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Abstract

The a-naphthylisothiocyanate (ANIT) treated rat and mouse were evaluated as
models of abnormal lipoprotein metabolism in familial lecithin: cholesterol
acyltransferase (LCAT) deficiency and cholestatic liver disease.

In the rat, alterations in plasma lipoprotein composition were studied from 0 to
120 h. By 48 h, plasma free cholesterol (FC), cholesteryl ester (CE) and phospholipid
(PL) were increased 9.4, 2.9 and 6.1 fold with a concomitant reduction in the CE/FC
ratio. LCAT and lipoprotein lipase (LPL) activities were near normal while hepatic
triacylglycerol lipase (HTGL) was decreased. Elevated FC and PL were primarily
associated with an increase in lipoproteins within the low density lipoprotein (LDL)
density range that contained apolipoprotein (apo) A-I and E. The composition of these
lipoproteins was consistent with the presence of abnormal lipoprotein-X-like vesicles. By
120 h, vesicles within the LDL density range were cleared through apparent movement of
PL and FC into high density lipoproteins (HDL). In ANIT-treated human apo A-I
transgenic rats, a positive correlation between plasma apo A-I levels, CE and a reduction
in the accumulation PL. and FC-rich lipoproteins within the LDL density range was
demonstrated.

These results indicate that the ANIT-treated rat is a reversible mndel of abnormal
lipoprotein metabolism in transient intrahepatic cholestasis where LCAT is functional
and that the clearance of PL and FC-rich LDL lipoproteins is limited by the apo A-I
mediated generation of LCAT substrate HDL and not LCAT activity.

In the ANIT-treated mouse, plasma PL and FC concentrations at 48, 72 and 168 h
were increased 10, 11, 13 and 17, 20, 45 fold respectively. Elevations in these lipids were
followed by very low CE levels, CE/FC ratio and LCAT activity (48 h). As in the rat, the
ratio of FC and PL within the LDL density region was consistent with the presence of
vesicles. These results suggest that the ANIT-treated mouse may be a useful model for
studying the abnormal lipoproteins of LCAT deficiency and intrahepatic cholestasis.
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Chapter 1- Introduction

1.1 Dietary lipid absorption

All mammals require cholesterol for the maintainence and synthesis of cellular
membranes, production of sterols and synthesis of metabolically active steroids.
Mammals may obtain cholesterol from both endogenous (synthesis primarily in the liver)
and exogenous sources. The relative importance of the exogenous source to cholesterol
homeostasis is probably metabolically regulated at the level of intestinal cholesterol
absorption (1). Exogenous cholesterol is absorbed by the intestinal endothelium as free
cholesterol with dietary cholesteryl esters having been hydrolysed in the gut by
cholesterol esterase (E.C. 3.1.1.13). Dietary phospholipid is absorbed as sn-/
lysophospholipid after phospholipase A, (E.C. 3.1.1.4) mediated hydrolysis of the sn-2
fatty acyl moiety and triacylglycerol is absorbed as sn-2 monacylglycerol and free fatty
acids after hydrolysis by pancreatic lipase (E.C. 3.1.1.3). Both lysophospholipid and
monoacylglycerol may then be resynthesized into phospholipid and triacylglycerol by the
action of acyltransferases in intestinal endothelium cells. Much of the free cholesterol
may be esterified via acyl CoA:cholesterol acyltransferase (ACAT) (E.C. 2.3.1.26) before
being packaged with triacylglycerol and phospholipid into chylomicrons (dietary

lipoproteins) (2).

1.2 Lipoprotein structure

Normal circulating lipoproteins are spherical macromolecular complexes

composed of a core of hydrophobic, neutral lipid and a surface monolayer of amphipathic



lipid. Cholesteryl ester and triacylglycerol are the primary neutral lipids, whereas
phospholipid and free cholesterol are the major surface lipids. Lipoproteins also have a
protein constituent and these are referred to as apolipoproteins. Apolipoproteins tend to
function in programming the metabolism of the lipoprotein. Some of the major
lipoprotein species are shown in Table 1.1 and are generally differentiated by their lipid
and apolipoprotein composition, size, floatation density (Figure 1.1), electrophoretic
mobility and function, if known. In general, lipoproteins can be divided into two

physiological types, anabolic and catabolic by their primary functions.

Figure 1.1- Schlieren patterns of human serum lipoproteins

Svedberg coefficients of floatation (S;) as determined in an analytical ultricentrifuge are
shown (lower scale). Svedberg coefficients of floatation for chylomicrons through to Lp,,
were determined at a density of 1.063 g/ml and and for Lp,s;.a; through to HDL, at a
density of 1.20 g/ml. The uppermost scale correlates S; units with floatation density.
Figure adapted from Lindgren (3).

G (g/mh)  0.95 1.00 1.10 L15  1.20
1 ) 1 1 j 1 I3 1 _3 2 q 1 1 I3 1 1 11 I ]
St 1.063 Sn.20
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Chylomicrons

St Svedberg coefficient of floatation

1.3 Anabolic lipoprotein species

Chylomicrons, (see Table 1.1) form part of a complex system that facilitates the
movement of cholesterol and triacylglycerol between tissues and organs. Chylomicrons
primarily are responsible for moving dietary cholesterol, triacylglycerol and other

lipophilic molecules such as vitamin E from the intestine into the circulation. These large



particles are primarily associated with apolipoprotein B,,. Triacylglycerol-rich very low
density lipoprotein (VLDL) are synthesized in the liver and are functional precursors to
intermediate density lipoprotein (IDL) and the major anabolic cholesterol delivery
lipoprotein, low density lipoprotein (LDL). VLDL function primarily as carriers of liver
derived triacylglycerol. IDL are normally found in very low concentrations in plasma
and are lipolysis products of apolipoprotein B,, containing VLDL that are further
catabolized by the action of hepatic lipase [E.C. 3.1.1.3] to LDL. In some species such as
the rat and the mouse, the liver also secretes apolipoprotein B,; containing VLDL that are

thought to be metabolized in an identical manner to chylomicrons (4).

1.4 Catabolic lipoprotein species

A number of different species of high density lipoprotein (HDL) make up what is
thought to be a catabolic lipoprotein pathway which facilitates the removal of excess
cholesterol from extrahepatic cells back to the liver for catabolism through bile acid
synthesis and/or recycling. Recycling may occur either through the secretion of new
VLDL or by transfer of cholesteryl ester from HDL by the cholesteryl ester transfer
protein (CETP) to VLDL and LDL. This combined process is often referred to as
“reverse cholesterol transport” (5-7). There have been numerous different HDL species
reported in the literature ranging from so-called lipid-free apolipoprotein A-I, pref-HDL,
v-HDL through to a variety of a-HDL species. Background aspects of HDL metabolism
as necessary for this dissertation will be discussed later, and for a detailed account, the

reader is directed to a number of excellent recent reviews (6-9).
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1.5 Chylomicron metabolism

Newly secreted chylomicrons are large triacylglycerol-rich lipoproteins that in
addition to lipid, contain metabolically important apolipoproteins. These include
apolipoprotein B,;, A-I and sometimes A-IV. Apolipoprotein A-I, C-III, and A-IV form a
gene cluster (14) that contains a common intestinal-specific transcriptional promoter (15)
and as a possible result, apolipoprotein C-III may also be secreted with the nascent
particle and then be transferred to HDL. In the circulation, apolipoprotein A-I and A-IV
are transferred to HDL in exchange for apolipoprotein E, C-I and C-II (16,17).

Apolipoprotein B,; is the amino terminal 48% of apolipoprotein B,,, and is
synthesized by a mRNA editing event (18) (for a recent review see (19)) caused by the
deamination of cytidine 6666 to uridine resulting in an in-frame codon change from CAA
to the stop codon UAA (20). Recent work has demonstrated that a unique mRNA editing
protein named APOBEC-1 (apoB- mRNA editing enzyme catyalytic peptide 1) (21) is
involved. In most species, apolipoprotein B only undergoes editing in the intestine and
full length apolipoprotein B, is expressed in the liver. However, in rats, mice, dogs and
horses, VLDL are secreted by the liver containing either apolipoprotein B, or B, (22).
Metabolically, once secreted, apolipoprotein B,; VLDL remnants are indistinguishable

from chylomicron remnants and are thought to be processed in the same manner (4).

1.6 Lipoprotein remnant catabolism

Shortly after entering the blood stream, chylomicrons and VLDL are thought to

acquire apolipoprotein E and the C apolipoproteins from HDL (16,17). The presence of



apolipoprotein C-II is necessary for the activation of the endothelium bound
triacylglycerol lipase, lipoprotein lipase (LPL, E.C. 3.1.1.34) which catalyzes the
lipolysis of triacylglycerol (23). Relatively insoluble fatty acids are produced and are
reversibly bound to albumin prior to uptake by tissues where they may be used for energy
production and/or storage. As the core of the triacylglycerol-rich particle becomes
“deflated” (depleted) of triacylglycerol, a remnant lipoprotein is formed, and the excess
surface phospholipid and free cholesterol are transferred to HDL and/or free
apolipoprotein A-I (24). The precise mechanism by which excess surface phospholipid
and free cholesterol is moved into HDL has yet to be elucidated.

The remnant lipoprotein may then be catabolized by receptor mediated
endocytosis either by the LDL receptor (LDLR), LDL receptor related protein (LRP) or
other structurally related candidate receptors (25). Apolipoprotein B,,, is the primary
ligand for uptake of LDL by the LDL receptor, whereas apolipoprotein E facilitates the
binding of remnants to either the LDL receptor or LRP. In an excellent review, Havel
(25), reviews recent experimental evidence and concludes that physiologically, remnants
are normally taken up by the LDL receptor with the LRP only becoming important when
the LDL receptor is down regulated, inhibited or genetically absent. Recent evidence
(4,25) suggests that lipolysis and uptake of the chylomicron may occur in a coordinated
fashion involving binding of the chylomicron to hepatic endothelium-bound heparin
sulfate proteoglycans, lipoprotein lipase and/or hepatic lipase. Once bound, the
chylomicron undergoes lipolysis, becomes enriched with apolipoprotein E present in the
microvilli (26) and is finally taken up by the appropriate proximal receptor. This process

has been referred to as “secretion recapture” by Brown et al. (27). New evidence from



hypertriglyceridemic apolipoprotein C-III transgenic mice has provided evidence that
apolipoprotein C-III is also important in the catabolism of remnant lipoproteins (28). The
hypertriglyceridemia associated with elevated apolipoprotein C-III levels appears to be
due to displacement of apolipoprotein E and decreased remnant catabolism via reduced
apolipoprotein E mediated interaction with cell surface heparin sulfate proteoglycans and
thus reduced interaction with LPL. Apolipoprotein C-III rich VLDL from both normal
and human apolipoprotein C-III transgenic mice interacted normally with purified LPL in
vivo (28), casting doubt on the possiblity that apolipoprotein C-III metabolically
inactivates lipoprotein lipase. Apolipoprotein C-I has also been shown to decrease
remnant clearance in vitro (10); however, this finding is contadicted by in vivo studies in
the apolipoprotein C-I knockout mouse in which mice lacking apolipoprotein C-I had
defective remnant clearance (29). Clearly the role of apolipoprotein C-I in remnant

lipoprotein metabolism is not well understood.

1.7 VLDL synthesis

Endogenously synthesized cholesterol and cholesterol from dietary lipoproteins
are packaged by the liver along with endogenously synthesized triacylglycerol into
apolipoprotein B,,, VLDL which is the macromolecular precursor to LDL. Production of
VLDL appears to be primarily post-translationly regulated by triacylglycerol (30) and
possibly cholesterol (31) availability as the change in mRNA levels for apolipoprotein
B, in response to dietary and hormonal stimulation are modest in comparison to
apolipoprotein B,,, secretion rates (30,32). It appears that apolipoprotein B,y is

translated, translocated and packaged into VLDL by a process differing from typical



secretory proteins. Normally, proteins translated on the rough endoplasmic reticulum
(RER) membrane are translocated into the lumen of the RER co-translationally; however,
apolipoprotein B, which possesses a normal, albeit long, signal peptide appears to
become associated with the endoplasmic reticulum either co-translationally or
immediately post-translationally (30). It has been suggested that this abnormal
association with the endoplasmic reticulum membrane may be due to information within
the signal peptide (33). The result is that apolipoprotein B,, appears to have
transmembrane topology with the endoplasmic reticulum and this may predispose the
protein to degradation by cellular proteases and provide the basis for post-translational
regulation of VLDL synthesis (30). When triacylglycerol and/or possibly cholesteryl
ester is available, degradation of apolipoprotein B, is reduced, and conversely elevated
when lipid availability is reduced (30). This suggests that under conditions where VLDL
synthesis is favorable, apolipoprotein B,y is protected from degradation and this is
thought to occur through translocation into the lumen of the endoplasmic reticulum and
co-ordinated lipid addition through a direct interaction with a microsomal transfer protein
(MTP)/protein disulfide isomerase (PDI) heterodimeric complex (34) which appears to be
obligatory for secretion (35,36). Further maturation of nascent VLDL may occur through
fusion with a triacylglycerol-rich lipid droplet in what has been termed a “two step
model” (37). Nascent VLDL, appears to be then secreted through the normal secretory
protein pathway involving vesicular transport from the endoplasmic reticulum to the
Golgi stacks where N-glycosylation, phophorylation and fatty acylation of apolipoprotein
B in the nascent particle are thought to occur. The final steps are the formation of

secretory vesicles from the trans-Golgi, fusion with the plasma membrane and release of



nascent VLDL into the circulation (13). Whether or not nascent VLDL is secreted with
apolipoproteins in addition to apolipoprotein B or if they are provided by other
lipoproteins like HDL, remains unclear. However, Dolphin et al. (16) have demonstrated
that nascent rat hepatic VLDL acquires additional apolipoprotein E and all of the CII and

CIII after secretion.

1.8 LDL metabolism

LDL, as previously discussed, is the metabolic product of the lipolysis of
apolipoprotein By, containing triacylglycerol-rich VLDL by lipoprotein lipase. In the
process of lipolysis, the C apolipoproteins are lost and the lipoprotein becomes relatively
enriched in apolipoprotein E (38). This apolipoprotein B,,, VLDL remnant is referred to
as IDL due to its floatation properties in the ultracentrifuge (1.019<d<1.063 density
range). [DL is thought to be further metabolized by the action of hepatic lipase to LDL,
with a resulting loss of apolipoprotein E to HDL, as mature LDL has an almost exclusive
association with apolipoprotein B,y (see Table 1.1). LDL is the primary carrier of
cholesterol in the form of cholesteryl ester to extrahepatic peripheral tissues and in
humans, LDL levels correlate with atherosclerotic risk. Additionally in some species
including humans, VLDL and LDL are further enriched in cholesteryl ester by the
exchange of triacylglycerol for HDL cholesteryl ester by CETP (for a review see (39,40)).
Whether or not CETP plays a role in atherosclerosis is still speculative as its function in
humans seems contradictory, by both raising and maintaining LDL cholesteryl ester
levels and being a participant “in reverse cholesterol transport”. Interestingly, species

lacking CETP, like rats, mice and also genetically CETP deficient humans (39,40), have
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what are thought be anti-atherosclerotic lipoprotein profiles. However, species like the
rat and mouse secrete a large proportion of apolipoprotein B,; containing VLDL and
alterations in the distribution of lipoprotein species in their plasma may be due to the
enhanced catabolism of apolipoprotein B,; VLDL remnants and concomitant reduction in
LDL formation (4). It should be noted that in vivo, both VLDL and IDL may be taken up
by receptor mediated endocytosis without conversion to LDL. Unlike chylomicrons,
remnants, and apolipoprotein E rich VLDL and IDL, the LDL receptor is the primary
pathway for apolipoprotein B mediated uptake of LDL into cells (4).

LDL is delivered to extra-hepatic tissues and the liver via the LDL receptor (41)
and this process plays an important role in the maintenance of whole-body cholesterol
homeostasis (42). After endocytosis of LDL, the particle is transferred to the lysosome
where apolipoprotein B is degraded by lysosomal proteases, the cholesterol component is
transferred into the hepatocellular cholesterol pool and the LDL receptor is recycled to
the cell surface (41). Changes in cellular cholesterol levels are regulatory and influence
anabolic and catabolic cholesterol modulating systems within the liver (42). In response
to elevated cellular cholesterol, hydroxy methyl glutaryl CoA reductase (HMG CoA
reductase) [E.C. 1.1.1.34] the rate limiting enzyme for cholesterol synthesis, hydroxy
methyl glutaryl CoA synthetase (HMG CoA synthetase) [E.C. 4.1.3.5] and the LDL
receptor are down regulated while ACAT is upregulated. Both the LDL receptor and
HMG CoA reductase may be transcriptionally regulated in parallel due to the presence of
nearly identical sterol regulatory elements (SRE). In addition HMG CoA reductase is
regulated post-translationally by phosphorylation and by product level inhibition (41,43).

Excess cholesterol may be esterified via ACAT (41) and/or excreted by conversion to bile
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acids which is a catabolic pathway regulated by 7a hydroxylase (44).

1.9  “Reverse cholesterol transport” and HDL metabolism

As defined by Barter and Rye (7), “reverse cholesterol transport” can be broken
down into four coordinated processes.
1. Efflux of cholesterol from a donor membrane to an acceptor particle in the
extra-cellular fluid.
2. Esterification of cellular derived HDL cholesterol into cholesteryl ester by
lecithin: cholesterol acyltransferase (LCAT) [E.C. 2.3.1.43]
3. In species having CETP, transfer of cholesteryl ester to VLDL and LDL
4. Delivery of cholesteryl esters back to the liver for catabolism or resecretion.
HDL levels have been found to be inversely correlated with risk of atherosclerosis
(45,46). If the protective affect of HDL is due to its ability to return excess cholesterol
from peripheral tissues to the liver for catabolism, the question arises, are all HDL
particles equally able to facilitate “reverse cholesterol transport™? While there is not yet a
conclusive answer, work by Fielding and Fielding (47) have implicated a small
subfraction of HDL containing only apolipoprotein A-I (Lp-Al). Further resolution of
this subfraction has identified at least 3 pre-f migrating Lp-Al HDL lipoproteins that
appear to be the initial acceptors of cell derived free cholesterol and possibly percursors
to the major a-migrating HDL fraction (11). Pre-f1 Lp-Al (one molecule A-I) HDL
have been estimated to have a diameter of 50-60 A and comprise 2-5% of total plasma
HDL (6) with higher concentrations being found in peripheral lymph (48,49). Analysis

of the 10-40% lipid associated with these particles further implicates them in early
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association with the plasma membrane as their sphingomyelin:lecithin ratio more closely
resembles outer-leaflet plasma membrane than a-HDL (6). Pre-B2 are disc shaped Lp-Al
HDL particles that are thought to be the product of pre-p1 particles and by comparison to
pre-B1 particles contain an increased lecithin content and more copies of apolipoprotien
A-I(6.11). Like pre-B1, the concentration of these particles is increased within the lymph
(48,49). A high molecular weight pre-B3 Lp-AI HDL particle has also been isolated in
association with LCAT (12) and Fielding and Fielding (6) suggest this may be a pre-p2
HDL bound to LCAT. This may turn out to be the final intermediate particle prior to the
conversion of lipid-poor pre-f3 HDL to spherical a-HDL by the action of LCAT.

There are three working models describing possible mechanisms for cholesterol
efflux mediated by HDL, as outlined by Rothblat et al. (8). The best described has been
termed “aqueous diffusion” (50) and envisions the diffusion of free cholesterol in the
donor membrane to acceptor particles. The efficiency of the transfer depends upon the
physical properties of the acceptor such as size, surface area and apolipoprotein content
(50). Secondly, the HDL receptor mediated mobilization and desorbtion of cholesterol
model as proposed by Oram (51,52), suggests that HDL binding to a putative HDL
receptor (53) initiates a protein kinase C mediated cell signaling event resulting in the
intracellular mobilization of cholesterol to the cell surface followed by efflux of free
cholesterol to HDL (54,55). Thirdly and perhaps the least well documented proposal is
that HDL in some cell types undergoes receptor mediated retroendocytosis that results in
HDL internalization by the cells, followed by resecretion of intact cholesteryl ester

enriched HDL (56). The physiological implications of this phenomenon to in vivo
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cholesterol efflux remain to be determined.

