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A b s t r a c t

Turnover of chylomicrons in the rat

Magnus Hultin, Department of Medical Biochemistry and Biophysics,
Umeå Universitet, S-901 87 Umeå, Sweden

Mechanisms involved in the clearance of chylomicrons and aspects of the interactions at the 
vascular endothelium were studied in the rat.

The poly-anion heparin, known to release lipoprotein lipase (LPL) from the 
vascular endothelium, enhanced the clearance of chylomicrons. Five minutes after heparin 
injection, the clearance of chylomicron triglycerides and retinyl esters was markedly 
accelerated. The rapid initial clearance was followed by a slower clearance of heavily 
lipolyzed chylomicrons. In contrast, one hour after heparin the clearance of both triglycerides 
and retinyl esters was retarded. This decreased removal of chylomicrons coincided with a 
decrease in the heparin releasable LPL activity, indicating that the previous release to plasma 
by heparin had resulted in net loss of functional LPL in the tissues.

The poly-cation protamine released hepatic lipase and some LPL from their 
binding sites to plasma. One hour after protamine, plasma triglyceride levels were increased, 
indicating that chylomicron removal was impeded. It has been speculated that protamine 
inactivates LPL in vivo, but this was not the case. Ten minutes after injection of protamine 
normal amounts of LPL could be released by heparin. Thus, the accumulation of plasma 
triglycerides was not due to a rapid inactivation of LPL by protamine.

LPL has specificity for sn-1,3-ester bonds. To investigate if this specificity is 
important in vivo, a lipid emulsion containing medium-chain fatty acids (MCFA) in the sn-
1,3-position and long-chain fatty acids (LCFA) in the sn-2-position was synthesized, as well 
as an emulsion containing MCFA-TG mixed with LCFA-TGs (MMM/LLL). In vitro 
experiments showed large differences in the hydrolysis of the emulsions, but in vivo there 
were only small differences in the metabolism.

To further study if lipid emulsions are cleared by the same mechanisms as 
chylomicrons, an emulsion was made by the same formulation as Intralipid® with addition of 
3H-triolein and ,4C-cholesteryl ester. As measured by the removal of cholesteryl esters, the 
emulsion was cleared at the same rate as was chylomicrons. The triglyceride label was, 
however, removed more slowly from the emulsion droplets than from chylomicrons. Together 
with the lower recirculation of labeled free fatty acids (FF A) in plasma, this suggests that 
there was less lipolysis of the emulsion. The current view that removal of lipid emulsions in 
vivo is mainly dependent on LPL-mediated hydrolysis might thus not be correct.

To further analyze the metabolism of chylomicrons, a compartmental model was 
developed. In this process, the distribution volume for chylomicrons was shown to be larger 
than the blood volume, a model for the metabolism of FF A in the rat was validated, and the 
full tissue distribution of injected chylomicrons was determined. According to the model, 
about half of the triglyceride label was removed from the circulation together with the core 
label while for the emulsion this number was about 80 %. In fasted rats all labeled fatty acids 
appeared to mix with the plasma FF A pool, while in fed rats about one-fifth of the fatty acids 
did not mix with the FFA but was apparently channeled directly to tissue metabolism.
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Introduction

Overview of the chylomicron metabolism
On average, 150 gram dietary fat is transported by chylomicrons each day in humans (1). The 

chylomicrons are spherical particles that consists of surface lipids, core lipids and surface 

proteins. After fat ingestion, the lipids together with specifically synthesized surface proteins 

(apolipoproteins) are made into chylomicrons by cells in the intestine. The chylomicrons are 

secreted into the mesenteric lymph duct and reach the circulation via the thoracic duct (Fig.

1). In the lymph and when circulating in blood, chylomicrons continuously interacts with 

other lipoproteins, exchanging lipids and apolipoproteins (2). On the walls of blood vessels, 

triglycerides (TG) in the chylomicrons are hydrolyzed by the enzyme lipoprotein lipase 

(LPL). According to current concepts, a chylomicron remnant results from the action of LPL 

on a chylomicron (3). A chylomicron remnant is smaller than the original chylomicron; it 

contains less TG and relatively more cholesteryl esters (CE) (4). Chylomicron remnants are 

then rapidly removed from plasma by the liver.

Increasing evidence has accumulated during the last years for a direct 

connection between impeded turnover of postprandial lipoproteins and the progression of 

coronary artery disease (5-8). Karpe et al measured the progression of coronary 

atherosclerosis and found a positive correlation to postprandial levels of small chylomicrons 

(9). Therefore, although extensively studied in the past, details in the turnover of TG-rich 

lipoproteins was studied with partially new perspectives.
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Chylomicron

4»» Receptor
mediated uptake

M G -F F A

Proteoglycan

Fig. 1. Synthesis, hydrolysis and removal o f chylomicrons
Chylomicrons are synthesized from lipids and proteins in the intestine. The chylomicrons are then 
secreted into the lymph. After entering the blood circulation the triglycerides are acted upon by 
lipoprotein lipase (LPL), generating monoglycerides (MG) and free fatty acids (FFA). The 
remnant particles are taken up by receptor mediated uptake.

Lipoproteins
In the blood, lipids are transported by lipoproteins. The lipoproteins consist of core lipids, 

surface lipids and apolipoproteins. Depending on their composition, the lipoproteins have 

been divided into different classes (Table 1). The largest lipoproteins are the chylomicrons 

and the smallest are the high density lipoproteins (HDL). The function of the different 

lipoproteins are somewhat different. Chylomicrons transport lipids from the intestine and 

distribute the lipids out to the different tissues. Very large density lipoproteins (VLDL) 

transport lipids from the liver and serves as a precursor for the formation of intermediate 

density lipoproteins (IDL) and for low density lipoproteins (LDL). IDL is made by 

delipidation of VLDL, forming a smaller remnant, which then is further delipidated into LDL. 

In human plasma, LDL is the major carrier of cholesterol.



Table 1. The major characteristics of human lipoproteins in plasma

Chylomicrons VLDL IDL LDL HDL

Density (g/ml) <0.95 0.95-1.006 1.006-1.019 1.019-1.063 1.063-1.21

RT in humans 5-10 min 3.4 h 1 h 2.9 d 5.6 d

Size (radius in nm) 100-500 20-60 9.6 3.8-5.1

Major apolipoproteins B48, CI, CII, 
CHI

B100, Cl, 
CII, CIII, E

B B AI, All, Cl, 
CII, CIII

Surface composition

apolipoproteins (mole %) 2 2 2 0.2 3

phospholipids (mole %) 63 55 60 58 74

cholesterol (mole %) 35 43 38 42 22

Core composition

TG (mole %) 95 76 78 19 17

CE (mole %) 5 24 22 81 83

The table show differences between lipoproteins in size, density, catabolic rates and compositions (10-14). RT, 
residence time.

