 Chem. 2672622-33. 

Kasirn-Karakas, S.E., X. Vnend, R. Almario, L.C. Chow, and MN. Goodman. 1996. Effects 
of dietary carbohydrates on glucose and lipid metabolism in golden Syrian hamsters. J 
hb Clin Med 128:108- 13. 

Kasuga, M., Y. Fujita-Yamaguchi, DL. Blithe, and C.R. Kahn. 1983. Tyrosine-specific 
protein kinase activity is associated with the purified insulin receptor. Proc Narl Acad Sci 
U S  A. 80:3137-41. 

Kawanaka. K., D.H. Han, J. Gao, L.A. Nolte, and J.O. Holloszy. 2001. Developmenc of 
glucose-induced insulin resistance in muscle requires protein synctiesis. J Bioi Chern. 
Y6:zO 10 1-7. 

Kazurni, T., M. Vranic, and G. Steiner. 1985. Changes in very low density lipoprotein 
particle size and production in response to sucrose feeding and hyperinsulinemia, 
E~~docnnology. I 17: 1 145-50, 

Kazumi, T., M. Vranic, and G. Steiner, 1986. Triglyceride kinetics: effects of diecary 
elucose. sucrose, or fructose alone or with hyperinsulinemia. Am J Pllysiol. 250:E325-30. - 

Kennedy, B.P. 1999. Role of protein tyrosine phosphatase-1B in diabetes and obesity. 
Biomed Plrarmacotf~er. 53:466-70. 

Kerouz, N.J., D. Horsch, S. Pons, and CA, Kahn. 1997. Differentiai regulation of insulin 
receptor substrates-1 and -2 (IRS-1 and RS-2) and phosphatidyIinosito1 3-kinase 
isoforms in Iiver and muscle of the obese diabetic (oblob) mouse. J Clin Invest. 
100:3 164-72. 



Kersten, S., B. Desvergne, and W. Wahli. 7000. Roies of PPARs in health and disease. 
Narrrre. JOs:J? 14. 

Kharitonenkov, A., J. Schnekenburger, Z, Chen, P. Knyazev, S. Ali, E. Zwick, M. White, and 
A. üilrich. 1995. Adapter function of protein-tyrosine phosphatase ID in insuiin 
receptor/insulin receptor substrate-1 interaction. J Biol Chem. 370:29 189-93. 

Edo, Y., D.J. Burks, D. Withers, J-C. Bruning, C.R. Kahn, M.F. White, and D. Accili. 7000. 
Tissue-specific insulin resistance in mice with mutations in the insulin receptor, iRS-1, 
and [RS-2. J Clin Invesr. 105: 199-305. 

Kim, E., and S.G. Young. 1998. Genetically modified mice for the study of apolipoprotein B. 
J Lipid Res. 39:703-23. 

Kim, J.K., J.J. Fillmore, Y. Chen, C. Yu, IX. Moore, M. Pypaert, E.P. Lutz, Y. Kako, W. 
Velez-Carrasco, I.J. Goldberg, J.L. Breslow, and G.I. Shulman. 7001a. Tissue-specific 
overexpression of lipoprotein lipase causes tissue-specific insulin resistance. froc Nat1 
Acad Sci U S  A. 98:7522-7577. 

Kim, KM., K. Lee, Y.S. Moon, and H.S. Sul. 2001b. A cysteine-rich adipose tissue-specific 
secretory Factor inhibits adipocyte differentiation. J Biol Cltem. 276:11253-6. 

Kim. Y.B., J.S. Zhu, J.R. Zierath, H.Q. Shen, A.D. Baron, and B.B. Kahn. 1999. 
Glucosamine infusion in rats rripidly impairs insulin stimulation of phosphoinositide 3- 
kinase but does not alter activation of Akdprotein kinase B in skeletril muscle. Diabetes. 
48:3 10-20. 

KivIen. M.H., C.A. Dorsey, V.R. Lingappa, and R.S. Hegde. 1997. Asymmetric distribution 
of pause eranstèr sequences in apolipoprotein 8-100. J Lipid Res. 38: 1149-62. 

Klaman. L.D., O. Boss, OD. Peroni, J.K. Kim, JL. Martino, J.M. Zabolotny, N. Moghal, M. 
Lubkin, Y.B. Kim, A.H. Shacpe, A. Stricker-Krongrad, G.I. Shulman, B.G. Neel, and 
B.B. Kahn. 2000. tncreased energy expenditure, decreased adiposity, and tissue-specific 
insulin sensitivity in protein-tyrosine phosphatase LB-deficient mice. Mol Cell Biol. 
10:5479-89. 

Klannemark, M., M. Orho, D. Lanuigin, H. LaureII, C. Holm, S. Reynisdottir, P. Amer, and L. 
Groop. 1998. The putative role of the hormone-sensitive lipase gene in the pathogenesis 
of Type II diabetes meilitus and abdominal obesity. Diabetologia. 41:1516-22. 

f iot t ,  T.J., R.J. Pease, L.M. Powell, S.C. Wallis, SC. Rall, Jr., T L  innerarity, B. Blackhm, 
W.H. Taylor, Y. MarceI, R. Milne, and et al. 1986. Complete protein sequence and 
identification of structural domains of human apolipoprotein B. Nature. 323:734-8. 

Kohn, AD., K.S. Kovacina, and R.A. Roth. 1995. Insuliii stimulates the kinase activity of 
RAC-PK, a pleckstrin homology domain containing serlthr kinase. Emba J. 14:4288-95- 



Kohn, AD., F. Takeuchi, and R.A. Roth. L996. Akt, a pleckstrin homology domain 
containing kinase, is activated primarily by phosphorylation. J Biol Chem. 271:21920-6. 

Koo, S.H., A.K. Dutcher, and H.C. Towle. 2001. Glucose and Insulin Function through Two 
Distinct Transcription Factors to Stimulate Expression of Lipogenic Enzyme Genes in 
Liver. J Biol Chem. 276:943745. 

Koo, S.H., and H.C. Towle. 2000. Glucose regulation of mouse S(14) gene expression in 
hepatocytes. Involvement of a novel transcription factor complex. J Biol Chem. 
275:5200-7. 

Kornitzer, D., and A. Ciechanover. 2000. Modes of regulation of ubiquitin-mediated protein 
degradation. J Ce11 Physiol. 182: 1- 1 1. 

Kotani, K., A.J. Carozzi. H. Sakaue, K. H m .  L.J. Robinson, S.F. Clark, K. Yonezawa, D.E. 
James, and M. Kasuga. 1995. Requiremenc for phosphoinositide 3-kinase in insulin- 
stimulated GLUT4 translocation in 3T3-Ll adipocytes. Bioclieni Biopliys Res Comrnrtn, 
209:343-8. 

Krook, A., RA. Roth, X.I. Jiang, J.R. Zierath, and H. Wallberg-Henriksson, 1998. Insulin- 
stirnulated Akt kinase activity is reduced in skeietal muscle from NIDDM subjects. 
Diaberes. 47: 128 1-6. 

Kugiyama, K., S.A. Kems, J.D. Momsett, R. Roberts, and P.D. Henry. 1990, impairment of 
endothelium-dependent arterial rel;t,ation by Iysolecithin in modified low-densicy 
lipoproteins. Nurure- 333:160-2. 

Kupriyanova. TA., and K.V. Kandror. 1999. Akt-3 binds to Glut4-containing vesicles and 
phosphorylates their component proteins in response to insulin. J Bi01 Chem. 274:1458- 
64. 

Kuriyama, H., S. Yamashita, 1. Shirnumura, T. Funahashi, M. Ishigami, K. Aragane, K. 
~Miyaoka, T. Nakamura, K. Takemura, 2. Man, K. Toide, N. Nakayama, Y, Fukuda, M.C. 
Lin, I.R. Wetterau, and Y. Matsuzawa. 1998. Enhanced expression of hepatic acyl- 
coenzyme A synthetase and microsornai uiglycende transfer protein rnessenger RNAs in 
the obese and hypenriglyceridemic rat with visced fat accumulation. Hepatology. 
27557-62. 

Kumshima, H., K. Hayashi, T. Shingu, Y. Kuga, H. Ohtani, Y. O h m ,  K. Tanaka, Y. 
Yasunobu, K. Nomura, and G. Kajiyama. 1995. Opposite effects on cholesterol 
metabolism and their mechanisrns induced by diecary oleic acid and pairnitic acid in 
hamsters. Biocliim Biopiiys Acta. l258:X 1-6. 

LaernmIi, U.K. 1970. Cleavage of stmcturai proteins during the assembly of the head of 
bacteriophage T4. Natrtre. 227:680-5. 

Lamarche, B., S. Moojani, PJ. Lupien, B. Cantin, PM. Bernard, G.R. Dagenais, and J.P. 
Despres. 1996. Apolipoprotein A4 and B leveis and the nsk of ischemic hem disease 



during a five-year follow-up of men in the Quebec cardiovascuIar study. Circnlation. 
94273-8. 

Lammers, R., N.P. Moller, and A. Cnlrich. 1997. The transmembrane protein tyrosine 
phosphatase alpha dephosphorylates the insulin receptor in intact cells. FEBS Lert. 
1M:3740. 

Latorra, D., and M.S. Schanlield. 1996. Analysis of human specificity in AFLP systems 
MOB, PAH, and D lS8O. Forertsic Sci [nt. 83: 15-25, 

Law, A., S.C. Wallis, LM. PoweI1, R.J. Pease, H. Brunt. L.M. Priestley, T.J. Knott, J. Scott, 
DG. Altman, G.J. Miller, and et aI. 1986a. Cornmon DNA polyrnocphism within coding 
sequence of apolipoprotein B gene associated with nltered lipid levels. Lancer. 1: 130 1-3. 

Law, S.W., SM. Grant, K. Higuchi. A. Hospattankar, K. Lackner, N. Lee, and H.B. Brewer, 
Jr. 1986b. Human liver apohpoprotein B-100 cDNA: complete nucleic acid and derived 
amino acid sequence. Proc Nat! Acad Sci U S A .  83:8 142-6. 

Le Roith, D., and Y. Zick. 2001. Recent ridvances in our understanding of insuiin action and 
insulin resistance. Diuberes Care. 24588-97. 

Lee. D.M. 1991. Inter- and intramolecular thiolester linkages in apolipoprotein B. Prog Lipid 
Res. 30255-52. 

Lee, D.M., and S. Singh. 1990. Intramolecular thiolester linkages in apoiipoprotein B. S U S  
Brdl Biochem Bioteciinol. 3:74-9. 

Lee, DM., DL. Stiers, and T. Mok. 1987. Apolipoprotein B is a globular protein- 
morphoiogical studies by eIectron microscopy. Biocliem Biopliys Res Cornmm 144:2LO- 
6. 

Leighton, J.K., J. Joyner, S. Zamarripa, M. Deines, and R.A. Davis. 1990. Fasting decreases 
apolipoprotein B mRNA editing and the secretion of srnaIl molecular weight apo8 by rat 
hepatocytes: evidence that the total amount of apoB semted is replated post- 
transcnptionaly. J Lfpid Res. 3 1:1663-8. 

Leiper, JM., J.D. Bayliss, R.J. Pease, DJ .  Brett, I. Scott, and C.C. Shoulders. 1994. 
~Microsomal triglyceride transfer protein, the abetdipoproteinetnia gene product, mediates 
the secretion of apolipoprotein B-containing lipoproteins h m  heteroIogous cells. J Biol 
Chem- 269:219514. 