Rothblat er al. (8) have combined the results of numerous cholesterol efflux
studies and computer modeling to propose a working model to describe cholesterol efflux
kinetics. The model was developed from these kinetics, accumulated evidence for
cholesterol domains within membranes (57,58) and lipoprotein membrane interactions as
described by Tabas and Tall (59) and Leblond and Marcel (60). Briefly, the model (8)
predicts that cholesterol within the outer plasma membrane of cells contains cholesterol-
poor and cholesterol-rich domains with cholesterol-rich domains being associated with
increased sphingomyelin content. Contrary to what might be expected, the cholesterol-
poor domains (fast pool) more readily provide cholesterol to acceptor particles due to
enhanced interactions with the postulated lipid-binding hinge domain of apolipoprotein
A-I, as described by Segrest et al. (61), whereas the cholesterol in the cholesterol-rich
domain (slow pool) is much more organized and tightly packed. The resulting interaction
of HDL with the cholesterol-poor domain would promote an apolipoprotein mediated and
accelerated desorbtion of free cholesterol as compared to much slower diffusional efflux
from the cholesterol-rich domain (8). This model is extremely attractive in light of
Fielding and Fielding’s (6) findings implicating the pre-1 HDL subpopulation as the
prime facilitators of efflux. Interestingly, Rothblat et al. (8) have suggested that the
apparent intracellular mobilization of cholesterol observed by Oram (51,52) as a result of
a possible cell signaling event is not incompatible with their model and could be triggered
by interaction of the apolipoprotein hinge domain with the cell membrane. More

recently, Fielding and Fielding (6) have suggested that pre-8 HDL are involved in
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cholesterol efflux from the cholesterol-poor domain in an LCAT dependent reaction that
strongly implicates a specific cell signaling event, whereas efflux from the cholesterol-
rich domain is diffusional to acceptor particles not thought to be major LCAT substrates,
such as albumin, LDL and Lp AVAIl HDL. HDL cholesterol or HDL apolipoprotein A-I
concentration may not be the best indicator of the capacity of HDL to mediate cholesterol
efflux, as Fournier et al. (62) have demonstrated in vitro that cholesterol efflux mediated
by TgR(hAI) rat HDL is best correlated with HDL phospholipid and not cholesterol or
apolipoprotein A-L.

According to Fielding and Fielding’s model (6) of “reverse cholesterol transport”,
sometime during the conversion of pre-B2 to pre-f3 and movement of the particle out of
the extra-cellular space into the circulation, LCAT mediated esterification with the 3f-
OH of cholesterol to the sn-2 fatty acyl groups of phospholipid begins to occur. This
results in the conversion of the HDL disc to a spherical a-HDL.

In rats and mice that lack CETP, the spherical HDL may increase in size, from a
small spherical HDL, to HDL, through to HDL,. Isolated HDL, is usually enriched in
apolipoprotein E which is probably acquired through exchange with other lipoproteins.
HDL, may eventually be taken up by the liver, either by the LDL receptor and/or the
LDL receptor related protein and/or by some other poorly understood mechanism.
Additionally, there is evidence in rats and steroidogenic cell lines that metabolize
cholesterol, that HDL derived cholesteryl ester can be internalized without apolipoprotein
A-I (63). Pittman, has termed this “selective uptake™ (63). In humans and other species

having CETP, newly formed cholesteryl ester may be transferred to VLDL and LDL
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acceptor particles in exchange for triacylglycerol. Liang et al. (64) have also
demonstrated that this process, as well as the action of hepatic lipase on HDL (65-67),
may result in the creation of lipid-poor apolipoprotein A-I which presumably may be
recycled into pre-§ HDL by movement into the peripheral lymph or possibly cleared from
the plasma by the kidney (68). Forte et al. (69) have shown that lipid-free apolipoprotein
A-I when incubated with chinese hamster ovary (CHO) cells results in the formation of
LCAT reactive discs. Czarnecka and Yokayama (70) have confirmed this and identified
the discs as pre-Bp HDL. More recently, Von Eckardstein et al. (28) have shown that the
phospholipid transfer protein (PLTP) may also generate pre-B1 HDL in the process of
converting HDL, to HDL,. While the lack of CETP certainly may contribute to the larger
HDL observed in rat and mouse plasma, recent work in human apolipoprotein A-I
transgenic mice (71,72) also indicates that mouse apolipoprotein A-I has a structural
preference for forming larger HDL particles.

Uptake of HDL derived cholesteryl ester by the liver is not well understood, but
as Barrans er al. (9) suggest, recent work (28,64-67) demonstrating the generation of pre-
B1 HDL during the course of HDL remodelling may in part explain the phenomenom of
“selective uptake of HDL cholesteryl esters”. The possiblity that HDL apolipoprotein A-
[ is recycled may explain the disproportional mass of cholesteryl ester to apolipoprotein
A-I observed to be cleared by the liver in these studies (63,73,74). Exciting new studies
in transgenic mice (75) and rabbits (76) over-expressing human hepatic lipase further
implicate this enzyme as having a role in the catabolism of HDL cholesterol.

Furthermore, studies by Marques-Vidal et al. (77) have shown that uptake of
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reconstituted HDL by the perfused liver may be dependent on the phospholipase A,
activity of hepatic lipase. Perhaps in the future, hepatic lipase will be identified as a key
component in facilitating HDL cholesterol uptake either through a hepatic HDL receptor

or by some other novel endocytotic mechanism.

1.10 Abnormal lipoproteins in LCAT deficiency and liver disease

As outlined above, the liver plays a central role in the metabolism and provision
of cholesterol to peripheral tissues; therefore, it is not surprising that alterations in liver
function as a result of disease, drugs or surgical intervention will have a profound effect
on lipoprotein metabolism. Interestingly, many similar alterations in lipoprotein
metabolism are also observed in familial LCAT deficiency (78-81).

In the mid 19" century, Flint first reported the elevation of plasma “cholesterine”
(cholesterol) in jaundiced patients (82). This was later confirmed by Widal et al. (83) and
the increased cholesterol was identified as being primarily unesterified. As well, the
increase in free cholesterol was found to be followed by an equi-molar increase in lecithin
(84,85) which, as Miller (86) points out, are the primary substrates for the LCAT reaction
(5,87).

The characteristic lipoproteins of liver disease have been comprehensively
reviewed by Miller (86). Seidel er al. (88) have reported the presence of § migrating
VLDL, which are characteristically rich in free cholesterol and phospholipid and depleted
in triacylglycerol and cholesteryl ester (89). In some types of liver disease,
triacylglycerol levels have been reported to be elevated (85,89,90) and studies in the bile-

duct ligated rat suggest this may be due to reduced remnant catabolism (91). In the LDL
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density range, up to 3 different particles (89,90,92) have been purified from human
plasma in which LCAT activity was reduced (89), and these were a large triacylglycerol
rich lipoprotein referred to as Lipoprotein Y (Lp-Y) (92), Lipoprotein X (Lp-X) and a 20
nm diameter LDL deficient in core cholesteryl esters. Lp-Y has been reported (89,90) to
have a diameter of 100-300 nm and composition of 35% triacylglycerol, 20% cholesterol
and 20% phospholipid with apolipoprotein B and the C apolipoproteins making up the
25% protein constituent. Muller et al. (90) have suggested that Lp-Y is formed as a result
of hepatic lipase deficiency, while Agorastos et al. (89) found Lp-Y only when LCAT
activity was low. Additionally, Felker et al. (93) have identified Lp-X-like vesicles and
possibly Lp-Y in their studies of cholestatic (extrahepatic) perfused rat livers.

Lp-X is a vesicular lipoprotein that, unlike normal lipoproteins, contains an
aqueous core and appears under the electron microscope as stacked discs of 30-70 nm
length. Lp-X has been identified as having a composition of 3% triacylglycerol, 23% free
cholesterol, 2% cholesteryl ester, 66% phospholipid and 6% protein (mainly C
apolipoproteins and albumin) (94). Associated albumin may only be identified after lysis
of the vesicle and this is evidence for albumin being trapped within the core of the
vesicle. Additionally, Lp-X may form a heterogeneous population of particles as Patsch
et al. (95) have purified 3 different Lp-X particles of increasing density, namely Lp-X,,
Lp-X, and Lp-X; from the ultacentrifuge with Lp-X, and Lp-X; being associated with
apolipoproteins A-I and E.

A landmark study by Manzato et al. (96) demonstrated that bile micelles could be
converted to Lp-X by the addition of albumin and this process could be reversed by the

addition of bile salts to Lp-X. The presence of Lp-X in liver disease is usually correlated
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with a deficiency of LCAT activity; however, there appear to be exceptions to this
relationship in cases where the influx of biliary derived phospholipid and free cholesterol
exceed the esterifying capacity of functioning LCAT (86). This appears to be the case in
the a-naphthylisothiocyanate (ANIT) treated rat (97) as described in this thesis, bile-duct
ligated dogs (98), some cases of human liver disease (99), following Intralipid™
administration where large amounts of lipolysis products are generated (100-103) and
possibly in the bile-duct ligated rat (104,105). A similar effect has also been observed in
familial LCAT deficient patients fed a high fat diet (106).

Whether or not Lp-X is a substrate for LCAT is not clear, Wengler and Seidel
(107) could not demonstrate cholesterol esterification when Lp-X was incubated with
semi-purified LCAT and this was confirmed by Utterman et al. (108). Patsch et al. (109)
showed evidence of a small amount of Lp-X esterification after a 45 hour incubation of
purified Lp-X and LCAT. However, a small amount of o-migrating material was
identified following the incubation and this raises the probability that some
apolipoprotein A-I may have been present in the Lp-X preparation. Indeed O and
Frohlich (110) in a recent study have demonstrated that although LCAT will bind to Lp-
X, significant esterification and size reduction of Lp-X will only occur in the presence of
LCAT, apolipoprotein A-I and albumin. Unfortunately, this study did not fully
investigate the role of apolipoprotein A-I in the reaction and the possibilty that HDL-like
particles were generated. This result combined with the possibility that the LCAT and/or
Lp-X preparations used by Patsch et al. (109) may have contained some apolipoprotein

A-l are suggestive that apolipoprotein A-I may bind to Lp-X, activate LCAT and result in
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apparent cholesteryl ester enrichment of Lp-X through the generation of an HDL-Lp-X
complex. New HDL could disassociate and generate new a-HDL with an accompanying
reduction in Lp-X size. Following LCAT mediated cholesteryl esterification, the
characteristic cathodal migration of Lp-X was abolished in both of these studies
(109,110). Anodal migration of Lp-X has been reported previously and a negative result
on agar electrophoresis is not conclusive evidence against the presence of Lp-X
(111,112). Additionally, Ritland et al. (38), have demonstrated that hepatic lipase may
also play a role in the catabolism of Lp-X, as Lp-X in LCAT deficient patient’s plasma
was found to virtually disappear 10 minutes after the injection of heparin.

Whether or not Lp-X is cleared from the blood as a result of the indirect action of
LCAT or by some other mechanism remains to be determined and is probably dependent
upon whether LCAT and/or hepatic lipase is functional. This might be best accomplished
in vivo in a reversible model of LCAT deficiency or cholestasis.

When Lp-X containing radiolabelled albumin was injected into normal rats, the
majority of label was recovered in the liver with the spleen accumulating the most on a
mass basis (113). Although Lp-X is thought to interact with the LDL receptor related
protein (113) and inhibit the uptake of apolipoprotein B,; remnants (113,114), there is
little evidence for its uptake by either this receptor or the LDL receptor (113,115).
Possibly, this apparent receptor interaction may be due to binding of Lp-X to hepatic
lipase.

Apolipoprotein A-I, the major HDL apolipoprotein, is often reduced in liver

disease (88,116) and Seidel er al. (88) have postulated that this is due to decreased
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binding of apolipoprotein A-I to cholesteryl ester depleted HDL and a resultant increase
in apolipoprotein A-I catabolism. An analogous situation has been reported in familial
LCAT deficiency (79) where decreased levels of apolipoprotein A-I have been shown to
be associated with HDL discs having a diameter of 13-24 nm (117). As well,
apolipoprotein E is usually observed to be increased in liver disease (116,118,119) and
familial LCAT deficiency (79,120,121). This may be attributed to the lack of LCAT
activity as the increased plasma apolipoprotein E content has been shown to be associated

with large phospholipid and free cholesterol-rich HDL discs having a diameter of 14-40

nm (117).

1.11 Animal models of LCAT deficiency and liver disease

The study of abnormal lipoprotein metabolism in familial LCAT deficiency has
provided insight into the importance of the LCAT reaction (5,87) in lipoprotein
metabolism. Upon initiating this project, the initial question raised was why do most
patients afflicted with genetic familial LCAT deficiency develop renal failure by their 4"-
5™ decade? Interestingly, the renal failure appears to be due to the development of
atherosclerotic lesions characterized by deposition of osmophilic material in the
glomeruli (subendothelial), basement membrane and mesangial regions (122). LCAT
deficiency is also associated with corneal arcus, xanthoma, anemia and almost always
proteinurea when renal insufficiency is present (79). The development of atherosclerosis
in LCAT deficiency perhaps should not be surprising given the postulated role of LCAT
in “reverse cholesterol transport”; however, even in the most serious cases of

atherosclerosis due to hypercholesterolemia, renal atherosclerosis is usually not the
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primary problem or cause of death. If the low levels of apolipoprotein A-I observed in
LCAT deficiency are due to increased catabolism by the kidney, could this lead to renal
lipid deposition? Current knowledge suggests that in order for this to happen, the
apolipoprotein A-I being taken up by the kidney would need to have associated lipid,
particularly cholesterol and phospholipid, and secondarily the plasma must have a very
low capacity for returning lipid accumulated by the kidneys back to the plasma. In LCAT
deficiency these criteria may possibly be met. The situation is further complicated by the
proposal of Guérin et al. (79) that there may be a positive relationship between increased
levels of Lp-X and the progression of renal dysfunction, a casual relationship that was
first observed by Gjone et al. (123). Further evidence for the possible role of Lp-X in
renal dysfunction comes from the observation of renal lipid deposition in dogs subjected
to choledochocaval anastomosis (124).

In any case, this relationship has been difficult to study fully, due to the lack of a
model of human familial LCAT deficiency that allows for the in depth study of the in
vivo metabolism of the abnormal lipoproteins. The obvious model of choice would be an
inexpensive animal that has genetic LCAT deficiency, either through a naturally
occurring mutation, artificially induced by homologous recombination in stem cells
(LCAT knockout) or possibly by gene therapy. The other ideal characteristic would be
that the animal have a human-like lipoprotein metabolism (as discussed earlier).
Unfortunately, this model does not exist, although an LCAT knockout mouse has very
recently been produced. The phenotypic details however, have not been published to
date. The LCAT knockout mouse by itself or in combination with some of the many

mouse transgenics currently available offer many exciting research possibilities in the
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future (transgenic mouse models of human lipoprotein metabolism have been reviewed in
(125,126)). The next choice for an in vivo model would be one with a transient and
artificially induced LCAT deficiency either by injection of a specific LCAT inhibitor or
inhibitory antibody. However, to date, a specific in vivo inhibitor of LCAT has not been
identified and the feasibility of using antibodies to inhibit LCAT has not been examined.
Perhaps the next best option would be a model of secondary LCAT deficiency as the

result of liver disease.

1.12 Experimental rationale

Initial studies as described in this thesis, were performed in the D-(+)
galactosamine rat which is a transient and reversible model of hepatitis associated with a
secondary LCAT deficiency and decreased plasma cholesteryl ester (127). In vivo, D-(+)
galactosamine exerts its hepatotoxic effect by sequestering cellular UDP (uridyl
diphosphate) and as such would be expected to have deleterious affects on cellular
processes dependent on glycosylation. For these reasons and from interpretation of
preliminary results that will be shown in this thesis, studies in the D-(+) galactosamine rat
were discontinued.

This decision made, the apparent relationship between LCAT deficiency and

OH
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OH
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Figure 1.2- The molecular structure of D-(+) galactosamine HCl



23

some types of cholestasis was recognized and the ANIT (c-naphthylisothiocyanate)
treated rat was identified as a possible candidate animal model. As described below, the
pathological effects of ANIT treatment have been intensively studied, but little has been
done to examine the alterations in lipoprotein metabolism as a result of ANIT-induced
cholestasis. Therefore, the focus of this thesis research was firstly to investigate the
changes in lipoprotein metabolism in the rat following ANIT treatment and evaluate the
potential application of the model to the study of LCAT deficiency. Secondly, in
collaboration with Dr. Lou Agellon at the University of Alberta, to extend these studies
into the mouse with an added emphasize on the regulation of bile acid metabolism. The
final focus of the thesis work was to extend the ANIT treated rat model into transgenic
rats which over express human apolipoprotein A-I and investigate the role of

apolipoprotein A-I in the metabolism of cholestatic lipoproteins.

1.13 ANIT-induced intrahepatic cholestasis

A single dose of ANIT (a—naphthylisothiocyanate) (Figure 1.3) when given by
gavage to rats (128,129), mice (129), and guinea pigs, (129) produces a transient
intrahepatic cholestasis (128,130), necrosis of the bile-duct endothelium and areas of
focal injury to the hepatocytes in periportal areas of the liver (131-133). ANIT does not

appear to produce cholestasis in hamsters and rabbits (129).

Figure 1.3- The molecular structure of ANIT (a-naphthylisothiocyanate)
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The pharmacological action of ANIT remains unclear, but appears to be related to
effects of the drug directly upon the hepatocytes and not bile canalicular cells (130).
ANIT is thought to be bioactivated by cytochrome P-450 dependent mixed function
oxidases (134-136) and/or “fusion” to hepatic glutathione (137). This theory is largely
based on observations showing that induction of NADPH dependent cytochrome P-450
mixed function oxidases by phenobarbital increased ANIT hepatotoxicity, while
inhibition of mixed function oxidase activity by SKF 525-A (diethylaminoethyl-2,2-
diphenylvalerate) reduced the effect of ANIT (134). More recently, Traiger et al.
(135,136) have shown using rat liver microsomes that ANIT bioactivation may involve S-
oxidation mediated by cytochrome P-450 dependent mixed function oxidases leading to
desulphation of ANIT. Bioactivation of ANIT is further supported by radioactive tracer
studies showing that intact ANIT is not secreted into the urine of animals (129) and by a
correlation between in vivo hepatotoxicity and *°S sulfate excretion, both of which were
dependent on cytochrome P-450 dependent mixed function oxidase activity (136).
Species-specific effects of ANIT may be the result of differences in the biotransformation
of ANIT and the action of metabolites on hepatocytes (129). In ANIT treated animals,
microsomal mixed function and cytochrome P-450 oxidase activities have been shown to
be decreased (138,139) together with their drug-metabolizing activities (138-140).
Kosser et al. (133) have suggested that the onset of ANIT-induced cholestasis is biphasic.
Initially changes in hepatocanicular function and increased tight junction permeability are
observed and these are followed by bile-duct obstruction and hepatocellular dysfunction.
The second phase appears to begin with near complete cessation of bile flow between 16

and 24 hours (128,133) which is followed by increased levels of bile components within
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the plasma compartment possibly due to leakage through tight cell junctions (141).
Maximal plasma concentrations of bile acids (128,133) are observed by 24 hours
(128,138,139), while conjugated bilirubin (142,143) and liver enzymes are maximally
elevated by 48 hours (138,139). These abnormal plasma levels return to near normal by
96 hours (138).

In rats, Schaffner et al. (139), examined hepatic bile acid composition (Table 1.2)
and found an approximately 2.5 fold increase in liver bile acid concentration. Overall the
precentage composition of cholic acid (3a, 7a, 12a hydroxy bile acid) remained
unchanged while B-murocholic acid (3, 6B, 7B hydroxy bile acid) increased from
approximately 10% to 46% becoming the major secondary hepatic bile acid. On the basis
of these results, they suggested that there was a defect in rat bile acid metabolism
favoring the production of trihydroxy bile acids instead of more lithogenic bile acid

species which would have significant detergent properties and be conceivably more

Table 1.2- Liver bile acid composition data in normal and ANIT-treated (48 h) rats
Data reprinted from Schaffner et al. (139).

Bile Acid OH Normal* ANIT Normal®* ANIT
Groups 48 h)® (48 h)*
nmol/g liver nmol/g liver
Lithocholic 3a Trace Trace Trace Trace
Deoxycholic 3a 12a 22+10 Trace 13% Trace
Chenodeoxycholic 3a 7a 21+8 Trace 12% Trace
Hyodeoxycholic 3a 6a 12+12 Trace 7% Trace
Ursodeoxycholic 3a 7B Trace Trace Trace Trace
Cholic 3a 7a 12a 97+19 195-249 57% 54%
B—muricholic 3aa 68 7B 17+8 154-219 10% 46%
an=7
bn=3

CPercentage composition calculated from original data
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damaging in cholestasis.

Changes in plasma lipoproteins resulting from ANIT-induced cholestasis have not
been extensively studied. Katterman and Wolfrum (144) have shown that ANIT
treatment results in increased plasma free cholesterol and a decreased CE/FC ratio in the
presence of increased LCAT activity. In the liver, both free and esterified cholesterol
were elevated, but in contrast to plasma the CE/FC ratio was increased. This suggests
that ANIT-induced intrahepatic cholestasis, like extrahepatic cholestasis in the rat, occurs
under conditions were liver cholesterogenesis is upregulated (113,145). More recently,
Mitamura (146) was able to demonstrate that ANIT induced cholestasis resulted in large
elevations of plasma phospholipid and free cholesterol, smaller increases in cholesteryl

ester, little change in triacylglycerols and the presence of phospholipid-rich HDL.

1.14 Human transgenic apolipoprotein A-I rats (TgR[HuAI] rats)

Transgenic rats expressing the human apolipoprotein A-I gene were developed by
Swanson et al. (147) using the 13 kbp construct shown in Figure 1.4. The authors
included an extra 10 kbp of the 5’ flanking region of the human apoplipoprotein gene in
an attempt to get intestinal promotion of the transgene. This was not achieved as the
intestinal promoter was not present in the construct. The promoter has recently been
localized to 3’ region of the apolipoprotein A-I gene and within the 5° promoter region of
the apolipoprotein C-III gene (15,148). Transgenic rats generated from this construct
were found to have high levels of human apolipoprotein A-I gene expression in the liver

and immunologicaly measurable human apolipoprotein A-I in their serum (147).
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Figure 1.4- Human apolipoprotein A-I DNA construct used for production of

TgR[HuAI] rats
Adapted from Swanson et al. (147).