The core of the lipoproteins contains a mixture of TG and CE (Table 1). 

Ingested retinol is transported as retinyl esters in chylomicrons (15) and other lipid soluble 

substances are also transported in lipoproteins. The surface consists of apolipoproteins and 

polar lipids, mainly cholesterol and phospholipids (Table 1).

Apolipoproteins are the protein constituent of the lipoproteins and are present at 

the surface of the lipoproteins acting as activators of different enzymes or as ligands for 

receptor binding. The major apolipoproteins and their functions are shown in Table 2. On 

VLDL apolipoproteins B-100, C-I, C-II, C-III and E is found together with trace amounts of 

other apolipoproteins. Apolipoprotein B-100 (apoBlOO) is the largest apolipoprotein, 

containing 4536 amino acids (aa) in the rat. It is necessary for the secretion of VLDL and is, 

together with apolipoprotein E (apoE), ligand for receptor-mediated uptake of VLDL, IDL 

and LDL (16). Apolipoprotein C-II (apoCII) activates LPL (17).
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Table 2. Lipoprotein apolipoproteins
Apolipoprotein no. o f aa and Mw Function Components o f Lipoproteins in

(ref.) lymph plasma

AI 235 aa 
27 kDa

(18) LCAT
activation

CM, VLDL, 
HDL

HDL

All 79 aa 
2x8.8 kDa

(19) ? CM, VLDL, 
HDL

HDL

AIV 371 aa 
46 kDa

(20) ? CM, VLDL CM

B48 2152 aa 
250 kDa

(21) CM and VLDL 
secretion, TG 

transport

CM, VLDL CM

B100 4536 aa 
512 kDa

(21) VLDL 
secretion, TG 

transport, 
receptor ligand

VLDL VLDL, LDL

Cl 62 aa 
6.6 kDa

(22) blocks receptor 
interactions

CM, VLDL HDL, CM, 
VLDL

CII 75 aa 
9.0 kDa

(23) Activator for 
LPL

CM, VLDL HDL, CM, 
VLDL

CIII 9.0 kDa 
80 aa

(24) Inhibits LPL, 
blocks receptor 

interactions

CM, VLDL HDL, CM, 
VLDL

E 293 aa 
34 kDa

(25) Receptor
ligand

CM, VLDL CM, VLDL, 
HDL

CM, chylomicrons, LCAT, Lecithin-cholesterol acyl transferase

The different apolipoproteins found on lipoproteins are listed and the number of amino acids (aa) in the rat is 
shown. The table is modified from ref. (26).

Several other proteins are involved in the intravascular turnover of lipoprotein 

lipids in vivo. Lecithin-cholesterol acyl transferase is activated by apolipoprotein A-I and 

mediates transfer of fatty acids from lecithin to cholesterol, thus converting the surface 

component cholesterol into CE, a core component of the lipoproteins particles. Cholesteryl- 

ester transfer protein (CETP) transfers neutral lipids between lipoproteins, decreasing the 

relative differences in core lipid composition between the different lipoprotein classes. The 

two major lipases in plasma, LPL and hepatic lipase (HL), are dealt with in detail later.
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Present concepts of chylomicron metabolism

Synthesis and secretion
Chylomicrons are made by enterocytes, i.e. by mucosal cells in jejunum and ileum (27) and 

consists of core components and surface components. The surface contains, in addition to 

apolipoproteins and phospholipids, trace amounts (<3 %) of TG and CE (28). The main 

apolipoproteins on chylomicrons are apoB48, apolipoproteins A and apolipoproteins C (27). 

ApoB48 is the N-terminal 48 % of apoBlOO (29) and is synthesized in the intestine. ApoB48 

is transcribed as the full apoBlOO, but a mRNA editing process dependent on a specific RNA 

motif modifies the transcript and the result is a cytidine-deamination, resulting in a stop codon 

(30). In the rat, this mRNA editing enzyme is expressed not only in the intestine, but also in 

the liver, explaining why rat VLDL not only contains apoBlOO, but also apoB48 (31).

The synthesis of apoB48 is required for the normal assembly and secretion of 

chylomicrons (27). The time for synthesis of an apolipoprotein B molecule has been estimated 

to 15 min and the total time to complete the secretory pathway has been calculated to 30 min 

(32). In McA-RH7777 cells, a rat hepatoma cell line, the synthesis of apoB48 and apoBlOO 

was concomitant with the incorporation of lipids in the lipoproteins (33).

Most of the apolipoproteins found on chylomicrons (apolipoproteins A-I, A-IV 

and B-48) are synthesized in the intestine (27). Apolipoprotein A-II and CI, CII and CIII, are 

also synthesized in the intestine, but they only account for a minor fraction of the secreted 

apolipoproteins.

Lymph from the rat intestine contains three classes of lipoproteins; 

chylomicrons, VLDL and HDL (27). The size of the collected chylomicrons reflects the 

amount of lipids that needs to be transported from the intestinal lumen out in the body (34).

Fat feeding does not increase the number of chylomicrons, it only increases the size of the 

chylomicrons (34).

Intravascular chylomicron modifications
Upon entering the blood, the chylomicron looses apolipoprotein AI and gains apoCII, other C 

apolipoproteins and apoE from the circulating HDL (35). Acquisition of apoE increases the 

affinity for a TG-rich emulsion to bind to heparin (36). Most likely the affinity for 

chylomicrons to bind to glycosaminoglycans like heparan sulfate at the vascular wall also 

increases. ApoCII stimulates LPL activity (17) and apoCI and apoCIII inhibits receptor 

mediated uptake of the lipoprotein particle (37,38).
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After the chylomicron has entered the blood, it is available for hydrolysis by 

LPL. This will most likely occur at the vascular wall, since only minor amounts of active LPL 

is present in the circulating blood (39). Both the hydrolysis of chylomicrons and particle can 

be competed out in the rat by clamping the plasma TG at eight mmol/1 (40). This shows that 

the clearance mechanisms for chylomicrons are satiable, as previously shown by Beifrage et 

al (41).

Receptor-mediated uptake
After a short time in the blood, the partly lipolyzed chylomicron is removed from the 

circulation. When perfusing native chylomicrons through the liver, the removal from the 

medium is slow. If instead chylomicron remnants are used, the removal is rapid (42,43). 