Leiper, J.M., G.B. Harrison, J. Briyiiss, J.D. Scott, and RJ, Pease, 1996. Systernatic 
expression of the complete coding sequence of apoB-100 does not reveal transmembrane 
determÏnants. J Lipid Res. 372215-3 1. 

Levinson, M., B, Oswdd, and S. Qudordt. 1990. S e m  factors influencing cultured 
hepatocyte exogenous and endogenous uigiyceride. Am J Plzysiol. 259:G15-20. 



Levy-Wilson, B., L. Soria, E.H. Ludwig, M. Argyres, A.R. Brooks, B.D. Blackhart, W. 
FriedI, and B.J. McCarthy. 1991. A poIymorphisrn in a region with enhancer activity in 
the second intron of the human apolipoprotein B gene. J Lipid Res. 33: 13745. 

Lewis, G.F. 1997. Fatty acid regulation of very low density lipoprotein production. Crirr 
Opin Lipidol. 8: 146-53, 

Lewis, GE., and G, Steiner. 1996. Acute effects of insulin in the control of VLDL production 
in humans. Implications for the insulin-resistant state. Diabetes Cure. 19:390-3. 

Lewis, GJ?., K.D. Uffelman, L.W. Szeto, and G. Steiner. 1993. Effects of acute 
hyperinsulinernia on VLDL triglyceride and W L  apoB production in normal weight 
and obese individuals. Diabetes. 4283342. 

Lewis, G.F., K.D. Uffelman, L.W. Szeto, B. Weller, and G. Steiner. 1995. Interaction 
between free fatty acids and insulin in the acute control of very Iow density lipoprotein 
production in humans. J Clin Invest. 95:158-66. 

Li, X., S.M. Grundy, and S.B. Patel. 1997. Obesity in db and ob animals leads to impaired 
hepatic very low density lipoprotein secretion and differentiai secretion of apolipoprotein 
B48 and B-100. J Lipid Res. 38: 1277-88. 

Liang, J., X. Wu, E.A. Fisher, and H.N. Ginsberg, 1000, The amino-terminai domain of 
apolipoprotein B does not undergo retrograde translocation from the endoplasrnic 
reticulurn to the cytosol. PROTEASOMAL DEGRADATION OF NASCENT 
APOLIPOPROYMN B BEGINS AT THE CARBOXYL TERMINUS OF THE 
PROTEIN, WHlLE APOLIPOPROTEIN B IS STILL IN iTS ORIGINAL 
TRANSLOCON. J Bi01 Cheni. 375:32003-10. 

Liang. J., X. Wu, H. Jiang, M. Zhou, H. Yang, P. Angkeow, L.S. Huang, S.L. Sturley, and H. 
Ginsberg. 1998. Translocation efficiency, susceptibility to proteasomal degradation, and 
lipid responsiveness of apolipoprotein B are determined by the presence of beta sheet 
domains. J Bio[ Chenz. 273:352 16-21. 

Liao, W., and L. Chan- 2001. Tunicamycin induces ubiquitination and degradation of 
apolipoprotein B in HepGl cells. Biochem J.  353:493-501. 

Liao, W., K. Kobayashi, and L. Chan. 1999. Adenovirus-mediated overexpression of 
microsomd triglyceride transfer protein (MTP): mechanistic studies on the role of Ml? 
in apolipoprotein B-100 biogenesis. Biochemistry. 38:7532-44. 

Liao, W., S.C. Yeung, and L. Chan. 1998. Proteasome-mediated degradation of 
apoiipoprotein B targets both nascent peptides cotranslationally before translocation and 
full-Iength apolipoprotein B after translocation into the endoplasmic reticulum. J Bi01 
Chein. 273272530.  

Libby, P. 2000. Changïng concepts of atherosenesis. J Inrem Med. 247:349-58. 



Lin, MC., C. Arbeeny, K. Bergquist, B. Kienzle, D.A. Gordon, and J.R. Wetterau. 1994. 
Cloninj and regulation of hamster microsomal triglyceride transfer protein. The 
regdation is independent from that of other hepatic and intestinal proteins which 
participate in the transport of fatty acids and triglycerides. J Biol Chem. 26929 13845. 

Lin. M.C., D. Gordon, and J.R. Wetterau. 1995a. Microsomal triglyceride transfer protein 
(MTP) regulation in HepG2 cells: insulin negatively regulates MTP gene expression. J 
Lipid Res. 36: 1073-8 1. 

Lin, Y., M.J. Smit, R. Havinga, H.J. Verkade, R.J. Vonk, and F. Kuipers. 1995b. Differential 
effects of eicosapentaenoic acid on glycerolipid and apolipoprotein B metabolism in 
primary human hepatocytes compared to HepG3 cells and primary rat hepatocytes. 
Biochirn Biopliys Acta. 1256:88-96. 

Lindquist, I.A.. G.I. Hammerling, and J. Trowsdale. 2001. ER60tERp57 forms disulfide- 
bonded intermediates with MHC class 1 heavy chnin. Fuseb J. 15: 148-50. 

Lindquist, J.A., O.N. Jensen, M. Mann, and G.J. Hammerling. 1998. ER-60, a chaperone 
with thiol-dependent reductase activity involved in MHC class 1 assembly. Entbo J.  
l7:2 186-95. 

Linnik. K.M.. and H. Herscovitz. 1998. Multiple molecular chaperones intenct with 
ripolipoprotein B during its maturation. The network of endoplasmic reticulum-resident 
chaperones (ERp72, GRP94, calreticulin, and BiP) interacts with apolipoprotein b 
regardless of its lipidation state. J Biol Chm. 373:21368-73. 

Liu, G.L., L.M. Fan, and R.N. Redinger. 1991. The association of hepatic apoprotein and 
Iipid metabolism in hamsters and rats. Camp Bioclzern Pliysiol A. 99:223-8. 

Lopez-Miranda, J., N. Kam, J. Osada, C. Rodriguez, P. Fernandez, J. Contois, E.J. Schaefer, 
and J.M. Ordovas. 1994. Effect of fat feeding on human intestinal apolipoprotein B 
mRNA levels and editing. Biochirn Biophys Acta. 1214:143-7. 

Lowry, O.H., Rosebrough, N. J., Fm,  A. L., and Randall, R. J. 195 1. Protein measurernent 
with the folin phenol reagent. J. Biol. Uzern. 193265-275. 

Lusis, A.J. 2000. Atherosclerosis. Nature. 40723341. 

Luzzati, V., A. Tardieu, and L.P. Aggerbeck. 1979. Structure of semm low-density 
lipoprotein. 1, A solution X-ray scattering study of a hyperlipidernic monkey low-density 
lipoprotein. J Mol Biol. 13 1:435-73. 

Ma, B., CJ .  Tsai, and R. Nussinov. 2000. Binding and folding: in search of intramolecular 
chaperone-like building block fragments. Protein Eng. 13:617-27. 

Macri, J., and K. Adeli. 1997a. Conformational changes in apolipoprotein B modulate 
intracellular assembiy and degradation of ApoB-containing Iipoprotein particles in 
HepG:! cells. Artenoscler î7zromb Vasc Biol. 172982-94. 



Macri, J., and K. Adeli. 1997b. Studies on intracellular translocation of apolipoprotein B in a 
permeabilized HepG2 system. J Bi01 Chem. 2727328-37. 

blacri, J., P. Kazemian, A. Kulinski, D. Rudy, A. Aiton, R.J. Thibert, and K. Adeli. 2000. 
Translocational status of ApoB in the presence of an inhibitor of rnicrosomai triglycende 
trans fer protein [In Process Citation]. Biochern Biophys Res Commun. 276: 1035-47. 

Mahadev, K., A. Zilbering, L. Zhu, and B.J. Goldstein. 2001. Insulin-stimulated hydrogen 
peroxide reversibly inhibits protein-tyrosine phosphatase lb in vivo and enhances the 
early insulin action cascade. J Bi01 Chern. 2762193842. 

Malamas, M.S., J. Sredy, 1. Gunawan, B. Mihan, D.R. Sawicki, L. Seestaller, D. Sullivan, 
and B.R. Flam. 3000, New azolidinediones as inhibitors of protein tyrosine phosphatase 
1B with antihyperglycemic properties. J Med Clrein. 43:995-1010. 

Mrilmstrom, R., C.J. Packud, M. Caslake, D. Bedford, P. Stewart, K. MU-Jarvinen, J. 
Shepherd, and M.R. Taskinen. 1997. Dekctive regulation of triglyceride metabolism by 
insulin in the liver in NTDDM. Diaberologia. JO:45J-62. 

Mann, C.J., TA. Anderson, J. Read, S.A. Chester, G.B. Hamson, S. Kochl, P.J. Ritchie, P. 
Bradbury, F.S. Hussain, J, Amey, B. Vanloo, M. Rosseneu, R. Infante, J.iM. Hancock, 
D.G. Levitt, LJ. Banaszak, J. Scott, and C.C. Shoulders. 1999. The structure of 
vitellogenin provides a molecular mode1 for the assembly and secretion of atherogenic 
lipoproteins. J Mol Biol. 255:39 1408. 

Marshall, S., V. Bacote, and R.R. Traxinger. 1991. Discovery of a metabolic pathway 
mediating glucose-induced desensitization of the glucose transport system. Role of 
hexosamine biosynthesis in the induction of insulin resistance. J Bi01 Cheni. 266:4706- 
12. 

Martinez, F.J., RA. Rizza, and J-C. Romero. 1994. High-fnictose feeding elicits insulin 
resistance, hyperinsulinism, and hypertension in normal rnon,pl dogs. Hypertension. 
73:456-63. 

Martin-Sanz, P., J.E. Vance, and D.N. Brindley. 1990. Stimulation of apolipoprotein 
secretion in very-Iow-density and hi@- density lipoproteins frorn cultured rat hepatocytes 
by dexamethasone, Biochem J. 27 1575-83. 

Mastick, C.C., and A.R. Saitiel. 1997. Insulin-stimuhted tyrosine phosphorylation of 
caveolin is specific for the differentiated adipocyte phenotype in 3T3-Ll cells. J Biol 
Chem. 27220706-14. 

Mathur, S.N., E. Born, S. Murthy, and F.J. Field. 1996. Phosphatidylcholine increases the 
secretion of triacylglycerol-rich lipoproteins by CaCo-2 celIs. Biochem J. 3 14569-75. 

Matsumoto, K., S. Miyake, M. Yano, Y. Ueki, A. Miyazaki, K. Hirao, and Y. Tominaga. 
1999. Insulin resistance and classic risk factors in type 2 diabetic patients wîth different 
subtypes of ischemic suoke. Diaberes Cure. 2 2 1  191-5. 



Mayes, P.A. 1993. Intermediary metabolism of fmctose. Am J Clin Nrctr. 58:754S-765s. 

McCIain, D.A., and ED. Crook. 1996. Hexosamines and insulin resistance. Diabetes. 
45: 1003-9, 

McCormick, S.P., J.K. Ng, M. Veniant, 1. Boren, V. Pierotti, L.M. Flynn, D.S. Grass, 
ConnoIIyA, and S.G. Young. 1996. Transgenic mice that overexpress mouse 
apolipoprotein B. Evidence that the DNA sequences controlling intestinai expression of 
the apolipoprotein B gene are distant from the structural gene. J Bi01 Chem. 271:11963- 
70. 