Initial analysis of the high line rats (TgR[HuAI]) demonstrated plasma human
apolipoprotein A-I levels ranging from 500-1000 mg/dl and endogenous rat
apolipoprotein A-I levels ranging from 42 mg/dl to 0 mg/dl. The lower levels of
endogenous rat apolipoprotein A-I were found in those rats expressing the most human
apolipoprotein A-I. This inverse relationship has also been reported in human
apolipoprotein A-I transgenic mice (71).

Swanson et al. (147) also observed by Superose 6B gel filtration that increased
plasma concentrations of apolipoprotein A-I were associated with increased levels of
HDL but not qualitative changes in HDL size. Further analysis of TgR[HuAI] rat HDL
by non-denaturing electrophoresis clearly showed that there were major alterations in
HDL composition due to expression of the transgene, as polydispersity in the HDL region

was clearly evident (149). This finding has been previously reported in human
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apolipoprotein A-I transgenic mice (72). In these mice, HDL particles of 11.4, 10.2 and
8.7 nm corresponding to HDL,, HDL, and HDL, were observed in comparison to a
monodisperse HDL characterized by a 10 nm particle in non-transgenic mice. Further,
analysis of the distribution of rat and human apolipoprotein A-I in HDL and the d>1.21
g/ml fraction of rat plasma has indicated that human apolipoprotein A-I preferentially
binds HDL over rat apolipoprotein A-I (149). Similar observations have been observed
in apolipoprotein A-I transgenic mice (71,72) and it has been suggested this may account
for the inverse relation between human and rodent apolipoprotein A-I (62,150) and be a
result of structural differences between the two apolipoproteins (72,151). Additionally, a
very recent study of experimental nephrosis in the TgR[HuAI] rats found that transgenic
rats in comparison to control rats did not accumulate HDL lipids as a result of nephrosis
and the authors attributed this to enhanced filtration of an 8.2 nm member of the
polydisperse transgenic HDL over the 11 nm particles identified in non-transgenics (150).

In human apolipoprotein A-I transgenic mice, enhanced expression of human
apolipoprotein A-I has been observed to prevent or diminish atherosclerosis in a number
of atherosclerotic mouse models (38,152-155). Since overexpression of human
apolipoprotein A-I appears to have anti-atherosclerotic properties in mice it was
hypothesized that overexpression of human apolipoprotein A-I in the rat might prevent
some of the lipid accumulation observed in the ANIT-treated rat and give insight into the
role of apolipoprotein A-I in the metabolism of cholestastic lipoproteins. As a result, the

effect of ANIT on TgR[HuAI] rats was investigated.
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1.15 7a-hydroxylase regulation and bile acid metabolism

A crucial step in the maintenance of cholesterol homeostasis is excretion of
cholesterol and the liver through bile acid synthesis is the major facilitator of this process.
The conversion of cholesterol to bile acids requires at least 14 enzymes and is regulated
at the first committed step (44). The enzyme responsible is cholesterol 7a-hydroxylase
[E.C. 1.14.13.17] which is a member of the cytochrome P-450 enzyme family and a
product of the cyp7 gene. Transcription and translation of the gene give rise to a 503 and
504 amino acid protein in rat and human respectively. The enzymatic conversion of
cholesterol to 7a-hydroxy cholesterol occurs in the endoplasmic reticulum and requires
molecular oxygen, NADPH and cytochrome P-450 reductase (44). The further
conversion of 7a-hydroxy cholesterol to primary bile acids has been reviewed (44,156)
and consists of at least 14 separate steps in varying cellular locations including side chain
oxidation in the peroxisome (157) by a process similar to $-oxidation of fatty acids (158).
The final step in primary bile acid synthesis is conjugation of the bile acid to either
glycine or taurine which most likely takes place in the peroxisome (159). In the human,
hamster and rat the major primary bile acids are cholic and chenodeoxycholic acids (160).
The water soluble aminoacyl bile acids are secreted by the liver into the common bile
duct (161) and stored in the gallbladder (humans) until released by hormonal stimulation
into the duodenum (162).

The co-secretion of cholesterol and phospholipid is not well understood and a
number of hypothesis exist (163) including co-transport of cholesterol, phospholipid and

bile, as well as bile micelle mediated efflux of membrane cholesterol and phospholipid.
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It is apparent however, that the detergent abilities (hydrophobicity) and bile acid
concentration influence biliary lipid secretion (164,165). In the case of phospholipid, it is
becoming increasingly «clear that a  p-glycoprotein  phosphatidylcholine
transporter/flippase encoded by the mdr2 gene is essential for phosphatidylcholine
secretion and may function by translocating phosphatidylcholine from the inner to outer
cannicular membrane leaflet (165). Secretion into the duodenum aids in the
solubilization and absorption of dietary fats, cholesterol and hydrophobic nutrients by the
enterocytes. Additionally, the actions of bacterial enzymes in the intestine give rise to the
many secondary and tertiary bile acids identified in mammals (44). Bile acids in addition
to biliary cholesterol and phospholipid become mixed with dietary cholesterol and the
majority are absorbed by the intestine. This appears to serve as a very efficient
mechanism for the conservation of both cholesterol and bile acids. Absorption or rather
reabsorption of bile acids in the ileum may occur via nonionic diffusion or active
transport (44) with the latter being via the ileal sodium-dependent bile acid transporter
(166). These bile acids may then travel via the circulatory system back to the liver where
they are reabsorbed possibly by a sodium dependent transporter or other candidate
transporters (167) and resecreted into bile (168).

Much of the information on the regulation of bile acid synthesis and 7c-
hydroxylase comes from studies performed in the rat. Due to the absence of a gallbladder
and the unusually long small intestine that results in high levels of bile acid biosynthesis
(169), the rat as a model of human bile acid metabolism has been criticized. Furthermore,

unlike humans, cyp7 in the rat is only responsive to negative feedback control by
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hydrophobic and not hydrophilic bile acids (170-172). 7a-hydroxylase is thought to be
almost exclusively regulated at the level of cyp7 gene transcription, as message, protein
mass and activity always correlate (44). The cyp7 gene is repressed by bile acids, diurnal
rhythm (light), starvation, and glucocorticoids and derepressed by intestinal bile acid
binding resins, cholesterol, diurnal rhythm (dark) and thyroid hormone (44). The putative
transcriptional inhibition by bile and activation by cholesterol has led to the suggestion
that cyp7 may be coordinately regulated by both a bile acid responsive element (BARE)
and a modified sterol responsive element (SRE) (44,173). The modified SRE would
activate transcription unlike the inhibitory SRE involved in the regulation of cholesterol
synthesis and LDL receptor regulation (41).

The possible alterations in bile acid metabolism resulting from ANIT-induced
intrahepatic cholestasis in the rat or mouse, have never been investigated. Since the rat
may not be the best model for study of bile acid metabolism for reasons already
mentioned, an investigation in the ANIT-treated mouse was undertaken. This project has
two components, firstly to characterize the abnormal lipoproteins in the ANIT-treated
mouse and secondly in collaboration with Dr. Lou Agellon at the University of Alberta to

study cyp7 regulation and cholesterol homeostasis in the ANIT-treated mouse liver.



Chapter 2- Materials and Methods

2.1 Animals
2.1.1 NORMAL RATS

Female Spraque Dawley rats (Charles River Laboratories) (225-275 g) were used
for all normal rat experiments. Rats were pair fed regular rat chow, given water ad
libetum, housed under 12 hour light/dark conditions and fasted for 12 hours prior to
treatment. Rats were lightly anesthetized by intraperitoneal administration of
Ketamine/Xylazine (3%/0.37% w/v) at a dosage of 0.8-1.0 ml/kg and given either 100
mg/kg ANIT (Sigma) in 25 mg/ml corn oil (Mazola) or 150 mg/kg ANIT (Sigma) in 30
mg/ml corn oil (Mazola) by gavage. Control rats received a similar amount of corn oil by
weight. At the indicated experimental time points, fasted rats were deeply anesthetized
by an intraperitoneal injection of Ketamine/Xylazine 2.0-2.5 ml/kg and blood was
collected from the descending aorta into tubes containing Na,EDTA to a final
concentration of 1 mg/ml. For post-heparin plasma collection, blood was collected from
fasted anesthetized rats 8 minutes after an intrajugular injection of 100 U/kg sterile
heparin (Sigma) saline solution (150 U/ml, pH 7.4). Plasma was isolated by
centrifugation at 3000 x g for 30 minutes at 4 °C. A preservative cocktail containing
thimerosal (Sigma, St. Louis, MO), aprotinin (Sigma), Na,EDTA, and sodium azide was

added to yield respective final concentrations of 0.005%, 0.001%, 0.01% and 0.02%.

32
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2.1.2 TRANSGENIC RATS (TGR[HUAI]))

TgR[HuAI] rats were received from Sandoz Pharmaceuticals as a gift through Dr.
Jim Paterniti (currently employed with Ligand Pharmaceuticals, California) in the wake
of the closing of the Cardiovascular Research Division at Sandoz. All TgR[HuAl] rats
used in this study were bred in-house and identified phenotypically by measurement of
human apolipoprotein A-I levels by immunoelectrophoresis or immunoturbidometrically
by nephelometry. Preliminary identification was performed on a 0.5-1.0 ml blood sample
obtained from the jugular vein under Ketamine/Xylazine (3%/0.37% w/v) anesthesia at a
dosage of 1.5-2 ml/kg. To minimize the effects of dehydration, rats sampled in this way
were routinely administered 5-10 ml of sterile saline subcutaneously. In some cases it
was possible to identify rats genotypically after breeding.

Experimentally, transgenic rats used in these studies were treated using the same
protocol as for normal Spraque Dawley rats, with the exception that rats were chosen for
experiments based primarily on their human apolipoprotein A-I levels and secondly their

sex and weight. This was necessary to keep animal costs to a minimum.

2.1.3 C57BL/6 MICE

Female C57BL/6 mice (Charles River Laboratories) (16-20 g) were used for all
mouse studies. Mice were group fed (4-6) regular rat chow, given water ad libetum,
housed under 12 hour light/dark conditions and fasted for 8-10 hours prior to ANIT
treatment. Mice were lightly anesthetized by intraperitoneal administration of

Ketamine/Xylazine (2%/0.4% w/v) at a dosage of 1-1.5 ml/kg and given 100 mg/kg
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ANIT (Sigma) in a 10 mg/ml corn oil (Mazola) bolus by gavage. Control mice received a
similar amount of corn oil by weight. At the indicated experimental time points, fasted
mice were deeply anesthetized by an intraperitoneal injection of Ketamine/Xylazine
(2%/0.4% w/v) at a dosage of 2-3 ml/kg and blood was collected from the descending
aorta into tubes containing Na,EDTA to a final concentration of 1 mg/ml.

For some experiments, the gallbladder and mouse livers were immediately
excised, washed in saline, and the liver was dissected into 4-5 sections. Each section was
weighed and immediately frozen in liquid N, and stored at -80 °C or room temperature in
phosphate buffered formalin. Frozen sections were used either for liver lipid analysis
(174) after lipid extraction (175) or sent on dry ice to Dr. Lou Agellon at the University
of Alberta for analysis of 7a-hydroxylase (cyp7 gene product) [E.C. 1.14.13.17] and/or
HMG CoA reductase [E.C. 1.1.1.88] activity and mRNA levels. Formalin preserved liver
samples were sent to Dr. Lou Agellon at room temperature for histological and
pathological examination. For intestinal bile acid transporter analysis, an intestinal
section was excised leading from the cecum until almost halfway to the stomach (approx.
10 cm). The section was cannulated, washed with saline, weighed and frozen
immediately in liquid N,, and shipped to the University of Alberta for analysis. Excised
gallbladders were washed in saline, placed in 1.5 ml microfuge tubes, and spun to the
bottom of the tube by pulse centrifugation in a microfuge (Beckman). The contents of the
gallbladders were removed using 25 pl capilliary micropipettes and placed in 400 pl
microfuge tubes which were quick frozen in liquid N, and stored at -80 °C. Plasma was

isolated by centrifugation at 3000 x g for 30 minutes at 4 °C. A preservative cocktail
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containing thimerosal (Sigma), aprotinin (Sigma), Na,EDTA, and sodium azide was

added to yield respective final concentrations of 0.005%, 0.001%, 0.01% and 0.02%.

2.2  Enzymatic and lipid analysis

Aspartate aminotransferase (E.C. 2.6.1.1), alanine aminotransferase (E.C. 2.6.1.2),
alkaline phosphatase (E.C. 3.1.3.1), bilirubin and bile acids were measured manually
using commercial kits (Boehringer Mannheim and Sigma). Initial analysis of rat
aminotransferase activities were performed by kinetic methods (Boehringer Mannheim)
and latterly in mice using a colorimetric endpoint method (Sigma) optimized to give
results comparable to the kinetic methodology. Total cholesterol, free cholesterol,
triacylglycerols and phospholipids were measured either directly by enzyme kits
(Boehringer Mannheim) or by gas chromatographic total lipid profiling (174). When
enzyme kits were employed, cholesteryl ester mass was calculated from total cholesterol
and free cholesterol by mole subtraction using an average rat cholesteryl ester molecular
weight of 660 g/mol. All plasma samples were measured by gas chromatographic total
lipid profiling, as an unidentified component of plasma from ANIT-treated rats
completely inhibited the choline oxidase method of phospholipid determination used in
the enzymatic kits. The enzymatic inhibition was not present in the lipoprotein positive
fractions of plasma from treated rats after ultracentrifugation, suggesting that the
unknown inhibitor was associated with the lipoprotein free (d,s> 1.21 g/ml) plasma

component.
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23 LCAT activity assays

LCAT activity was measured in early work using the exogenous synthetic
proteoliposome substrate method of Chen and Albers (176) as previously described by
Jauiainen and Dolphin (87) and latterly using the exogenous recombinant HDL (rHDL.)
method of Sparks et al. (177).

The rHDL, 80:10:0:1 phosphadityl choline:free cholesterol:cholesteryl
ester:protein substrate of Sparks et al. (177) was prepared by reducing to dryness 56 pl of
20 mg/ml 1,2-di[cis-9-octodecanoyl] sn glycero-3-phosphocholine (DOPC), 34 ul of 2
mg/ml cholesterol (Sigma 99.9+%) in hexane and 12 pCi (12 pl) fresh [1,2-°H]-
cholesterol (Dupont- NEN) in a screw top culture tube under N, without heating. The
resulting lipid film was dispersed by vortexing at room temperature in TBS (10 mM Tris-
HCl, 140 mM NaCl, ImM Na,EDTA, 0.01% NaNj, pH 8.0). To the resulting emulsion,
28 pl of 30 mg/ml sodium cholate (Sigma) in TBS pH 8.0 was added and vortexed for 3
minutes prior to incubation at 37 °C on an orbital shaker for 3 hours. To insure adequate
mixing and optimal micelle formation, the solution was vortexed every 15-30 minutes on
high for 30 seconds and then centrifuged in a clinical tabletop centrifuge to collect the
sample. To this micellar solution, 0.5 mg of previously purified human apolipoprotein A-
[ (87) was added in a total volume of 600 ul TBS pH 8.0 and incubated by gentle
inversion on a mechanical inverter for 1 hour at 37 °C. The bile acids were removed by
aspirating the apolipoprotein A-I micellar solution into a 3 ml luerlok™ syringe (BDH)
containing 0.6 g of prepared Biobeads (see Appendix A). The syringe was capped with a

0.45 pm syringe filter (Gelman Supor Acrodisc 13, Cat #54604) and the syringe plunger
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pulled back to the 3.0 ml stop. The syringe was capped with parafilm and inverted on a
mechanical inverter for at least 3 hours at 4 °C to facilitate cholate removal. The
resulting rHDL solution was then expelled through the syringe filter and residual rHDL
solution was washed out of the syringe and filter with 100 ul of cold TBS pH 8.0. The
resulting rHDL solution was then assayed for protein concentration by the modified BCA
method (as described under protein mass analysis) and the volume adjusted with TBS 8.0
to give a final concentration of 20 pg apolipoprotein A-I per 100ul and a lipid/ A-I ratio
of 90:1.

Exogenous LCAT activity was measured by combining 200 p! of Tris pH 8.0, 100
pl of rHDL substrate solution and 125 ul of 2% fatty acid free BSA (Sigma) in a teflon
stoppered culture tube and incubating for 15 minutes in a shaking water bath. To each
tube, 25 pl of 10 mM B-mercaptoethanol was added in addition to 25-50 pul of plasma in a
total volume of 50 pl. The tubes were then mixed by gentle vortexing and incubated at
37 °C in a shaking water bath for exactly 15 minutes. The reaction was stopped by the
addition of 2 ml of absolute ethanol and vortexing. To extract the lipids, 4.0 ml of
hexane containing 100 pg/ml cholesterol (Sigma) and 50 pg/ml cholesterol oleate
(Sigma) was added. The tube was then vortexed and centrifuged for 10 minutes in a
clinical centrifuge to separate the organic and aqueous phases. The upper organic phase
was removed by aspiration, placed in a screw top culture tube and reduced to dryness
under N, at 37 °C. The lipid residue was redissolved in 200 pl of chloroform (BDH) and
50 pl was spotted on a preactivated TLC (thin layer chromatography) plate (see

Appendix A) and allowed to dry, prior to being developed for approximately 15 minutes
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in 90:10:1 hexane:diethyl ether: glacial acet.c acid. Inclusion of H,O in this TLC system
should be avoided as small amounts have deleterious affect upon the lipid class
separation. Once the solvent front reached the top of the plate, the plate was removed, the
solvent allowed to evaporate and the cholesteryl ester and free cholesterol bands
identified by reversible iodination in I, vapor. The bands were marked with pencil and to
avoid [, quenching during [*H] counting the I, was allowed to sublime. The marked
bands were then cut out of the plate and dissolved in 20 ml of scintillation cocktail
(Ready Safe, Beckman) and the B-emissions of *H counted for 10 minutes in a
scintillation counter (Beckman). LCAT activity was then calculated by the following
equation:

Activity (nmol CE formed mi-lh-1) =

(CPM CE spot - CPM CE spot Blank) x 40 /40 x 25l plasma = Iml] x4 [15 minx 4 = | h]
(CPM of FC spot + CE spot) /(8.9 nmol FC in 100 pl substrate)

2.4  Triacylglycerol lipase activity assays

Plasma triacylglycerol lipase activities were measured by the method of Jackson
and MacLean (178). The assay was performed on the day of plasma collection and all
samples were determined in triplicate. To ensure endogenous apolipoprotein C-II was
not limiting in samples, pooled rat plasma was heat-inactivated at 62 °C for 10 minutes to
denature lipases (179) and 20% v/v was added to control and total lipase sample tubes as
a source of apolipoprotein C-II. Hepatic triacylglycerol lipase was measured in the
presence of 1 M NaCl to inhibit lipoprotein lipase. Lipoprotein lipase activity was
calculated as the difference between total lipase and hepatic triacylglycerol lipase

activities.
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25 Immunoassay of plasma apolipoproteins

Rat plasma samples were assayed for rat apolipoproteins B, E and A-I by a slight
modification of the electroimmunoassay described by Krul and Dolphin (180). In the
modified assay, the barbital buffer system was replaced with a Tris-Tricine buffer pH 8.3
(80 mM Tris HCI, 24 mM Tricine). Apolipoprotein A-I in TgR[HuAI] rats was assayed
by a similarly modified electroimmunoassay (181) or immunoturbidometrically by

nephelometry (Behring clinical autoanalyzer).

2.6  Density gradient ultracentrifugation

Rat plasma samples to be analyzed by density gradient ultracentrifugation were
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Figure 2.1- The effect of added detergents on the absorbance of a BSA standard curve
BCA reagent was prepared at a ratio of 50:1 reagent B:reagent A and 1 part H,O or
detergent was added to yield a final detergent concentration as shown.
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processed on the afternoon of plasma collection by the method of Chapman et al. (182).
Sample tubes were centrifuged in an SW-41 rotor (Beckman) at 15 °C for 44 hours at
40,000 rpm. Completed gradients were fractionated manually into 400 pl fractions using

a Gilson micropipette and stored for further analysis.

2.7  Protein mass analysis

Protein mass in gradient fractions was measured by a sodium dodecyl sulfate-
modified Lowry procedure (183) and using the BCA protein assay (Pierce) modified by
the addition of 0.25% deoxycholate. Bovine serum albumin (BSA) (Sigma or Pierce)

was used as a standard. The Lowry assay was replaced by the BCA assay due to
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Figure 2.2- Effect of detergents in the BCA assay on protein recovery

Density gradient ultracentrifugation fractions 1-12 from an ANIT treated rat (100 mg/kg)
were analysed in the presence of detergents and the protein concentrations interpolated
against Bovine serum albumin standards run under indentical detergent conditions.
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interfering substances in some samples that led to the formation of precipitin complexes
and a resulting turbidity. The BCA assay also has the advantage of being relatively linear
over a wide concentration range (0-2000 pg/ml) and can be performed on microtitre
plates. The BCA reagent was prepared by mixing 50:1 reagent A: reagent B plus 1.25
parts of 10.5% deoxycholate to yield a final reagent containing approximately 0.25%
deoxycholate. The assay consisted of incubating 200 pl of BCA reagent with 10-50 pl
(10 pl for standards) of sample for 1-1.5 hours. The microplate was then read on a
microplate reader (Biorad) at 595 or preferably 562 nm and sample protein concentrations
calculated by interpolation form the standard curve. Differences in absorbances due to
sample volumes were normalized to 10 ul using Beer’s Law.

