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ABSTRACT : Dairy cows are prone to fatty liver during the time of periparturient. Despite of the extensive studies, etiology and 
solutions fbr fatty liver are still not well known.The liver synthesizes triglycerides (TG) using precursors from bloodstream and secretes 
TG in form of very low density lipoprotein (VLDL) into bloodstream for the utilization by peripheral tissues. When the amount of TG 
synthesis exceeds the amount of secretion in VLDL-TG, TG accumulation within the liver occurs. Hepatic VLDL assembly and 
secretion involve multi-biochemical events.The availabilities of apolipoprotein B (apoB), E (apoE), microsomal triglyceride transfer 
protein (MTP) and solute low density lipoprotein (LDL) receptor are now believed to be some of the main regulators fbr hepatic VLDL 
assembly and secretion. Studies in transgenic animals show that overexpression of these proteins stimulates VLDL production and 
secretion, which provides a possibility for alleviating bovine fatty liver by gene therapy. However, many problems remain to be solved 
to attain this goal. This review focuses on the molecular mechanisms of hepatic VLDL assembly and secretion, and the possibilities and 
problems of applying the knowledges to solve bovine fatty liver by gene therapy. (Asian-Aust. J. Anim, Sei. 2001. Vol 14, No, 9 :1331- 
1341)
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INTRODUCTION

Fatty liver is one of the serious metabolic disorders that 
dairy cows suffer during the periparturient period. This 
disorder is associated with dysfunctions of the liver and the 
decrease of milk production and reproductive efficiency, 
and therefore the loss of economic benefit. Extensive 
epidemiological studies, especially in the aspect of nutrition, 
unreveal the reason and the underlying mechanism(s) fbr 
fatty liver development. Effective solutions have not yet 
been available fbr alleviating this disorder. Continuous 
studies in more basic levels are of great values for both 
academic and practical views. The objective of this review 
is to present the main molecular events of hepatic 
triglyceride secretion and to explore the possibility and 
problems of gene therapy fbr bovine fatty liver.

CURRENT UNDERSTANDING OF BOVINE FATTY 
니 VER

Fatty liver syndrome, or liver steatosis, characteristic of 
excessive lipid accumulation in the liver, is a metabolic 
disorder which occurs usually during periparturient period 
from 2-3 weeks before calving to 4-5 weeks after calving of 
dairy cows,especially high producing cows (figure 1). Reid 
(1980) reported the incidence of moderate (3-5% TG in 
fresh liver) and severe (more than 5% TG in fresh liver) 
fatty liver reached up to 30% in the early lactation 
immediately prepartum up to 6-8 weeks postpartum in high 
producing dairy cows. More recently, Grummer (1993) 

summarized three studies from 61 multiparous H이stein 
cows and indicated that the average liver triglyceride (TG) 
content on dry matter (DM) basis at 17 day prior to calving , 
day 1 and 2 postpartum, and day 21 to 35 postpartum 
ranged from 2.1 to 7.1, 14.3 to 23.2 and 16.0 to 26.9% 
respectively. Liver TG peaks at or near calving. 50% of the 
61 cows had more than 15% liver TG by d 1 postpartum.

It is believed that the development of bovine fatty liver 
is associated with the excessive mobilization of adipose 
tissue resulting from the decline of voluntary feed intake 
during periparturient (figure 2).. However, nutritional 
strategies taken to counteract the negative energy balance, 
such as feeding rapidly fermentable carbohydrates prior to 
parturient (Harmon et al., 1985; Grummer, 1995), adding 
fats into diets (Grum et 지., 1996; Skaar, 1989), adding 
antilipolytic or lipotropic compounds (Skaar et al., 1989; 
Gerloff et al., 1986), may not always be effective fbr 
alleviating fatty liver.

Fatty liver is one of the consequences of the changes of 
many metabolic events during periparturient period. These 
changes are referred to as homeorhetic regulation (Bell and 
Bauman, 1996). The physiological significance of 
homeorhesis is to meet the substantial increase of the 
mammary nutrient requirements fbr milk production by 
repartitioning external and endogenous nutrients away from 
nonmammary tissues towards mammary tissue. Since the 
declined feed intake is unable to meet mammary needs, the 
mobilization of adipose tissue is inevitable. As a result, 
plasma nonesterified fatty acids (NEFA) are enhanced fbr 
several folds (figure 2). About 20% of mobilized lipid is 
utilized by mammary gland for milk fat synthesis. Majority 
of the remaining NEFA is taken up by the liver (Bell and 
Bauman, 1996).

In the liver, fatty acids are first activated to acyl-CoA by
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Figure 1. Changes in liver triglyceride concentration 
relative to calving (From Vazquez-Anon et aL, 1994)
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Figure 2. Dry matter intake (DMI) and plasma NEFA 
concentration of dairy cows during periparturient period 
(From Bertics et al., 1992)
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Figure 3. Metabolic pathways in dairy cows during peripartum fatty liver (From Gruffat et al., 1996)

the acyl-CoA synthase (figure 3). Acyl-CoA can be either 
oxidized completely or partially in mitochondria to produce 
energy, CO2 or ketone bodies, or esterified to form TG, 
phospholipids or cholesteryl esters in the cytoplasma. After 
esterification, TG can be stored in the cytoplasm of the 
hepatocytes in the form of fat droplets, which can be 
hydrolyzed by lysosomal lipase for oxidation or re
esterification (Wiggins, 1992). The alternative fate of TG in 
the liver is to be exported in the particle of VLDL (Brody, 
1999).

Although the metabolic pathways of lipids in the liver 
are well defined (figure 3), the rate-limiting steps of TG 

export in transition cows are not yet precisely identified. In 
ruminants, the rate of esterification is similar to other 
species, but the rate of secretion of TG in the form of 
VLDL is very low (Pullen et al., 1990). Klepp et al. (1988) 
found similar rates of incorporation of oleate into TG by 
goat and rat hepatocytes, but the rate of TG secretion as 
VLDL was 20 times lower in goats than in rats. The 
difference must be greater during peripartum than other 
stages because of the higher hepatic diacylglycerol 
acyltransferase (DGAT) activity (van den Top, 1995) and 
lower hepatic ApoB (Gruffat, 1997) during peripartum. 
Why TG -rich VLDL synthesis and secretion is low in 
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ruminants is not clear. Some of the explanations proposed 
currently include the low lipolysis of stored TG, which 
approximately accounts for 70% of sources for secreted TG 
(Gruffat et al., 1996 Wiggins, 1992), the low ratio of 
phosph이ipid to TG (Fronk, 1980), and the insufficiency of 
apolipoproteins (Gruffat, 1997). Obviously, understanding 
the mechanism of VLDL synthesis and secretion is a 
prerequisite for understanding fatty liver development and 
developing therapeutical strategies.