McGuire, M.C., RM. Fields, B.L. Nyomba, 1. Raz, C. Bogardus, N.K. Tonks, and J. 
Sommercorn. 1991. Abnormal regulation of protein tyrosine phosphatase activities in 
skeletal muscle of insulin-resistant humans. Diabetes. JO:939-42. 

McIntosh, C.H.S., and Pederson, R. A. 1999. Noninsulin-Dependent Animai Models of 
Diabetes Mellitus. In Experimental Models of Diabetes. J.H. McNeill, editor. CRC Press, 
Boca Raton, Horida. 337-398. 

~McLaughlin, T., F. Abbasi, C. Lamendola, H. Yeni-Komshian, and G. Reaven. 2000. 
Carbohydrate-induced hypenriglyceridemia: an insight into the link between plasma 
insulin and triglyceride concentrations. J Cliz Endocrk! Metab. 853085-8. 

McLeod, R.S., Y. Wang, S. Wang, A. Rusinol, P. Links, and S. Yao. 1996. Apolipoprotein B 
sequence requirements for hepatic very low density lipoprotein assembly. Evidence that 
hydrophobic sequences within apolipoprotein B4S mediate lipid recniitment. J Bi01 
Cltem. 27 1 : l8W-55. 

McVeigh. G.E., G.M. Brennan, G.D. lohnston, B.J. McDermott, L.T. McGrath, W.R. Henry, 
J.W. Andrews, and J.R. Hayes. 1992. hpaired endothelium-dependent and independent 
vrtsodilation in patients with type 2 (non-insulin-dependent) diabetes rnellitus. 
Diubeiologiu. 3577 1-6. 

Mehrabian, M., R.S. Sparkes, T. Mohandas, I.J. Klisak, V.N. Schumaker, C. Heinzmann, S. 
Zollman, Y.H. Ma, and A.]. Lusis. 1986. Human apolipoprotein B: chromosomal 
mapping and DNA polymorphisms of hepatic and intestinal species. Somat Cell Mol 
Geizet. 12:345-54. 

Menger, S., J.L. Halaas, J.L. Breslow, and F.M. Sladek, 1993. Orphan receptor HNF-4 and 
bZip protein CEBP dpha bind to overlapping regions of the apolipoprotein B gene 
promoter and synergistically activate transcription. J Bi01 Chem. 268:1683 1-8. 

Meyerovitch, I., I.M. Backer, and C.R. Kahn. 1989. Hepatic phosphotyrosine phosphatase 
activity and its cilterations in diabetic rats. J Clin Invest. 84:976-83. 

Miller, LI,, 1973. Technique of isolated rat Iiver perfusion, In Isolated liver perfusion and ics 
applications. L.L. Miller, editor. Raven Press, New York. 11-52. 



Milne, R.W., and YL. Marcel. L982. Monoc~ond antibodies against human low density 
lipoprotein. Stoichiometric binding studies using Fab fragments. FEBS Len. 146:97-100. 

Mitchell, DM., M. Zhou, R. Pariyarath, K. Wang, J.D. Aitchison, H.N. Ginsberg, and E.A. 
Fisher. 1998. Apoprotein BlOO has a prolonged interaction with the translocon durinp 
which its lipidation and translocation change from dependence on the microsomd 
triglyceride tram fer protein to independence. Proc Nad Acad Sci US A. 95: 14733-8. 

Miyazawa, N,, Y. Kawasaki, J. Fujii, M. Theingi, A. Hoshi, R. Hamaoka, A. Matsurnoto, N. 
Uozumi, T. Teshima, and N. Taniguchi. 1998. Irnmunological detection of fructated 
proteins in vitro and in vivo. Bioclietn J. 336: 101-7. 

Moberly, J.B., T.G. Cole, D.H. Alpers, and G. Schonfeld. 1990. Oleic acid stimulation of 
ripolipoprotein B secretion from HepGII and Caco-l, cells occurs post-transcriptionally. 
Biocliini Biopliys Acta. 104270-80. 

Morinaga, N., SC.  Tsai, J. Moss, and M. Vaughan. 1996. Isolation of a brefeldin A-inhibited 
guanine nucleotide-exchange procein For ADP nbosylation factor (ARF) 1 and ARF3 that 
contains a Sec7-like dornain. Proc Nat1 Acad Sci U S  A, 93: 13-856-60. 

Mudaliar, S., and R.R. Henry. 2001. New oral therapies for type 2 diabetes rnellitus: The 
glitazones or insulin sensitizers. Annrr Rev Med. 52239-57. 

Murphy, D.J., and J. Vance. 1999. Mechanisms of lipid-body formation. Trends Biociiem Sci. 
24: 109- 15. 

Murray, I., P.J. Havel, A.D. Sniderman, and K. Cianflone. 2000. Reduced body weight, 
adipose tissue, and leptin levels despite increased energy intake in female rnice lacking 
acylation-stimulating protein. Endocrinology. 14 1: 1041-9. 

Naito, M., K. Yamada, T. Hayashi, K. k a i ,  N. Yoshimine, and A. Iguchi. 1994. 
Comparative toxicity of oxidatively modified low-density lipoprotein and 
lysophosphatidyicholine in cuttured viiscular endothetid ceIls. Hean Vessels. 9: 183-7. 

Nakahan, D.H., V.R. Lingappa, and S.L. Chuck. 1994. Translocationai pausing is a comrnon 
step in the biogenesis of unconventional integrai membrane and secretory proteins. J Bi01 
Chem. 269:76 17-22. 

Narayanaswamy, M., K.C. Wright, and K. Kandarpa. 2000. Animal rnodels for 
atherosclerosis, restenosis, and endovascular gaft  research, J Vasc Inrerv Radiol. 115- 
17. 

Nassir, F., F. Giannoni, A. Mazur, Y. Rayssiguier, and N.O. Davidson. 1996. Increased 
hepatic synthesis and accumulation of plasma apolipoprotein BlOO in copper-deficient 
rats does not result from modification in apolipoprotein B niRNA editing. Lipids. 3 1:433- 
6. 



Neele, D.M.. E.C. de Wit, and H.M. Princen. 1999. Insulin suppresses apolipoprotein(a) 
synrhesis by primary cultures of cynomolgus monkey hepatocytes. Diaberologia. 4241- 
4. 

Nielsen, L.B., D. Kahn, T. Duell, H.U. Weier, S. Taylor, and S.G. Young 1998a. 
Apolipoprotein B gene expression in a series of human apolipoprotein B transgenic mice 
generated with recA-assisted restriction endonuclease cleavage-modified bacterid 
artificial chromosomes. An intestine-specific enhancer element is located between 54 and 
62 kilobases 5' to the structural gene. J Bi01 Clrem. 273:21800-7. 

Nielsen, L.B., S.P. McCorrnick, V. Pierotti, C. Tarn, MD. Gunn, H. Shizuya, and S.G. 
Young. 1997. Human apolipoprotein B transgenic rnice generated with 207- and 145- 
kilobase pair bacterial artificial chromosomes. Evidence that a distant 5'-element confers 
appropriate transgene expression in the intestine. J Bi01 Chem. 27229752-8. 

NieIsen, L.B., M. Veniant, J. Boren, M. Raabe, J.S. Wong, C. Tarn, L. Flynn, T. Vanni- 
Reyes, M.D. Gunn, LJ, Goldberg, R.L. Hamilton, and S.G. Young. 1998b. Genes for 
apolipoprotein B and microsomal triglycende transfer protein are expressed in the heart: 
evidence that the heart has the capacity to synthesize and secrete Iipoproteins. 
Circdation. 98: 13-6. 

Nikkui, S.T., T. Solahvi, and 0. Jaakkola, 1991. The hyperlipidemic hamster as an 
atherosclerosis model. Aney.  18:285-90. 

Nistor, A., A. BuIla, DA. Filip, and A- Radu. 1987. The hyperlipidemic hamster as a model 
of experirnental atherosclerosis. Atlierosclerosis. 68:159-73. 

Noivri, R., and W.J. Lennarz. 1992. Protein disulfide isomerase. A muItifunctiond protein 
resident in the lumen of the endoplasmic reticulum. J Bi01 Chem. 167:3553-6. 

Novak. E.M.. K.C. Dantas, C.E. Charbel, and S.P. Bydlowski. 1998. Association of hepiitic 
nuclear factor4 in the apolipoprotein B promoter: a preliminary report. Brur J Med Bi01 
Res. 3 1: 1405-8. 

Okada, T., Y. Kawano, T. Sakakibara, O. Hazeki, and M. Ui. 1994. Essentid rok of 
phosphatidylinositol 3-kinase in insulin-induced glucose transport and antilipolysis in rüt 
adipocytes. Studies with a selective inhibitor worunannin. J Bi01 Cltem. 269:3568-73. 

Olofsson, S.O., L Asp, and J. Boren. 1999. The assembly and secretion of apoIipoprotein B- 
containing Iipoproteins. Crrrr Opin Lipidol. 10:341-6. 

Olofsson, S.O., G. Bjursell, K. Bosuom, P. Carlsson, J. Elovson, A.A. Protter, M.A. Reuben, 
and G. Bondjers. 1987. Apolipoprotein B: structure, biosynthesis and role in the 
Iipoprotein assembly process. Atherosclerosis. 68: 1-17. 

Ontko, J.A., Q. Cheng, and M. Yamamoto. 1990. Metabolic factors underlying hi$ serum 
triglycerides in the normal hamster. J Lipid Res. 3 1:1983-92. 



Ortmeyer, H.K., N.L. Bodkin, and B.C. Hansen. 1999. Paradoxical phosphorylation of 
skeletal muscle glycogen synthase by in vivo insulin in very lean youn; adult rhesus 
monkeys. Ann N Y Acad Sci 892247-60. 

Otsu, M., R. Urade, M. Kito, F. Omura, and M. Kikuchi. 1995. A possible role of ER-60 
protease in the degradation of misfolded proteins in the endopIasmic reticulum. J Biol 
Chenr. 270: 14958-6 1. 

Ou, W.J., P.H. Cameron, D.Y. Thomas, and J.J. Bergeron. 1993. Association of foIdin; 
intermediates of glycoproteins with calnexin during protein maturation. Nariire. 364771- 
6. 

Ounpuu, S., A. Negassa, and S. Yusuf. 2001. INTER-HEART: A global study ofrisk factors 
for xute myocardial infarction. Am Hean J. 141:7 1 1-21. 

Packard, C.J. 1999. Apolipoprotein B metabolism in dyslipidaemia and the effect of dnigs. 
Di~lbetes ~Vrirr Metab. 123 1 1-5. 

Pajukanta, P.E., L.M. Valsta, A. Aro, P. Pietinen, T. Helio, and M.J. Tikkanen. 1996. The 
effects of the apolipoprotein B signal peptide (ins/del) and Xbai potymorphisms on 
plasma Iipid responses to dietary change. Ariierosclerosis. 122: 1-10. 

Pan. M., J. Liang, E.A. Fisher, and H.N. Ginsberg. 2000. Inhibition of translocation of 
nascent apolipoprotein B across the endoplasmic reticulum membrane is associated with 
selective inhibition of the synthesis of apolipoprotein B. J BioE Citem. 27527399-405- 

Patel, SB., and S.M. Grundy. 1996. Interactions between microsoma1 triglyceride transfer 
protein and apolipoprotein B within the endoplasmic reticulum in a heteroIogous 
expression system. J Bi01 Chent. 27 1: 18686-94. 