During initial evaluation of the assay, 0.25% deoxycholate was found not to alter
the absorbance of a BSA standard curve ranging from 0-2000 pug/ml (Figure 2.1) and
enhance the recovery of protein in lipid-rich lipoprotein fractions (Figure 2.2) when

compared to the normal BCA reagent and several other detergent conditions.

2.8  Electrophoresis under denaturing conditions

Sodium dodecyl sulfate polyacrylamide 5-19% gradient gel electrophoresis of
depsity gradient ultracentrifugation fractions 1-24 or chromatographically purified
lipoproteins was performed by a modification of the method of Irwin et al. (184). The
samples (50 pl) were loaded onto the 5-19% gradient gels together with broad range
molecular weight standards (Bio-Rad) and run at 3-3.5 mA/gel (10 °C) until the
bromophenol blue just began to exit the gel (approx. 3.5 h). Gels were then stained

overnight with 0.1% Coomassie Blue R-250 (Fisher Scientific) in 50% methanol and
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10% acetic acid. Gels were destained with the stain solution less Coomassie Blue R-250

(Fisher) and then photographed and/or scanned.

2.9 Non-denaturing electrophoresis

Non-denaturing 2.5-16% and 4-30% polyacrylamide gradient gels used for early
anlaysis were prepared using the formulation of Asztalos et al. (185) that was adapted for
use in an 18 cm long Bio-Rad Protein II apparatus. Due to problems with consistency
between gel preparations, chromatographically purified lipoproteins (chapter 5) were run
on commercial 2-16 and 4-30 PAA gels (Isolab) as described by Nichols ez al. (186). The
loaded gels were run at 125 volts for 24 hours before Coomassie Blue R-250 (Fisher)
staining and in some cases were subsequently lipid stained with 0.2% Sudan Black
(Fisher) in 60% ethanol. To aid in the quantification of particle sizes, high molecular
weight standards (Pharmacia) of known particle diameter were run concurrently and
particle diameters were estimated using a second order linear regression equation of R; vs.

Log (particle diameter). The gels were photographed and/or scanned.

2.11 Purification of lipoprotein particles

Fresh rat plasma (2.5-4.0 ml) was adjusted to d,s~1.21 g/ml by the addition of dry
solid KBr and mixed by inversion at 4 °C. The plasma was then overlayered by a
d,s=1.21 g/ml KBr solution containing 0.01% Na,EDTA, 0.01% NaN, and 0.05%
Gentamicin and spun in a Ti 50.3 rotor (Beckman) for 25 hours at 50,000 rpm (179,760 x
g). The top d,;<1.21 g/ml lipoprotein fraction (1-2 ml) was collected by tube slicing and

the free cholesterol and cholesteryl ester composition was determined enzymatically.
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Two or more ANIT-treated or control rats having a similiar free cholesterol and
cholesteryl ester composition were pooled for Heparin-Sepharose affinity

chromatography.

2.11.1 HEPARIN-SEPHAROSE CL-6B AFFINITY CHROMATOGRAPHY

The methodology used was slightly modified from that described by Weisgraber
and Mahley (187). The crude d,s<1.21 g/ml lipoprotein samples were dialyzed against
pre-chromatography dialysis buffer (5 mM Tris-HCI, pH 7.4, 25 mM NaCl and 0.02%
NaN,) overnight (10- 12 h) with 2 buffer changes prior to Heparin-Sepharose CL-5B
chromatography. The samples were then adjusted to 25 mM MnCl, by the addition of 1
M MnCl, (pH 7.4, 25 mM NaCl) and loaded onto a Heparin-Sepharose column (1.6 cm x
10 cm, 20 ml Heparin-Sepharose CL-6B gel, Pharmacia) using a peristaltic pump (P-1,
Pharmacia) at a flow rate of 0.1 ml/min and then allowed to bind to the column overnight

(10- 12 h)prior to elution. The sample was eluted at a flow rate of 0.4 ml/minute using

Table 2.1- Elution scheme for Heparin-Sepharose chromatography of lipoproteins

The above table shows the salt elution profile used to elute lipoprotein fractions (d,;<1.21
g/ml plasma fraction) from a Heparin-Sepharose affinity column. The above parameters
were used to program a step gradient on a Waters Protein Purification system 650 at 0.4
ml/min.

Time Fraction # 25 mM NaCl 95 mM NaCl 1000 mM NaCl NaCl

(minutes) 25 mM MnCl, (%) (%) (mM)
(%)
0 1-13 100 0 0 25
140 14-21 0 95 0 95
220 22-29 0 94 6 150
300 30-37 0 77 23 300
380 38-45 0 39 61 650
460 46-53 0 0 100 1000
540 54-60 100 0 0 25
600 - 0 0 0 0
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the elution profile shown in Table 2.1, and resulted in the dialyzed d,;<1.21g fraction
being fractionated into 5 peaks. Fractions were collected at 10 minute intervals using a
fraction collector (Frac-100, Pharmacia) and the fractions making up each individual peak
were pooled and concentrated by dialysis against icing sugar. The concentrated samples
were then dialyzed against 25 mM Tris, 154 mM NaCl, 0.01% Na,EDTA and 0.02%

NaN; at 4 °C overnight (10-12 h) before gel filtration.

2.11.2 SUPEROSE 6B GEL FILTRATION OF LIPOPROTEINS

Superose 6B (Pharmacia) gel filtration was performed on either 2-3 ml of rat plasma,
d;s<1.21 g/ml lipoprotein fraction or 1-3 ml of concentrated sample partially purified by
Heparin-Sepharose chromatography. A 100 cm column (Pharmacia SR) was siliconized
by a light coating of Sigmacote™ (Sigma) and packed to yield a column of 1.6 x 90 cm.
Depending on the efficiency of packing, the column had a void volume of 48-60 mls and
an operating pressure of 36-40 P.S.I. at a flow rate of 0.4 ml/min. Samples were loaded
manually with a syringe through a bypass valve and fractions were eluted at 10 minute
intervals using a Waters Protein Purification System 650, ultra-violet detector and
fraction collector (Frac-100, Pharmacia). Depending on the experiment, fractions were
either analysed individually or pooled. Pooled fractions were concentrated by dialysis
against icing sugar and the salt and sugar were removed by dialysis against 20 mM
ammonium bicarbonate and 0.01% Na,EDTA buffer (pH 7.4). Concentrated fractions
were then characterized by lipid analysis, electron microscopy, denaturing and/or non-

denaturing polyacrylamide electrophoresis.
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2.11.3 ELECTRON MICROSCOPY OF NEGATIVELY STAINED LIPOPROTEINS

Fresh lipoproteins isolated by ultracentrifugation (d,;<1.21 g/ml) and/or gel
filtration chromatography were dialyzed against 20 mM ammonium biocarbonate and
0.01% Na,EDTA buffer (pH 7.4) in preparation for electron microscopy. Negative
staining of lipoproteins was performed by the method of Forte and Nordhausen (188).
Briefly, a drop of lipoprotein containing solution was placed on Formvar coated copper
grids and allowed to settle for 1 minute before excess liquid was wicked away with filter
paper. The sample was then stained by the addition of one drop of 2% sodium
phosphotungstate acid (pH 7.4) and stained for 0.5-1 minute prior to the removal of
excess stain. The samples were then visualized and photographed in the electron

microscope (Phillips).

2.12 Statistical analysis

All rat and mouse plasma data are presented as the means of like measurements +
the standard error of the mean for the sample size. Changes in rat and mouse plasma data
following ANIT treatment were assessed for statistical significance using a one way
repeated measures analysis of variance (ANOVA RM) or a Friedman repeated analysis of
variance on ranks. Individual time points were further identified as significant using
Dunnetts or Dunns multiple comparison method (p> 0.05). Density gradient data were
based upon single determinations of plasma from individual animals. Statistical

correlation of TgR[HuAI] rat data was performed by linear regression analysis.



Results

Chapter 3- D-(+) galactosamine-HCI induced hepatitis

Initial thesis research was performed in the galactosamine rat (D-(+)
galactosamine-HCIl, 750 mg/kg I.P.) which has been reported to be a reversible animal

model of hepatitis resulting in secondary LCAT deficiency and a dramatic reduction in
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Time after D-(+) Galactosamine administration (750 mg/kg)

Figure 3.1- Preliminary time course of D-(+) galactosamine induced hepatitis in the rat
Plasma LCAT activity was assayed by an exogenous proteoliposome method (87), and
plasma lipids were measured enzymatically (as described in methods). Values are
presented as percentage of control + S.E.M. (0, 24 and 48 h, n=8; 72 and 96 h, n=3 and
4).
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plasma cholesteryl esters (127). The LCAT deficiency, cholesteryl ester reduction and
reversibility were confirmed over a time course of 96 hours (Figure 3.1) and these
findings were paralleled by impressive reductions in plasma total lipids.

Further preliminary characterization and assessment of the galactosamine rat as a
suitable model for studying the abnormal lipoproteins in familial LCAT deficiency were
carried out by measuring hepatic triacylglycerol lipase and lipoprotein lipase activities.
These results are shown in Table 3.1 and clearly demonstrate that galactosamine induced
hepatitis results in a marked deficiency of not only LCAT but also both lipase activities.
These reductions in plasma lipolytic enzyme activities most likely reflect under-
glycosylation of the enzymes due to UDP sequestration by galactosamine resulting in
impaired secretion and/ or activity of the enzymes. A deficiency of all 3 major plasma
lipolytic enzymes would have major consequences for lipoprotein metabolism in the
galactosamine rat, not to mention that many other metabolically important processes
Table 3.1- Effect of galactosamine-induced hepatitis on plasma lipids and lipolytic

enzyme activities 48 h following D-(+) galactosamine administration
LCAT activity was assayed by an exogenous proteoliposome method (87) and lipoprotein
and hepatic triacylglycerol lipase activities were assayed using a trioleoylglycerol and
Triton N-101 emulsion (178) as described in methods. Plasma lipids were measured
enzymatically. Values are expressed as £ S.EM. (n=8). For LPL and HTGL assays,
control (n=1); 48 h, (n=4). LCAT, lecithin: cholesterol acyltransferase; LPL, lipoprotein

lipase; HTGL, hepatic triacylglycerol lipase; FC, free cholesterol; CE, cholesteryl ester;
PL, phospholipid; TAG, triacylglycerol.

LCAT* LPL** HTGL** FC CE PL TAG

(nmol/ml/h) (nmol/mi/h) (nmol/imlih) (mg/dl) (mg/dl) (mg/dl) (mg/dl)

Control 18+2 4278 2408 2241 8548 156+3 4411
Galactosamine (48 h) 5+4 620+£390 222490 28+7 12+8 61%10 1619
% of control 2522 14+9 9+4  131+£31 14+£9 44+7 35+44

*nmol cholesteryl ester formed ml™ h’
**nmol oleic acid released ml™ b
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would likely be perturbed to a similar extent. These factors in addition to the difficulties
in characterization and metabolic experimentation introduced by the very low levels of
plasma lipids, resulted in a decision not to proceed with studies in this animal model.

It is worth noting that density gradient ultracentrifugation of a galactosamine rat
48 hours after treatment was highly suggestive of low levels of Lp-X like particles in the
LDL density fractions (8-11) (see Figure 3.2) as these fractions were near devoid of
neutral lipid and were approximately 30% free cholesterol and 60% phospholipid, which

is characteristic of Lp-X.
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Figure 3.2A and B- Lipoprotein distribution profile of a control and D-(+) galactosamine
treated rat (750 mg/kg, 48 h) after density gradient ultracentrifugation

Density gradient profiles of a control (A.) and a D-(+) galactosamine treated rat (B.) are

shown. Lipids were measured enzymatically using kits, and protein was measured by a

modified Lowry method (183). Only fractions 1-24 are shown, as fractions 25-30 were

devoid of lipid. FC, free cholesterol; CE, cholesteryl ester; PL, phospholipid; TAG,

triacylglycerol; Lp, lipoprotein.



Chapter 4- The ANIT rat

ANIT-induced (100mg/kg) reversible intrahepatic cholestasis in the rat resulted in
very significant alterations in the composition of rat plasma. The major changes occurred
after 18 hours, peaked at 48 hours and returned to near normal by 120 hours. Figure 4.1
shows that after 18 hours the plasma total bile acid concentration increased rapidly to a

peak maximum at 24 hours. Bilirubin was similarly increased reaching maximum plasma
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2 400 - B 3
2 300 - %
< - 40 3
£ 200 -
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1 t 1 1 1 ] 1
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Time (h) after ANIT treatment

Figure 4.1- Plasma total bile acids and bilirubin after ANIT administration

Points shown are for fasted rats and are the mean + S.E.M. (n=6). The ANIT dosage was
100 mg/kg. 9Bile acids and bBilirubin measurements were not significantly different (p<
0.05) versus controls (0 h).
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Table 4.1- Plasma markers of liver damage

Values are given as mean + S.E.M (n=6 except where noted). Units are L.U. (37 °C).
Alk Phos, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine
aminotransferase. 9n=5; bn=2; cn=10; *significant (p< 0.05) versus controls (0 h).

Oh 18h 24h 48 h 72 h 120 h
Alk Phos 5300 - - 214 +19¢c* - -
AST 103+7 160+£39@ 396+374 2513 +345% 1069+ 120* 117+10
ALT 43+6 65+109 210+199 1916 +312* 1130+197* 76+9

values at 48 hours. In addition, ANIT-induced hepatic liver damage was characterized by
significant elevations in the plasma concentration of liver enzymes. Table 4.1 shows that
at 48 hours, there was a 4 fold increase in alkaline phosphatase, 24 fold increase in
aspartate aminotransferase and 45 fold increase in alanine aminotransferase activities.

Elevations in plasma bilirubin, bile acids and liver enzymes were followed by
increases in plasma lipids (Figure 4.2). Elevated concentrations of plasma phospholipid
and free cholesterol were observed after 18 hours and were followed by maximal
increases of 611% and 935% respectively at 48 hours. The phospholipid and free
cholesterol values then began to decrease to near normal values by 120 hours. The
elevation in plasma free cholesterol was paralleled by increases in cholesteryl ester.
However, the CE/FC ratio decreased after 18 hours to a near 1:1 mass ratio by 48 hours,
after which the ratio began to return towards normal.

These changes occurred in the presence of normal to moderately increased LCAT
activity (Figure 4.3) such that the decrease in CE/FC ratio did not result from a
deficiency in LCAT esterifying activity. Plasma triacylglycerol levels were not
significantly increased as a result of cholestasis. Lipoprotein lipase activity was

increased to 130% of control levels at 48 hours and hepatic triacylglycerol lipase activity
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Figure 4.2- Plasma lipids after ANIT administration (100 mg/kg)

Points shown are for fasted rats and are the mean + S.E.M. (n=6). 9Free cholesterol (FC),
bCholesteryl ester (CE), ¢Phospholipid (PL) and dTriacylglycerol (TAG) measurements
were not significantly different (p< 0.05) versus controls (0 h).

was decreased to 43% of control values at 48 hours (Figure 4.3). The phospholipase
activity of hepatic lipase was not measured, but was likely affected to a similar extent.
ANIT-induced cholestasis also resulted in altered concentrations of the main rat
plasma apolipoproteins B, E, and A-I. Apolipoprotein E was increased by 3.0 fold,
apolipoprotein A-I by 1.9 fold and apolipoprotein B by 1.6 fold at 48 hours (Figure 4.4)
suggesting the increased lipid mass observed in this cholestatic model was predominantly

associated with apolipoprotein E and A-I and not with apolipoprotein B.
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Figure 4.3- Plasma lipolytic enzyme activities after ANIT administration

Points shown are for fasted rats and are the mean £ S.E.M. (n=6). Lecithin: cholesterol
acyltransferase (LCAT) activity was measured using an exogenous proteoliposome
substrate (87) and lipoprotein lipase (LPL) and hepatic triacylglycerol lipase (HTGL)
activities were measured using a trioleoylglycerol emulsion as substrate (178).
dLipoprotein lipase (LPL), bHepatic triacylglycerol lipase (HTGL) and C¢Lecithin
cholesterol acyltransferase (LCAT) measurements were not significantly different (p<

0.05) versus controls (0 h).
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Figure 4.4- Plasma apolipoprotein B, E, and A-I concentrations with time after ANIT
administration (100 mg/kg)

Points for fasted rats are the mean + S.E.M. (n=5) and were measured by

electroimmunoassay (180). 4Apo B, bApo A-I and €Apo E measurements were not

significantly different (p< 0.05) versus controls (0 h). Apo, apolipoprotein.
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Table 4.2- Plasma phospholipid:apo A-I and cholesteryl ester:apo A-I ratios with time
after ANIT administration (100 mg/kg)

Values are given as mean = S.EM. (n=5). Apo A-l, apolipoprotein A-I; PL,

phospholipid; CE, cholesteryl ester.

Time (h) Apo A-I PL CE PL/A-I CE/A-1
(M) (mM) (mM) (molar ratio) (molar ratio)
0 30+3 0.7+0.1 0.7+0.1 24+5 22+5
18 3242 0.9+.02 0.6+0.1 29+8 1743
24 39+1 3.240.1 1.3+0.1 82+6 32+2
48 56+5 4.3+0.6 1.9+0.2 77£17 34+6
72 51+3 2.4+0.2 2.2+0.2 47+7 44+6
120 44+2 0.9+0.1 1.1£0.1 19+3 26+4

The molar ratio of phospholipid to apolipoprotein A-I in plasma increased from
24 to a peak of 82 molecules phospholipid/A-I molecule by 24 hours (Table 4.2). The
cholesteryl ester/apolipoprotein A-I molar ratio, by contrast, rose steadily from an initial
value of 22 to a peak of 44 molecules cholesteryl ester per molecule apolipoprotein A-I
by 72 hours (Table 4.2). Although not quantitated by immunoassay, sodium dodecyl
sulfate polyacrylamide gel electrophoresis of density gradient fractions (Figure 4.10)
indicated that apolipoprotein A-IV levels were also increased by 48 hours.

Molecular species analysis by gas chromatography of the phospholipid and
cholesteryl esters present during the course of ANIT-induced intrahepatic cholestasis
clearly showed that the increased levels of phospholipid were due predominantly to
increases in medium chain species (Figure 4.5) containing a sum of 34, 36 or 38 carbons
in both fatty acyl side chains. These species likely correspond, respectively, to

phospholipids containing C-16/18, C-18/18 and C-18/20 fatty acyl chains.
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Figure 4.5- Plasma phospholipid molecular species with time after ANIT administration
(100 mg/kg)

Points shown are for fasted rats and are the mean + S.E.M. (n=6). Carbon numbers in the
legend refer to the total carbons from the two fatty acyl moieties and do not include the 3
carbons in the glycerol backbone. C-16/18, C-18/18 and C-18/20 are likely the major
fatty acid combinations represented by C-34, C-36 and C-38 molecular species as
identified by gas chromatographic total lipid profiling (174). 4Total plasma phospholipid
(PL), bC-32, €C-34, dC-36, €C-38, JC-40 and £C-42 phospholipid measurements were
not significantly different (p< 0.05) versus controls (0 h).
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Figure 4.6- Plasma cholesteryl ester molecular species with time after ANIT
administration (100 mg/kg)

Points shown are for fasted rats and are the mean + S.E.M. (n=6). Carbon numbers in the

legend refer to total fatty acyl chain carbons as determined by gas chromatographic total

lipid profiling (174) and do not include carbons derived from cholesterol. Total

cholesteryl ester (CE), 8C16, €C-18 and 4C-20 cholesteryl ester measurements were not

significantly different (p< 0.05) versus controls (0 h).

Similar analysis of cholesteryl esters, (Figure 4.6) showed that the major
cholesteryl ester species found within plasma from the ANIT-treated rats were those
containing 18 and 20 carbon fatty acyl moieties. Although both C-20 and C-18
cholesteryl esters increased substantially by 48 hours, the overall percentage of C-16 and
C-18 fatty acids esterified was increased at the expense of C-20. The percentage by mass

of cholesteryl esters containing C-16, C-18 and C-20 fatty acids was 14%, 29% and 57%
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respectively in untreated rats. In the ANIT-treated rat the respective values were 17%,
35% and 48% at 48 hours and 16%, 40% and 44% at 72 hours. The ratios returned to
normal by 120 hours. These results may indicate in rats that the species-specific substrate
requirements sometimes ascribed to LCAT may be more dependent upon the nature of

the phospholipid substrate available than a particular structural preference.