Classical chylomicron remnants are made by injecting chylomicrons to rats in which the livers 

have been excluded from the circulation (44). It is also possible to use post-heparin plasma 

containing HL and LPL to hydrolyze chylomicrons in vitro into chylomicron remnants (45) or 

to add apoE to enhance the uptake of chylomicrons in the liver (46). It has been suggested that 

the increased uptake of chylomicrons is caused by LPL-mediated hydrolysis of the core lipids, 

which decreases the size of the chylomicron and increase the chance of being trapped in the 

liver sinusoids (47).

Several lipoprotein receptors have been described in recent years. As shown in 

Table 3, lipoprotein receptors exists in many different tissues in the body. Thus, theoretically, 

a chylomicron could be taken up by several different receptors in several different tissues. By 

blocking the LDL-receptor related protein (LRP) in rats by injecting RAP, a protein that 

blocks the interaction between LRP and its ligands, the clearance of core labeled 

chylomicrons decreased (48). Studies in transgenic mice has shown that both LRP and the 

LDL-receptor are important for chylomicron turnover (49).

LPL enhances chylomicron removal by two separate mechanisms
LPL binds to LRP and mediates binding of chylomicrons and other apoE-containing 

lipoproteins to LRP (51). To test if the effect of LPL on removal of chylomicrons by the liver 

was not only due to lipolysis, but perhaps also to its ability to mediate binding to receptors, 

Skottova et al (58) perfused rat livers with chylomicrons pretreated with LPL. Native 

chylomicrons that had not been in contact with LPL were, as expected, removed slowly from 

the perfusate. When chylomicrons were hydrolyzed by LPL before the start of the perfusion, 

the removal was more rapid. Lipolysis by an unrelated bacterial lipase also increased the rate

16



of removal. To test if LPL without any lipolytic activity increased the removal, native 

chylomicrons were incubated with active-site inhibited LPL. Indeed, LPL-protein alone was 

sufficient to mediate a faster removal of chylomicrons from the perfusate. Thus, lipolysis 

alone, as well as LPL-protein alone, enhanced the removal of chylomicrons by the liver.

Table 3. Receptors for triglyceride-rich lipoproteins
Receptor Ligand Recognition Reference

LDL receptor LDL, CR ApoB, apoE (16)

LRP Proteoliposomes ApoE (50)

Chylomicrons ApoE, LPL, HL (51,52)

ß-VLDL ApoE, LPL, HL (51,53)

VLDL receptor VLDL, ß-VLDL, IDL ApoE (54)

LSR VLDL, chylomicrons, LDL ApoE, apoB? (55)

MBP 200, MBP 235 VLDL NK (56)

From ref. (57). CR, chylomicron remnants, LSR, lipolysis stimulated receptor, MBP, membrane binding protein, 
NK, not known

Lipases in lipoprotein metabolism
LPL (and HL) was first discovered as an artifact when dogs were given isotope-labeled red 

blood cells using heparin as an anticoagulant (59). One of the dogs were hyperlipidémie when 

the first blood sample was taken and when the second blood sample was taken a few minutes 

later, the lipemia was abolished. This was further tested by provoking alimentary lipemia and 

then injecting heparin alone, which also gave the clearing reaction. The clearing effect did not 

occur when heparin was added to lipemic plasma in vitro. It was realized that heparin released 

a clearing factor lipase from the endothelium to plasma and thus the hyperlipidémie plasma 

was cleared (60). Studies in several different groups then showed that the clearing factor 

lipase in plasma indeed was two separate lipases, LPL and HL (61-63).

Active LPL is a homodimer, with 55 kDa subunits. In the rat LPL consists of 

447 amino acids (64). To have activity against long chain triglycerides (LCT), LPL needs 

apoCII as cofactor (65). Rat HL is 53 kDa, does not need a cofactor for full activity and 

consists of 472 amino acids (66).

17



The site of action
LPL is bound to glycosaminoglycans, probably heparan-sulfate chains, at the vascular 

endothelium (67). TG-rich lipoproteins binds to the endothelium and are hydrolyzed by LPL. 

In cell culture experiments it has been shown that the main mediator for binding of 

lipoproteins to cells is LPL (68-71). This is probably also true for the interaction between 

lipoproteins and the vascular wall.

LPL is synthesized in many different organs in the body (72). In adipose tissue 

synthesis of LPL is high when the rat is in a well fed state and the synthesis is down-regulated 

by fasting (73). Skeletal muscle is regulated in the opposite way (74), while there does not 

appear to be any regulation of the synthesis in the heart (75). Thus, there are ways for the 

body to make sure that LPL concentrations are high at places where the fatty acids should be 

deposited/utilized.

HL, on the contrary, is mainly localized to the liver (76-78). Measurable 

amounts of HL can also be found in the adrenals (79) and in the ovary (80). In the ovary HL is 

localized primarily to the vascular surfaces in the corpora lutea (81,82). An interesting 

observation is that the rat can not synthesize HL in the adrenals (83), nor in the ovary (80). 

Taken together, this suggests that HL is transported by the blood to specific binding sites at 

the vascular surfaces in the corpora lutea in the ovaries.

Since both LPL and HL can be bound to and eluted from heparin-agarose 

columns with NaCl, albeit at different NaCl concentrations (84), it is assumed that LPL and 

HL both are bound to endothelial proteoglycans via the same mechanisms. However, there has 

to be differences in the binding-specificities for HL and LPL since the tissue-distributions of 

the two enzymes would otherwise tend to be similar. An example of such a difference is that 

heparin releases both enzymes quantitatively to plasma while protamine, a heparin antagonist 

(see below) releases HL quantitatively but only 1/10-th of the available LPL (II). The 

molecular details for the selectivity in HL binding to different tissues remain to be worked 

out.

Substrate specificities
In plasma, LPL hydrolyzes mainly TG contained in TG-rich lipoproteins (chylomicrons and 

VLDL), while HL hydrolyzes TG and phospholipids from smaller, cholesterol-rich 

lipoproteins (IDL, LDL and HDL) (85). However, depending on the available substrates, both 

enzymes will hydrolyze both TG and phospholipids, but HL will hydrolyze proportionally
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more phospholipids. Thus, the selection of substrate is dependent on the type of substrates 

presented to the enzymes.

Humans with LPL-deficiency (86) or a lack of apoCII (87) rapidly develop 

hypertriglyceridemia type I, i.e. high levels of large apoB48- and apoBlOO-containing 

lipoproteins in the blood. Overexpression of LPL in transgenic mice caused a decrease in the 

plasma VLDL as well as a decrease in the plasma LDL levels (88) while overexpression of 

HL in transgenic rabbits decreased plasma HDL and IDL (89). Knocking out the HL gene in 

mice increases plasma HDL without affecting the chylomicron metabolism (90).