Patsch, W., S. Fnnz, and G. Schonfeld. 1983a. Role of insulin in lipoprotein secretion by 
cultured rat hepatocytes. J Clin Invest. 7 1: 1 16 1-74. 

Patsch, W., A M .  Gotto, Jr., and J.R. Patsch. 1986. EFfects of insulin on lipoprotein secretion 
in rat hepatocyte cultures. The role of the insulin recepror. J Bi01 Chem. 261:9603-6. 

Patsch, W., T. Tamai, and G. Schonfeld. 1983b. Effect of fatty acids on lipid and apoprotein 
secretion and association in hepaiocyte cultures. J Clin Invesr. 72371-8. 

Patterson, A.P., G.E. Tennyson, J.M. Hoeg, D.D. Sviridov, and H.B. Brewer, Jr. 1992. 
Ontognetic regulation of apolipoprotein B mRNA editing during human and rat 
development in vivo. Artenoscler Thromb. 12468-73. 

Patti, ME. 1999. Nutrient modulation of celIular insuIin action. Ann N Y Acad Sci. 892187- 
203. 

Patti, ME., E. Brambilla, L. Luzi, E.J. Landaker, and C.R. Kahn. 1998. Bidirectiond 
modulation of insulin action by amino acids. J Clin Invest. 101:1519-29. 



Paulweber, B.. A.R. Brooks, B.P. Nagy, and B. Levy-Wilson. 1991a. Identification of a 
negative regulatory region 5' of the human apolipoprotein B promoter. J Bi01 Cheni. 
3662 1956-6 1. 

Paulweber, B., M.A. Onasch, B.P. Nagy, and B. Levy-Wilson. 1991b. Similarities and 
differences in the function of regulatory elements at the 5' end of the human 
apolipoprotein B gene in cultured hepatoma (HepG2) and colon carcinoma (CaCo-2) 
cells. J Bi01 C h i .  266:34139-60. 

Peacock, R., A. Dunning, A. Hamsten, P. Tornvall, S. Humphries, and P. Talmud. 1992. 
Apolipoprotein B gene poIyrnorphisms, lipoproteins and coronary atherosclerosis: a study 
of young myociirdia1 infarction survivors and healthy population-based individuals. 
Arlzerosclerosis. 92: 15 1-64. 

Pease, R.J., J.M. Leiper, G.B. Harrison, and J. Scott. 1995. Studies on the translocation of the 
amino terminus of aporipoprotein B into the endoplasmic reticulum. J Bi01 Cliern. 
27O:726 1-7 1. 

Peraldi, P., and B. Spiegelmlin. 1998. TNF-alpha and insutin resistance: summary and future 
prospects. ~Vlol Ce11 Biochem. 182: 169-75. 

Phung, T.L., A. Roncone, K.L. Jensen, C.E. Sparks, and I-D. Sparks. 1997. Phosphoinositide 
3-kinase activity is necessary for insulin-dependent inhibition of apolipoprotein 8 
secretion by rat heparocytes and localizes to the endoplasmic reticulum. J Bi01 Cherri. 
27230693-702. 

Powell, LM., S.C. WalIis, R.I. Pease, Y.H. Edwards, T.J. Knott, and I. Scott. 1987. A novel 
form of tissue-specific RPiA processing produces apolipoprotein-B48 in intestine. Cell. 
50:53 1-40. 

Pritchard, KA., Jr., L. Groszek, D.M. Smalley, W.C. Sessa, M. Wu, P. ViIlalon, 1M.S. Wolin, 
and M.B. Sterneman. 1995. Native low-density Iipoprotein increases endothelial ce11 
nitric oxide synthase generation of superoxide anion. Circ Res. 77510-8. 

Pullinger, C.R., J.D. North, B.8.  Teng, V.A. Rifici, A.E. RonhiId de Brito, and J. Scott. 1989. 
The apolipoprotein B gene is constitutively expressed in HepG2 cells: regulation of 
secretion by oleic acid, aibumin, and insulin, and merisurement of the mRNA half-life. J 
Lipid Res. 30:1065-77. 

Quon, M.J., K. Chen, BL. Ing, M.L. Liu, M.J. Zamowski, K. Yonezawa, M. Kasuga, S,W, 
Cushman, and S.E. Taylor. 1995. Roies of 1-phosphaudylinosito1 3-kinase and ras in 
regulating translocation of GLUT4 in transfected nt adipose cells. Mol Ce11 Biol. 
15:5403-1 1. 

Raabe, M., L.M. Flynn, CH- Zlot, J.S. Wong, MM. Veniant, R.L. Hamilton, and S.G. 
Young. 1998. Knockout of the abetalipoproteinemia gene in mice: reduced lipoprotein 
secretion in hetecozygotes and embryonic Iethality in homozygotes. Proc Nat1 Acad Sci U 
SA. 95:8686-9 1. 



Raabe, M., M.M. Veniant, M.A. SulLivan, CH- Zlot, .J. Bjorkegren, L.B. Nielsen, J.S. Wong, 
R.L. Hamilton, and S.G. Young. 1999. Analysis of the role of microsorna1 triglyceride 
transfer protein in the liver of tissue-specific knockout mice. J Clin Invest. 103: 1387-98. 

RantaIa, M., T.T. Rantala, M.J. Savolainen, Y. Friedlander, and Y.A. Kesaniemi. 2000. 
Apolipoprotein B gene polymorphisms and semm Iipids: meta-analysis of the role of 
genetic variation in responsiveness to diet. Am J Clin Nrar. 71:713-24. 

Rrispe, E., L. Madsen, A.M. Lefebvre, 1. Leitersdorf, L. Gelman, I. Peinado-Onsurbe, I. 
Dallongeville, J.C. Fruchart, R. Berge, and B. Scaels. 1999. Modulation of rat liver 
apolipoprotein gene expression and serum lipid IeveIs by tetradecylthioacetic acid (TTA) 
via PPARaIpha activation. J Lipid Rrs. 40:3OW-L 10. 

Reaven. GM. 1988. Banting lecture 1988. Role of insulin resistance in human disease. 
Diaberes. 37: 1595-607. 

Reaven. G.iM. 1995. Pathophysiology of insulin resistance in hurnan disease. Physiol Rev. 
75:473-86. 

Reaven, G.M., Y.D. Chen, J. Jeppesen, P, Maheux, and R M .  Krauss. 1993. Insuiin resistance 
and hyperinsulinemia in individuals wi th smal I. dense low densi ty Iipoprotein particles. J 
Clin lnvesr, 1-6. 

Rerives, S.K., J.Y. Wu, Y, Wu, I.C. Fanzo, Y,R. Wang, P.P. Lei, and K.Y. Lei. 2000. 
Regulation of intestinal apolipoprotein B mRiVA editing levels by a zinc-deficient diet 
and cDNA cloning of editing protein in h m s i i r ~ ~  JNtlrr- 1302166-73, 

Regis-BaiIly, A., S. Visvikis, I. Steinmetz, L. Feldrnann, S. Briancon, N. Danchin, F. 
Zannad, and G. Siest. 1996. Frequencies of Cive genetic polymorphisms in 
coronarographed patients and effects on Iipid levels in a supposedly healthy population. 
Clin Genet. 50:33947. 

Rett, K. 1999. The relation between insulin resistance and cardiovascul;tr complications of 
the insulin resistance syndrome. Diaberes 0bes Merab. 1 Suppl L:S8-16. 

Ribon, V., and A.R. Sttltiel. L997. Insulin stimulates tyrosine phosphoryiation of the proto- 
oncogene producc of c-Cbl in 3T3-LI adipocytes. Biocltem J.  324333945. 

Riches, F.M., G.F. Watts, RI. Naoumova, I.M. Kelly, KD. Croft, and G.R- Thompson. 
1998, Hepatic secretion of very-low-density Iipoprotein apolipoprotein B-100 studied 
with a stable isotope technique in men with visceral obesity. Int J Obes Relut Merab 
Disord. 22414-23- 

Rieusset, I., C. Chmbrier, K. Bouzakn, E. Dusserre, J. Auwerx, J.P. Riou, M. LavilIe, and 
H. Vidal. 2001. The expression of the p85alpha subunit of phosphatidylinositol 3-kinase 
is induced by activation of the peroxisome proliferator-activated receptor gamma in 
humm adipocytes. Diaberdogia. 44544-54. 



Rifkind, B.M. 1984. Lipid Resemh CIinics Coronary Primary Prevention Tial: results and 
implications. Ani J Cardiol. 54:30C-34C, 

Rondinone, C.M., E. Carvalho, C. Wesslau, and U.P. Smith. 1999. Irnpaired glucose 
transport and protein kinase B activation by insulin, but not okadaic acid, in adipocytes 
from subjects with Type II diabetes mellitus. Diabetologia. 428  19-25. 

Ross, R. 1999. AtheroscIerosis-an inflammatory disease. N Engl J Med. 340:115-26. 

Rossetti, L. 1000. Perspective: Hexosamines and nutrient sensing. Endocrinology. 14 1: 1922- 
< 

Rossetti, L., D. Smith, G.I. Shulman, D. Papachristou. and R.A. DeFronzo. 1987, Correction 
of hyperglycemia with phlorizin normalizes tissue sensitivity to insulin in diabetic rats. J 
Clin Invesr. 79: 15 10-5. 

Rusinol, A., H. Verkade, and J.E. Vance. 1993. Assembly of rat hepatic very low density 
lipoproteins in the endoplasmic reticulum- J Bi01 Cliem. 268:3555-62. 

Rusinol, A.E., H. Jamil. and J.E. Vance. 1997. In vitro reconstitution of assembly of 
apolipoprotein B48-containing lipoproteins. J Bi01 Chem. 27280 19-25. 

Rustaeus, S., K. Lindberg, P. Stillcmark, C. Claesson, L. Asp, T. Larsson, J. Boren, and S.O. 
Olofsson. 1999. Assembly of very low density lipoprotein: a two-step process of 
apolipoprotein B core lipidation. J Mar. 129:463S466S. 

Rustaeus, S., P. Stillemark, K. Lindberg, D. Gordon, and S.O. Olofsson. 1998. The 
microsomal triglyceride transfer protein catalyzes the post- translational assembly of 
apolipoprotein B-100 very Iow density lipoprotein in McA-RH7777 cells. J Biol Chenz. 
1735 196-203. 

Saibil, H. 1000. Molecuhr chaperones: containers and surfaces for folding, stabilising or 
unfolding proteins. Curr Opin Smct Biol. l O : Z  1-8. 

Sakata, N,, and J.L. Dixon. 1999. Ubiquitin-proteasorne-dependent degradation of 
apolipoprotein B 100 in vitro. Biocltim Bioplrys Acra. 1437:7 1-9. 

Sakata, N., J.D. Stoops, and JL. Dixon. 1999. Cytosolic components are required for 
proteasorna1 degradation of newly synthesized apolipoprotein B in permeabilized HepG2 
cells. J Bi01 Chern. 274:17068-74. 

Sakata, N., X. Wu, J.L. Dixon, and H.N. Ginsberg. 1993. Proteolysis and lipid-facilitated 
translocation are distinct but cornpetitive processes that regulate secretion of 
apoiipoprotein B in Hep G2 ceIIs. J Biol Chem. 26822967-70- 

Salhanick, AI. ,  S.I. Schwartz, and J.M. Amamda. 1991. Insulin inhibits apolipoprotein B 
secretion in isolated human hepatocytes. Merabolism. 40975-9. 