THE MOLECULAR BASIS OF VLDL SECRETION

VLDL is composed of TG, cholesterol, cholesteryl ester, 
phospholipid and proteins with total lipids accounting for 
90%, of which 55-65% is TG, and proteins for 10% in 
humans (Brody, 1999). Different species of animals have a 
little bit different in percentage of each component in 
VLDL (Grummer and Carroll, 1988; Chapman, 1980). All 
hydrophobic components (TG and cholesteryl ester) and 
regions of amphipathic components (phospholipid, 
cholesterol) are located within the core, and hydrophilic 
components (proteins) or regions make up the outer surface 
of VLDL particles. The make-up proteins include 
apolipoprotein B (apoB), E (apoE) and C (apoC). It is 
believed that apoC is largely required after entry of VLDL 
into plasma, it is not involved in VLDL synthesis and 
secretion. Indeed, studies in humans and mice reveal that 
apoB is the sole apolipoprotein required for VLDL 
assembly (Shelness et aL, 1999). There are two kinds of 
apoB, apoBlOO and apoB48. In humans, the liver secretes 
only apoBlOO and the intestines, only apoB48. But in rats, 
micer dog됴 and horses, the liver can secrete both apoB 100 
and apoB4& (Brody, 1999).

Since the lipids and apoB fbr VLDL are synthesized at 
different compartments of the cell, the former in the smooth 
endoplasmic retie니um (ER) and the latter at the rough ER, 
apoB translocation is the very important event for VLDL 
assembly. It is accepted that VLDL is assembled by two 
steps (figure 4). During the first step, newly translated apoB 
polypeptide is co-translationally associated with a small 
amount of lipids and translocated from the cytoplasmic side 
of the rough ER to the luminal side across ER membrane. 
Microsomal triglyceride transfer protein (MTP) mediates 
this process (Shelness et al., 1999; Gordon, 1997). The 
product of this step is a dense, partially lipidated precursor 
of VLDL particles, i.g. nascent VLDL parti이es. The second 
step is to add b미k quantities of TG, cholesteryl esters and 
phospholipids to the VLDL precursor to form mature 
VLDL particles. MTP is not involved in the second step to 
a major extent (Rustaeus et al., 1999). This step is 
completed in different subcellular compartments for 
different species of animals. In rats, it is confined within ER 
(Rusinol et al., 1993), whereas in rabbits and chicken it is in

Figure 4. Two steps for VLDL assembly.
The first step is the formation of a VLDL precursor. This 
pre-VLDL can either go through the second step to form a 
VLDL particle or be degraded. In contrast to apoB 100 
VLDL precursor particles, apoB48 VLDL precursor 
particles can also be secreted. (From Rustaeus, S. et al., 
1999)

the Golgi apparatus instead of ER (Bamberger and Lane, 
1990; Gartwright, 1995).

Hepatocytes can synthesize excessive amounts of apo B , 
much more than the amount of its secretion. However, up to 
65% of newly synthesized apo B undergoes intracellular 
degradation within ER (Yao et aL, 1997), indicate응 that the 
regulation of apoB availability occurs mainly post- 
translational ly. The extent and cellular site of degradation 
may vary with different hepatic systems. For example, apo 
B degradation occurs in the early stage of lipoprotein 
assembly in human hepatoma cells, while it does in both the 
early and late stages of secretion in primary hepatocytes 
(Ginsberg, 1995). This difference may reflect the different 
importance in lipid metabolism, especially in the ability to 
form and export VLDL of hepatic systems at different 
functional situations. During the whole process of VLDL 
assem비y, many factors can affect the rate of apoB fbr 
degradation or secretion.

The translocation of apoB and the available activity of 
MTP are the crucial factors fbr the first step of VLDL 
assembly, determining the amount of apoB or VLDL 
secretion (Davis, 1997; Yao, 1994, Yao et al., 1997). ApoB 
is so hydrophilic that it must associate with lipids before its 
translocation. The newly synthesized apoB which fails to 
associate with lipids and translocate, undergoes rapid 
degradation by cytosolic proteasome or luminal proteases. 
(Shelness et al., 1999; Yao et al., 1997; Sparks and Sparks, 
1993). Adding to this conclusion is that the newly 
synthesized apoB that is not used to make up nascent 
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particles after translocation is also subject to being 
degradated as Ingram and Shelness (1996) found apoBs 
destined for lipoprotein assembly and intracellular 
degradation are both translocated efficiently across the ER 
membrane.

MTP is a heterodimer that consists of a multifunctional 
protein-disulfide-isomerase and a unique 97-k DA subunit, 
the latter is responsible for the transport of neutral lipid 
between intracellular membrane (Gordon, 1997; Wetterau et 
al., 1990). It is located in the lumen of ER and appears to be 
essential for hepatic secretion of VLDL (Shelness et al., 
1999; Jamil et al., 1998). It is assumed that the mechanism 
is to transfer lipids from the lumen of ER to apoB during its 
initial translation and to promote the association of apoB 
with lipids and the translocation of apoB (Tietge et al., 
1999). Therefore, MTP seems to be the rate-limiting 
factor fbr hepatic VLDL secretion (Jamil, 1998) . However, 
the short apoBs with molecular length less than 60% (Yao 
et 지., 1997) or 25% (Shelness et aL, 1999) of apoB-100 
may be little dependent or independent of MTP activity for 
their translocation or secretion in contrast to apoB-100 and 
other large truncated apoB. The physiological significance 
of this difference is not yet known .

The VLDL precursor may also be degraded (figure 4), 
depending on the availability of lipids for further lipidation 
in the second step of VLDL assembly. The availability of 
the required lipids and the key enzymes required for the 
lipid syntheses can obviously regulate hepatic VLDL 
assembly and secretion (Davis, 1997; Kohen et al., 1995; 
Wu et al., 1994; Dixon and Ginsberg, 1993; Furukawa and 
Hiraro, 1993; Verkade et al., 1993; Cianflone et al., 1990). 
The active synthesis and the mobilization of specific lipids 
to the site of assembly may be the most crucial 
physiological regulatory factors affecting the proportion of 
nascent apoB polypeptides that are secreted or degraded. 
Increased availability of neutral lipids, fbr example, 
facilitates the translocation of nascent apoB across the ER, 
decreases the posttranslational degradation of the protein, 
and enhances secretion of mature apoB-containing VLDL 
particles by the liver (Pease and Leiper, 1996; Yao and 
Mcleod, 1994). The saturation degree of dietary fat may 
also have some effects on VLDL secretion (Abdel-Fattah et 
al., 1995).