Endothelial binding of LPL
What is the nature of LPL binding to endothelial cell surfaces? According to the current view, 

LPL and heparan-sulfate chains interact by ionic interaction. This binding has been studied 

using model systems, primarily heparin-agarose. The binding is sensitive to fatty acids (91,92) 

and to NaCl (93). Increased concentration of either releases the bound lipase. According to 

some preliminary results obtained using the BiaCore™ system, the interaction between LPL 

and heparin/heparan-sulfate is dependent on the charge density of the glucosaminoglycan 

(Lookene, A., pers. comm.). This confirms the results of Parthasarathy et a l (94) and 

Lamkjær et al (95) who found that it was the heparan-sulfate fragments and heparin 

fragments, respectively, with the highest charge densities that binds to LPL.

FF A is known to cause product inhibition of LPL (96,97). This effect can be 

abolished by addition of albumin in an assay system (84,96). Apart from this regulation, FFA 

decrease the affinity of LPL’s binding to heparin-agarose (91,92) and to endothelial cells (98). 

Peterson et a l (91) suggested that the feed-back regulation of LPL by released FFA could be 

an essential link between energy metabolism and lipid transport (Fig. 2). If the hydrolysis of 

TG is rapid enough, the local concentration of FFA will increase. Since the binding of LPL to 

heparin and heparan-sulfate is decreased by FFA (91,92,98), LPL will be released from it 

endothelial binding sites, allowing the TG-rich lipoprotein to rebind at a new place where the 

released FFA is better needed. This release of LPL by FFA will increase the amount of LPL in 

the circulating plasma (91,99). The effect of FFA on the binding of HL to heparin/heparan- 

sulfates remains to be studied.
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Fig. 2. Regulation o f  lipoprotein lipase by FFA
When LPL hydrolyzes lipoproteins containing TG, FFA and monoglycerides are released. After a 
short time, the underlying tissue is saturated by FFA and the local concentration of FFA increases.
This decreases the affinity between LPL and heparan-sulfates. Thus, both LPL and the partially 
hydrolyzed lipoprotein is released to the circulating plasma. Modified from (100).

The group of Ira Goldberg has published several reports about different proteins which may 

mediate the binding of LPL to endothelial glycosaminoglycans. A 220 kDa LPL-binding 

proteoglycan was identified by affinity chromatography of cell surface proteins on a LPL- 

Sepharose (101). Using ligand blotting with labeled LPL, a 116 kDa LPL-binding protein was 

found in plasma membrane preparations of endothelial cells (102). This 116 kDa protein was 

released from endothelial cells by heparin and it was a non-proteoglycan protein. The isolated 

116 kDa protein has similar epitopes and several peptide sequences identical to sequences in 

the amino-terminal part of apolipoprotein B (103). As expected, this part of apoB also 

mediates binding of LPL to ApoB containing lipoproteins (104).

Transport of LPL in plasma
When LPL dissociates from its endothelial binding site, it is transported with the blood 

primarily to the liver (105,106). Ten minutes after injection of 125I-LPL, 10 % of the label 

remained in the blood while 40 % was recovered in the liver. Thus, 50 % of the injected ,25I- 

LPL had bound to extrahepatic tissues. When looking at the distribution of LPL in the body, it 

is apparent that even though the lipase is not synthesized in all organs, LPL can be found at 

the vessel walls in all organs (72). It was suggested that LPL might relocate along the vessel 

walls by a continuos association and dissociation to endothelial binding-sites, from the sites of 

synthesis to the liver where the lipase is taken up and degraded.

In plasma, LPL is primarily found bound to lipoproteins (107). The distribution 

in plasma was studied by gel chromatography separation of the lipoproteins using both 125I- 

LPL and ELISA techniques to detect to which lipoproteins LPL was bound. In human plasma,
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LPL was bound to all different lipoprotein classes. From the elution profiles from size- 

exclusion gel filtration, it appeared as if most of the LPL in both a fasting and a non-fasting 

individual was bound to LDL. As mentioned above, apoB has been shown to mediate the 

binding of LPL to lipoproteins, but LPL binds avidly also to lipid emulsions without apoB 

(84,108).

When rats were injected with increasing amounts of lipid emulsion (Intralipid®), 

more of injected ,25I-LPL was retained in the blood (106). The injection of lipid emulsion also 

caused increasing amounts of LPL activity in the blood. This fits well the fact that LPL has an 

affinity for binding to lipid surfaces (108) and that injected lipid emulsions increases the FFA 

concentration (91), which increases the release of LPL from the endothelial binding sites. 

Postprandially in humans, the plasma TG, FFA and LPL increases (99).

Heparin releases LPL to plasma
Heparin rapidly releases both LPL and HL to plasma. In vivo, this release is next to 

instantaneous. Already thirty seconds after heparin injection there is no significant additional 

release of plasma lipases by heparin (106). Heparin releases LPL in at least three phases from 

the perfused heart (75). In a single pass perfusion with heparin in the perfusate, a pulse of LPL 

activity was released during the first two minutes. During the next ten minutes, there was a 

shoulder in the release curve, and later a small, but significant, amount of LPL activity was 

released. The first phase constitutes 25 % of the total release during a 60 min perfusion and 

has been interpreted as release of the functional pool of LPL sitting in immediate contact with 

the circulating blood. The second component, 50 % of the total release, might represent a 

subendothelial pool of LPL and the third phase representing 25 % of the total release, reflects 

new synthesis of LPL protein. This phase was inhibited by addition of cycloheximide to the 

perfusion medium (75).

When LPL has been released by heparin from its endothelial binding sites most 

of the LPL is taken up in the liver (105,106). Is it possible that release of LPL by heparin and 

subsequent uptake of LPL by the liver would create a lipase-depleted state? This would 

correspond to a state where the functional LPL had been flushed away and there would be 

insufficient amounts of LPL left at the endothelium to accomplish lipolysis of endogenous 

VLDL and chylomicrons. Indeed, one hour after injection of partially purified heparin 

fragments, the LPL activity in plasma had returned to normal but the clearing capacity for a 

labeled lipid emulsion was decreased (109). Chevreuil et al reported that one hour after
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injection of a low molecular weight heparin less LPL could be released into plasma by a bolus 

of unfractionated heparin (110).