As a result of the increased plasma lipids following ANIT treatment, significant
alterations in the plasma lipoprotein distribution were observed. Figure 4.7 demonstrates

the shift in lipoprotein mass from the HDL to the LDL density range at 48 hours, the time
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Figure 4.7- Control and ANIT-treated rat (48 h) lipoprotein and bile acid distributions
Lipoprotein mass was calculated from lipid plus protein. For controls, ANIT-treated rats
(100 mg/kg) and bile acid analysis, n=3, 4 and 4 respectively. No bile acids were detected
in control rat gradient fractions.
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of maximum effect. Additionally, bile acids associated with treated rat fractions were
measured and are shown. Detected bile acids were most highly concentrated in the HDL
density fractions and were present in fractions 8-18 and fractions above 24. It should be
noted that the total recovery of lipoprotein-associated bile acids after density gradient
ultracentrifugation was approximately 10% of total plasma bile acids. No bile acids were
detected in control rat fractions. To further analyze the changes in lipoprotein
composition, individual lipoprotein components of density gradient fractions in control
and ANIT-treated rats are shown in Figure 4.8 and 4.9. Profiles of ANIT-treated rats at
24 hours (Figure 4.9A), 48 hours (Figure 4.9B), 72 hours (Figure 4.9C) and 120 hours
(Figure 4.9D) revealed profound changes in the distribution of lipoproteins over the
cholestatic time course when compared to a control rat profile (Figure 4.8). At 24 hours
(Figure 4.9A) there was a noticeable increase in lipid mass within the LDL density range
(fractions 3-11) mainly as a result of phospholipid and free cholesterol enrichment. HDL
was moderately enriched in phospholipid. At 48 hours (Figure 4.9B), the time point of
peak plasma lipid levels, there was a marked elevation in the lipid (primarily free
cholesterol and phospholipid) distributed throughout density gradient fractions 1-24. In
the LDL density range (fractions 9-11), particles were particularly deficient in core
neutral lipid suggesting the presence of vesicles. For example, fraction 9 is composed of
FC/18%, CE/6%, PL/59%, TAG/3% and Prot/14%. HDL (fractions 12-18) was
cholesteryl ester deficient and phospholipid enriched when compared to control rat
plasma. By 72 hours (Figure 4.9C) the plasma cholesteryl ester content (Figure 4.2)
began to return towards normal and the lipid mass associated with the LDL density

region at 48 hours (Figure 4.9B) decreased such that there was a clearly discernible
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separation (fraction 13-14) between the LDL and HDL density regions. The lipid
composition of fractions in the LDL region (fractions 3-11) remained enriched in
phospholipid. The cholesteryl ester composition of HDL was increased and there was
reduced phospholipid enrichment. By 120 hours (Figure 4.9D) the lipid distribution
returned to near normal and the excess phospholipid and free cholesterol were cleared

from the plasma.
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Figure 4.8- Lipoprotein mass distribution of a control rat after density gradient
ultracentrifugation

Only fractions 1-24 are shown, as fractions 25-30 were devoid of lipid. FC, free

cholesterol; CE, cholesteryl ester; PL, phospholipid; TAG, triacylglycerol; Lp,

lipoprotein.
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Figure 4.9A-D- Profiles (24, 48, 72 and 120 h) of ANIT-treated rat lipoprotein mass
distribution after density gradient ultracentrifugation

(A.) 24, (B.) 48, (C.) 72 and (D.) 120 h after ANIT treatment. Only fractions 1-24 are

shown as fractions 25-30 were devoid of lipid. FC, free cholesterol; CE, cholesteryl ester;

PL, phospholipid; TAG, triacylglycerol; Lp, lipoprotein.
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To further analyze the alterations in lipoprotein metabolism occurring at 48 hours,
density gradient fractions 1-24 were analyzed for apolipoprotein content by sodium
dodecyl sulfate polyacrylamide gel electrophoresis on 5-19% gradient gels. Figure
4.10A, shows the distribution throughout the gradient fractions of apolipoproteins in an
untreated rat. LDL fractions 6-10 (d,s= 1.028- 1.048 g/ml) which corresponded to rat
LDL, as expected contained apolipoprotein B and some apolipoprotein E. High density
fractions contained increasing quantities of apolipoprotein E, A-I and A-IV, with the
major apolipoprotein E containing fractions being fractions 11-18. Apolipoprotein A-I
rich HDL was centered around fractions 14-20 and co-fractionated with apolipoprotein A-
[V. Sodium dodecy! sulfate polyacrylamide gel electrophoresis of gradient fractions 8-12
at 48 hours after ANIT treatment (Figure 4.10B) revealed movement of apolipoproteins
A-I and A-IV into the lower density ranges. The presence of apolipoprotein B, in HDL
fractions 13-15 suggests these rats have impaired remnant removal. The major
apolipoprotein E containing fractions were fractions 8-16, approximately 2-3 fractions
less dense than that observed in an untreated rat. Apolipoprotein A-I and A-IV
distribution appeared to be more wide-spread as significant amounts were found outside
of the normal HDL density range (fractions 14-20). Additionally, Fractions 8-12 were
shown by lipid analysis (Figure 4.9B) to be deficient in core neutral lipid and also to
contain a band corresponding to albumin. These results suggest Lp-X like vesicles may

be present.
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Figure 4.10A and B- Sodium dodecyl sulfate polyacrylamide gel electrophoresis (5-
19%) of density gradient fractions 1-24 after ultracentrifugation

A control rat (A.) is shown compared to an ANIT rat 48 h post-treatment (B.). Twenty pg

of protein was loaded in each lane (Fig. 4.10A., fractions 1-9 <20 pg; Fig. 4.10B.,

fractions 1-6 <20 pg). Molecular weight standards were broad range (Bio-Rad) of the

indicated molecular weights.

Density gradient fractions from an untreated and an ANIT-treated rat were
subjected to non-denaturing polyacrylamide gel electrophoresis. The results are shown in
Figure 4.11. Particle diameters above 170 A are estimates. Figure 4.11A indicates the
size distribution of lipoproteins in fractions 1-12 of a control rat. Fractions 1-8, were

each homogeneous for a single particle population, whereas fractions 9-11 were
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heterogeneous and contained two populations of particles, likely LDL and a large HDL.
This was not surprising given the presence of apolipoprotein B, E, A-I and A-IV within
these fractions (Figure 4.10A). Fractions 1-7 of treated rats (Figure 4.11B) also
contained single particle populations slightly smaller than those observed in untreated
rats. This was probably due to decreased core cholesteryl esters. Fractions 9-12 of
ANIT-treated rats (Figure 4.11B) appeared to contain at least four particle populations
and these may correspond to vesicles (370-340 A), small LDL (260 A), VLDL and
chylomicron remnants (220 A) and a large HDL (180-140 A). The putative LDL and
HDL populations in this range appear to be smaller than their normal counterparts
(Figure 4.11A) probably as a result of decreased cholesteryl ester content and
phospholipid enrichment. Figure 4.11C and 4.11D document the particle diameters for
fractions 13-24 of a control and ANIT-treated rat. In general, the major differences were
that the HDL from treated rats appeared to be slightly smaller in fractions 13-15 and
markedly smaller in fractions 16-20. The smaller sized HDL in fractions 13-15 were
possibly the result of reduced cholesteryl ester content and relative phospholipid
enrichment. The very small HDL in fractions 16-20 may represent discoidal particles.
Additionally, as shown in Figure 4.10B, apolipoprotein B,; was present in fractions 13-
16 possibly denoting impaired remnant removal. The remnants may be too large to enter
a 4% gel such that bands corresponding to these particles (Figure 4.11D) may be present

at the top of lanes 13-15.
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Figure 4.11A-D- Non-denaturing polyacrylamide gel electrophoresis of ANIT (48 h) and
control density gradient fractions (1-24)

Nondenaturing 2-16% polyacrylamide gradient gels of density gradient ulracentrifugation
fractions 1-12 (LDL range) (Fig. 4.11A and B) and 4-30% polyacrylamide gradient gels
of fractions 13-24 (HDL range) (Fig. 4-11C and D). A control rat (Fig. 4.11A and C) is
shown as compared to an ANIT-treated rat 48 h post-treatment (Fig. 11B and D). Twenty
pg of protein was loaded in each lane (Fig. 4.11A, fractions 1-9 < 20 pg; Fig. 4.11B,
fractions 1-6<20 pg). Gels were stained with Coomassie Blue R-250, destained and
documented. Particle diameters above 170 A were estimated by extrapolation using the
equation of the second order regression curve of R, versus log particle diameter (high
molecular weight standards, Pharmacia).



Chapter 5- Characterization of the abnormal lipoproteins in the ANIT rat

The results from the ANIT-treated rat time course study (chapter 4), clearly
demonstrated lipoprotein heterogeneity in the LDL density range at the 48 hour time
point. The near lack of neutral core lipid in this region combined with the phospholipid
to free cholesterol ratio strongly supported the presence of Lp-X-like vesicles. However,
further purification of the lipoproteins in this density range was required for conclusive
proof, as Lp-X could not be demonstrated by agar electrophoresis (results not shown). To
this end a purification procedure modified slightly from that of Weisgraber and Mahley
(187) was developed to separate apolipoprotein B and E associated particles by their
affinities to heparin sulfate immobilized on Sepharose (Heparin-Sepharose CL-6B,
Pharmacia). Fractions separated by this chromatographic step were then further
subfractionated by size on a Superose 6B gel filtration column. The results presented
here are preliminary as the procedure is lengthy, technically difficult and was complicated
by numerous problems with equipment. However, the separation, although not entirely
optimized, yielded a reasonably good separation and with some modifications may be
promising.

At the time this separation was performed, problems developed with the ANIT
stock and a dosage of 150 mg/kg was necessary to achieve similar lipid values (48 h) to
those observed in the ANIT-treated rat time course study. This procedural modification
does limit the value of the results and requires cautious interpretation of the lipoprotein
characterization when compared to the results documented in the ANIT-treated rat time

course study.
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The d;5<1.21 g/ml fraction of two ANIT-rat plasmas (48 h) isolated by a single
ultracentrifugation (described in methods) were pooled. The pooled lipoprotein fraction
was dialyzed to the initial chromatography conditions of 25 mM NaCl and 25 mM MnCl,
was added to enhance the interaction and binding of the lipoproteins to the column,. The
sample was then loaded and incubated for 12 hours to facilitate complete lipoprotein
binding prior to being eluted using a step NaCl gradient (as described in methods). The
results of this separation as monitored at 280 nm for both an ANIT pool (2 rats, 7.4 ml
plasma) and a control pool (4 rats, 13.2 ml plasma) are shown in Figure 5.1. The
separation using a multi-step NaCl gradient of 25 mM to 1000 mM resulted in a very
defined separation of 4 fractions from the control pool (Figure 5.1A) and 5 fractions
from the ANIT pool (Figure 5.1B). The Heparin-Sepharose chromatographic method
employed elutes fractions (peaks) according to increasing apolipoprotein E composition
(peaks II-IV) and latterly apolipoprotein B content (peak V).

The Heparin-Sepharose chromatographic fractions (II to V control and I to V
ANIT) were concentrated against icing sugar and dialyzed against gel filtration buffer
prior to size separation on a Superose 6B gel filtration column (1.6 x 90 cm). The elution
profiles of the control pool (Figure 5.2) and ANIT pool (Figure 5.3) Heparin-Sepharose

fractions as monitored at 280 nm are shown.
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Figure 5.1A and B- Heparin-Sepharose chromatography of the pooled d,;<1.21 g/ml
fraction of ANIT-treated (48 h, 150 mg/kg) and control rat plasma

The Heparin-Sepharose chromatographic separation (column 1.6 x 10 cm) of the d,,<1.21
g/ml fraction of pooled control rat (A.) and ANIT-treated rat (B.) plasma is shown. The
elution profile (0.4 ml/min, 10 min/fraction) as measured at 280 nm is shown and the
NaCl concentrations of the step gradient are indicated. Individual fractions, under peaks
marked [ to V were pooled as indicated by the arrows (¢—») in preparation for further
subfractionation by Superose 6B gel filtration.
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Figure 5.2- Superose 6B gel filtration elution profiles of Heparin-Sepharose
chromatography fractions from the pooled d;;<1.21 g/ml fractions of control
rats

Concentrated and dialyzed samples previously isolated by Heparin-Sepharose

chromatography (Figure S5.1A) were separated by particle size on a Superose 6B gel

filtration column (1.6 x 90 cm) and the elution (0.4 ml/min, 10 min/fraction) was
monitored at 280 nm. Fractions under major peaks, as indicated by the arrows, were
pooled, concentrated by dialysis and prepared for further characterization.
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Figure 5.3- Superose 6B gel filtration elution profiles of Heparin-Sepharose
chromatography fractions from the pooled d,;<1.21 g/ml fraction of ANIT-
treated rats

Concentrated and dialyzed samples previously isolated by Heparin-Sepharose

chromatography (Figure 5.1B) were separated by size on a Superose 6B gel filtration

column (1.6 x 90 cm) and the elution (0.4 ml/min, 10 min/fraction) was monitored at 280

nm. Fractions under major peaks, as indicated by the arrows, were pooled, concentrated

by dialysis and prepared for further characterization.



72

As expected from the ANIT-treated rat time course study (chapter 4), the
separation procedure demonstrated significant particle heterogeneity in the pooled
d,;s<1.21 g/ml fraction of ANIT-treated rat plasma as compared to that of a control. Of
particular note was the appearance of unbound material (Figure 5.1B, profile I) that was
not present after Heparin-Sepharose chromatography of the control pool (Figure 5.2A).
While there appeared to be relative changes in the distribution of lipoprotein classes as
indicated by comparison of the control and ANIT profiles in Figure 5.2 and 5.3, overall
conclusions cannot be made as recoveries of the total lipid present in the plasma of rats
used for the purification were 26% for the control pool and only 11% for the ANIT pool
after Superose 6B gel filtration.

The major losses did not occur as a result of the ultracentrifugation step, as
control and ANIT pool recoveries were 101 and 96% respectively. However, as the
characterization results will suggest, this does not rule out the possibility that the single
spin ultracentrifugation method used may have resulted in aggregation of the lipoproteins
to the top of the ultracentrifuge tube. This may have especially been a problem in the
ANIT pool, as material at the top of the tube was very dense and packed. Even though
the material did resolubilize during sample collection, the strong possibility exists that
large aggregates were formed which would not pass through the column filter onto the
Heparin-Sepharose column causing a concomitant loss of lipoprotein particles. While
this may in part explain some of the losses in the ANIT particle purification, it is unlikely
that significant aggegration occurred in the control purification as most of the expected
particles would be HDL, which do not aggregate as easily as larger particles.

Furthermore, no material needed to be resolubilized after the ultracentrifugation step.
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This suggests that the majority of sample lost in the control purification came during the
many handling steps, including possible aggregation and adherance to the dialysis
membrane during the multiple dialysis steps. It should be noted, that in Figures 5.2 and
5.3 there appear to be small peaks in chromatograms II, III, IV and V of large diameter
material. An attempt was made to analyse these for lipid and protein content; however,
there was little recoverable material associated and as such their absorbance (280 nm)
relative to characterizable peaks may be more reflective of turbidity in the fraction and
less on protein content.

Qualitative apolipoprotein distribution analysis in the purified fractions was
performed by sodium dodecyl sulfate polyacrylamide gradient gel electrophoresis and
non-denaturing gradient gel electrophoresis was used to estimate purified particle size.
Lipid and protein compositional data was obtained by total lipid profiling and a modified
BCA protein assay (described in methods). Finally phosphotungstic acid negative
staining electron microscopy was employed to verify particle size and look for
abnormalities in lipoprotein structure. The following data is only for lipoprotein fractions
isolated from the ANIT pool as only HDL and a small LDL were recovered from the
control pool. There was not enough normal LDL (Figure 5.3, fraction V-II) to fully
characterize, nor was the electron microscopy successful in providing images of any
particles from the control pool. However, a reasonable comparison can be made between
the lipoproteins purified from the ANIT pool and the characterization performed at the 0

and 48 hour time points of the ANIT-treated rat time course study.
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Sodium dodecyl sulfate polyacrylamide gradient gel electrophoresis of the
lipoproteins purified from the ANIT pool (Figure 5.4) showed that gel filtration fractions
[-I and [-II (Figure 5.3) from the unbound Heparin-Sepharose fraction I (Figure 5.1)
contained apolipoprotein E, By, B, and A-IV but no albumin. This result was
unexpected for two reasons, firstly Lp-X was expected to be found in these fractions with
associated albumin and not apolipoprotein B. Secondly, apolipoprotein B was expected
to bind with high affinity to the column. While it might be argued that the presence of
apolipoprotein B in the unbound fraction indicated column overloading, this was not
likely the case as apolipoprotein B was present in fraction I-I (Figure 5.4) which did not

have a corresponding bound apolipoprotein B containing fraction (Figure 5.3, profile V).
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Figure 5.4- Sodium dodecyl sulfate polyacrylamide gel electrophoresis (5-19%) of
purified ANIT rat (48 h, 150 mg/kg) lipoproteins

Fractions from the purification procedure containing sufficient protein for complete

characterization were analyzed for apolipoprotein composition by sodium dodecyl sulfate

polyacrylamide gradient gel electrophoresis (5-19%). Twenty g of protein was loaded in

each lane. Molecular weight standards were broad range (Bio-Rad) of the indicated

molecular weights.
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Therefore, this result indicated either the presence of very unusual apoliprotein B
containing particles that do not bind to Heparin-Sepharose and/or aggregation of
apolipoprotein B containing particles to themselves and/or Lp-X like lipoproteins.

The weak binding of lipoproteins containing primarily apolipoprotein A-I and A-
[V (Figure 5.4, fraction II-IIT) and not apolipoprotein E was not expected, however this
does not appear to be specific for ANIT-treated rat lipoproteins, as a similar result was
obtained with the corresponding fraction from a control pool (data not shown). Fractions
ITI-III and IV-III appear to contain lipoproteins associated with apolipoprotein A-I and E
and as expected there appears to be a quantitative relationship between apolipoprotein E
composition and NaCl elution concentration. Based on this data alone, fraction II-III
appears to correspond to HDL,, fraction [II-IIT to HDL, and fraction [V-III to HDL,.
Fraction V-II was found to contain apolipoprotein E, B,; and B,y with fraction V-III
being similar to V-II but containing more apolipoprotein B,; and less B,,,. As such these
fractions may be expected to correspond to either LDL, IDL, VLDL, remnants and/or
unusual cholestatic apolipoprotein B containing lipoproteins.

Estimation of particle diameter by non-denaturing polyacrylamide gel
electrophoresis was performed on the purified fractions from the ANIT pool and these
results (Figure 5.5) were compared to those from a control rat in the ANIT-treated rat
time course study (chapter 4, Figure 4.11). The particles in fraction I-I did not enter the
gel matrix of the 2-16% gel which has an exclusion limit of about 400 A (diameter) and
as such can only be characterized as being >400 A. The particles in fraction I-II entered
the gel and a monodisperse population of particles ranging from an estimated 400 to 230

A diameter were observed. Particle diameter estimation of fractions II-II1, ITI-III and IV-
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III further supported their tentative identifications as HDL,, HDL, and HDL, respectively.
Fraction II-III was polydisperse containing 3 identifiable populations having diameters of
170-100, 81-78 and 71-66 A which were comparable to control rat HDL, diameters
estimated from Figure 4.11 at 140-110, 80 and 70 A. The larger subfraction of ANIT
HDL, does however, appear to have a larger diameter than the corresponding subfraction
of control HDL,;. ANIT HDL, (III-[I) was estimated to be monodisperse and range in
diameter from 180-100 A and was comparable to control HDL, having an estimated
diameter (Figure 4.11) of 160-100 A. ANIT HDL, (IV-III) was mondisperse and
estimated to have a diameter ranging from 200-100 A, a slightly broader distribution than
control HDL, which had an estimated diameter of 200-140 A. Fraction V-II contained a
monodisperse lipoprotein distribution ranging from 350-220 A which is comparable to
control LDL (Figure 4.11) having a diameter of 340-260 A. These particles which
contain apolipoprotein B,y may correspond to LDL. The lipoproteins in fraction V-III
also yielded a single broad band ranging from 270-140 A, a size which is intermediary
between control LDL and HDL,. This fraction may consist of a heterogenous population

of apolipoprotein B,; remnants and apolipoprotein E rich HDL,.
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Figure 5.5- Non-Denaturing gels showing the estimated particle diameter of Heparin
Sepharose and gel filtration purified lipoproteins from the ANIT pool

PAA gels (Isolab) 2-16% (A.) and 4-30% (B.) were loaded with 20 pg protein/lane,
electrophoresed under non-denaturing conditions and stained with 0.2 % Coomassie Blue
R-250 (186). Non-denatured high molecular weight standards of known stokes diameter
(Pharmacia) and 0.038 pm latex beads (Duke Scientific) (2-16% gels) were run
concurrently and the particle diameters were estimated by interpolation using the second
order regression equation of R, versus log (particle diameter).
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The results of the preliminary purification and characterization of the abnormal
lipoproteins in the ANIT-treated cholestatic rat after 48 hours are presented with lipid and
protein compositional data in Table 5.1. ANIT rat data, in the table, was organized
according to purification fraction identification number (I.D.) with the approximate
corresponding density class being indicated. Control rat data were obtained from density
gradient ultracentrifugation results as shown in Figure 4.11 and this data combined with
preliminary control pool purification data were used to correlate density class with an
approximate corresponding chromatography fraction.

All identified ANIT lipoprotein fractions had a very large surface to core ratio
(6.8 to 2.7) compared to controls (1.7 to 0.3), due to the depletion of neutral lipid (mostly
cholesteryl ester) and phospholipid enrichment. ANIT HDL fractions, although
somewhat depleted in cholesteryl ester and rich in phospholipid would not be expected to
be discoidal. The percentage compositional data support functioning LCAT activity in
the ANIT rat (48 h) as significant cholesteryl ester was present in all HDL fractions.
ANIT LDL, in comparison to normal rat LDL was extremely core depleted and enriched
in phospholipid and free cholesterol. ANIT pool fractions I-I and I-II, although core
depleted, contained significantly more cholesteryl ester and triacylglycerol than would be
expected for vesicle-like particles (Lp-X). This data, combined with particle diameter
and apolipoprotein compositional data strongly supports the conclusion that these
particles are either extremely abnormal, phospholipid enriched apolipoprotein B

containing remnant lipoproteins or aggregates of aplipoprotein B containing remnants
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and vesicular lipoproteins like Lp-X.