The role of cholesterol in the regulation of apo B 
secretion by the liver is reviewed by Thompson (1996). 
Although there are some conflicting evidences, an adequate 
availability of cholesterol,especially cholesteryl ester is a 
prerequisite for apoB secretion. It is believed that 
cholesteryl ester, together with TG, plays an essential role 
in the formation and stabilization of the lipid core of 
nascent VLDL particles through the mediation process by 
MTP.

However, although the availabilities of TG, cholesterol 

or cholesteryl ester and phospholipid are all related with 
hepatic apoB-containing VLDL secretion, their avail
abilities are sufficient to support maximal apoB secretion at 
normal situations. Only when their availabilities fall below 
certain threshold level can the secretion of apoB or apoB- 
containing VLDL be affected (Dixon and Ginsberg, 1993). 
Therefore, it seems that VLDL secretion depends more on 
the availability of apoB itself and other apolipoproteins, the 
most probable one of which is apoE, for the assembly of 
VLDL.

ApoE is a 35000 dalton glycoprotein found in several 
lipoproteins (Mahley, 1988). It is synthesized mainly in the 
liver, but also present in many other tissues (Fielding, 2000; 
Lenich, 1988; Williams, 1985; Driscoll and Getz, 1984; 
Blue et al., 1983). ApoE plays important i■이es in the 
metabolism of TG and cholesterol, specifically in the 
clearance of plasma remnant lipoproteins by mediating the 
interaction of lipoproteins with hepatic and extrahepatic 
LDL receptors and hepatic apoE receptors, that is, LDL 
receptor-related proteins (Mahley, 1999, 1988; Ishibashi, 
1994; Hui et al., 1984; Kita et al., 1982; Sherill et al., 1980). 
Thus apoE mutation will impair the clearance of plasma TG 
and cholesterol.

In addition to the well-established role in mediating 
uptake of lipoproteins, apoE may also play a role in 
facilitating hepatic VLDL assembly and secretion. 
Triglycerides are accumulated in the liver of apoE-deficient 
mice (Kuipers et al., 1996). Hepatic VLDL triglyceride 
production is impaired in apoE-deficient mice (Kuipers et 
al., 1997). However, when apoE-deficient mice overexpress 
chronically (Huang et al., 1998) and acutely (Tsukamoto et 
al., 2000) human apoE gene in the liver, hepatic VLDL 
triglyceride production significantly increases. On the other 
hand, the introduction of human apoE3-Leiden, a mutant 
apoE isoform, in mice resulted in the impair of hepatic 
VLDL-triglyceride secretion and the development of fatty 
liver (Mensenkamp et al., 2000). The regulatory role of 
apoE in hepatic VLDL triglyceride secretion is independent 
of its role in liproprotein clearance (Mensenkamp et al., 
1999).

The mechanism by which apoE participates the 
regulation of hepatic VLDL secretion is unknown. It may 
involve in the lipidation of nascent VLDL particles coring 
the second step of VLDL assembly (Mensenkamp et al, 
1999). Attie (1999) (personal communication) hypothesizes 
that apoE and apoB, while in the secretory pathway or on 
the cell surface in hepatocytes, compete for binding to the 
LDL receptor. ApoE is a better ligand and therefore 
displaces apoB, leading to less retention and degradation 
and more secretion of apoB (figure 5).

There are three isofbrms of apoE in humans: apoE2, E3 
and E4. Different isofbrm may have different biological 
effect (Mahley, 1988). ApoE3 is by far the most frequently
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Figure 5. Model to explain the relationship between apoE 
expression and apoB secretion

occurring and binds normally to LDR. The biological 
effects of apoE3 depend on the extent of its expression 
(Huang et al., 1999). As apoE2 is defective in binding to 
LDR, apoE2 phenotype is subject to hyperlipoproteinemia 
although it has lower hepatic apoB secretion in form of 
VLDL than apoE3 phenotype (Demant et al., 1991). ApoE4 
phenotype has a high secretion of VLDL-apoB due to the 
high supply of lipid substrate to the liver (Davignon, 1988). 
But, Tsukamoto et al. (2000) did not fb니nd the difference 
among the three isofbrms in terms of hepatic secretion of 
VLDL in transgenic mice.

There are conflicting reports about the manipulation of 
dietary components on apo E synthesis. In cultured 
hepatocyte systems, the addition of fatty acids or glucose 
stimulates TG synthesis but does not change apo E 
synthesis or its mRNA lev이s (Davis and Boogaerts, 1982; 
Davis et aL, 1985). However, Boogaerts et al. (1984) 
reported that feeding sucrose to rats increased both 
lipogenesis and apoE synthesis. Kim (1989) found only 
fasting and refeeding glucose after fasting were able to 
increase significantly hepatic apoE synthesis or mRNA 
levels of rats. Dietary fats, fructose had no effects. In Zanni 
et al. (1986)'s report, dietary saturated fat and cholesterol 
can modulate the apo E distribution within lipoproteins in 
rhesus monkeys.

LDL receptor (LDR) may be another regulator of 
hepatic VLDL secretion. It is well known that LDR and 
other members of LDR family play a critical mle in the 
clearance of remnant lipoproteins from plasma (H니ssain et 
al., 1999; Swamakart et al., 1998). However, patients with 
LDR deficiency (familial hypercholesterolemia) 
overproduce VLDL (James et al., 1989). LDR-deficient 
mice expressing SREBP-la (a transcription factor for genes 
of lipogenic enzymes) have hyper-triglyceridemia d니e to 
the increase of hepatic VLDL production, whereas LDR- 
normal mice expressing SREBP-la have severe fatty liver 
(Shimano et aL, 1996; Horton, 1999). These observations 
imply a possible relationship between LDR and apoB
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Figure 6. Relationship between LDL receptor(LDL-R) and 
the rate of apoB secretion

4: The native membrance-bound receptor interacts with 
apoB and targets it for degradation.

B: The soluble receptor binds to apoB and increases its 
rate of secretion.

secretion. Twisk et al. (2000) provided the direct evidence 
for this relationship for the first time. They found that LDR- 
deficient mouse hepatocytes secreted apoB 100 at a 3.5-fold 
higher rate than wild-type hepatocytes did. There were no 
differences in apoB mRNA, apoB synthesis and MTP 
abundance between the two types of hepatocytes. Pulse
chase analysis showed much higher percentage of newly- 
synthesized apoB 100 was degraded in wild-type 
hepatocytes compared to LDR-deficient hepatocytes. But 
overexpression of LDR in LDR-deficient hepatocytes 
increased presecretory degradation. This study shows LDR 
can regulate the proportion of apoB that escapes co-or post- 
translational presecretory degradation.

Dr.Attie' lab (personal communication) provides a 
further finding that only the LDR bound to the ER 
membrane can decrease apoB secretion by targeting it for 
degradation, while that not bound to ER membrane (called 
soluble receptor) can greatly increase apoB secretion (figure 
6).