The minimal sized heparin reported to release LPL and HL are decasaccharides 

(111). At a dose of 200 pg/kg bwt, decasaccharides released one third of the amount of LPL 

that the same amount of unfractionated heparin released (112). The type of complex formed 

between LPL and heparin depends on the chain length of the heparin (113). At physiological 

pH, unfractionated heparin and LPL interacted in 1:1 complexes if the two were present in 

equimolar amounts (113), while decasaccharides formed stable complexes with two 

decasaccharides for each LPL. The interpretation was that each of the two subunits in active 

LPL have a distinct binding-region for heparin. Unfractionated heparin bigger than 10 kDa 

spans the dimer and occupy both binding sites, while smaller heparin fragments like 

decasaccharides are unable to span both sites and, in order to occupy them, two chains must 

interact with each molecule, van Tilbeurg et al made a molecular model of LPL based on the 

x-ray structure of pancreatic lipase (114). Based on this model, a dodecasaccharide was 

sufficient to span the putative heparin-binding segments in the LPL dimer. This fits well with 

the observation that an octasaccharide was the smallest heparin chain which could release 

LPL from it’s binding sites (109).

An additional important effect of heparin is that it stabilizes LPL (115). This is 

true both in vivo and in vitro. The stabilizing effect is important e.g. when optimizing assay 

conditions for LPL (65).

Wallinder et al (105) showed that around 40 % of the injected 125I-labeled LPL 

rapidly bound to the liver, regardless of whether heparin had been injected or not. The 

peripheral uptake of LPL, in contrast to the liver uptake, was almost abolished by heparin 

injection (106). In perfusion studies, Vilaró et al (116) showed that the binding mechanism 

for LPL to the liver could be divided into at least two different processes, one heparin- 

sensitive and one heparin-insensitive. These results indicated that a specific receptor for LPL 

might be found in the liver. Even though LPL is one of the ligands for LRP (51), there has to 

be another, yet not identified, receptor for LPL in the liver, since the binding between LPL 

and LRP is abolished by heparin (51).
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Aims of the present study

The general aim of this study has been to clarify the mechanisms involved in the turnover of 

chylomicrons. More specific aims have been to:

a) Study the interaction between LPL and chylomicrons at the vascular surface using a 

poly-anion and a poly-cation, heparin and protamine.

b) Study the effect of the positional specificity of LPL on lipid metabolism in vivo.

c) Study how lipid emulsions are metabolized.

d) Develop a compartmental model for chylomicron metabolism and apply the model to 

data obtained under normal conditions and after perturbing the chylomicron turnover.
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Results and discussion

The rat as experimental model
The rat was selected as the experimental model for a number of reasons: Firstly, the rat has a 

convenient size for studies of the turnover and uptake of lipoproteins and LPL. The size of the 

liver is around seven gram in a 200 g rat which allow extraction of the whole organ when 

studying the uptake of lipids. The blood volume of about 11 ml (106) allows multiple blood 

samples to be taken without exsanguinating the animal. Secondly, the CETP activity in the rat 

plasma is low (117). Thus, a core lipid label that is not hydrolyzed by LPL will not be 

transferred from chylomicrons to other lipoproteins. Thirdly, using rats it is easy to get 

homogenous groups of animals. Littermates will be of similar size and condition which 

decreases the needed number of subjects. Fourthly, it is possible to take samples from 

compartments that are not accessible in humans. Lastly, but not the least, a large number of 

studies of the lipoprotein metabolism in rats has been conducted in the past.

A certain amount of caution is in place when extrapolating results obtained in 

one species to other species. Even within a species like the rat there are large differences 

between the different strains (77,118).

The lipoprotein profile in the rat is somewhat different from the human profile. 

Rats have high HDL and low LDL (119), while humans have high LDL and low HDL. This 

have been attributed to the fact that the CETP levels are lower in rats. Also, the rat apoCII is 

shorter than the human apoCII (120), 75 aa in the rat vs. 79 aa in humans.

A potential problem when using the rat as the experimental model is that the 

necessary handling will probably stress the rats, increasing the within-group variation. To 

minimize this stress and to enable a convenient site for injection and sampling, the rats in 

these studies were anaesthetized. There are reports that the turnover of FFA, chylomicrons 

and lipid emulsions are changed by anesthesia (121-123) and reports that anesthesia does not 

change the turnover (124,125). Even so, the studies in papers I-V have all been aimed at 

mechanisms and most likely the influence of anesthetics does not affect the conclusions.
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Chylomicron metabolism

Retinyl ester as a valid core label
Can retinyl esters be used as a marker for chylomicron core lipid removal and does removal of 

retinyl esters imply removal of apolipoprotein B containing particles? Fielding (126) followed 

the clearance of radiolabeled apoB48 and radiolabeled CE (core label) in perfused rat hearts. 

The core label was removed more rapidly than was apoB48 (126). This suggested that core 

lipids which are not hydrolyzed by LPL can be removed independently from the removal of 

the particles. However, as pointed out by Blomhoff et al. (15), retinyl esters are relatively 

nontransferable as compared to CE (127). Furthermore, Blomhoff et al points to the fact that 

less than 10 % of the retinyl palmitate area-under-the-curve in plasma during twelve hours 

after a retinol containing meal was contained in HDL and LDL particles (128). Since LDL 

and HDL are turned over much slower than chylomicrons and VLDL, less than 10 % of the 

retinyl palmitate were transferred during this period. When Wilson et al. (129) measured the 

transfer of retinyl esters from chylomicrons, they found that only marginal quantities of 

retinyl esters was recovered in d> 1.019 in human plasma.

In the present study labeled retinol was introduced in the intestinal lumen (I, IV, 

V) to provide a core label for the isolated chylomicrons. The basis for using retinol as a core 

label was that ingested retinol is primarily transported as retinyl esters incorporated in the core 

of the chylomicrons (15).

Intravascular hydrolysis
Heparin injection cause an immediate hydrolysis of chylomicrons in plasma. Chylomicrons 

injected five minutes after heparin was rapidly cleared from the circulation, both by lipolysis 

and by an increased removal of chylomicron core lipids (I, V). When chylomicrons were 

injected one hour after the injection of heparin, during a state of partial depletion of LPL 

(110), both the lipolysis and the removal of chylomicron core lipids was decreased (I, V).

Four hours after the heparin injection, the chylomicron clearance had essentially returned to 

normal (I).

Distribution volume
According to the current view, chylomicrons are first hydrolyzed by LPL and then taken up 

by receptor-mediated endocytosis in the liver (3). About 99 % of the LPL in the vascular 

system is present on the endothelial cells, bound to glycosaminoglycans. Thus, chylomicrons

25



has to attach to the vascular wall for hydrolysis to take place and the apparent distribution 

volume for chylomicrons has to be larger than the plasma/blood volume. Indeed, Harris et al. 