Analysis of ANIT pooled fractions by electron microscopy (Figure 5.6) supported
the particle diameter estimation data obtained by non-denaturing polyacrylamide gradient
gel electrophoresis. The electron micrographs were not of high enough quality to support
particle diameter measurements and population subspecies analysis. None of the electron
micrographs support the presence of discoidal lipoproteins or stacked discs, as would be
expected if discoidal HDL and Lp-X were present, however all of the particles appeared
to have an irregular non-spherical shape and this may be the result of cholesteryl ester
depletion and phospholipid enrichment and/or degradation of the lipoproteins as a result

of the extensive and lengthy purification.
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Figure 5.6- Electron micrographs of lipoprotein fractions purified from ANIT-treated rat
(150 mg/kg, 48 h) plasma

Purified lipoprotein fractions were dialyzed against 20 mM ammonium bicarbonate,

0.01% Na,EDTA buffer (pH 7.4) and and negatively stained on formvar coated copper

grids with 2% sodium phosphotungstic acid (pH 7.4) (188) and photographed after

viewing in an electron microscope (Phillips). Fraction I-I (A.), I-II (B.), [V-III (C.), II-

11 (D.), II-I1I (E.), V-II, (F.) and V-III (G.) are shown. Particles are shown at 153 000x.



Chapter 6- Studies in ANIT-treated mice

In collaboration with Dr. Lou Agellon at the University of Alberta, the effects of
ANIT treatment (100 mg/kg) on both bile and plasma lipoprotein metabolism were
initiated. Animal handling, plasma and liver lipid and lipoprotein analysis as presented in
this thesis were performed by the author. Measurement of 7a-hydroxylase, cyp7 mRNA
abundance, HMG CoA reductase activity and gallbladder lipid analysis were performed

in the lab of Dr. Lou Agellon and are presented with permission to complement the data

1800

—e— FC

1600 A

1400 -

1200 -

—
[=4
(=3
o
1

800

600

Plasma (mg/dl)

400

200

0 24 48 72 96 120 144 168
Time (h) after ANIT administration

Figure 6.1- Mouse plasma lipids after ANIT administration

Points shown are for fasted mice and are the mean + S EM. (0 h, n=6; 24 h n=2; 48 h
n=10; 72 h n=3; 168 h n=3). The ANIT dosage was 100 mg/kg. 9Free cholesterol (FC),
bCholesteryl ester (CE), “Phospholipid (PL) and dTriacylglycerol (TAG) measurements
were not significantly different (p< 0.05) versus controls (0 h). *Points were not tested as
the sample size was too small to reach a statistical conclusion.
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collected by the author. This work is being continued through an on-going collaboration
between the two labs.

Measurement of ANIT-treated C57BL/6 mouse plasma lipids (Figure 6.1),
clearly demonstrated that 24 hours after ANIT administration, plasma phospholipid and
free cholesterol began to rise with phospholipid reaching an apparent plateau between 48
and 168. Free cholesterol was elevated 17, 20 and 45 fold at 48, 72 and 168 hours
respectively. Phospholipid was similarly increased by 10, 11 and 13 fold at 48, 72 and
168 hours. Cholesteryl ester was 60-80% of normal at all time points. These results are
dramatically different than those observed in the ANIT-treated rat time course study
(chapter 4), as the elevations in free cholesterol and phospholipid were significantly
higher. Cholesteryl ester decreased in the ANIT-treated mouse and the CE/FC ratio
dropped to 2% of normal by 168 hours with a concomitant reduction in cholesteryl ester
mass. In the rat, cholesteryl ester mass increased and the CE/FC ratio was reduced to

25% of normal.

Table 6.1- Plasma parameters of liver damage and LCAT activity after ANIT treatment
(48 h) in the mouse

LCAT activity was measured by a recombinant HDL method (described in methods).

Bile acids, bilirubin, aspartate aminotransferase (AST) and alanine aminotransferase

(ALT) were measured using kits.

Control ANIT48h Fold

n=4 n=5 Change
LCAT* (nmol CE formed/ml/h) 10. 3%0.5 2.0+0.4 -5.2
Bile Acids* (umol/L) 11.9£3.5  3152+400 263
Bilirubin* (umol/L) 5.2+1.7 58.7+18.4 11
AST* (1.U.) 26.6£6.1 197.3+64.0 7.4
ALT* 1.u0.) 1.5+0.5 6.4+1.7 1.5
AST/ALT 21.1£5.9 31.7+5.9 1.5

Mean + S.E.M.
*Significant versus Control at p<0.05
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This gross depletion of plasma cholesteryl ester observed in the ANIT-treated
mouse was very suggestive of LCAT deficiency, an effect that was not observed in the
ANIT-treated rat. Indeed, in the ANIT-treated mouse, LCAT activity was reduced to
20% of normal at 48 hours (Table 6.1). Forty eight hours after ANIT treatment, plasma
bile acids were elevated 264 fold, and bilirubin levels, aspartate aminotransferase and

alanine aminotransferase activities were increased. Although the elevation in plasma bile
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Figure 6.2- Mouse plasma phospholipid molecular species with time after ANIT
administration (100 mg/kg)

Points shown are for fasted mice and are the mean + S.E.M. (0 h, n=6; 24 h, n=2; 48 h,
n=10; 72 h, n=3; 168 h, n=3). Carbon numbers in the legend refer to the total carbons
from the two fatty acyl moieties and do not include the 3 carbons in the glycerol
backbone. C-16/18, C-18/18 and C-18/20 are likely the major fatty acid combinations
represented by C-34, C-36 and C-38 molecular species as identified by gas
chromatographic total lipid profiling (174). 4C-32, bC-34, ¢C-36, 4C-38, €C-40 and fC-
42 phospholipid measurements were not significantly different (p< 0.05) versus controls
(0 h). *Points were not tested as the sample size was too small to reach a statistical
conclusion.
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acids was higher at 24 hours than at any time point in the ANIT treated rat, bilirubin
levels were lower and the reduced activities of alanine and aspartate aminotransferases
suggest that liver damage may be less severe in ANIT-treated mice (48 h). Plasma
triacylglycerol (Figure 6.1) was elevated maximally (6.5 fold) 24 hours after ANIT
administration with the major triacylglycerol molecular species being C54. C54 most
likely corresponds to a triacylglycerol containing fatty acyl side chains of C18/18/18 and
may indicate that by 24 hours there was a reduction in chylomicron remnant clearance
that was exacerbated by the corn oil bolus used to administer ANIT.

Analysis of plasma phospholipid molecular species by gas chromatographic total
lipid profiling (174) (Figure 6.2) indicated, as in the ANIT-treated rat, that the elevation
of plasma phospholipids was due to those species containing medium chain length fatty
acyl moieties. In particular, those containing 34, 36 and 38 carbons which likely
correspond to phospholipids containing C16/18, C18/18 and C18/20 fatty acyl groups
respectively. Phospholipid molecular species analysis of hepatic tissue (Figure 6.3)
indicated that these same phospholipid molecular species were predominant in the liver;
however, the relative proportions of C34:C36:C38 was inversely related to those in
plasma. Thus either the majority of plasma phospholipid entering the plasma following
ANIT treatment was not of hepatic tissue origin or there was a selective release of
phospholipid molecular species. As the increased plasma phospholipid is thought be of
biliary origin, refluxing into the plasma as a result of cholestasis, it may be pertinent to

measure gallbladder bile phospholipid molecular species.
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Analysis of plasma cholesteryl esters (Figure 6.4) demonstrated that the reduction
in cholesteryl ester mass at 48 and 72 hours was due to C18 and C20 molecular species.
Although there appears to be a slight increase in C16 cholesteryl ester mass at 48, 72 and
168 hours, this increase was either not statistically significant or the sample size was too
small to reach a statistical conclusion using Dunns or Dunnetts multiple comparison

procedure.
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Figure 6.3- Mouse liver phospholipid molecular species with time after ANIT
administration (100 mg/kg)

Points shown are for fasted mice and are the mean + S.E.M. (0 h, n=6; 48 h, n=10; 168 h,

n=3). Carbon numbers in the legend refer to the total carbons from the two fatty acyl

moieties and do not include the 3 carbons in the glycerol backbone. C-16/18, C-18/18 and

C-18/20 are likely the major fatty acid combinations represented by C-34, C-36 and C-38

molecular species as identified by gas chromatographic total lipid profiling (174).
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Figure 6.4- Mouse plasma cholesteryl ester molecular species with time after ANIT
administration (100 mg/kg)

Points shown are for fasted rats and are the mean + S.EM. (0 h, n=6; 24 h, n=2; 48 h
n=10; 72 h; n=3, 168 h; n=3). Carbon numbers in the legend refer to total fatty acyl chain
carbons as determined by gas chromatographic total lipid profiling (174) and do not
include carbons derived from cholesterol. AC-16, bC-18 and €C-20 cholesteryl ester
measurements were not significantly different (p< 0.05) versus control (0 h). *Points
were not tested as the sample size was too small to reach a statistical conclusion.
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Measurement of hepatic tissue lipids (Figure 6.5) showed that with the exception
of triacylglycerol (48 h), lipid content was virtually unchanged following ANIT
treatment. The large elevation of liver triacylglycerol at 48 hours was abolished by 168
hours without a noticeable effect on plasma triacylglycerol (168 h). This suggests that
VLDL synthesis and/or secretion may have been inhibited at 48 hours and then restarted
at some point between 48 and 168 hours. If lipoprotein lipase was functional (not
measured), as in the ANIT rat, VLDL triacylglycerol entering the plasma during this time

span may have been normally hydrolyzed without an observable increase of plasma
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Figure 6.5- Mouse liver lipids following ANIT administration (100 mg/kg).

Points are the mean + S.E.M. (0 h, n=6; 48 h, n=10; 168 h, n=3). FC, free cholesterol;
CE, cholesteryl ester; PL, phospholipid; TAG, triacylglycerol. Lipids were measured by
by gas chromatographic total lipid profiling (174) following extraction with 2:1
chloroform:methanol (175). *Significant versus control at p< 0.05, all other data was
either not signifcant or the sample size was too small to reach a statistical conclusion.



89

triacylglycerol.

The fact that liver cholesterol and phospholipid content was virtually unchanged
(Figure 6.5) following ANIT treatment, even though large increases of plasma
phospholipid and free cholesterol of probable hepatic origin were observed, strongly
suggests that liver phospholipid and cholesterol synthesis were functioning.
Conformation of cholesterol synthesis by assay of HMG CoA reductase activity (Figure

6.6) clearly demonstrated a significant increase in liver microsomal HMG CoA reductase

Hepatic HMG CoA reductase activity (% of control)

Oh 48 h 168 h
Time after ANIT administration

Figure 6.6- Mouse hepatic HMG CoA reductase activity with time after ANIT
administration (100 mg/kg)

Points are shown as percent of control and are the mean + S.E.M. (n=3). The data used in
this figure was courtesy of Dr. Lou Agellon and was used with permission. The assay of
HMG CoA reductase was based on the conversion of labelled HMG CoA to
mevalonolactone by mouse liver microsomes (standardized by protein mass) and
separation of the product by TLC as previously described (189). Measurements at both
48 and 168 h were significant versus controls at p< 0.05.



90

activity of 3.8 and 2.7 fold at 48 and 72 hours, respectively. While phospholipid
synthesis was not measured, the stability of liver phospholipid levels following ANIT
treatment indicated that it was normal or possibly elevated.

To characterize and compare the changes in mouse lipoprotein composition
following ANIT-induced intrahepatic cholestasis, density gradient ultracentrifugation was
performed on normal C57BL/6 (Figure 6.7A) and ANIT-treated (48 h) (Figure 6.7B)
pooled mouse plasma. The alterations in lipoprotein density distribution were dramatic
and consistent with plasma lipid levels at 48 hours. All fractions in the ANIT-treated
mouse profile were highly enriched in phospholipid and free cholesterol and nearly
devoid of neutral lipid. In the control profile, as would be expected for a mouse, almost
all of the plasma lipid was located within the HDL density range (fractions 12-18) with
the exception of fractions 5-11 which contained a small amount of LDL. Compared to the
ANIT-treated rat at 48 hours, the alterations in the ANIT-treated mouse lipoprotein
distribution were similar, but more extreme, as the fractions contained much less neutral
lipid and an even larger percentage of plasma lipoproteins was found in the LDL density
range (fractions 5-15).

Further analysis of the density gradient fractions by sodium dodecyl sulfate
polyacrylamide gradient gel electrophoresis (5-19%) (Figure 6.8A and B) revealed minor
alterations in the density distribution of plasma apolipoproteins. In the ANIT-treated
mouse pool (Figure 6.8B), fractions 8-10 which were associated with the majority of
plasma lipoprotein mass were composed of primarily apolipoprotein E, A-IV, some A-I
and a small amount of B, and B,;. In the corresponding control mouse fractions, as

would be expected for LDL, apolipoprotein B,,, and E were the primary constituents.
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Interestingly, there was no apolipoprotein A-IV detected in these fractions and very little
to none in any control mouse density fraction. In the ANIT-treated mouse (48 h)
significant amounts of apolipoprotein A-IV was detected in fractions 8-16. The density
distrubution of apolipoprotein B in the ANIT-treated mouse was similar to that observed
in the ANIT-treated rat with detectable levels of both apolipoprotein B,,, and B,; being
observed well into the HDL density fractions. Thus in ANIT-induced intrahepatic
cholestasis in the mouse, like the rat, there may be impaired remnant lipoprotein
catabolism. The distribution of apolipoprotein A-I in ANIT-treated mouse HDL fractions
(Figure 6.8B, fractions 12-22) was similar to that of the control mouse; however, there
was an obvious increase in both apolipoprotein E and A-IV in the lower density HDL
fractions (fractions 12-15), suggesting decreased uptake of HDL containing
apolipoprotein E by the liver. While the function of apolipoprotein A-IV is not well
understood, the presence of apolipoprotein A-IV in ANIT-treated HDL fractions may be
indicative of its affinity for phospholipid.

Overall, the density gradient lipid and apolipoprotein composition data are
consistent with the presence of Lp-X like vesicles in the LDL density range of the ANIT-
treated mouse (48 h). However, three pieces of evidence suggest a cautious conclusion:
firstly, no albumin (consistent with Lp-X) was present in these density gradient fractions;
secondly, agar electrophoresis (not shown) was negative for Lp-X in ANIT-treated mouse
plasma (48 h); and, thirdly the ANIT-treated rat particle purification failed to conclusively

demonstrate Lp-X.
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Figure 6.7A and B- Control and ANIT-treated (48 h) mouse lipoprotein mass

distributions following density gradient ultracentrifugation
To obtain enough material for lipoprotein analysis the plasma from 6-10 mice was
pooled. Control (A.); ANIT-treated (48 h) (B.). Only fractions 1-24 are shown, as
fractions 25-30 were devoid of lipid. FC, free cholesterol; CE, cholesteryl ester; PL,
phospholipid; TAG, triacylglycerol; Lp, lipoprotein.
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Figure 6.8A and B- Sodium dodecyl sulfate polyacrylamide gradient gels of mouse
density gradient fractions 1-24 after density gradient ultracentrifugation

A control mouse pool (A.) is shown compared to an ANIT-treated (48 h) mouse pool

(B.). Twenty ug of protein was loaded into each lane (Fig. 6.8A., fractions 1-12 <20 pg;

Fig. 6.8B., fractions 1-8 <20 pg). Molecular weight standards were broad range (Bio-

Rad) of the indicated molecular weights.
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To better understand the effect of ANIT treatment on bile acid metabolism, cyp7
mRNA and 7a-hydroxylase (cyp7 gene product) activity were examined in mouse liver
microsomes from control and ANIT-treated mice. 7c-hydroxylase activity (Figure 6.9)
was reduced to 43% of control levels 48 hours after ANIT treatment; however,
Statistically this was not a significant change. Measurements of 7a-hydroxylase activity
were also performed at 24, 48 and 72 hours by an endogenous methodology. The results

at all three time points were 24% , 22% and 15% of control levels, respectively, and the
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Figure 6.9- Mouse liver 7a-hydroxylase activity with time after ANIT treatment

Mouse liver microsomes (n=3, per time group, equal protein mass) were assayed by Dr.
Lou Agellon’s lab according to the reverse-phase HPLC method of Chiang (190) as
outlined by Rudel et al. (191). Data is presented as the percent of control of 7a-hydroxy
cholesterol peak areas. Liver microsomes from mice fed the bile acid sequesterant
cholestyramine (Cho-A) were concurrently assayed as a high level control.
*measurements were not significantly different (p< 0.05) versus controls (0 h).
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48 hour value of 22% was consistent with 2 out of three 3 measurements used to calculate
the mean 7a-hydroxylase activity at 48 hours (Figure 6.9). Unfortunately, due to the
change in methodology, these values may be different than those shown as the assay did
not differentiate between the relative contributions of the neutral and acidic bile acid
synthesis pathways and assumes a constant cholesterol:protein ratio within the mouse
liver microsomes. The results shown (Figure 6.9) were based on the conversion of
exogenous radiolabelled cholesterol by 7a-hydroxylase to 7a-hydroxy cholesterol, which
was quantitated by reverse-phase HPLC (190) as described by Rudel et al. (191). While
it appears that 7a-hydroxylase was somewhat inhibited in the mouse following ANIT-
induced intrahepatic cholestasis, between 24 and 72 hours, the effect was abolished by
168 hours with a 6.5 fold increase in enzymatic activity. This level of induction was
comparable to that observed in cholestyramine treated mouse liver microsomes (Figure
6.9) used as a high level control.

Reverse transcriptase polymerase chain reaction (rt-PCR) analysis of cyp7 mRNA
(Figure 6.10) showed that cyp7 gene transcription was completely inhibited at 24, 48 and
72 hours. This effect was reversed at 168 hours, as cyp7 mRNA abundance was
approximately equal to or greater than the O hour time point. An induction in
transcription at 168 hours would not be unreasonable given the large increase in 7a-
hydroxylase activity observed. The lack of cyp7 mRNA at 24, 48 and 72 hours, suggests
transcriptional regulation may be occurring due to either feedback inhibition by bile

acids, liver cholesterol levels and/or ANIT-induced liver damage.
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Figure 6.10- Mouse liver cyp7 mRNA abundance with time after ANIT administration
cyp7 mRNA abundance was measured in the lab of Dr. Lou Agellon by a reverse
transcriptase = PCR method developed in-house. Glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) mRNA was measured concurrently as an internal control. 7c-
hydroxylase is the enzyme product of the cyp7 gene. M, 1 Kb molecular weight standards
(Gibco-BRL).

Preliminary enzymatic analysis of gallbladder biliary lipid and bile acid
concentrations, cautiously (very small sample size) indicated in the mouse that ANIT-
induced intrahepatic cholestasis results in a reduction of the ratio of both phospholipid
and bile acids to cholesterol at 48 and 168 hours. These results potentially implicate the
gallbladder bile as a potential source of the elevated plasma phospholipid and bile acids if
biliary constituents are secreted into the intestine and reabsorbed normally.
Unfortunately, gallbladder bile volume was not measured, such that absolute mass values

for bile components could not be calculated.
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Figure 6.11- Mouse gallbladder biliary lipid and bile acid concentrations following

ANIT administration
Mouse gallbladder bile, collected by the author, was analyzed by Dr. Lou Agellon at the
University of Alberta. Total cholesterol (Sigma), phospholipids (WAKO) and bile acids
(Sigma) were measured enzymatically with kits from the indicated manufacturers. (n=2, 0
h; n=2, 48 h; n=1, 168 h).



Chapter 7- ANIT-induced intrahepatic cholestasis in TgR[HuAI] rats

A transgenic rat strain (TgR[HuAI]) with a high level of liver specific human
apolipoprotein A-I expression was developed by Swanson et al. (147) and obtained from
Sandoz by Dr. Dolphin and the author. Analysis of plasma human and rat apolipoprotein
A-I by immunological methods demonstrated that plasma from these rats contains a wide
ranging concentration of both human and rat apolipoprotein A-I. Human apolipoprotein
A-I levels measured in rats of the TgR[HuAI] rat strain were found to vary between 0 and
greater than 1000 mg/dl. Circulating rat apolipoprotein A-I was rarely observed above
120 mg/dl (normal Spraque-Dawley rat approx. 80 mg/dl) and showed an inverse
relationship to human apolipoprotein A-I. In most cases, TgR[HuAI] rats having a
plasma human apolipoprotein A-I concentration greater than approximately 200 mg/dl
did not have detectable rat apolipoprotein A-I. Plasma apolipoprotein E and B levels
were measured in some TgR[HuAlI] rats, however there was no apparent correlation
between the levels of these apolipoproteins and human apolipoprotein A-I.