When VLDL enters into the bloodstream, TG-VLDL is 
hydrolyzed by lipoprotein lipase (LPL), which is located on 
the luminal side of capillaries and arteries, into free fatty 
acids, which are utilized by muscle and adipose tissue. 
After TG is lost, VLDL is converted into intermediate 
density lipoprotein (IDL) or low density lipoprotein (LDL). 
IDL and LDL are referred to as VLDL remnants, which are 
cleared from plasma greatly by the liver and partly by 
peripheral tissues through an apoE-mediated process. 
VLDL remnant clearance is one the important mechanisms 
for the homeostasis of plasma lipids (Brody, 1999).

In summary, hepatic VLDL assembly and secretion is a 
complex biochemical process, in which many factors are 
involved. The rate of VLDL-TG secretion depends on the 
availability of both lipid and apolipoprotein components. 
Factors which can rescue apoB from intracellular 
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degradation, such as MTP, LDR, apoE, are predicted to be 
able to increase VLDL-TG secretion. The contrast of 
hepatic VLDL secretion and VLDL remnant clearance from 
plasma is the determinant of lipid homeostasis in plasma.

POSSIBILITY OF GENE THERAPY FOR BOVINE 
FATTY LIVER

Gene therapy is defined as the intracellular delivery of 
genetic material to generate a therapeutic effect by 
correcting an existing abnormality or providing cells with a 
new function (Drew and Martin, 1999). The genetic 
materials considered for use are intended to replace a 
defective or missing gene, or to augment the functions of 
the genes present. Gene therapy offers the exciting potential 
of a new therapeutic approach for currently untreatable 
diseases.

The possibility of gene therapy for bovine fatty liver lies 
in the technology of gene therapy itself on the one hand, 
and the understanding of molecular mechanism of fatty 
liver development on the other. The first aspect looks more 
and more optimistic. Since the first trial of gene therapy for 
human adenosine deaminase deficiency in 1990, great 
progresses have been made to improve the effectiveness of 
gene therapy. Among the exciting progresses are the 
establishment of tissue-targeted gene delivery systems 
(Nishikawa, 2000), new approaches of long-term 
expressions of foreign genes in vivo (Zhang et al., 2000; 
Miao et al., 2000), the precise regulation technique of 
delivered gene expression in vivo (Ye, 1999).All these 
achievements make gene therapy more and more realistic. 
Up to now, over 100 protocols for human gene therapy have 
been established and approved for trials (Smith, 1999). 
Although there have been absolutely no approaches which 
are aimed to treat animal diseases,the strategy and the 
technological progress of human gene therapy are also 
applicable to animals.

Even though the mechanism of fatty liver development 
is not clearly known, the general understanding of VLDL 
metabolism provides a good basement for exploiting gene 
therapy for this disorder. The results of recent researches in 
transgenic animals are more realistic and encouraging 
evidences for the possibility of developing the approach of 
gene therapy for bovine fatty liver.

Tsukamoto et a]. (2000) introduced human apoE genes 
into apoE-deficient mice and found apoE-expressed mice 
had 4-5-fdld hepatic VLDL triglyceride production rate 
compared to apoE-deficient mice.Three isoforms of apoE, 
i.g. E2, E3 and E4 had similar extent of effects on VLDL 
triglyceride secretion (figure 7). In Mensenkamp et al. 
(1999)'s study, hepatic apoB secretion is not affected, but 
the size of VLDL particle increases in apoE-expressed mice. 
The in vivo VLDL-triglyceride production rate increase up

Figure 7. Hepatic TG production of apoE-deficient mice at 
3 h after injection with Adh-apoE compared to LacZ (From 
Tsukamoto, 2000)
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to 5-fold. These two studies are quite consistent and 
confirm the previous studies in mice (Huang et al., 1998; 
Kujpers et al., 1997, 1996). Huang et al. (1999) observed 
the stimulatory effect of apoE expression on hepatic VLDL 
production in transgenic rabbits and found a linear 
correlation of hepatic VLDL secretion to the expression 
level of apoE3 (figure 8). All the above researches indicate
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Table 1. Hepatic concentrations (AU*/106 cells) of 
apolipoprotein B (ApoB) and its mRNA in nonlactating and 
lactating cows

Nonlactating Lactating cows(n=8)
Pregnant Nonpregant

(n=5) (n=4) Wkl Wk2 Wk4 Wkl2
ApoB 
mRNA

35.8 33.4 24.0 26.0 27.5 30.2

SE 7.9 4.8 3.2 4.4 3.7 3.0
ApoB 81.3a 76.2a 25.1aB 30.9 映 35.0aA 93.7bA
SE 14.8 21.0 3.4 15.1 4.9 24.1

1 : Comparison between lactating cows by Mean-Whitney'test 
(p<0.01)

a,b: Comparison between different weeks of lactation by Student's 
test (p<0.01), * Arbitrary units. (From Gruffat, 1997)

that apoE-gene transfer is an efficient way to increase 
hepatic assembly and secretion of VLDL.

The success that apoE overexpression improves hepatic 
VLDL secretion in small mammalian animals, in 
combination with the current understanding of hepatic lipid 
metabolism in dairy cows lead to the reasonable assumption 
that apoE-gene transfer into transition cows may be the 
most effective strategy for alleviating fatty liver. Gruffat 
(1997) found that hepatic concentrations of apoB were 
lower in lactating cows at week 1, 2, and 4 postpartum 
compared to nonlactating cows, while apoB mRNA did not 
vary significantly among treatments (table 1). This result 
shows that apoB synthesis is subject to post-transcriptional 
regulation in dairy cows, as in other animals. Therefore, the 
proportion of apoB destined for VLDL assembly to that for 
intracellular degradation depends mainly on lipids and other 
proteins required for VLDL assembly. Although some 
researchers suggest that the availabilities of cholesterol or 
phospholipids be the limiting factor (Herdt, 1988; 
Katayama, 1994), their availabilities are usually sufficient 
to support VLDL secretion (Dixon and Ginsberg, 1993). 
Therefore, proteins like MTP and apoE are most likely to be 
the limiting factors. Tietge et al. (1999) found hepatic 
overexpression of MTP in wild mice resulted in almost 3- 
fold increase of hepatic triglyceride secretion and 74% 
higher of apoB secretion compared to control mice, 
indicating MTP is limiting at normal condition for mice. 
However, it may not be true for ruminants. Bremmer et al. 
(1998) failed to find the relationship between hepatic MTP 
activity and VLDL production or severity of fatty liver, 
demonstrating that MTP is not a key factor for low VLDL 
secretion. On the other hand, cows have low level of apoE 
expression (Brantmeier et al., 1988). Therefore, it is 
plausible that ectopic expression of apoE in transition cows 
could hopefully increase hepatic VLDL secretion and in 
turn alleviate the severity of fatty liver.