Sallach, SM.. and K. Adeli. 1995. Intracellular degradation of apolipoprotein 3 generates an 
N-terminal 70 D a  fragment in the endoplasrnic reticulum [pubrished erratum appears in 
Biochirn Biophys Acta 1995 May 29; E67(1):731. Biochim Bioptys Acta. 126529-32. 

Salter, AM., EH. Mangiapruie, A.J. Bennett, J.S. Bruce, M.A. Billett, K.L. Anderton, C.B. 
Marenah, N. Lawson, and DA. White. 1998a. The effect of different dietary fatty acids 
on Iipoprocein metabolism: concentration-dependent effects of diecs enriched in oleic, 
rnyristic, palmitic and stearic acids. Br I Nim. 79: 195-103. 

Salter, AM., and V.A. Sessions. 1993. LDL binding to hepatocytes isolated from hamsters 
fed different diecary fatty acids. Bioclieiii Soc T r a m  21:150S. 

Sttlter, A.M.. D. Wiggins, V.A. Sessions, and G.F. Gibbons. 1998b, The intracelIular 
triacylglyceroUfacty acid cycle: a cornparison of its activity in hepacocytes which secrete 
exclusively apolipoprotein (apo) BlOO very-low-density lipoprotein (VLDL) and in chose 
which secrete predominantly apoB48 VLDL. Bioclim J. 332667-72 

Saltiel. A.R. 2001. New perspectives into the moIecular plithosenesis and treatment of type 2 
diabetes. Ceil. 1045 17-19. 

Saco. R.. T. imanaka, A. Trikatsuki, and T. Takano. 1990. Degradation of newly synthesized 
apolipoprotein B- 100 in a pre-Golgi compmrnent. d Biol Chent. '165: 1 18804- 

Sato, R., W. Miyamoto. I. houe, T. Tenda, T. Imanaka. and M. Mrieda. 1999. Sterol 
regulritory elernent-binding procein negatively regulates microsomal triglyceride transfer 
procein gene transcription. J Bi01 Cliem. 774247 14-20. 

Sato, S., N. Fujita, and T. Tsuruo. 3000. Modulntion of Akt kinase activity by binding to 
Hsp90. Proc Narl Acud Sci U S A. 97: 10832-7. 

Sattar, N., J.R. Petrie, and A.]. Jaap. 1998. The athemgenic lipoprotein phenotype and 
vascular endothelial dysfunction. Arlwosclerosis. 138229-35. 

Scrinu, A., and R. Hirz. 1968. Human semrn low-density lipoprotein protein: its conformation 
studied by circular dichroism.   va ri ire. 3L8:200-1. 

Schaefer, E.J., and M L  Brousseau. 1998. Diet, lipoproteins, and coronary hem disease. 
Endocrinol Metab Clin North Am. 77:711-33, xi. 

Schekrnan, R., and L. Orci. 1996. Coat proteins and vesicle budding. Science. 271:1526-33. 

Schonfeld, G. 1995. Genetic variation of opolipaprotein B c m  produce both low and high 
levels of apoB-containing lipoproteins in plasma. Cm J Cordiol. 11 Suppl G:86G-92G. 

Schumaker, VN., M.L. Phillips, and JE. Chatterton. 1994. Apoiipoprotein 3 and Loi- 
density Iipoprotein structure: implications for biosynthesis of triglyceride-rich 
lipoproteins. Adv Protein Ciiem. 45:205-48. 



Seely, B.L., P.A. Staubs, D.R. Reichart, P. Berhanu, K.L. Milarski, A.R. Saltiel, J. Kusari, 
and J.M. Olefsky. 1996. Protein tyrosine phosphatase LB interacts with the activated 
insulin receptor. Diaberes, 45: 1379-85. 

Segrest, J.P., D.W. Garber, C.G. Brouillette, S.C. Harvey, and G.M. Anantharamaiah. 1994a. 
The amphipathic alpha helix: a multifunctional structural motif in plasma 
apolipoproteins. Adv Prorein Chem. 45:303-69. 

Segrest, J.P., R.L. Jackson, J.D. Morrisett, and AM. Gotto, Jr. 1974. A molecular theory of 
lipid-protein interactions in the plasma Iipoproteins. FEBS Leu. 38:247-58. 

Segrest, J.P., M.K. Jones, and N. Dashti. 1999. N-terminai domain of apolipoprotein B has 
structural homology to Iipovitellin and microsomril triglycende transfer protein: a 
&quot;lipid pocket&quot; mode1 Cor self-assembly of apob-containing lipoprotein 
particles. J Lipid Res. 40: 140 1-16. 

Segrest, J.P., M.K. Jones, V.K. Mishra. G.M. Anantharmaiah, and D.W. Garber. 1994b. 
apoB-LOO has a pentapartite structure composed of three amphipathic alpha-helical 
domains alternating with two amphipathic beta-strand domains. Detection by the 
computer program LOCATE. Arterioscler Tlrrornb. 14: 1674-85. 

Segrest, J.P., M.K. Jones, V.K. Mishra, V. Pierotti, S.H. Young, J. Boren, T.L. [nnerarity, 
and N. Dashti. 1998. Apolipoprotein B-100: conservation of lipid-associating 
amphipathic secondary structural motifs in nine species of vertebrates, J Lipid Res. 
3935-102. 

Sessions, VA., A. Martin. A. Gornez-Munoz. D.N. Brindley, and A M .  Sdter. 1993. 
Cholesterol feeding induces hypertrigIyceridriemia in hamsters and increases the rictivity 
of the Mg(?+)-dependent phosphatidate phosphohydrolase in the liver. Bioclh Bioplzys 
Acta. 1 166238-43. 

Sessions' V.A., and AM. SaIter. 1994. The effects of different dietary fats and cholesterol on 
senim lipoprotein concentrations in hamsters. Biocliim Biophys Acta. 121 1207-14. 

Shafrir, E., and E. Ziv. 1998. CeIIuIar mechanism of nutritionally induced insulin resistance: 
the desert rodent Psammomys obesus and other animds in which insulin resistance leads 
to detrimenta! outcorne. J Basic Clin Plysiol Plzarmacol. 9:347-85. 

Shafrir, E., E. Ziv, and L, ~Mosthaf. 1999. Nuuitionally induced insulin resistance and 
receptor defect leading to bera-ceII failure in animal models. Ann N Y Acad Sci. 892223- 
46. 

Shah, R.R., TJ. Knott, JE.  Legros, N. Navaramam, J-C. Greeve, and J. Scott. 1991. 
Sequence requirements for the editing of apolipoprotein B rnRNA. J Biol Chem. 
266: 1630 1-4. 

Shao, J., Y. Gao, and Z. Yuan. 1998. m e  latty acids prornoting PTPLB expression in rat 
skeletal muscle and hepatic cells]. Urongltrta Yi Xtte Za Shi. 78:753-5. 



Shao, J., H. Yamashita, L. Qiao, and JE. Friedman. 2000. Decreased Akt kinase activity and 
insulin resistance in C57BUKsJ-Leprdbldb mice. J Endocnnol, 167: 107-15. 

SheIness, G.S., M.F. Ingram, X.F. Huang, and J.A. DeLozier. 1999. ApoIipoprotein B in the 
rough endoplasmic reticulum: translation, translocation and the initiation of Iipoprotein 
assembly. J N w .  129:456S462S. 

Shelness, G.S., K.C. Moms-Rogers, and M.F. Ingram. 1994. Apolipoprotein B48-membrane 
interactions. Absence of transmembrane localization in nonhepatic cells. I Bi01 Chem. 
269193 10-8. 

Shelness, G.S., and J.A. Selles. 2001. Very-low-density lipoprotein assembly and secretion. 
Cztrr Opirr Lipidol. 12: 15 1-7. 

Shelness, G.S., and J.T. Thomburg. 1996. Role of intramolecular disulfide bond formation in 
the assernbly and secretion of apolipoprotein B-100-containin; lipoproteins. J Lipid Res. 
37:408-19. 

Shih, D.M., Y.R. Xia, X.P. Wang, E. Miller, L.W. Castellani, G. Subbanagounder, H. 
Cheroutre, K.F. Faull, I.A. Berliner, J.L. Witztum, and A.J. Lusis. 2000. Combined 
serum paraoxonase knockout/apolipoprotein E knockout mice exhibit increased 
lipoprotein oxidation and atherosclerosis. J Bi01 Chem. 275: 17527-35. 

Shoulders, C C ,  T.M. Narcisi, J. Read, A. Chester, D.J. Bntt, J. Scott, T.A. Anderson, D.G. 
Levitt, and L.J. Banaszak. 1994. The abetalipoproteinemia gene is a member of the 
vitellogenin family and encodes an alpha-helical domain. Nat Stnict Biol. 1985-6. 

Siuta-Mangano, P., D.R. Janero, and M.D. Lrine. 1982. Association and usembly of 
trigIycende and phosphoiipid with glycosylated and unglycosylated apoproteins of very 
low density lipoprotein in the intact liver cell. J Bi01 Clzem. 257:11463-7. 

Sladek, F.M., W.M. Zhong, E. Lai, and J.E. Darnell, Jr. 1990. Liver-enriched transcription 
factor HNF-4 is a novel member of the steroid hormone recepror superfarnily. Genes 
Dev. 42353-65. 

Sleder, J., Y.D. Chen, M.D. Cully, and G.M. Reaven. 1980. Hyperinsulinemia in fructose- 
induced hypemigtyceridemia in the rat- n/letabolism. 29:303-5. 

Smith, H.C., S.R. Kuo, J.W. Backus, S.G. Himis, C.E. Sparks, and J.D. Sparks. 1991. In 
vitro apolipoprotein B mRNA editing: identification of a 27s editing cornplex. Proc Nat1 
Acad Sci II S A, 88: 1489-93. 

Smith, U., S. Goggl A. Johansson, T. Olausson, V. Rotter, and B. Svalstedt. 2001. 
Thiazolidinediones (PPARgamma agonists) but not PPARaIpha agonists increase IRS-2 
gene expression in 3T3-Ll and human adipocytes. Faseb J. 15215-220. 

Sorci-Thornas, M., MD. WiIson, F.L. Johnson, D.L. Williams, and L.L. RudeI. 1989. Studies 
on the expression of genes encoding apotipoproteins BI00 and B48 and the low density 



lipoprotein receptor in nonhuman primates. Cornparison of dietary fat and cholesterol. J 
Bi01 Clieni. 764:903945. 

Spady, D.K., and JM. Dietschy. 1983. Sterol synthesis in vivo in 18 tissues of the squirrel 
monkey, guinea pig, rabbit, hamster, and rat. J Lipid Res. 24:303-15. 

Spady, D.K., J.B. Meddings, and JM. Dietschy. 1986. Kinetic constants for receptor- 
dependent and receptor-independent low density lipoprotein transport in the tissues of the 
rat and hamster. J Clin Invesr. 77:1474-8 1. 

Sparks, C.E., J.D. Sparks, M. Bolognino, A. Salhanick, P.S. Strumph, and J.M. Amamda 
1986. lnsulin effects on apolipoprotein B lipoprotein synthesis and secretion by primary 
cultures of rat hepatocytes. Merabolism. 35: 1 128-36. 