(130) found that the apparent distribution volume for injected chylomicrons changed 

depending on the injected dose of TG. The distribution volume was higher after a small dose 

of chylomicrons compared to after a larger dose, consistent with satiable sites of lipolysis at 

the endothelium.

To study the distribution volume of chylomicrons compared to the blood 

volume, 51Cr-labeled red blood cells were injected together with doubly labeled chylomicrons 

(V). The initial apparent distribution volume was larger for chylomicrons than for the red 

blood cells, indicating that when chylomicron are metabolized in vivo, margination might take 

place.

How much of the LPL present at heparin releasable sites in the body is actually 

involved in TG-hydrolysis? The standard dose of TG given to the rats in papers I, III, IV and 

V, was 4 mg, approximately 5 pmol TG, corresponding to 15 pmol fatty acids. In paper V, the 

model shows that the rate constant for lipolysis was 0.08 min'1. This corresponds to an initial 

rate of 1.2 pmol FA hydrolyzed per min (1200 mU), which in a 200 g rat with 7 ml plasma 

would correspond to an LPL activity of 170 mU/ml plasma. The amount of LPL at the 

endothelium in this experimental setting is approximately 450 mU/ml plasma (106,110). This 

suggests that one-third of the heparin-releasable LPL was actively hydrolyzing chylomicron 

TG when chylomicrons corresponding to 4 mg TG was given. About 70 % of the injected 

chylomicrons are initially found in blood. The remaining 30 % are probably bound to the 

endothelium (V). As hydrolysis will only take place when chylomicrons are in contact with 

LPL, it is reasonable to assume that at the most 30 % of the chylomicrons are in contact with 

LPL. Assuming a Mw of 870 g/mole TG, 2* 106 TG per chylomicron and that 30 % of the 

chylomicrons have marginated, then 0.7 pmol chylomicrons were initially in contact with the 

endothelium. As shown above, the initial rate of hydrolysis was 1200 mU. The specific 

activity for LPL is 0.6 mU/ng (131). Thus, the initial rate of hydrolysis suggests that 32 pmol 

LPL was acting on the 0.7 pmol chylomicrons that had marginated. Thus, at least 46 LPL 

molecules were actually acting on each marginated chylomicron. This number is close to the 

43 LPL/chylomicrons calculated for the rapid lipolysis rates in vitro (96).

Tissue distribution of injected chylomicrons
According to current concepts, the predominant site for removal of chylomicron particles 

from the circulation is the liver (3). A brief literature search showed that the liver is the main
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organ for chylomicrons particle removal, but it is not the sole organ (IV). The amount of core 

label taken up by the liver ranged from 16 % to 80 %, over a time span of 10 min to one hour. 

Thus, much of the core label has to be removed from the circulation elsewhere in the body. 

When the whole body recovery of injected 3H-retinol labeled chylomicrons was studied, half 

of the injected label went to the liver and the rest was recovered in all studied tissues, but 

mainly in adipose tissue and in skeletal muscle (V). The finding that the liver can not be 

solely responsible for the removal of chylomicron remnants has also been pointed out by 

others (15).

The uptake of chylomicron TG and core label in adipose tissue was directly 

dependent on the nutritional state of the animais (IV, V). As expected (132), fed rats took up 

more of the injected TG label in the adipose tissue, but somewhat surprising, the uptake of 

core label was also enhanced in fed rats compared to in fasted rats (IV, V). This uptake was 

probably mediated by LPL, as LPL is upregulated in the adipose tissue in the fed state (133). 

To evaluate the effects of LPL-mediated hydrolysis on chylomicron TG turnover, the uptake 

of oleic acid injected complexed to albumin was compared to the uptake of labeled oleic acid 

contained in chylomicron TG (V). The uptake of albumin bound oleic acid in the adipose 

tissue was similar in fed and fasted rats, but the uptake of labeled oleic acid contained in 

chylomicron TG was greatly enhanced in fed rats as compared to fasted rats, probably due to 

LPL mediated hydrolysis (134).

Free fatty acids
FF A are transported in plasma bound to albumin. In fed rats, the concentration of FF A is 

about 0.1 mmol/1 while in fasted rats the concentration is 0.6 mmol/1. This difference is 

probably not due to a difference in the clearance of FF A in fed and fasted rats (V), but to an 

increased release of FF A from the adipose tissue in fasted subjects (135). When the body 

adapts to fasting, the enzyme that hydrolyzes stored TG to FFA and monoglycerides in the 

adipose tissue, hormone sensitive lipase, is switched on by cAMP-mediated phosphorylation 

(136). Also, when postprandial lipoproteins in the blood passes the subcutaneous adipose 

tissue depot, the TG is hydrolyzed and large amounts of FFA is released (137).

Injected labeled FFA disappears from plasma with a TlA of a little more than one 

minute (138-141). The injected FFA is rapidly taken up by different organs. Olivecrona 

measured the amount taken up in different tissues by injection of 3H-palmitic acid in 

carbohydrate refed rats (138). Twenty minutes after injection, 60 % was in the carcass, 30 %
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in the liver and 3 % in adipose tissue. In the liver, half of the fatty acid label was recovered as 

TG and half of as phospholipids.

The simplest model that describes our data on the turnover of injected FF A was 

a two-compartmental model (V). This model was used already 1969 by Eaton et al (142). 

Using the model the residence time (RT) for injected, albumin-bound, oleic acid was found to 

be 1.1 min in fed and 1.4 min in fasted rats (V). These rate constants are in agreement with the 

rate constants found by other authors (140,141).

Obviously, the liver has an important role in the FFA metabolism. FFA taken up 

by the liver can be used to meet the livers energy needs or as substrates to synthesize TG for 

incorporation into VLDL. Analyzing their data by compartmental modeling, Baker and 

Schotz (143) calculated that 22 % of the newly synthesized liver TG was synthesized directly 

from plasma FFA, 32 % was from plasma TG and 46 % were derived from other sources. To 

study the metabolism of FFA outside the liver, Quarfordt et al injected radiolabeled oleic acid 

to fasted control rats and to rats where the liver had been excluded from the circulation (141). 

Without the liver, the plasma clearance of FFA followed a bi-exponential decay for at least 

ninety minutes, which shows that a two-compartmental model might be sufficient to describe 

the clearance of FFA. With the liver present, the initial clearance was more rapid and some of 

the labeled FA reappeared in plasma, probably as VLDL TG. In the present study, the time for 

appearance of injected labeled FFA in plasma TG was 7-13 minutes (V).