HURDLES OF GENE THERAPY FOR BOVINE 
FATTY LIVER

It can be expected that bovine fatty liver can be treated 
by gene therapy in the future. However, there are substantial 
hurdles for gene therapy to be a clinical reality. First hurdle 
is gene therapy itself. Although huge advances have been 
made toward developing technologies for clinical gene
therapy applications, gene therapy is still during its 
formative stage. How to deliver an interest gene precisely 
into the target organ (or cells) and to make the gene 
expressed for a sufficient period of time at a level enough to 
produce appropriate quantites of a biologically active 
protein to reverse the abnormalities without any side effects 
remains to be further studied (Smith, 1999; Blau and 
khavari, 1997).

Secondly, molecular mechanisms of liver metabolism 
and fatty liver development in cows are not clearly 
understood. Although there were a lot of studies on the 
physical and chemical characteristics of bovine plasma 
lipoproteins early in the 1980's (Forte, 1981; Grummer et al., 
1983； Chapman, 1980) there were so far few studies on 
hepatic lipoprotein and apolipoprotein metabolism of cattle, 
especially the comparative studies of cattle to other animals 
such as mice and humans from which majority of current 
understandings on apolipoprotein metabolism come. 
Cautions should be taken when interpreting data from mice 
or humans to deal with bovine fatty liver. Compared to 
other animals, bovine liver may play a unique role in lipid 
metabolism, being compatible with its unique digestive 
physiology. The fact that dairy cows are prone to fatty 
liver during periparturient period itself may be an evidence. 
The limited information from previous literatures suggests 
that mature cattle may have some differences in plasma 
lipoprotein and apolipoprotein profiles from preruminant 
calves (Forte, 1981; Bauchart et al., 1989) and from other 
animals (Bauchart et al., 1989; Chapman, 1980). All the 
above facts indicate that there exist a lot of problems toward

A. Plasma Clearance B. Liver Uptake

Figure 9. Effects of apoE3 exprssion in rabbits on plasma 
clearance and liver uptake of 125I-VLDL. Tg: transgenic 
(From Huang et al., 1999)
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the gene therapy for bovine fatty liver.
Even though apoE is the hopefully correct candidate 

protein for gene therapy, many problems remain to be 
solved. Biological effects of apoE overexpression depend 
on the expression levels and may vary with animal species. 
It is found in apoE-deficient mice that hepatic VLDL 
triglyceride secretion depended on the dose of apo E gene 
injected and there existed a certain threshold of gene 
introduced for significant VLDL production (Mensenkamp 
et al., 1999). If the same is true for dairy cattle, the 
amount of apoE gene required may be too large to be 
realistic for therapeutic purpose. Huang et al. (1999) found 
in transgenic rabbit that the expression level of apoE3 
increased hepatic VLDL secretion and plasma VLDL 
clearance rate, impaired VLDL lipolysis, and delayed LDL 
clearance (figure 9). Plasma lipid concentrations rely on the 
balance of the four effects. High level expression of apoE 
would result in hypercholesterolemia and hyperlipidemia. If 
the same phenomenon occurs in dairy cows, then apoE 
expression level will be very important fbr curing fatty liver 
without adverse effects. However, differences between 
animal species should also be realized. Huang et al. 
(1998,1999) found that the similar level of apoE3 
expression in the mice and rabbit resulted in different extent 
of stimulating VLDL production. The stimulation was 
much higher in rabbit than in mice. It is not known whether 
and how cows are different at this point. Therefore, 
optimizing apoE level is an essentia] and hard task fbr 
developing gene therapy fbr bovine fatty liver.

The existence of many hurdles indicates that gene 
therapy fbr bovine fatty liver has a long way to go fbr 
becoming a practical therapeutical tool. However, gene 
therapy can also be applied now fbr studying mechanisms 
of fatty liver development rather than fbr clinical therapy. 
Problems will be solved eventually by means of the 
applications of technologies from nutritional science and 
molecular biology.

CONCLUSION

The mechanisms by which bovine fatty liver develops 
are complex and not yet well known. The current 
understandings of hepatic VLDL metabolism and the 
application of molecular biology offer the possibility to 
alleviate fatty liver by gene therapy. This possibility lies in 
the introduction of apoE gene to stimulate hepatic VLDL 
secretion. Lack of any studies on apoE gene transfer in 
ruminants means that a lot of issues need to be 
characterized before gene therapy becomes a clinical tool 
fbr alleviating fatty 1 iver. However, the technologies fbr 
gene therapy can be applied now fbr studying and solving 
the current puzzles. Bovine fatty liver will be clearly 
understood and finally be treatable by adopting multi

disciplinary knowledges and technologies.

REFERENCES

Abdel-Fattah, G., M. L. Fernandez and D. J. McNamara. 1995. 
Regulation of guinea pig very low density lipoprotein secretion 
rates by dietary fat saturation. J. Lipid Res. 36:1188-1198.

Alexander, C. A., R. L. Hamilton and R. J. Havel. 1976. 
Subcellular localization of B apolipoprotein of plasma 
lipoproteins in rat liver. J. Cell Biol. 69:241-263.

Bamberger, M. J. and M. D. Lane. 1990. Possi이e role of the Golgi 
apparatus in the assembly of very low density lipoproteins. 
Proc. Natl. Acad. Sci. USA. 87:3555-3562.

Bauchart,D., D. Durand, P. M. Laplaud, P. Forgez, S. Goulinet, 
and M. J. Chapman, 1989. Plasma lipoproteins and 
apolipoproteins in the preruminant calf, Bos spp: density 
distribution, - physicochemical properties, and the in vivo 
evaluation of the contribution of the liver to lipoprotein 
homeostasis. J. Lipid Res. 30:1499-1514.

Bell, A. W. and D. E. Bauman. 1996. The transtion cow: actualized 
homeorhesis. Proceedings of 1996 Cornell Nutrition 
Conference fbr Feed Manufacturers. Cornell University, Ithaca, 
pp. 150-157.

Bertics, S. J., R. R. Grummer, C. Cadorniga-Valino, D. W. 
LaCount and E. E. Stoddard. 1992. Effect of prepartum dry 
matter intake and liver triglyceride concentration and early 
lactation. J. Dairy Sci. 75:1914.

Blau, H. and P. Khavari. 1997. Gene therapy: progress, problems, 
prospects. Nat. Med. 3:612-613.

Blue, M. L., D. L. Williams, S. Zucker, S. H. Khan and C. B. 히um. 
1983. Apolipoprotein E synthesis in human kidney, adrenal gland 
and liver. Proc. Natl. Acad. Sci. USA. 80:283-287.