Sparks, J.D., H.L. Collins, 1. Sabio, M.P. Sowden, H.C. Smith, J. Cianci, and CE. Sparks. 
1997. Effects of tàtty acids on apolipoprotein B secretion by McArdle RH-7777 rat 
hepatoma cells. Biochim Biophys Acra. 1347:s 1-6 1. 

Sparks, J,D., J.P. Corsetti, and CE. Sparks. 1994. Liver regrowth and apolipoprotein B 
secretion by rat hepatocytes following partial hepatectomy. Metabolisnl. 43:68 1-90. 

Sparks, I.D., T.L. Phung, M. Bolognino, and CE. Sparks. 1996. InsuIin-mediated inhibition 
of apolipoprotein B secretion requires an intracellular trafficking event and 
phosphatidylinositol 3-kinase activation: studies with brefeldin A and wonrnannin in 
primary cultures of rat hepatocytes. Biochem J. 3 131567-74. 

Sparks, J.D., and C.E. Sparks. 1990. Insulin modulation of hepatic synthesis and secretion of 
apolipoprotein B by rat hepatocytes. J Bi01 Cliem. 265:8854-62. 

Sparks, J.D., and C.E. Sparks. 1994a. Insulin regulation of triacylglycerol-rich lipoprotein 
synthesis and secretion. Biocliim Biopliys A m .  1215:9-32. 

Sparks, JD., and C.E. Sparks. 1994b. Obese Zucker (falfa) rats are resistant to insulin's 
inhibitory effect on hepatic apo B secretion. Biochrm Bioplys Res Commrin. 205417-22. 

Sparks, J.D., C.E. Sparks, and L.L. Miller. 1989. Insulin effects on apolipoprotein B 
production by normal, diabetic and treated-diabetic rat liver and cultured rat hepatocytes, 
Biochem 1.26 1:83-8. 

Sparks, JD., CE. Sparks, A.M. Roncone, and J.M. Amatmda. 1988. Secretion of high and 
low moIecular weight phosphorylated apolipoprotein B by hepatocytes from control and 
diabetic rats, Phosphorylation of APO BH and APO BL. 3 Bi01 Chem. 263:50014. 

Sparks, J.D., R. Zolfaghari, C.E. Sgarks, H.C. Smith, and E.A. Fisher. 1992. Impaired 
hepatic apolipoprotein B and E translation in streptozotocin diabetic rats. 3 Clin invest. 
89: 141 8-30. 



Spiegelman, B.M. 1998. PPAR-gamma: adipogenic regulator and thiazolidinedione receptor. 
Diaberes. 47507-14. 

Spiegelman, B.M., and J.S. Hier. 2001. Obesity and the regulation of energy balance. Cell. 
10453 1-43. 

Sredy, J., D.R. Sawicki, B.R. Flam, and D. SulIivan. 1995. Insulin resistance is associated 
with abnormal dephosphorylation of a synchetic phosphopeptide corresponding to the 
major autophosphorylation sites of the insulin recepcor. Metabolisnl. @IO748 1. 

Srivastava, R.A. 1996. Regulation of the apolipoprotein E by dietary lipids occurs by 
transcriptional and post-transcriptional mechanisms. Mol Ce11 Bioclterri. 155:153-62. 

Steinberg, H.O., H. Chaker, R. Leaming, A. Johnson, G. Brechtel, and A.D. Baron. 1996. 
Obesitylinsulin resistance is associated with endothelial dysfunction. Implications for the 
syndrome of insulin resistance. J Clin hvest. 97:26Ol-10. 

Steinbrecher, U.P. 1987. Oxidation of human low density lipoprotein results in derivatization 
of lysine residues of apolipoprotein B by lipid peroxide dccomposition products. J Bi01 
Chent. 2623603-8, 

Stephens, L.R., K.T. Hughes, and R.F. h ine .  1991. Pathway of phosphatidylinositol(3,4,5)- 
trisphosphate synthesis in activrited neutrophils. Nature. 35 1:33-9. 

Steppan, CM., S.T. Bailey, S. Bhat, E.J. Brown, R.R. Banerjee, C.M. Wright, H.R. Patel, 
R.S. Ahima, and M.A. b a r .  200La. The hormone resistin links obesity to diabetes. 
Nature. J09:307-12. 

Steppan, CM., E.J. Brown. C.LM. Wright, S. Bhrit, R.R. Banerjee, C.Y. Dai, G.H. Enders, 
D.G. Silberg, X. Wen, G.D. Wu, and M.A. Lrizar. 2001b. A family of tissue-specific 
resi~ti~ï-like molecules. Proc Narl Acad Sci II SA. 98502-6. 

Stem, M.P. 1997. Atherosclerosis and diabetes. In International Textbook of Diabetes. Vol. 
1. K.G.M.M. Alberti, Zirnrnet, P., DeFronzo, R. A., Keen, H., editor. John Wiley & Sons 
Ltd, New York. 256-283. 

Storz, P., H. Doppler, A. Wernig, K. Pfizenmaier, and G. Muller. 1999. Cross-talk 
mochanisms in the development of insulin resistance of skeletal muscle cells pairnitate 
rather than tumour necrosis factor inhibits insulin-dependent protein kinase B (PKB)lAkt 
stimulation and glucose uptake. Etw J Biocltem. 266:17-25. 

Suarez, G., J-D. Etlinger, J. Maturana, and D. Weitman. 1995, Fructated protein is more 
resistant to ATP-dependent proteolysis chan glucated protein possibly as a result of higher 
content of Maillard fluorophores. Arch Biocltem Biophys. 32 l:209-l3. 

Suarez, G., R. Rajaram, A.L. Oronsky, and M.A. Gawinowicz. 1989- Nonenzymatic 
glycation of bovine semm albumin by fnictose (fmctation). Cornparison with the 
Maillard reaction initiated by glucose. J Biol Cliem. 26436749. 



Suga, A., T. Hirano, H. Kageyama, T. Osaka, Y. Namba, M. Tsuji, M. Miura, M. Adachi, 
and S. Inoue. 2000. Effects of fructose and glucose on plasma leptin, insulin, and insulin 
resistance in lean and VMH-lesioned obese rats. An J Pliysiol Endocrinol Merab. 
378:E677-83. 

Sullivan, M.P., J.J. Cerda, F.L. Robbins, C.W. Burgin, and R.J. Beatty. 1993. The gerbil, 
hamster, and guinea pi; as rodent models for hyperlipidemia. Lab Anim Sci. 43575-8. 

Sun, XJ., P. Rothenberg, C.R. Kahn, J.M. Backer, E. Araki, P.A. Wilden, D.A. Cahill, B.J. 
Goldstein, and LMZ. White. 1991. Structure of the insulin receptor substrate iRS-1 
defines a unique signal transduction protein. Nature. 3273-7. 

Sunayama, S., Y. Watanabe, H. Daida, and H. Yamaguchi. 2000. Thiazolidinediones, 
dyslipidaemia and insulin resistance syndrome. C m -  Opin Lipidoi. 11:397-402. 

Swift, L.L. 1995. Assembly of very low density lipoproteins in rat liver: a study of nascent 
particles recovered from the rough endoplasmic reticulum. J Lipid Res. 36:395-406. 

Swift, L.L. 1996. Role of the Golgi apparatus in the phosphorylation of apolipoprotein B. J 
Bi01 Chem. 17 1:3 149 1-5. 

Taghibiglou, C., A. Carpentier, SC. Van Iderstine, B. Chen, D. Rudy, A, Aiton, G.F. Lewis, 
and K. Adeli. 3000. Mechanisms of hepatic very low density lipoprotein overproduction 
in insulin resistance. Evidence for enhanced lipoprotein assembly, reduced intracellular 
ApoB degradation, and increased microsoma1 triglyceride transfer protein in a fructose- 
fed hamster model. J Biol Cherri. 275:84L6-25. 

Taha, C., and A. Klip. 1999. The insulin s ipding pathway. J Mernbr Biol. 169:l-12. 

Talmud, P.J., N. Barni, A.M. Kessling, P. Carlsson, C, Danifors, G. Bjursell, D. Gaiton, V. 
Wynn, H. Kirk, M.R. Hayden, and et ai. 1987. Apolipoprotein B gene variants are 
involved in the determination of serurn cholesterol levels: a study in normo- and 
hyperiipidaemic individuals. Atheroscierosis. 6 7 3  1-9. 

Tanaka, M., H. Jingami, H. Otani, M. Cho, Y. Ueda, H. Ani, Y. Nagano, T. Doi, M. 
Yokode, and T. Kita. 1993. Regulation of apolipoprotein B production and secretion in 
response to the change of intracelluIar cholesteryI ester contents in rabbit hepatocytes. J 
Biol Chem. 268: 127 13-8. 

Tanti, JI . ,  S. Grillo, T. Grerneaux. P.J. Coffer, E. Van Obberghen, and Y. Le Marchand- 
Brustel. 1997. Potential roIe of protein kinase B in glucose transporter 4 translocation in 
adipocytes. Endocrinology. 138:2005-10. 

Tasicinen, M.R. 1995. Insuh resistance and Iipoprotein metabolism. Ctrrr Opin Lipidoi. 
6:153-60. 

Teng, B., C.F. Bunnt, and N.O. Davidson. 1993. Molecular cloning of an apolipoprotein B 
messenger RNA editing protein. Science. 260:18 16-9. 



Teng, B., M. Verp, J, Salomon, and N.O. Davidson. 1990. Apolipoprotein B messenger RNA 
editing is developrnentally regulated and widely expressed in human tissues. J Bi01 
Chenz. 265206 16-20. 

Theriault, A., R. Cheung, and K. Adeli. 1992a. Expression of apolipoprotein B in vitro in 
ceIl-free lysates of HepG7 cells: evidence that insulin modulates ApoB synthesis at the 
translationai level. Clin Biocliern. 25:37_1-3- 

Theriault, A., G. Ogbonna, and K. Adeli. 1992b. Thyroid hormone modulates apolipoprotein 
B gene expression in HepG? cells. Bioclieni Biopliys Res Comniitn. 186:6 17-23, 

Thorburn, A.W., L.H. Storlien, A.B. Jenkins, S. Khouri, and E.W. Kraegen. 1989. Fructose- 
induced in vivo insulin resistance and elevated plasma triglyceride levels in rats. Am J 
Clin Nrirr. 49: 1 155-63. 

Thorngate, F.E., R. Raghow, H.G. Wilcox, C.S. Werner, M. Heimberg and M.B. Ehm. 
1994. Insulin promotes the biosynthesis and secretion of apolipoprotein B48 by altering 
apolipoprotein B mRNA editing. Proc Nari Acad Sci U S  A. 9 15392-6. 

Thnft, R.N., I. Drisko, S. Dueland, J.D. Trawick, and R.A. Davis. 1992. Translocation of 
apolipoprotein B across the endoplasmic reticulum is blocked in a nonhepatic ce11 line, 
Proc Nat1 Acad Sci U SA. 89:9 16 1-5. 

Timar, O., F. Sestier, and E, Levy. 2000. Metabolic syndrome X: a review, Can J Cardioi. 
16:779-89. 

Tobey, TA., C.E.  mond don, 1. Zavaroni, and G.M. Reaven. 1982. ~Mechanism of insulin 
resistance in fructose-fed rats.  meta abolis m. 3 1:608-12. 

Tonks, N.K., C.D. Diltz, and E.H. Fischer. 1988. Characterization of the major protein- 
tyrosine-phosphatases of human placenta. J Bi01 Clienr, 263:673 1-7. 