Protamine causes lipemia and releases both LPL and HL to plasma
Brown studied the effect of heparin and dextran sulfate on alimentary lipemia, and showed 

that the clearing reaction brought about by heparin, a poly-anion, could be reversed by 

protamine, a poly-cation (144). In addition, he showed that protamine alone caused an 

increase in the alimentary lipemia and that this could be reversed by an injection of heparin. 

This finding was confirmed by Bragdon and Havel (145) who showed that injection of 

protamine caused an increase in plasma lipids, with a peak one hour after injection (1 mg 

protamine to rats weighing 160-190 g). Using 14C-TG labeled chylomicrons, Harwood et al 

(146) showed that protamine decreased the clearance of injected chylomicrons, both in intact 

rats and in supradiaphragmatic rats. In vitro, the stability of LPL was decreased when there 

was more protamine than heparin in the test tube, i.e. when the lipase was denied the 

stabilizing affect of heparin.
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Protamine rapidly released both HL and LPL to the blood in the intact rat (II). 

The release were transient compared to the release after heparin and it was dose dependent. 

The maximal release was achieved by 2 mg protamine, which was the same dose at which 

Harwood (146) found the maximal increase in plasma TG. The release of HL was in the same 

order of magnitude as the release by heparin, while the release of LPL was only one tenth of 

that expected after a heparin injection. One hour after injection of 2 mg protamine, a mild 

hypertriglyceridemia had developed (II), concomitantly with a slight depletion in heparin- 

releasable LPL. It was suggested by Harwood (146) that this increase in plasma TG caused by 

a decreased clearance of TG-rich lipoproteins would be due to a rapid inactivation of the 

clearing factor lipase, i.e. LPL and HL. To test this, protamine was injected and then heparin 

was injected ten minutes later (II). The post-heparin levels of LPL and HL after protamine 

injection were not different from controls. Thus, there was no depletion of LPL ten minutes 

after protamine injection. Based on these findings we suggested that protamine might interfere 

with the interaction between the lipoprotein, LPL and endothelial wall (Fig. 3). This 

hypothesis suggests that protamine decreases the amount of chylomicrons sitting at 

endothelial binding sites. Indeed, when chylomicrons were injected after protamine, the 

distribution volume for chylomicrons decreased (Hultin, M. and T. Olivecrona, unpublished 

results).
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Fig. 3. A theoretical model of the effect of protamine on lipoprotein metabolism
Protamine binds to the proteoglycans in at the vascular walls and neutralizes the negative charges 
and thus impedes the interactions between the TG-rich lipoproteins and LPL.
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TG rich emulsions
TG-rich emulsions are given to patients on long term parental nutrition. Carlsson and Hallberg 

made it clear that this kind of lipid emulsions are cleared similarly to chylomicrons (147). 

Based on these observations, Carlsson and Rössner (148) developed an intravenous fat 

tolerance test based on infusion of Intralipid® in humans. The clearances of Intralipid and 

endogenous lipoproteins in humans were correlated, but the endogenous lipoproteins were 

cleared more slowly than Intralipid (149).

According to Carpentier, the intravascular metabolism of TG-rich particles can 

be divided into four different steps (150): a) apolipoprotein exchange with lipoproteins in 

plasma, including acquisition of apoCII, b) hydrolysis of TG by LPL, c) exchange of core 

components between CE-rich lipoproteins and TG-rich lipoproteins, which all together 

promotes d) formation of remnants which are recognized by specific receptors, mainly in the 

liver.

When the emulsion droplets enters plasma, they rapidly acquire apolipoproteins 

(2,151). Since addition of apoCII to an incubation-mixture of lipid emulsion and LPL, 

instantaneously increases the lipolytic rate, apoCII binds rapidly to lipid emulsions in vitro 

(17). Erkelens et ai showed that transfer of apoCII from VLDL to infused lipid emulsion is 

rapid also in vivo (152).

The effect of different lipid compositions on turnover of TG-rich emulsions have 

been studied in considerable detail by Redgrave et al. (153-167). In these studies, 

chylomicron-like particles were made by extensive sonication of oils in the presence of high 

amounts of phospholipids. These lipid droplets are cleared similarly to normal rat 

chylomicrons, i.e. the core label are cleared more slowly than the TG label since the TG also 

is cleared by lipolysis (153). The amount of cholesterol in the particles is a major determinant 

for lipolysis of the droplet, less than 1 % (156) and more than 5 % (154) will decrease the 

lipolysis of the emulsion droplets. A saturated fatty acid in the 2-position of the TG will 

decrease the removal of the emulsion, measured as removal of 3H-cholesteryl oleate and as 

removal of ,4C-TG (labeled in the fatty acids) (168). This decreased removal can also be 

accomplished by addition of monoglycerides with a saturated fatty acid in the 2-position 

(162,163). This might be due to changes surface properties of the emulsion droplets, or 

perhaps on the positional specificity of LPL (169).
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Satiable kinetics
Carlsson and Hallberg (147) showed that in fasted dogs there were two elimination phases in 

the clearance of injected chylomicrons and lipid emulsion. The clearance followed a typical 

Michaeli-Menten kinetics. First, the clearance follows zero order kinetics and then, below a 

certain break point, the clearance follows first order kinetics, i.e. it followed an integral 

Michaelis-Menten curve. The reported values for the break point was 0.83-1.40 mmol 

glycerides/1. The zero order rate constants were 0.028-0.082 mmol glycerides/1 and min, and 

the first order rate constant were 3.2-8.7 % min*1. A reanalysis of the data presented in that 

study shows that chylomicron glycerides were consistently cleared faster than emulsion 

glycerides (pO.001, ANOVA).
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Fig. 4. Comparison of the in vivo clearance to the in vitro relation between the rate of LPL- 
mediated lipolysis and the TG concentration.
Data are from experiments with radioactive LLL-emulsion and represent clearing of the labeled 
component. Anaesthetized rats were injected with different doses of the emulsions corresponding 
to 4 to 64 mg TG. The rate o f clearing was calculated by linear regression on the logarithmized 
data from the earliest time points. These data are plotted against the estimated initial TG 
concentration (from radioactivity in blood at 1 min after injection). The broken line represents a 
theoretically calculated Michaelis-Menten relation using a Vmax o f 0.291 pmole TG per min and a 
Km o f 1.26 pmole TG per ml. The value for Km is the apparent Km for in vitro hydrolysis of LLL 
emulsion by bovine LPL (1.26 pmole TG per ml). The value for Vmax is the mean LPL activity in 
postheparin plasma (10 min after 500 IU heparin per kg body weight) from corresponding rats.
This activity was measured at 37°C using whole rat plasma at pH 7.4 as the medium and 20 %
Intralipid® as substrate. Release of fatty acids was followed by extraction and titration (65). The 
mean activity found was 582 mU/ml (1 mU equals 1 nmol fatty acids released per minute). To 
convert this to TG clearing, we made the assumption that in each TG molecule two fatty acids are 
hydrolyzed, whereas the monoacylglycerol is removed without LPL-mediated hydrolysis.