Boogaerts, J. R., M. Malone-McNeal, J. Archambault- 
Schexnayder and R. D. Davis. 1984. Dietary carb아】ydrate 
induces lipogenesis and very low density lipoprotein synthesis. 
Am. J. Physiol. 246:E77-E83.

Brantmeier, S. A., R. R. Grummer and R. L. Ax. 1988. High 
density lipoproteins from bovine plasma and follicular fluid do 
not possess a high affinity fbr glycosaminoglycans. Lipids 23:

Bremmer, D. R., R. R. Grummer and S. J. Bertics. 1998. 
Differences in activity of hepatic microsomal triglyceride 
transfer protein among species. J. Dairy Sci. 81:351.

Brody, T. 1999. Nutritional Biochemistry (2nd. Ed.), Academic 
Press, San Diego, California. Carwright, I. J. and J. A. Higgins. 
1995. Intracellular events in the assembly of very low density 
lipoprotein lipids with apolipoprotein B in isolated rabbit 
hepatocytes. Biochem. J. 310:897-907.

Chapman, M. J. 1980. Animal lipoproteins: chemistry, structure, 
and comparative aspects. J. Lipid Res. 789-853.

Cianflone, K. M., Z. Yasruel, M. A. Rodriguez, D. Vas and A. D. 
Sniderman. 1990. Regulation of apoB secretion from HepG2 
cells: evidence for a critical role for cholesteryl ester synthesis 
in the response to a fatty acid challenge. J. Lipid Res. 31:2045- 
2055.

Davignon, J., R. E. Gregg and C. F. Sing, 1988. Apolipoprotein E 
polymorphism and atherosclerosis. Artheriosclerosis. 8:1-21.

Davis, R. A. and J. R. Boogaerts. 1982. Intrahepatic assembly of 
very low density lipoproteins. J. Biol. Chem. 257:10908-10913.



GENE THERAPY FOR BOVINE FATTY LIVER 1339

Davis. R. A.. J. R. Boogaerts. R. A. Borchardt. M. Malone- 
McNeal and J. Archambault-Schexnayder. 1985. Intrahepatic 
assembly of very low density lipoproteins: varied synthetic 
response of individual apolipoproteins to fasting. J. Biol. 
Chem. 260:14137-14144.

Davis. R. A. 1997. Evohution of processes and re은ulators of 
lipoprotein synthesis:from birds to mammals. J. Nutr. 
127:794S-800S.

Demant. T.. D. Bedford. C. J. Packard and J. Shepherd. 1991. 
Influence of apolipoprotein E poh morphism on apolipoprotein 
B-100 metabolism in normolipemic subjects. J. Clin. Invest. 
88:1490-1501.

Dixon. J. L. and H. N. Ginsberg. 1993. Regulation of hepatic 
secretion of apolipoprotein B-containing lipoproteins: 
information obtained from cultured liver cells. J. Lipid Res. 
34:167-179.

Drew, J. and L. Martin. 1999. What is gene thempy. In 
Understanding Gene Therapy (Ed. N. R. Lemoine). BIOS 
Scientific Publishers Limited, pp. 1-10.

Driscoll. D. M. and G. S. Getz. 1984. Extraheparic synthesis of 
apolipoprotein E. J. Lipid Res. 25:1368-1379.

Fielding, C. J. 2000. Lipoprotein synthesis, transport, and 
metabolism. In: Biochemical and Physiological Aspects of 
Human Nutrition. (Ed. M. H.Stipanuk). pp. 351-364.

Forte. T. M.. J. J. Bell-Quint and F. Cheng. 1981. Lipoproteins of 
fetal and newborn calves and adult steer: a study of 
developmental changes. W. B. Saunders Company. 
Philadelphia. Pennsylvania. Lipids 16:240-245.

Furukawa, S. and T. Hirano. 1993. Rapid stimulation of 
apolipoprotein B secretion by oleate is not associated with 
cholesteryl ester synthesis in Hep G2 cells. Biochem. Biophys. 
Acta. 1170:32-37.

Gerloff, B. J.. T. H. Herdt. W. W. Wells. J. S. Liesman and R. S. 
Emery, 1986. Inositol and hepatic lipidosis. I. Effect of inositol 
supplementation and time from parturition on liver and serum 
lipids in dairy cattle. J. Anim. Sci. 62:1682-1692.

Ginsberg, H. N. 1995. Synthesis and secretion of apolipoprotein B 
from cultured liver cell. Curr. Opin. Lipidol. 6:275-280.

Gordon, D. A. 1997. Recent advances in elucidating the role of 
microsomal triglyceride transfer protein in apolipoprotein B 
lipoprotein assembly. Curr. Opin. Lipidol. 8:13 1-137.

Gruffat. D.. D. Durand, B. Graulet and D. Bauchart. 1996. 
Regulation of VLDL synthesis and secretion in the liver. 
Reprod. Nutr. De\. 36:375-389.

Grum. D. E.. J. K. Drackle\; R. S. Younker D. W. Lacount and J. J. 
Veenhuizen. 1996. Nutrition during the dry period alters 
hepatic lipid metabolism in periparturient dairy cows. J. Dairy 
Sci. 79:1850-1864.

Grummer. R. R. 1993. Etiology of lipid-related metabolic 
.disorders in periparturient dairy cows. J. Dairy Sci.76:3882- 
3896.

Grummer. R. R. 1995. Impact of changes in organic nutrient 
metabolism on feeding the transition dairy cow. J. Anim. Sci. 
73:2820-2838.

Grummer. R. R. and D. J. Carroll. 1988. A review of lipoprotein 
cholesterol metabolism:importance to ovarian function. J. 
Anim. Sci. 66:3160-3 173.

Grummer, R. R.. C. L. Davis and H. M. Hegarty. 1983. 

Comparison of ultracentrifugation and gel filtration for the 
isolation of bovine lipoproteins. Lipids 18:795-802.

Harmon. D. L.. R. A. Britton. R. L. Prior and R. A. Stock. 1985. 
Net portal absorption of lactate and volatile fatty acids in steers 
experiencing glucose-induced acidosis or fed a 70% 
concentrate diet ad libitum. J. Anim. Sci. 60:560-569.

Horton. J. D.. H. Shimano. R. L. Hamilton. M. S. Brown and J. 
L. Goldstein. 1999. Disruption of LDL receptor gene in 
transgenic SRBBP-la mice unmasks hyperlipidemia resulting 
from production of lipid-rich VLDL. J. Clin. Invest. 103: 
1067-1076.