Correlation of human apolipoprotein A-I levels with plasma lipids by linear
regression analysis (Figure 7.1) revealed a near linear relationship between human
apolipoprotein A-I levels and plasma phospholipid, free cholesterol and cholesteryl ester.
There was no apparent relationship between plasma triacylglycerol and human
apolipoprotein A-I. This data combined with personal observations indicates that
circulating human apolipoprotein A-I levels in TgR[HuAI] rats are proportional to HDL

levels.
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Figure 7.1- Correlation of human apolipoprotein A-I levels with plasma lipids in
TgR[HuAI] rats

A random sampling (n=54) of TgR[HuAI] rat plasma was assayed for human
apolipoprotein A-I by nephelometry (Behring). These values were correlated by linear
regression analysis with plasma lipids measured by gas chromatographic total lipid
profiling (174). Whole plasma human apolipoprotein A-I levels were found to most
closely correlate with phospholipid (R=0.936) followed by free cholesterol and
cholesteryl ester (R=0.929 and R=0.921 respectively). There was only a very weak
correlation with plasma triacylglycerol (R=0.424).
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Figure 7.2A and B- Distribution of TgR[HuAl] rat plasma lipoproteins and human
apolipoprotein A-I following density gradient ultracentrifugation

Lipids were measured enzymatically and human apolipoprotein A-I was determined by

nephelometry (Behring). Plasma human apolipoprotein A-I levels were (A.) 150 mg/dl

and (B.) 253 mg/dl. FC, free cholesterol; CE, cholesteryl ester; PL, phospholipid; TAG,

triacylglycerol; apo, apolipoprotein.
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Density gradient ultracentrifugation of two TgR[HuAlI] rats (Figure 7.2) having
human apolipoprotein A-I concentrations of 150 mg/dl (Figure 7.2A) and 253 mg/dl,
(Figure 7.2B) demonstrated that these rats had an HDL distribution similar (fractions 12-
22) to that of a non-transgenic rat of the same strain (Figure 7.5A). However, by
comparison, the TgR[HuAlI] rats had elevated HDL and a more defined separation
between LDL and HDL suggesting that the increased HDL was HDL, and HDL,, not
HDL, which tends to float into the LDL density range by the density gradient
ultracentrifugational method employed. This result was consistent with HDL, being
primarily associated with apolipoprotein E while HDL, and HDL,, were elevated and
associated with apolipoprotein A-I. Analysis of human apolipoprotein A-I in density
gradient fractions by nephelometry (Figure 7.2) confirmed that the observed increases in
HDL, and HDL ; were associated with human apolipoprotein A-I.

Further analysis of the distribution of plasma apolipoproteins amongst lipoprotein
species in TgR[HuAlI] rats was performed by Superose 6B gel filtration of plasma
(Figure 7.3). Figure 7.3A, shows a gel filtration profile of a TgR[HuAI] rat expressing
very low levels of human apolipoprotein A-I, Figures 7.3 B and C are profiles
TgR[HuAI] rats that had significant concentrations of both human and rat apolipoprotein
A-I and Figure 7.3 D is of a TgR[HuAI] rat that had significant human, but very little rat
apolipoprotein A-I. In all three gel filtration profiles, both the major apolipoprotein B
and E peaks eluted at similar volumes. In Figures 7.3 B and C, rat apolipoprotein A-I
was primarily associated with larger HDL than human apolipoprotein A-I. Furthermore,
the majority of rat apolipoprotein A-I co-eluted with apolipoprotein E containing HDL,

whereas human apolipoprotein A-I was disproportionately associated with smaller HDL
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(HDL, and HDL;). Interestingly, rat apolipoprotein A-I in the non-transgenic rat (Figure
7.3 A) peaked at an elution volume intermediary to the rat and human apolipoprotein A-I
peaks observed in Figures 7.3 B and C. Moreover, rat apolipoprotein A-I in this non-
transgenic rat appeared to be more associated with small apolipoprotein E poor HDL than
observed in Figures 7.3 B and C. In the TgR[HuAl] rat that had virtually no rat
apolipoprotein A-I or E (Figure 7.3 D) there were two major human apolipoprotein A-I
peaks. The first peak eluted at a volume that was associated with large apolipoprotein E
containing lipoproteins in the other profiles, while the second peak co-migrated with
smaller HDL.

These results indicate that the human apolipoprotein at low plasma concentrations
(Figure 7.3B and C) preferentially binds smaller HDL (HDL, and HDL,) in TgR[HuAI]
rats displacing endogenous rat apolipoprotein A-I to larger HDL, possibly apolipoprotein
E containing HDL. In TgR[HuAI] rats expressing moderately high levels of plasma
human apolipoprotein A-I and very low levels of rat apolipoprotein A-I (Figure 7.3D),
the absence of rat apolipoprotein A-I may be due to displacement by human
apolipoprotein A-I in both large and small HDL (HDL,, HDL, and HDL,). Presumably,
lipid-poor rat apolipoprotein A-I would then be catabolized. The lack of plasma
apolipoprotein E in this TgR[HuAI] rat suggests that it may be similarly displaced by
human apolipoprotein A-I; however, apolipoprotein E has only been measured in a small
number of rats and it is not known whether apolipoprotein E levels are inversely

proportional to human apolipoprotein A-I levels.
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Individual fractions (4 ml) were analyzed for lipid content enzymatically and
apolipoproteins were measured by an electroimmunoassay (180,181). FC, free
cholesterol; CE, cholesterol ester; PL, phospholipid; TAG, triacylglycerol; Apo,
apolipoprotein.
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As demonstrated in the ANIT-treated rat time course study (chapter 4),
administration of ANIT (100mg/kg) induced profound changes in the distribution of rat
plasma lipoproteins at the 48 hour time point. In particular, plasma free cholesterol and
phospholipid concentrations were dramatically elevated and the CE/FC ratio was
reduced, even though LCAT was functional. Analysis of the lipoprotein distribution
indicated that the majority of the increased phospholipid and free cholesterol was
localized to the LDL density range and that these changes were fully reversible by 120
hours. It was hypothesised that the clearance of excess LDL phospholipid and free
cholesterol was mediated by lipid-poor apolipoprotein A-I and/or apolipoprotein A-I rich
HDL (Lp A-I HDL). Newly formed HDL, and/or phospholipid and free cholesterol
enriched HDL, would then undergo cholesterol esterification by LCAT and be cleared by
the liver. A process that was completed by 120 hours. To test the hypothesis that
apolipoprotein A-I may mediate the clearance of excess phospholipid and free cholesterol
within the LDL density range, ANIT (100 mg/kg) was administered to TgR[HuAI] rats to
investigate the effect of plasma apolipoprotein A-I levels on the accumulation of material
within the LDL density range.

As was expected, treatment of TgR[HuAI] rats with ANIT, resulted in substantial
alterations to plasma lipid levels. While all ANIT-treated TgR[HuAI] rats (48 h) showed
a varying reduction in their plasma CE/FC ratio and apparent elevations in phospholipid
and free cholesterol, the wide range of plasma human apolipoprotein A-I concentrations

made it difficult to determine an obvious effect.
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Figure 7.4- Correlation of human apolipoprotein A-I levels with plasma lipids in ANIT-

treated TgR[HuAI] rats (48 h)

ANIT-treated TgR[HuAI] rat (n=12) plasma was assayed for human apolipoprotein A-I
by nephelometry (Behring). These values were correlated by linear regression analysis
with plasma lipids measured by gas chromatographic total lipid profiling (174). Whole
plasma human apolipoprotein levels were found to be most closely correlated to
cholesteryl ester (R=0.893) followed by phospholipid (R=0.644). There was no apparent
correlation between plasma triacylglycerol (R=0.372) or free cholesterol (R=0.0967).
R=0.785 for CE/FC (plot not shown).
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However, linear regression analysis of plasma human apolipoprotein A-I and
plasma lipids in ANIT-treated TgR[HuAI] rats (Figure 7.4A-D) was revealing. As
previously shown (Figure 7.1) in TgR[HuAI] rats, plasma human apolipoprotein A-I
levels were strongly correlated to plasma phospholipid, free cholesterol and cholesteryl
ester, with the strongest relationship being observed with phospholipid. By contrast, in
ANIT-treated TgR[HuAlI] rats, human apolipoprotein A-I levels were most strongly
correlated to cholesteryl ester (R=0.893) (Figure 7.4 D) and the CE/FC ratio (R=0.765)
with a much weaker correlation to phospholipid (R=0.644) (Figure 7.4 A). There was no
significant relationship between human apolipoprotein A-I and free cholesterol (R=0.097)
or triacylglycerol (R=0.372) (Figures 7.4B and C). The correlation between plasma
human apolipoprotein A-I levels and cholesteryl ester suggests that human apolipoprotein
A-I facilitates the movement of LCAT substrates (phospholipid and free cholesterol) into
lipoproteins (presumably HDL) that are good LCAT substrates. As demonstrated by an
exogenous assay using a recombinant HDL substrate, plasma LCAT activity in
TgR[HuAI] rats was not altered by ANIT treatment (TgR[HuAlI] rats, 28+4 nmol CE
formed/ml/h, n=8 and for ANIT-TgR[HuAlI] rats, 27+5 nmol CE formed/ml/h, n=6).
Thus, the inability of LCAT to cope with the influx of phospholipid and free cholesterol
into the plasma of ANIT-treated rats does not necessarily reflect insufficient LCAT
activity, but rather that apolipoprotein A-I facilitated generation of LCAT substrate

lipoproteins was limiting.
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Figure 7.5A and B- Distribution of TgR[HuAI] rat plasma lipoproteins following density

gradient ultracentrifugation
Lipids were measured enzymatically and plasma human apolipoprotein A-I determined
by nephelometry (Behring). Plasma human apolipoprotein A-I levels were (A.) 0 mg/dl

and (B.) 473 mg/dl.
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Figure 7.6A-E- Distribution of TgR[HuAI] rat plasma lipoproteins by density gradient
ultracentrifugation following ANIT treatment (48 h, 100 mg/kg)

Lipids were measured enzymatically and plasma human apolipoprotein A-I determined

by nephelometry (Behring). Plasma human apolipoprotein A-I levels (mg/dl) were (A.)

61, (B.) 147,(C.) 585, (D.) 632 and (E.) 741.
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To further examine this effect in ANIT-treated TgR[HuAlI] rats, density gradient
ultracentrifugation was performed on rat plasma of varying plasma human apolipoprotein
A-I concentrations (Figures 7.6A-E). For comparitive purposes, density gradient profiles
of two untreated TgR[HuAI] rats are shown (Figure 7.5A-B).

The series of density gradient ultracentrifugal profiles generated from ANIT-
treated TgR[HuAI] rat plasma (Figure 7.6) clearly demonstrates that increased plasma
apolipoprotein A-I concentration ameliorated the buildup of cholesteryl ester poor
lipoproteins in the LDL density range. ANIT-treated rats with relatively low human
plasma apolipoprotein A-I (Figures 7.6 A and B) levels tended to have lower CE/FC
ratios and density gradient lipoprotein profiles similar to those observed at 48 hours in the
ANIT-treated rat time course study (chapter 4). Similarly treated rats (Figures 7.6 C-E),
with very high plasma levels of human apolipoprotein A-I had a marked reduction in
lipoproteins within the LDL density range and a more normal CE/FC ratio. The wide
density distribution of lipoproteins within the HDL density range of these rats (Figures
7.6 C-E), does not appear to be particularly abnormal for TgR[HuAI] rats with high
plasma apolipoprotein A-I concentrations (Figure 7.5B). However, in comparison to
untreated TgR[HuAI] rat HDL lipid composition (Figure 7.5B), HDL fractions were
cholesteryl ester depleted (Figures 7.6C-E).

Sodium dodecyl sulfate density gradient polyacrylamide gel electrophoresis of
density gradient fractions from both an ANIT-treated and untreated TgR[HuAlI] rat
(Figure 7.7A and B) were analyzed. The gels of an untreated TgR[HuAI] rat (Figure
7.7A) having a plasma human apolipoprotein A-I concentration of almost 500 mg/dl

showed that apolipoprotein A-I was detectable and predominant in all fractions and other
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plasma apolipoproteins were barely detectable. Analysis of density gradient fractions
from an ANIT-treated TgR[HuAI] rat (Figure 7.7B) having a plasma human
apolipoprotein A-I concentration of greater than 600 mg/dl showed a similar distribution
of apolipoprotein A-I, but unlike the untreated TgR[HuAI] rat, considerable amounts of
other apolipoproteins were present. In particular there were increased amounts of
apolipoprotein E and B, as well as the C apolipoproteins within the LDL density

fractions (fractions 6-12).
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Figure 7.7- Sodium dodecy! sulfate polyacrylamide gradient gels of TgR[HuAI] rat
density gradient fractions 1-24 after ultracentrifugation

An ANIT-treated TgR[HuAI] rat (48 h) (A.) is shown compared to an untreated

TgR[HuAI] rat (B.). Twenty pug of protein was loaded into each lane and molecular

weight standards were broad range (Bio-Rad) of the indicated molecular weights. Plasma

human apolipoprotein A-I concentrations were 632 mg/dl (A.) and 473 mg/dl (B.).



Chapter 8- Discussion

8.1 The D-(+) galactosamine rat

D-(+) galactosamine-HCI induced experimental hepatitis in the rat results in the
manifestation of many changes in plasma lipoproteins that are similar to those found in
familial LCAT deficiency, including cholesteryl ester depleted, phospholipid and free
cholesterol enriched lipoproteins. Subspecies analysis of HDL indicates the presence of
polydisperse HDL, including an apolipoprotein E rich discoidal HDL (192). Work
presented in this thesis and the compositional analysis of lipoproteins in the LDL density
range as reported by others (127,193,194) is suggestive of the presence of a small amount
of Lp-X. However, conclusive proof of the presence of Lp-X in D-(+) galactosamine
induced experimental hepatitis has never been demonstrated.

The development of abnormal lipoproteins in this model is not only attributable to
a deficiency in plasma LCAT activity, but also to severe reductions in both lipoprotein
lipase and hepatic lipase activities. Deficiencies in these lipolytic enzymes (chapter 3)
and also apolipoproteins A-I, A-II A-IV and the C’s have been previously described
(193,195). These findings are not surprising when the mechanism of D-(+)
galactosamine induced hepatitis is considered. D-(+) galactosamine has been shown to
sequester cellular UTP pools and effectively inhibit glycosylation, glycolipid and nucleic
acid synthesis. Thus, a wide range of cellular processes are affected including
transcription, protein synthesis and post-translational glycosylation of proteins (195-198).

It is uncertain whether D-(+) galactosamine affects tissues and organs other than the liver,

115
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athough Keppler ef al. have reported that only the liver in treated animals appeared
abnormal on visual examination (196).

Studies by the author have confirmed the reversibility and time course of the drug
(750 mg/kg) affects. Moreover, the dramatic deficiencies in plasma lipolytic activity
were reconfirmed. While the deficiency of both lipoprotein and hepatic lipases caused
the author to have reservations about the use of this model, the possible unknown effects
of D-(+) galactosamine on the liver and possibly other tissues was the most disconcerting.
However, it was the lack of plasma lipids particularly evident after density gradient
ultracentrifugation that precipitated the final decision to discontinue work in the D-(+)
galactosamine rat. Low plasma lipid concentrations would make analysis and conclusive
identification of Lp-X very difficult, as well as limit the types of metabolic experiments
possible.

However, the deficiency of lipolytic activity might make this an interesting model
for studying the fate of exogenously administered lipoproteins. In particular, insight into
the metabolism of Lp-X might be gained by an intravenous injection of a large dose of
Lp-X containing radiolabelled albumin. Would the particle remain in plasma or be
metabolized? If metabolism occurred would it be through tissue uptake and deposition of

lipid or by movement into other lipoproteins?

8.2 Studies in the ANIT-treated rat

ANIT, when administered in a single dosage (100 mg/kg by gavage in corn oil) to
rats, promotes a transient, reversible intrahepatic cholestasis resulting in marked

perturbations to plasma lipids and lipoproteins. The onset of cholestasis is followed by
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elevated levels of bile acids, bilirubin, medium chain length phospholipids, free
cholesterol and plasma enzyme markers of liver damage. All of these increased levels

return to near normal by 120 hours.

Although increased cholesteryl ester mass was observed, the CE/FC ratio was
reduced even though LCAT activity was near normal. In severe human cholestasis,
hepatitis, chronic liver failure, late stage primary biliary cirrhosis (199,200) and
galactosamine-induced hepatitis in rats (127) (chapter 3), LCAT activity is decreased. As
LCAT activity is increased when hepatic damage appears to be light such as in ANIT-
treatedrats, mild cases of human cholestasis and early stage primary biliary cirrhosis
(199,200), the synthesis and secretion of the enzyme does not appear to be impaired. A
low CE/FC ratio in the presence of near normal LCAT activity suggests LCAT activity
was either initially overloaded by the large amount of phospholipid and free cholesterol
entering the plasma compartment or alternatively, the free cholesterol and phospholipid

were sequestered in particles that did not function as good LCAT substrates.

The Lp-X-like particle (Figure 4.11B) observed 48 hours after ANIT treatment in
the time course study would be a likely candidate. Whether or not Lp-X is an LCAT
substrate in vivo remains controversial and is probably dependent upon whether the
vesicles contain significant quantities of the surface bound LCAT activating
apolipoprotein, A-I. Lp-X vesicles are thought to normally contain very little if any
apolipoprotein A-I (95,96). However, the majority of these characterizations have been
performed using Lp-X separated by ultracentrifugation, such that disassociation of

weakly bound apolipoprotein A-I or HDL complexes may occur.
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Thus, the failure of LCAT to maintain the plasma CE/FC ratio may be due to a

combination of factors which include:

8.3

1)

2)

In the early-mid stages of ANIT treatment, much of the phospholipid and free
cholesterol is localized to Lp-X-like particles and as such is not presented to
LCAT in an ideal substrate form.

In order for the excess phospholipid and cholesterol to be metabolized, it must
either be removed by direct uptake of the Lp-X particle or be moved to
appropriate  HDL substrates containing the obligatory LCAT-activating

apolipoproteins.

Possible mechanisms for the formation of Lp-X

Lp-X vesicles may be formed under the following physiological conditions.

1)

In the case of some types of human obstructive liver disease, bile-duct ligation
or possibly ANIT treatment, there is a reflux of biliary lipids including
phospholipid and free cholesterol into the plasma compartment. Manzato et
al. (96) have shown that biliary lipid complexes form Lp-X-like vesicles when
albumin or plasma is added (presumably by binding bile salts) and conversely
Lp-X can be transformed into bile-like micelles upon addition of bile salts.
Moreover, studies in the perfused rat liver have shown that bile lipids are
secreted in an almost constant 12:1 phospholipid:free cholesterol ratio (201).
Thus for Lp-X (1:1 molar phospholipid:free cholesterol) (96) to form,
extrabiliary free cholesterol must be taken up from both endothelial and

erythrocyte membranes as well as plasma lipoproteins. Hydrolysis of
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phospholipid and/or movement of phospholipid to other lipoproteins may
contribute to this process. Indeed, Quarfordt et al. (202) have calculated that
biliary lipid efflux as a result of cholestasis does not completely account for

the large increases in plasma cholesterol and phospholipid usually observed.

2) In cases of familial LCAT deficiency (78,79), Lp-X is possibly formed from
the excess surface phospholipid and free cholesterol produced by lipolysis of
triacylglycerol-rich chylomicrons and VLDL (106). The surface material may
simply vesicularize trapping plasma albumin and proceed to remove
phospholipid and cholesterol from membranes and other lipoproteins to form

the most stable particles.

3) Infusion of 10% Intralipid™ into rats (203) and man (204) results in lipolysis
of the triacylglycerol-rich, phospholipid emulsion, such that a large excess of
phospholipid is produced resulting in the formation of Lp-X by a mechanism

similar to that described for familial LCAT deficiency.

In advanced cholestasis, cirrhosis and other types of liver disease, secondary
LCAT deficiency would further contribute to Lp-X formation. In the ANIT-treated rat
and possibly in some types of human liver disease, hepatic lipase activity (rarely ever
measured) is also reduced. A deficiency in hepatic lipase might further promote the
formation of phospholipid and free cholesterol-rich vesicles through reduced
phospholipid hydrolysis of phospholipid rich lipoproteins. Since hepatic lipase has also

been implicated in the regeneration of lipid-poor apolipoprotein A-I and/or pre-p1 HDL
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through the remodeling of HDL subspecies (65,67,68), the capacity of HDL to accept free

cholesterol and phospholipid may be reduced.

8.4 Catabolism of Lp-X like vesicles

In normal rats, Walli et al. have demonstrated that intravenously injected Lp-X
containing radiolabelled albumin in the core is cleared from the plasma with the spleen
accumulating the most radioactivity on a mass basis (113). The difficulty in interpreting
these results is not knowing whether this is evidence for the uptake of intact Lp-X
particles or simply clearance of core albumin after catabolism of the vesicle. Williams et
al. have demonstrated in fibroblasts that Lp-X-like vesicles containing apolipoprotein E
from the plasma of humans treated with Intralipid™ or having cholestasis compete with
LDL for binding to the LDL receptor and are internalized with a concomitant regulatory
effect on LDL uptake (115). Since cholestatic liver disease is often accompanied by
hepatic cholesterolgenesis, a function expected to be down-regulated by Lp-X uptake via
the LDL receptor, this mechanism may not occur under the physiological conditions of
cholestasis. However, although the data of Walli e al. (113) showed that the spleen
accumulated the most radioactivity on a tissue mass basis, the liver actually accumulated
the most radioactivity. Thus, these results could be interpreted to mean that both uptake
of intact Lp-X by the liver and plasma catabolism of Lp-X occur simultaneously in

normal rats.