Tonks, N.K., and B.G. Neel, 2001. Combinatorid control of the specificity of protein 
tyrosine phosphatases. Crlrr Opin Ce11 Biol. 13:182-95. 

Topping, D.L., and P.A. Mayes. 1972. The immediate effects of insulin and fructose on the 
metabolisrn of the perfused liver. Changes in Lipoprotein secretion, Catty acid oxidation 
and estcrification, lipogenesis and carbohydrate metabolism. Biochem J. 126295-3 1 1. 

Topping, D.L., and P.A. Mayes. 1976. Comparative effects of fructose and glucose on the 
Iipid and carbohydrate metabolism of perfused rat Iiver. Br J Niitr. 36:113-26. 

Tom, LP., G. Chinetti, C. Duval, J-C. Fruchart, and B. Staels. 2001. Pemxisome pmiiferator- 
activated recepcors: from transcriptiond control to clinical practice. Crrrr Opin LipidoL 
12245-54. 



Torres, J., and R. Pulido. 2001. The tumor suppressor PTEN is phosphorylated by the protein 
kinase CK2 at its C terminus. Implications for PTEN stability to proteasorne-mediated 
degradation. J Biol Chem. 276:993-8. 

Tran, K., J. Boren, J. Macri, Y. Wang, R. McLeod, R.K. Avramoglu, K. Adeli, and 2. Yao. 
1998. Functional analysis of disulfide Iinkages clustered within the amino terminus of 
hurnan apolipoprotein B. J Biol Cizern. 273:7244-51. 

Tminger, R.R., and S. Marshall. 1992. Insulin regulation of pyruvate kinase activity in 
isolated adipocytes. Crucial role of glucose and the hexosamine biosynthesis pathway in 
the expression of insulin action. J Bi01 Chem. 3,67:9718-23. 

Tuovinen, C.G., and A.E. Bender. 1975. Some rnetabolic effects of prolonged feedin; of 
starc h, sucrose, fructose and carboh ydrate-free diet in the rat. Nritr Metab. 19: 16 1-72. 

Twisk, J., D.L. Gillian-Daniel, A. Tebon, L. Wang, P.H. Barrett, and AD. Attie. 2000. The 
role of the LDL receptor in apolipoprotein B secretion. J Clin Inilest. IO552 1-32, 

Uchida, T., T. Matozaki, T. Noguchi, T. Yarnao, K. Horita, T, Suzuki, Y. Fujioka, C. 
Sakamoto, and M. Kasuga. 1994. Insulin stimulates the phosphorylation of Tyr538 and 
the catalytic activity of PTPLC, a protein tyrosine phosphatase with Src hornoloçy-3 
domains. J Biol Clienz. 269: 12220-8. 

Unde, R., and M. Kito. 1993,. Inhibition by ricidie phospholipids of protein degradrition by 
ER-60 protease, a novel cysteine protease, of endoplasmic reticulurn. FEBS Lat. 3 1283- 
6. 

Urade, R., M. Kusunose, T. Moriyarna, T. Higasa, and M. Kito. 3000. Accumuiation and 
degradation in the endoplasmic reticulum of a truncated ER-60 devoid of C-terminal 
arnino acid residues. J Biocliern (Tohyo). l27:2 1 1-20. 

Urade, R., M. N i u ,  T. Monyama, K. Wada, and M. Kito. 1993. Protein de+pdation by the 
phosphoinositide-specific phospholipase C-alpha family from rat Iiver endoplasmic 
reticulum. J Biol Chenr. 267:15 152-9. 

Urade, R., A. Yasunishi, H. Okudo, T. Moriyama, and M. Kito. 1999. Autodegradation of 
protein disulfide isomerase. Biosci Biotechnol Bioci~em. 63:610-3. 

van Greevenbroek, MM., M.G. Robertus-Teunissen, D.W. Erkeiens, and T.W. de Bruin. 
1998. Participation of the microsornai triglyceride transfer protein in lipoprotein 
assembly in Caco- cells: interaction with saturated and unsatunted dietary fatty acids. J 
Lipici Res. 39: 173-85, 

Van Harken, DA., C.W. Dixon, and M. Heimberg. 1969. Hepatic lipid metabdism in 
experirnentaI diabetes. V. The effect of concentration of oleate on metabotism of 
trigiyceridcs and on ketogenesis. J Biol Citem. 24:2278-85. 



Van Obberghen, E., M. Ksauga, A. Le Cam, J.A. Hedo, A. Itin, and L.C. Hanison. 198L. 
Biosynthetic labeling of insulin receptor: studies of subunits in cultured human IM-9 
lymphocytes. Proc Nad Acad Sci U S  A. 78: 1052-6. 

Venable, C.L., E.U. Frevert, Y.B. Kim, B.M. Fischer, S. Kamatkar, B.G. Neel, and BB. 
Kahn. 2000. Overexpression of protein-tyrosine phosphatase-1B in adipocytes inhibits 
insulin-stimulated phosphoinositide 3-kinase activity without aitenng glucose transport oi 
AktProtein kinase B activation, J Biol Clzem. 275: 183 18-26. 

Veniant, M.M., E. Kim, S .  McCormick, J. Boren, L.B. Nielsen, M. Raabe, and S.G. Young. 
1999. lnsights into apolipoprotein 6 bioIogy from transgenic and gerie-targeted mice. 3 
Nutr. 129:45 lS455S. 

Verkade, H.J., D.G. Fast, A.E. Rusinol, D.G. Scraba, and D.E. Vance. 1993. impaired 
biosynthesis of phosphatidylcholine causes a decrease in the number of very low density 
lipoprotein particles in the Go18 but not in the endoplasmic reticulum of rat liver. J Bi01 
Clzenz. 26824990-6. 

Visvikis, S.. J.P. Cambou, D. Arveiler, AE.  Evans, H.J. Parra, D. Aguillon, J.C. Fmchrirt, G. 
Siest, and F. Cambien. 1993. ApoIipoprotein B signai peptide polymorphism in patients 
with myocardial infarction and controls. &quot;The ECTIM studylkquot. H m  Genet. 
9056 1-5. 

Voges, D., P. Zwickl, and W. Baumeister. 1999. The 26s proteasome: a molecular machine 
designed for controlled proteolysis. Annrr Rev Biochem. 68: 10 15-68. 

von Wronski, MA., K.I. Hirano, L.M. Cagen, H.G. Wilcox, R. Raghow, FE. Thorngate, M. 
Heimberg, N.O. Davidson, and M.B. Elm.  1998. Insulin increases expression of apobec- 
1, the catalytic subunit of the apolipoprotein B mRNA editing complex in rat 
hepatocytes. Metabolisr~r. 47:869-73. 

Wa-man, A.S., and J.M. Nuss. 3001. Current therapies and emerging targets for the 
treatment of diabetes. Crirr Phanri Des. 7:417-50. 

Walter, P., and A.E. Johnson. 1994. Signa1 sequence recognition and protein targeting to the 
endoplasmic reticulum membrane. Annu Rev Cd1 Biol. LO:87-119. 

Wang, C.N., TC. Hobman, and D.N* Brindley. 1995a. Degradation of apolipoprotein B in 
cultured nt hepatocytes occurs in a post-endopIasrnic reticulum cornpartment. J Bi01 
Clrem. 27024924-3 1. 

Wang, C.N., R.S. McLeod, 2. Yao, and DN. BrindIey. 1995b. Effects of dexamethasone on 
the synthesis, deamdation, and secretion of apolipoprotein B in cultured rat hepatocytes. 
Arterioscler Tliromb Vasc Biol. 15: 148 1-9 1. 

Wans, H., X. Chen, and E.A. Fisher. 1993. N-3 fatty acids stimulate intracellular degradation 
of apoprotein B in rat hepatocytes. J Clin Itzvesr. 91:1380-9. 



Wang, L., D.G. Fast, and A.D. Attie. 1997. The enzymatic and non-enzymatic roles of 
protein-disulfide isomerase in apolipoprotein B secretion. J Bi01 Cherjz. 2722765.1-51. 

Wang, Q., P.J. Bilan, T. Tsakiridis, A. Hinek, and A. Klip. 1998. Actin filaments participate 
in the relocalization of ph~sphatidylinositol3-kinase to glucose transporter-containing 
compartments and in the stimulation of glucose uptake in 3T3-Ll adipocytes [published 
erratum appears in Biochem J 1999 Aug 1:341(Pt 3):861]. Biochenz J. 33 1:917-28. 

Wang, S., R.S. McLeod, D.A. Gordon, and 2, Yao. 1996, The microsomal tnglycende 
tmsfer protein facilitates assembly and secretion of apolipoprotein B-containing 
lipoproteins and decreases couanslational degradation of apolipoprotein B in transfected 
COS-7 cells. J Biol Chem. 271:14124-33. 

Wang, Y., K. Tran, and 2. Yao. 1999. The activity of microsornai trigiyceride tnnsfer 
protein is essential for accumulation of triglyceride within microsornes in McA-RH7777 
cells. A unified mode1 for the assembly of very low density Iipoproteins [In Process 
Citation]. J Bi01 Client. 27427793-800. 

Wrirabi, M., T. Nemoto, K. Ohashi, M. Kitagawa, and K. Hirokawa- 2000. Expression of 
protein tyrosine phosphatases and its significance in esophageal cancer. Erp Mol Patliol. 
68: 187-95. 

Weingnnd, K.W., and B.P. Daggy. 1991. Effects of dietary cholesterol and fasting on 
hamster plasma lipoprotein Iipids. Erîr J Clin Cliern Clin Bioclieni. 29:425-8. 

Wettenu, J.R., L.P. Aggerbeck, M.E. Bouma, C. Eisenberg, A- Munck, M. Hermier, J. 
Schmitz, G. Gay, D.J. Rader, and R.E. Gregg, 1992. Absence of microsomal triglyceride 
transfer protein in individuals with abetalipoproteinemia. Science. 258:999-1001. 

Wetterau, J.R., K.A. Cornbs, L.R. McLean, S.N. Spinner, and L.P. Aggerbeck. 199 L. Protein 
disulfide isornerase appears necessary to maintain the catalytically active structure of the 
microsomal triglycende transfcr protein. Bioclieniistry, 30:9728-35. 

Wettemu, J.R., K.A. Combs, S.N. Spinner, and B.J. Joiner. 1990. Protein disuIfide isomerase 
is a component of the microsomaI tri;lyceride transfer protein cornplex. J Biol Chem. 
265:980 1-7. 

Wetterau, J.R., RE.  Gregg, T.W. Harrity, C. Arbeeny, M. Cap, F. Connolly, C.H. Chu, R.J. 
George, D.A. Gordon, H. Jarnii, K.G. Jolibois, L.K. Kunselrnan, S.J. Lm, TJ. 
Maccagnan, B. Ricci, M. Yan, D. Young, Y. Chen, O.M. Fryszman, J.V. Logan, C.L. 
iMusial. M.A, Poss, IA. Robl, L.M. Simpkins, S.A. Biller, and et ai. 1998. An W 
inhibitor that normalizes atherogenic lipoprotein IeveIs in WHHL nbbits. Science. 
2827514. 

Wecterau, J.R., MC. Lin, and H. JamiI. 1997. Microsornai triglyceride transfer protein. 
Bioclrim Biopiys Acta. 134% 136-50. 