Huang. Y. Ji. X. Q. Liu. S. C. Jr. Rail. J. M. Taylor. A. von 
Ecl⑵ dstein. G. Assmann and R. W. Mahley. 1998. 
Overexpression and accumulation of apolipoprotein E3 as a 
cause of hypertriglyceridemia. J. Biol. Chem. 273:26388- 
26393.

Huang. Y.. Ji. Z. S.. W. J.. S. C. Jr. Rail. J. M. Taylor and R. 
W. Mahley. 1999. Overexpression of apolipoprotein E3 in 
transgenic rabbits causes combined hyperlipidemia by 
stim니ating hepatic VLDL production and impairing VLDL 
lipolysis. Arterioscler Thromb Vase Biol. 19:2952-2959.

Hui. D. Y.. T. L. Innerarity. R. W. Milne. Y. L. Marcel and R. W. 
Mahle)-. 1984. Binding of chylomicron remnants and p- 
VLDL to hepatic and extrahepatic lipoprotein receptors. J. Biol. 
Chem. 259:15060-15068.

Hussain. M. M.. D. K. Strickland and A. Bakillah. 1999. The 
mammalian low-density lipoprotein receptor family. Axinu. 
Rev. Nutr. 19:141-172.

Ingram. M. F. and G. S. Shelness. 1996. Apolipoprotein B-100 
destined for lipoprotein assembly and intracellular degradation 
undergoes efficient translocation across the endoplasmic 
reticulum membrane. J. Lipid Res. 37:2202-2214.

James. R. W.. B. Martin, J. C. Pometta. P. Fruchart. P. Duriez. P. 
Puchois. J. P. Farriaux. A. Tacquet. T. Demant. R. J. Clegg. A. 
Munro. M. F. Oliver. C. J. Packard and J. Shepard. 1989. 
Apolipoprotein B metabolism in homozyous familial 
hypercholesterolemia. J. Lipid Res. 30:159-169.

Jamil. H., C. H. Chu. J. K. Jr. Dickson. Y. Chen. M. Yan. S. A. 
Biller. R. E. Gregg. J. R. Wetterau and D. A. Gordon. 1998. 
Evidence that microsomal triglyceride transfer protein is 
limiting in the production of apolipoprotein B-containing 
lipoproteins in hepatic cells. J. Lipid Res. 39:1448-1454.

Katayama. T. 1994. Effect of dietary addition of myo-inositol on 
lipid metabolism in rats fed sucrose or corn starch. Nutr. Res. 
14:699-706.

Katoh. N.. S. Minoura. E. Lchida and K. Takahashi. 1993. Effect 
of estradiol administration and subsequent nonfeeding on liver 
estrogen receptor. serum apolipoprotein B-100 and serum 
triglycerides concentrations in steers. Am. J. Vet. Res. 
54:1476-1482.

Kita. T.. J. L. G이dstein. M. S. Brown. Y. Watanabe. C. A. Hornick 
and R. J. Havel. 1982. Hepatic uptake of chylomicron 
remnants and p-VLDL to hepatic and extrahepatic lipoprotein 
receptors. Proc. Natl. Acad. Sci. LSA. 79:3623-3627.

Kleppe. B. B.. R. J. Aiello. R. R. Grummer and L. E. Armentano. 
1988. Triglyceride accumulation and very low density 
lipoprotein secretion by rat and goat hepatocytes in vitro. J. 
Dairy Sci. 71:1813-1822.



1340 CHEN AND GRUMMER

Kohen, A. R.; K. Cianflone and A. D. Sniderman. [995. R이e of 
neutral lipid accessible pool in the regulation of secretion of 
apo B-100 lipoprotein particles by HepG2 cells. J. Lipid Res. 
36:2513-2528.

Kuipers, F., J. M. van Ree, M. H. Hofker, H. Wolters, G.In't V이d, 
R. Harvinga, R. J. Vonk. H. M. G. Princen and L. M. Havekes. 
1996. Altered lipid metabolism in apolipoprotein E-deficient 
mice does not affect cholesterol balance across the liver. 
Hepatology. 24:241-247.

Kuipers. F.. M. C. Long, Y. Lin, M. van Eck. R. Harvinga. V. 
Blocks. H. J. Verkade. M. H. Hofker. H. Moshage. T. J. C. van 
Berkel, R. J. Vonk and L. M. Havekes. 1997. Impaired 
secretion of very low density lipoprotein-triglycerides by 
apolipoprotein E-deficient mouse hepatocytes. J. Clin. Invest. 
100:2915-2922.

Lenich, C., P. Brecher, S. Makrides, A. Chobanian and VI. Zannis. 
1988. Apolipoprotein gene expression in the rabbit: abundance, 
size and distribution of apolipoprotein mRNA species in 
different tissues. J. Lipid Res. 29:755-764.

Mahley. R. W. 1988. Apolipoprotein E: 아i이esterol transport 
protein with expanding role in cell biology. Sci. 240:622-630.

Mahley, R. W. and Z. S. Ji. 1999. Remnant lipoprotein 
metabolism:key pathways involving cell-surface heparan 
sulfate proteoglycans and apolipoprotein E. J. Lipid Res. 40:1- 
16.

Mazur A., M. Ayrault-Jarrier, Y. Chilliard and Y. Rayssiguier. 
1992. Lipoprotein metabolism in fatty liver dairy cows. 
Diabetes Metab이ism. 18:145.

Mensenkamp, A. R., M. C. Jong, H. van Goor, M. J. A. van Luyn. 
V. Bloks, ：R. Havinga, P. J. Voshol, M. H. Hofker, K. W. van 
Dijk, L. M. Havekes and F. Kuipers. 1999. Apolipoprotein E 
participates in the regulation of very low density lipoprotein
triglyceride secretion by the liver. J. Biol. Chem. 50:35711- 
35718.

Mensenkamp, A. R., van Luyn. M. J. A., van Goor, H., Bloks. V., 
Apostel, F., Greeve, J., Hofker. M. H., Jong, M. C., van 
Vlijmen. B. J. M., Havekes, L. M. and F. Kuipers. 2000. 
Hepatic lipid accumulation, altered very low density 
lipoprotein formation and apolipoprotein E deposition in 
apolipoprotein E3-Leiden transgenic mice. J. Hepatology. 
33:189-198.

Miao, C. H.; K. Ohashi, G. A. Patijn, L. Meuse. X. Ye, A. R. 
Thompson and M. A. Kay. 2000. Inclusion of the hepatic locus 
control region, an intron, and untranslated region increases and 
stabilizes hepatic factor IX gene expression in vivo but not in 
vitro. Molecular Therapy 1(6):522-532

Nishikawa, M., M. Yamauchi, K. Morimoto, E. Ishida, Y. 
Takakura and M Hashida. 2000. Hepatocyte-targeted in vivo 
gene expression by intravenous injection of plasmid DNA 
complexed with synthetic multi-functional gene delivery 
system. Gene Therapy 7:548-555.