Catabolism of Lp-X through the movement of phospholipid and cholesterol into

HDL may proceed by one or both of the following mechanisms:
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1) transfer to and formation of HDL-like substrates facilitated by the binding of
lipid-poor apolipoprotein A-I, pre-B1 HDL and/or the formation of complexes

with other existing HDL species;

2) phospholipid and free cholesterol movement out of Lp-X and into HDL by a
gradient established as a result of LCAT mediated depletion of HDL

phospholipid and free cholesterol.

Situations where this may occur have been observed in some cases of human
cholestatic liver disease (199,200), bile-duct ligation (205) and Intralipid™ infusion (203)
were LCAT activity was not significantly reduced. However, the relative importance of
catabolism by tissue uptake of Lp-X, as opposed to LCAT-mediated metabolism of

phospholipid and free cholesterol moved into HDL, remains unclear.

8.5  ANIT treatment of TgR[HuAlI] rats

Consistent with the concept that apolipoprotein A-I may mediate the catabolism
of the abnormal lipoproteins present in the LDL density range of ANIT-treated rats (48
h), it was postulated that overexpression of human apolipoprotein A-I resulting in high
levels of plasma human apolipoprotein A-I might facilitate the movement of phospholipid
and free cholesterol into the HDL density range. Treatment of TgR[HuAI] rats with low
to very high plasma human apolipoprotein A-I levels with ANIT (100 mg/kg)
demonstrated an apparent decrease in lipid accumulation within the LDL density range
and increased HDL. This effect appeared most significant in rats expressing high levels

of human apolipoprotein A-I and was followed by increases in the CE/FC ratio.
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Correlation of ANIT-treated TgR[HuAI] rat, human apolipoprotein A-I levels with
plasma lipids by linear regression analysis demonstrated a clear positive relationship
between human apolipoprotein A-I, cholesteryl ester and the CE/FC ratio. Phospholipid
was correlated to a lesser extent and there was no apparent relationship with plasma
triacylglycerol or free cholesterol. These results provide evidence that the apolipoprotein
A-I facilitated movement of phospholipid and free cholesterol into HDL prior to LCAT
mediated esterification may be a key determining factor in whether or not phospholipid
and free cholesterol entering the plasma accumulates in the LDL density range or is
esterified by LCAT into spherical HDL. Thus while LCAT activity may be normal or
slightly elevated in ANIT-induced cholestasis in the rat (48 h), LCAT is not
overwhelmed by influx of phospholid and free cholesterol, but rather apolipoprotein A-I

mediated movement of the material into LCAT substrate lipoproteins is rate-limiting.

8.6 Similarities between the ANIT-treated rat and bile-duct ligation

Ritland and Bergan (105) have shown in bile-duct ligated and cholecystectomized
dogs that Lp-X is generated and that its levels vary inversely with LCAT activity. Felker
et al. (206) have comprehensively evaluated the changes in lipoprotein metabolism in the
plasma and perfused liver of bile-duct ligated rats. The major alterations observed were
increased plasma phospholipid and free cholesterol, a decreased plasma CE/FC ratio, the
presence of an Lp-X-like particle, moderately increased plasma apolipoprotein B,
enhanced secretion of apolipoprotein A-I and phospholipid-enriched and cholesteryl ester
depleted HDL. As a result of the reduced CE/FC ratio and Lp-X, Felker et al. speculated

that LCAT activity was reduced. In contrast, others have reported increased activity
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(207). The similarities between the changes in lipoprotein metabolism as a result of bile-

duct ligation and those observed in the ANIT-treated rat are striking.

8.7 Plasma apolipoproteins in liver disease

The role of plasma apolipoproteins in liver disease must also be considered.
Plasma apolipoprotein A-I levels are increased in the ANIT-treated rat (Figure 4.4), and
possibly bile-duct ligated rats (206); however, they are often reduced in cases of human
liver disease (116) and LCAT deficiency (79). In humans LCAT deficiency and
alcoholic hepatitis, increased catabolism of apolipoprotein A-I due to decreased
apolipoprotein A-I binding to HDL has been implicated (88) possibly due to low levels of
core cholesteryl ester. How this relates to LCAT activity and the increased
apolipoprotein A-I levels observed in cholestatic rats remains unclear. Emerging
evidence in transgenic mice and rats does indicate that human apolipoprotein A-I may
have a higher binding affinity for smaller spherical HDL than rat apolipoprotein A-I
(62,71,72,149), such that rat apolipoprotein A-I may bind larger cholestatic and discoidal
HDL better than human apolipoprotein A-I resulting in a reduction of rat apolipoprotein

A-I turnover.

Increased apolipoprotein E levels were observed in the ANIT-treated rat and have
been similarly reported in liver disease (116) and LCAT deficiency (79). Apolipoprotein
E discoidal particles have been observed in LCAT deficiency and secondary LCAT
deficiency resulting from liver disease (116). In the ANIT-treated rat, increased
apolipoprotein E may also prove to be associated with triacylglycerol-rich lipoproteins,

their remnants and/or large HDL particles.
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8.8 Impaired remnant metabolism in liver disease

The appearance of apolipoprotein B-48 in the HDL density range of plasma from
ANIT-treated rats (fractions 13-16, Figure 4.10B) 48 hours post-treatment strongly
suggests the presence of either VLDL or chylomicron remnants. Defective remnant
clearance in the presence of Lp-X has been noted in bile-duct ligation (113,114) and some
types of human liver disease (90). Walli et al. (113) have demonstrated that Lp-X
competitively inhibits remnant uptake by the hepatic apolipoprotein-E remnant receptor.
However, hepatic damage may also be a factor, resulting in decreased receptor numbers

and/or dysfunction.

8.9 Characterization of the abnormal lipoproteins in the ANIT-treated rat

Purification of the abnormal lipoproteins in the ANIT-treated rat (48 h, 150
mg/kg) yielded results that were consistent with ANIT-treated rat data (48 h, 100 mg/kg)
obtained in the time course study. As the severity of cholestasis was assessed by the
CE/FC ratio and plasma lipid concentrations, the changes in lipoprotein metabolism in
the rats used for particle purification appear to be comparable to those in the time course
study (48 h, 100 mg/kg).

All isolated lipoprotein fractions, separated by a combination of single-spin
ultracentrifugation (d,s=1.21 g/ml), Heparin-Sepharose affinity chromatography and
Superose 6B gel filtration chromatography, were enriched in free cholesterol and
phospholipid and depleted of cholesteryl ester. HDL was found to contain a polydisperse
population of particles that were approximately the same median diameter or slightly

larger than that found in a normal rat. The estimated median size for HDL,/ HDL,/ HDL,
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for ANIT and control rats respectively were 18.5/13.5/13 and 16/13/12.5 nm. However,
the size range of individual HDL species in the ANIT-treated rat was much broader than
in the normal rat as indicated in Table 5.1. In both ANIT (Figure 5.5, fraction II-IIT) and
control(Figure 4.11C) HDL,, there appear to be small HDL, corresponding to 7 and 8
nm. These may correspond to small apolipoprotein A-I containing HDL,; however, these
were identified only on the basis of protein staining such that apolipoprotein A-I or lipid
association was not conclusively shown. HDL from the ANIT-treated rat pool tended to
have a lower surface:core lipid ratio, due to relative cholesteryl ester enrichment, than
LDL or unbound Heparin-Sepharose chromatography fractions (I-I and I-II). This
finding is compatible with normal LCAT mediated esterification of ANIT HDL.

The fraction identified as being analogous to LDL (fraction V-II) was found to be
extremely abnormal with a virtual absence of neutral core lipid and a median diameter
slightly larger than control LDL. The apolipoprotein content, (E>>B,,,=B,) of the
putative ANIT LDL suggests that this fraction may be heterogeneous and contain both
apolipoprotein B,y and B,; remnant lipoproteins that were not cleared from the plasma
due impaired remnant and/or LDL uptake. Alternatively, this may prove to be an artifact
of the single-spin ultracentrifugation step.

Two free cholesterol and phospholipid rich lipoprotein fractions were separated
by gel filtration of the unbound Heparin-Sepharose chromatography fraction of the ANIT
pool. Lp-X was expected to comprise this fraction; however, compositional analysis
indicated significantly more core triacylglycerol and cholesteryl ester was associated than

is characteristic of Lp-X. Apolipoprotein analysis showed that these fractions were also
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associated with apolipoprotein B,,, and B,;. While one could speculate on the reasons for
the lack of binding to Heparin-Sepharose by these particles and the possible origin of the
excess phospholipid and free cholesterol, it seems much more likely that these particles
were artifacts of the single-spin ultracentrifuge method. Thus, fractions I-I and I-II are
likely composed of aggregates of VLDL, LDL and/or remnants and possibly Lp-X.

The problems associated with the purification methodology presented in this
thesis may most easily be overcome by replacing, prior to chromatography, the d,;<1.21
g/ml lipoprotein fraction obtained by single spin ultracentrifugation with pooled fractions
1-24 (d<1.21 g/ml) from a single spin density gradient ultracentrifugation. However, the
results presented here also indicate that purification of these large unbound Heparin-
Sepharose particles may be possible by either a Heparin-Manganese precipitation
modified to Heparin-Sepharose chromatography initial binding conditions or alternatively
Heparin-Sepharose chromatography of fresh dialyzed ANIT-treated rat plasma. Although
preferable, direct chromatography of plasma was not performed in these experiments due
to the difficulty in completely separating plasma proteins from lipoproteins by the
chromatography methods employed. However, in this case, the particles in the unbound
fractions (I-I and I-II) should be large enough such that Superose 6B gel filtration will
fully separate them from any plasma proteins present in the Heparin-Sepharose unbound
fraction. Provided the vast majority of plasma proteins do not bind to Heparin-
Sepharose, it may be possible to obtain purified lipoproteins free of plasma proteins by
gel filtration of the Heparin-Sepharose chromatography fractions. The major advantage
to purifying lipoproteins from plasma in this way is that ultracentrifugal artifacts may be

avoided, and the separation could be performed in a shorter period of time.
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8.10 Studies in ANIT-treated mice

The effect of ANIT treatment on the lipoprotein and bile acid metabolism in mice was
investigated in collaboration with Dr. Lou Agellon of the University of Alberta. The
authors primary goal was to compare alterations in the plasma lipoprotein metabolism of
mice with those previously characterized in the rat. The second collaborative goal was to
extend these studies into the area of bile acid metabolism in order to better understand the
origin of the biliary lipid and bile acids within the plasma compartment and the overall
effect of intrahepatic cholestasis on bile acid metabolism. While this collaborative
investigation is on-going, a number of interesting observations have been made to date.

In comparison to the rat, changes in plasma lipid levels were extreme with
phospholipid and free cholesterol being elevated at 48, 72, 168 hours by 10/11/13 and
17/20/45 fold, respectively. These massive elevations were accompanied by a reduction
in plasma cholesteryl ester to levels 60-80% of normal. The failure of cholesteryl ester
concentrations to rise with the influx of phospholipid and free cholesterol resulted in
CE/FC ratios at 0, 24, 48 72, 168 hours of 4.3/2.7/0.17/0.14/0.08 respectively. Consistent
with these changes, plasma LCAT activity was reduced to 20% of control levels by an
exogenous assay (48 h) and may have been further inhibited endogenously by highly
elevated levels of bile acids (31524400 umol/l). This elevation was very high compared
to the rat (715+£57, 24 h; 538458, 48 h). Calandra et al. (208) have shown that human
LCAT activity is decreased in vitro by high concentrations of bile acids, an effect that
was independent of the bile acid species used. LCAT activity was reduced to

approximately 50% with 1000 umol/l and 25% with 2000 umol/l of added bile acids.
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These concentrations are lower than those measured at 48 hours in the ANIT-treated
mouse, such that mouse LCAT activity in vivo, due to the 8-16 fold dilution of plasma
used in the exogenous assay, may be much less than 20% (48 h). This would be
consistent with the severe decrease in cholesteryl ester mass observed.

Increases in plasma phospholipid, like in the rat, were due to those molecular
species containing fatty acyl carbons numbering C34 (18/16), C36 (18/18) and C38
(18/20) with the relative proportions being C34 >C36 >C38. Interestingly, the relative
proportions were inversely related to those observed in the livers of ANIT-treated mice.
While at least part of the increase in phospholipid is thought to be of biliary origin (202),
the precise source remains unknown. Measurement of phospholipid molecular species in
the gallbladder might provide insight into whether the majority of phospholipid is from
biliary, plasma, tissue or dietary sources.

The changes to plasma lipids and lipoprotein distribution observed in ANIT-
treated mice suggest that liver damage may be more severe than observed in the rat. This
assumption was not supported by plasma measurements of liver aminotransferases or
bilirubin. However, in the mouse, the cholestatic time course appears to be prolonged as
plasma lipids remained elevated even after 168 hours, such that the lower plasma
aminotransferase activities (48 h) may simply be due to 48 hours not being the period of
peak liver damage. In humans, multiple linear regression analysis of various parameters
of liver damage correlated LCAT activity, total plasma cholesterol, alkaline phosphatase
and bile acids as being the best indicators of the severity of liver damage (209). Provided
this correlation holds true for mice, all of the parameters measured in both rats and mice

support the conclusion that liver damage may be more severe in ANIT-treated mice (100
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mg/kg, 48 h).

In the mouse, like in the rat, there appears to be an inhibition of remnant clearance
as indicated by the presence of both apolipoprotein B,; and B,y in the HDL density
fractions (Figure 6.8B). This inhibition of remnant uptake by the LDL receptor or LRP
may in part be responsible for the large increase in hepatic cholesterol synthesis observed
after ANIT treatment (Figure 6.6). However, since hepatic cholesteryl ester
concentrations were relatively unchanged, increased cholesterol synthesis may be more
reflective of a physiological response to liver membrane cholesterol depletion by
cholestatic lipoproteins. This effect would further enhance the accumulation of
cholesterol in the plasma of ANIT-treated mice.

To better understand the alterations in bile acid metabolism occurring in ANIT-
induced cholestasis in the mouse, the activity of 7a-hydroxylase, the enzyme regulating
bile acid synthesis was measured. 7a-hydroxylase activity was reduced 48 hours after
treatment and elevated by 168 hours to approximately the same level as observed in
cholestyramine treated mice. Cholestyramine functions by sequestering intestinal bile
acids thereby preventing their reabsorption by the intestinal endothelium prior to
transport via the circulatory system back to the liver. These bile acids are thought to
regulate bile acid synthesis transcriptionally through a putative BARE (bile acid
responsive element) (44,173,210). Thus, an induction of bile acid synthesis at 168 hours
may indicate derepression of cyp7 (7a-hydroxylase gene) gene transcription due to re-
establishment of bile acid secretion and flow, resulting in a decrease in repressive bile

acids within the liver. Repression of cyp7 was verified by a virtual absence of cyp7
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mRNA at 24, 48 and 72 hours and an apparent induction at 168 hours. The caveat to this
apparent feedback regulation by bile acids is that 7a-hydroxylase being a cytochrome-
P450 isozyme may be partially inhibited by ANIT or liver damage. It is not clear
whether 7a-hydroxylase is involved in the oxidation of substrates other than cholesterol;
however, if so, some of the reported reduction (138,139) in cytochrome-P450 mixed
function oxidase activity might be due to down regulation of 7a-hydroxylase by bile
acids. Li et al. (211) have reported that in the rat, transcriptional regulation of cyp7 is
paralleled by reductions in 7a-hydroxylase activity due to a rapid turnover of the enzyme.
The present data suggests that 7a-hydroxylase may have a relatively long half-life as the
reduction in enzymatic activity was not nearly as large as the change in cyp7 mRNA
abundance. These contradictory results may be due to physiological differences between
the rat and mouse and/or be suggestive of alternative post-translational regulation.

To further elucidate the alterations in bile acid metabolism in the mouse, both
gallbladder and plasma bile acids need to be measured at a number of time points. To
facilitate a more complete understanding of the alterations in bile acid metabolism
occurring in the ANIT-treated mouse, the functional status of both the intestinal and
hepatic bile acid transporters needs to be confirmed. Furthermore, the time course should
be extended to confirm the reversibility of the cholestasis and to examine the activities of
lipoprotein and hepatic lipase at various time points.

From the accumulated data, a hypothetical series of events can be assembled to
describe the alterations in lipoprotein and bile acid metabolism. For descriptive purposes

the time course in the ANIT-treated mouse will be used.
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Administration of ANIT to the mouse results in down-regulation of
cytochrome P-450 mediated mixed function oxidases and bioactivation of
ANIT to a secondary metabolite that results in the blockage of bile canniculi,
through possible fibroblast proliferation.

The blockage of bile secretion causes increased osmotic pressure within the
cell causing eventual expulsion of biliary material through gaps in hepatic
tight junctions. As a protective mechanism, the liver preferentially
synthesizes trihydroxy bile acids (may not be true in the mouse) which are less
damaging to membranes than hydrophobic species.

Increased concentrations of bile acids within the hepatocytes repress cyp7
gene transcription causing an eventual reduction but not complete inhibition
of 7a-hydroxylase mediated bile acid synthesis.

Plasma phospholipid, free cholesterol and bile acids continue to rise as the
result of continued reflux from permeable cellular tight junctions and this
material is supplemented with free cholesterol and phospholipid from
lypolysis of intestinally derived lipoproteins and bile acids reabsorbed from
the intestine.

The influx of phospholipid and free cholesterol into the plasma combined with
a deficiency in both hepatic lipase and LCAT activities results in development
of abnormal vesicles. These vesicles may then promote efflux of free
cholesterol from cellullar membranes until approximately a 1:1 molar ratio of

phospholipid to free cholesterol is attained, as is consistent with Lp-X.
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6) The efflux of free cholesterol into the plasma combined with an absence of
LDL receptor mediated down regulation of HMG CoA reductase due to
reduced uptake of remnant lipoproteins and possibly LDL, results in hepatic
cholesterolgenesis.

7) At some point prior to 168 hours, the liver, through regeneration, reestablishes
bile secretion and flow through the bile canniculi resulting in derepression of
cyp7 transcription and increased bile acid synthesis. As liver functions begin
to normalize, plasma bile acid concentrations begin to drop and LCAT and
hepatic lipase activities return towards normal. Apolipoprotein A-I mediated
movement of phospholipid and free cholesterol into HDL and subsequent
esterification begins the process of clearing excess plasma phospholipid and

free cholesterol and thereby returning the plasma CE/FC ratio to normal.

8.11 General Conclusions

In conclusion, the ANIT-treated rat is a transient, fully reversible and non-surgical
model of intrahepatic cholestasis where LCAT is functional. The ANIT-treated mouse
although not fully characterized appears to be a model of intrahepatic cholestasis with
secondary LCAT deficiency and may be a useful model for the study of plasma
lipoproteins in familial LCAT deficiency and intrahepatic cholestasis. ANIT treatment of
rodents, like bile-duct ligated rats and dogs, many types of liver disease, Intralipid™
infusion and familial LCAT deficiency, results in the genesis of abnormal lipoprotein
species like Lp-X, remnants and phospholipid-enriched, cholesteryl ester depleted HDL.

As in bile-duct ligation in rats, Intralipid infusion and unlike many types of Lp-X positive
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liver disease and familial LCAT deficiency, these particles in the ANIT-treated rat are
generated in the presence of increased LCAT activity. As with any experimental rodent
model of lipoprotein metabolism, the differences in rodent versus human lipoprotein
metabolism must be considered. Certainly, this model like the bile-duct ligated rat is not
an exact duplication of the human cholestatic situation. However, given the similarities
to many aspects of human liver disease and the fact that bile-duct ligation is currently one
of the only experimental models available for the in-depth study of abnormal cholestatic
lipoproteins, the ANIT-treated rat and mouse models may be valuable alternative tools
for elucidating the underlying mechanisms involved in the generation and catabolism of
abnormal lipoproteins.

Results in the ANIT-treated TgR[HuAI] rats clearly provide evidence that this
tool (ANIT-induced cholestasis) in combination with other available resources can be
used to better understand plasma lipoprotein metabolism. In the case of the ANIT-treated
TgR[HuAlI] rats, a unique system has been provided to better understand the role of
apolipoprotein A-I in the clearance of abnormal phospholipid and free cholesterol rich
lipoproteins.

Furthermore, initial collaborative evaluation of the ANIT-mouse has indicated
that this system may be a valuable resource for better understanding not only bile acid
metabolism and regulation, but also its intimate relationship to whole animal cholesterol

homeostasis.



Appendix A

A.1 Biobead preparation

To facilitate the removal of cholate, the binding properties of Biorad SM-2
Biobeads were exploited. The polystyrene biobeads were prepared and activated by
incubating 20 g of dry beads in 100 ml of cold MeOH at 4 °C for 15 minutes. The beads
were then washed with 2 L of Milli-Q H,O followed by 500 ml TBS pH 8.0 by vacuum
aspiration on a 500 ml scintered glass funnel. The beads were then suspended in 200 ml

TBS pH 8.0 and stored at 4 °C until used.

A.2  Preactivation of ITLC SG TLC plates

Gelman ITLC SG thin layer chromatography plates ITLC SG Plates, Gelman, Cat#
61886) were divided into 8-10 lanes with a pencil and preactivated by preheating in a 120

°C laboratory oven for 2-4 hours.
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