White, A.L., D.L. Graham, J. LeGros, R.J. Peasise, and J. Scott. 1992. Oleate-mediated 
stimulation of apolipoprotein B secretion from rat hepatoma cells. A function of the 
ability of apolipoprotein B to direct lipoprotein assembly and escape presecretory 
degadation. 3 Bi01 Chem. 267: 15657-64. 

White, MT. 1998. The RS-signailing system: a network of docking proteins that mediate 
insulin action, Mol Ce11 Bioclzeni. 1823-1 1. 

White, M.F., R. Maron, and C.R. Kahn. 1985. lnsulin rapidly stimulates tyrosine 
phosphorylation of a Mr-185,000 protein in intact cells. Nature. 3 L8:183-6. 

Wiggins, D., and GE. Gibbons. 1992. The 1ipolysislesterification cycle of hepatic 
triacylglycerol. Its role in the secretion of very-low-density lipoprotein and its response to 
hormones and sulphonylureas. Biocltern J. 284:457-62. 

Wilkinson, J., J.A. Higgins, P. Groot, E. Gherardi, and D. Bowyer. 1993. Topography of 
apolipoprotein B in subcellular fractions of rabbit liver probed with a panel of 
monoclonal antibodies. J Lipid Res. 34:8 15-25. 

WiIkinson, J., J.A. Higgins, PH. Groot, E, Gherardi, and D.E. Bowyer. 1992. Determination 
of the inuacellulardistribution and pool sizes of apolipoprotein B in rabbit liver. Biochem 
J. 288:JL3-9, 

Withers, DJ,, and M. White. 2000, Perspective: The insuiin sigaIing system-a common 
link in the pachogenesis of type 1 diabetes. Endocrinology. 141: 19 17-21. 

Wolever, TM. 2000. Dietary carbohydr~tes and insulin action in hurnans. Br  J Niitr. 83 
Suppl 1:S97-102. 

Wu, X., N. Sakata, J. Dixon, and H.N. Ginsberg. 1994. Exogenous VLDL stimulates 
ripolipoprotein B secretion from HepG3 cells by both pre- and post-translationai 
mechanisms. J Lipid Rrs. 35: 1200-10. 

Wu, X., N. Sakata, K.M. Lele, M. Zhou, H. Jiang, and H.N. Ginsberg. 1997. A two-site 
mode[ for ApoB degadation in HepG2 cells. J Bi01 Clzem. 2721 1575-80. 

Wu, X., M. Zhou, L.S. Huang, J. Wetterau, and H.N. Ginsberg. 1996. Demonstntion of a 
physicai interaction between microsomal triglyceride transfer protein and apolipoprotein 
B during the assembly of ApoB- containing lipoproteins. J Bid Chem. 27LA0277-8 1. 

Xu, CE., E. Boenvinkle, M.]. Tikkanen, J.K. Huttunen, SE. Humph-es, and P.J. Tdmud. 
L990a. Genecic variation at the apolipoprotein gene loci contribute to response of plasma 
Iipids to dietary change. Genet Epidemiol. 7261-75. 

Xu, CF., M.J. Tikkanen, J.K. Huttunen, P. Pietinen, R. Butler, S. Humphries, and P. Taimud. 
19905. Apolipoprotein B signai peptide insertioddeletion poIyrnorphism is associated 
with Ag epitopes and involved in the determination of serum trïgiycende Ievels. J Lipid 
Res. 3 1 : L255-6 1 - 



Yakubu-Madus, F.E., T.W. Stephens, and W.T. Johnson. 2000. Lipid lowering explains the 
insulin sensitivity enhancing effects of a thiazolidinedione, 5-(4-(2-(3-phenyl-4- 
oxazolyl)ethoxy)benzyl)-2,4 thirizolidinedione. Diaberes Obes Mesab. 3: 155-63. 

Yamada, T., H. Katagiri, T. Asano, K. Inukai, M. Tsuru, T. Kodama, M. Kikuchi, and Y. 
Oka. 2001.3-phosphoinositide-dependent protein kinase 1, an Aktl kinase, is involved in 
dephosphorylation of Thr-308 of Aktl in Chinese hamster ovary cells. J BioE Cliem. 
276533945. 

Yamamoto, M., 1. Yamamoto, Y. Tanaka, and I.A. Ontko. 1987. Fatty acid metabolism and 
lipid secretion by petfused livers from rats fed laboratory stock and sucrose-rich diets. J 
Lipid Res. 28: 1 156-65. 

Yamanakn, S., K.S. Poksay, M E  Balestra, G.Q. Zeng, and T.L. Innerarity. 1994. Cloning 
and mutagenesis OC the rabbit ApoB mRNA editing protein. A zinc motif is essentiai for 
catalytic activity, and noncatalytic auxiliary factor(s) of the editing complex are widely 
dis tri buted. J Bi01 Chem. 26932 1725-34. 

Yamane, LM., S. Jiao, S. Kihara, 1. Shimomura. K. Yanagi, K. Tokunaga, S. Kawata, H. 
Odaka, H. Ikeda, S. Yamashita, and et al. 1995. Increased proportion of plasma apoB48 
to apoB-LOO in non-insulin-dependent diabetic rats: contribution of enhanced apoB 
mRNA editing in the liver. J Lipid Res. 36: 1676-85. 

Yang, C.Y., S.H. Chen, S.H. Gianturco, W.A. Bradley, J.T. Sparrow, M. Tanimun, WH. Li, 
D.A. Sparrow, H. DeLoof, M. Rosseneu, and et al. 1986. Sequence, structure, receptor- 
binding domains and intemal repeats of human apolipoprotein B-100. Natiire. 323:738- 
42. 

Yang, C.Y., Z.W. Gu, S.A. Weng, T.W. Kim, S.H. Chen, H.J. Pownall, F.M. S h q ,  S.W. 
Liu, W.H. Li, AM. Gotto, Sr., and et al. 1989. Structure of apolipoprotein B-100 of 
human low density Iipoproteins. Arreriosclerosis. 9:96-108. 

Yang, C.Y., T.W. Kim, S.A. Weng, B.R. Lee, M.L. Yang, and A.M. Gotto, Jr. 1990. 
Isolation and characterization of sulfhydryl and disulfide peptides of human 
apolipoprotein 8-100. Proc Nad Acad Sci U SA. 875523-7, 

Yao, Z., and R.S. McLeod. 1994. Synthesis and secretion of hepatic apolipoprotein B- 
containing lipoproteins. Biockim BiopIzys Acta, 1212:152-66. 

Yao, Z., K. Tran, and R.S. McLeod. 1997. Intracellular deamdation of newiy synthesized 
ripolipoprotein B. J Lipid Res. 38: 1937-53. 

Ye, I.M., P.J. Doyle, M.A. Iglesias, D.G. Watson, G.J. Cooney, and E.W. Kraegen. 2001. 
Peroxisome prolifentor-activated receptor (PPAR)-alpha activation lowers muscle [ipids 
and improves insulin sensitivity in hi$ fat-fed rats: comparîson with PPAR-gamma 
activation. Diabetes. 50:41 1-7. 



Yeung, S.-C.J., and L. Chan. 1998. Hepatic apolipoprotein B biogenesis: An update. Trends 
in Ca rdiuvasc. i&J. 8:8- 14. 

Yeung, SI., S.H. Chen, and L. Chan. 1996. Ubiquitin-proteasorne pathway rnediates 
intracellular depidation of apolipoprotein B. Bioclrernistry. 35: 13843-8. 

Yokomatsu. T., T. Murano, 1. Umesue, S. Soeda. H. Shimeno, and S. Shibuya. 1999. 
Synthesis and biologicd evaiuation of rilpha,alphadifluorobenzy[phosphonic acid 
denvatives as small rnolecular inhibitors of protein-tyrosine phosphatase 1B. Bioorg Med 
C h i  Lett. 9529-32. 

Yoshino, G., M. Matsushita, M. Iwai, M. Morita, K. Matsuba, K. Nagata, E. Maeda, S. 
Furukawa, T. Hirano, and T. Kazumi. 1992. Effect of mild diabetes and dietary fructose 
on very-low-density Iipoprotein trigIyceride turnover in rats. ifitabolisrn. 4123640. 

Zabolotny, J M . ,  Y-B. Kim, OD. Peroni, J.K- Kim, M.A. Pani, O. Boss, LD. Klaman, S. 
Kamatkar, G.I. Shulrnan, B.B. Kahn, and B.G. Neel. 3001. Overexpression of the LAR 
(leukocyte antisen-related) protein-tyrosine phosphatase in muscle causes insulin 
resistance. Proc N d  Acud Sci II S A. 985 187-92. 

Zapun, A., N.J. Darby, D.C. Tessier, M. Michal&, J.J. Bergeron, and D.Y. Thomas. 1998. 
Enhanced catatysis of ribonuclease B foIding by the interaction of calnexin or cdreticulin 
with ERpS7.J Biol Chm. 273:6009-12. 

Züvxoni. L, Y.D. Chen, and G.M. Reüven. 1982. Scudies of the mechanism of fructose- 
induced hypenriglyceridemia in the rat. Merabolisrn. 31: 1077-83. 

Zavaroni, I., S. Sander, S. Scott, and G.iM. Reriven. 1980. Effect of fructose feeding on 
insulin secretion and insulin action in the nt, Metabolism. 29:970-3, 

Zhang, J., I. Ou, Y. Bashmakov. I.D. Horton, M.S. Brown, and J.L. Goldstein. 2001. Insulin 
inhibits transcription of RS-2 gene in rat liver through an insulin response element (IRE) 
that resembles IRES of other insulin-repressed genes. Proc Nad Acad Sci U SA. 98:3756- 
6 1. 

Zhang, Z., K, Cianffone, and A B .  Sniderman. 1999. Roie of choIesteroI ester mass in 
regulation of secretion of ApoB 100 lipoprotein particies by hamster hepatocytes and 
effects of statins on chat relationship. Arterioscler Tliromb Vasc Biol. 19:743-52. 

Zhan;, Z., AD. Sniderman, D. Kdant, H. Vu, J-C. Monge, Y. Tao, and K. Cianflone. 1993. 
The role of amino acids in ApoB 100 synthesis and catabolisrn in human HepG2 cells. J 
Biol Chem. 268:26920-6. 

Zhao, Y., I.B. McCabe, J. Vmce, and L.G. Becthurne. 2000. PalmitoyIation of 
apoIipoprotein B is required for proper intraceilular sorting and transport of cholesteroyl 
esters and criglycerides, Moi Bi01 Ceil. 1 l:721-34. 



Zhou, M., E.A. Fisher, and H.N. Ginsberg. 1998. Regulated Co-translational ubiquitination 
of apolipoprotein B100. A new paradigm for proteasomd degradation of a secretory 
protein. J Biol Clrem. 273:24649-53. 

Zhou, M., X. Wu, L.S. Huang, and H.N. Ginsberg. L995. Apoprotein B100, an inefficiently 
trançIocated secretory protein, is bound to the cytosolic chaperone, heat shock protein 70. 
J Biol Cfiem. 370:25130-4. 

Zhuanz, H., S.S. Chuans, and H.K. Das. 1992. Transcriptional reguIation of the 
apolipoprotein B LOO gene: purification and characterization of trans-acting factor BW-2. 
Mol Cell Biol. 123183-91. 

Zimmet, PZ. 1999. Diabetes epidemiology as a tool to tngger diabetes research and c m ,  
Diaberologin. 42499-5 [ 8. 