Pease. R. J. and J. M. Leiper. 1996. Regulation of- hepatic 
apolipoprotein B-containing lipoprotein secretion. Curr. Opin. 
Lipidol. 7:132-138.

Pullen. D. L., J. S. Liesman and R. S. Emery. 19990. A species 
comparison of liver slice synthesis and secretion of 
triacylglycerol from nonesterifies fatty acids in media. J. Anim. 
Sc. 68:1395-1399.

RusinoL A. E.; H. J. Verkade and J. E. Vance. 1993. Assem이y of 
rat hepatic very low density lipoproteins in endoplasmic 
reticulum. J. Biol. Chem. 268:3555-3562.

Rustaeus, S., K. Lindberg, P. Stillema다c, 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. Nutr. 129:463S-466S.

Shelness. G. S., M. F. Ingram, X. F. Huang and J. A. Delozier. 
1999. Apolipoprotein B in the rough endoplasmic reticulum: 
translation, tran이ocatiion and the initiation of lipoprotein 
assembly. J. Nutr ,129:456S-462S.

Sherill, B. C.. T. L. Innerarity and R. W. Mahley. 1980. Rapid 
hepatic clearance of the canine lipoproteins containing only the 
E apoprotein by a high affinity receptor. J. Biol. Chem. 255: 
1804니 807.

Shimano, H., J. D. Horton, R. E. Hammer, I. Shimomura, M. S. 
Brown and - J. L. Goldstein. 1996. Overproduction of 
cholesterol and fatty acids causes massive liver enlargement in 
transgenic mice expressing truncated SRBBP-la. J. Clin. 
Invest. 98:1575-1584.

Skaan T. C., R. R. Grummer, M. R. Dentine and R. H. Stauffacher. 
1989. Seasonal effects of prepartum and postpartum fat and 
niacin feeding on lactation performance and lipid metabolism. 
J. Dairy Sci. 72:2028-2038.

Smith, A. E. 1999. Gene therapy-where are we? Molecular 
Medicine 354(suppl. 1): 1 -4.

Sparks, J. D. and C. E. Sparks. 1993. Hormonal「eg니센ion of 
lipoprotein assem이y and secretion. Curr. Opin. Lipidol. 
4:177-186.

Swarnakan S., M. E. Reyland, J. Deng, S. A가lar and D. L. 
Williams. 1998. Selective uptake of low density lipoprotein
cholesteryl ester is enhanced by inducible apolipoprotein E 
expression in cultured mouse adrenocortical cells. J. Biol. 
Chem. 273:12140-12147.

Tietge, U. J. F.，A. Bakillah, C. Maugeais, K. TsukamotoT M. 
Hussain and D. J. Rader. 1999. Hepatic overexpression of 
microsomal triglyceride transfer protein (MTP) results in 
increased in vivo secretion of VLDL triglycerides and 
apolipoprotein, B. J. Lipid Res. 40: 2134-2139.

Tsukarnoto, K., C. Maugeais. J. M. Glick and D. J. Rader. 2000. 
Markedly increased secretion of VLDL triglycerides induced 
by gene transfer of apolipoprotein E isofbrms in apoE
deficient mice. J. Lipid Res. 41:253-259.

Twisk, J.. D. L. Gillian-Daniel. A. Tebon, L. Wang, P. H. R. 
Barrett and A. D. Attie. 2000. The role of the LDL receptor in 
apolipoprotein B secretion. J. Clin. Invest. 105:521-532.

Uchida, E., N. Katoh and K. Takahashi. 1992. Induction of fatty 
liver in cows by ethionine administration and concomitant 
decreases of serum lipoproteins B-100 and A-I concentrations. 
Am. J. Vet. Res. 53:2035-2042.

Vazquez-Anon, M., S. Betties. M. Luck, R. R. Grummer and 
J.Pinjeiro. 1994. Peripartum liver triglyceride and plasma 
metabolites in dairy cows. J. Dairy Sci. 77:1521-

Van Vlijmen. B. J., K. W. van Dijk, H. B. van't Hof. P. J. van Gorp, 
A. van der Zee, H. van der Boom, M. L. breuer. M. H. Hofker, 
and L. M. Havekes. 1996. In the absence of endogenous mouse 
apolipoprotein E, apolipoprotein E*2 (Arg-158~^Cys) 
transgenic mice develop more severe hyperlipoproteinemia 



GENE THERAPY FOR BOVINE FATTY LIVER 1341

than apolipoprotein E*3-Leiden transgenic mice. J. Biol. Chem. 
271:30595-30602.

Veniant, M. M. E. Kim, S. McCormick, J. Boren, L. B. Nielsen, M. 
Raabe and S. G. Young. 1999. Insights into apolipoprotein B 
biology from transgenic and gene-targeted mice. J. Nutr. 
129:451S-455S.

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 Golgi but not in the endoplasmic 
reticulum of rat liver. J. Biol. Chem. 268:24990-24996.

Wetterau, J. R., A. Combs, S. N. Spinner and B. J. Joiner. 1990. 
Protein disulfide isomerase is a component of the microsomal 
triglyceride transfer protein complex. J. Biol. Chem. 265:9801- 
9807.

Wu, X., N. Sakata, E. Liu and H. N.Ginsberg. 1994. Evidence for 
a lack of regulation of assembly and secretion of 
apolipoprotein B-containing lipoprotein from HepG2 cells by

사lolesteryl ester. J. Biol. Chem. 269:12375-12382.
Ye, X., V. M. Rivera, P. Zoltick, F. C. Jr, M. A. Schnell, G. Gao, 

J. V. Hughes, M. Gilman and J. M. Wilson. 1999. Regulated 
delivery of therapeutic proteins after in vivo somatic cell gene 
transfer. Science 283:88-91.

Yao, Z. and R. S. Mcleod. 1994. Synthesis and secretion of hepatic 
apolipoprotein B-containing lipoproteins. Biochem. Biophys. 
Acta. 1212:152-166.

Yao, Z., K. Ttan and R. S. M이eod. 1997. Intracellular degradation 
of newly synthesized apolipoprotein B. J. Lipid Res. 38:1937-1953.

Zanni, E. E., Z. F. Stephan, V. I. Zannis, J. L. Breslow and K. C. 
Hayes. 1986. Apo E distribution among lipoproteins of Rhesus 
monkeys is modulated by dietary fat and cholesterol. J. Nutr. 
116:1611-1619.

Zhang, G., Y. K. Song and D. Liu. 2000. Long-term expression of 
human alphal-antitrypsin gene in mouse liver achieved by 
intravenous administration of plasmid DNA using a 
hydrodynamics-based procedure. Gene Therapy 7:1344-1349.