We tried to saturate the initial clearance of lipids by injecting increasing 

amounts of lipid emulsion to fasted rats, but we failed to show a clear Michaelis-Menten 

relationship between the injected dose and the rate for the initial clearing (III). Another way to 

present these data is to plot the data for LCT emulsion clearance together with a theoretical
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curve for in vivo lipolysis of LCT emulsion (Fig. 4). The initial rate of removal was plotted 

against the injected dose. Injection of heparin releases about 450 mU/ml LPL and the for 

LPL against that emulsion was determined to 1.26 fimol/ml in experiments using bovine LPL. 

Using these values as Vmax and K^, a theoretical Michaelis-Menten curve for hydrolysis of TG 

contained in the LCT emulsion was also plotted in Fig. 4. As shown in Fig. 4, LPL mediated 

hydrolysis could not account for the emulsion clearance. Rather, it appeared as if another 

mechanism, with a higher capacity, was responsible for the emulsion removal.

Substrate specificities for LPL in lipid emulsions
When an emulsion containing a physical mixture of medium chain TG (MCT) and long chain 

TG (LCT) were hydrolyzed by LPL, MCT was the preferred substrate (170). When an 

emulsion containing TG with medium chain fatty acids in the 1- and 3-positions and a long 

chain fatty acid in the 2-position (MLM) was hydrolyzed by LPL, almost only medium chain 

fatty acids were released (III). This probably reflects the specificity of LPL for hydrolyzing 

the sn-1,3-fatty acids in TG (169). For in vivo studies, three lipid emulsions were made with 

3H-oleic acid labeled TG, one MCT/LCT emulsion, one LCT emulsion and one MLM 

emulsion (III). The hypothesis was that if lipolysis of the emulsion by LPL is the major 

determinant for emulsion TG clearance, then the differences in lipolysis of the three 

emulsions observed in vitro should also be observed in vivo. In the MCT/LCT emulsion, LPL 

should first hydrolyze MCT and then LCT, thus there should be a lag period before LCT label 

was cleared from the blood. Surprisingly, the labeled oleic acid in the emulsions containing 

medium chain fatty acids were cleared slightly faster from plasma than the LCT emulsion. No 

apparent lag times was observed in the clearances of the two emulsions containing medium 

chain fatty acids. This suggested to us that LPL-mediated lipolysis was not the main 

component in the clearance of these emulsions. Thus, since the labeled lipids were removed 

rapidly from plasma, an uptake of the intact emulsion droplets might be the dominating 

mechanism.

Removal mechanisms
Since the work on clearance of lipid emulsions in paper III raised questions regarding the 

removal mechanisms of lipid emulsions, a lipid emulsion based on soybean oil was tailor 

made for us by Pharmacia Hospital Care (IV). This lipid emulsion contained 3H-oleic acid 

labeled TG and cholesteryl-,4C-oleate. The formulation was exactly the same as for the 

commercially available lipid emulsion Intralipid®, albeit made by a scaled-down method. To
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make sure that the emulsion droplets were homogeneously labeled, the labeled lipids were 

mixed directly into the soybean oil. In vitro, the emulsion TG was an excellent substrate for 

LPL, while the CE were not hydrolyzed (IV). When a trace amount (4 mg TG) of the labeled 

emulsion was given intravenously to postprandial rats, there was almost no lipolysis of the 

emulsion TG. The core label was cleared from the circulation at almost the same rate as the 

TG label. The minimal lipolysis was also evident by the low amount of TG label that 

appeared as FF A. This was strikingly different from how an equal amount of chylomicrons 

were cleared in the same experiment. The core label in the chylomicrons were removed at the 

same rate as the core label in the emulsion, but the TG label was cleared more rapidly. The 

higher lipolysis of chylomicrons compared to that of the emulsion was also reflected by the 

higher recirculation of labeled FF A. In fasted rats more of the emulsion TG was cleared by 

lipolysis, but still less than when given chylomicrons. These results strongly suggested that 

the major route for clearance of this emulsion was via removal of the intact emulsion droplets 

(HI, IV).

Twenty minutes after injection of chylomicrons to fed and fasted rats, 25 % of 

the injected core label was recovered in the livers (IV). This was also the case in fasted rats 

given emulsion. In fed rats given emulsion, only 13 % of the core label was recovered in the 

liver. At this time between 10 and 20 % of the core label was left in the blood (IV). These 

results are comparable to the results obtained by Redgrave et a l , who recovered 31 % of the 

core label in the liver 30 minutes after injection of their lipid emulsion (153).

The purpose of giving a lipid emulsion to a patient is to provide substrate for 

energy metabolism. Already twenty minutes after injection more than 30 % of the TG label 

was not any longer lipid soluble, i.e. it had been converted to water soluble metabolites (III, 

IV). When 100 mg TG was injected in a rat, the oxidation of the labeled lipids continued for 

at least 24 hours (171).

Thus, the studied lipid emulsions were mainly cleared from the blood by a 

mechanism different from LPL-mediated hydrolysis, but still the cleared lipids were readily 

available as substrates for energy metabolism.

Compartmental models of chylomicron metabolism
The turnover of chylomicrons is clearly a complex mechanism. It includes binding to 

endothelial binding sites, lipolysis of TG and receptor mediated uptake. To quantify these 

processes without the help of a mathematic model would be difficult. Some interesting
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questions that might be resolved with the help of models are; How much of the injected 

chylomicrons/lipid emulsions were turned over as intact particles? How much of the fatty 

acids in a chylomicron is metabolized via LPL-mediated lipolysis? Is there a direct 

relationship between lipolysis and core label removal? Is there information in the data that 

supports the presence of a pool of chylomicron-remnants plasma? Are chylomicrons turned 

over by the same pathways in the presence of heparin? For this kind of analyses we turned to 

the mathematical/statistical tool called compartmental modeling.

Introduction to models of data
In biology and chemistry, metabolic systems are often described by equations. Two well- 

know examples are the effect of substrate concentration on the rate of product formation 

which can be described by the Michaelis-Mentens equation, and the growth of bacteria which, 

under certain conditions, can be described by mono-exponential growth. Compartmental 

models are mathematical models based on linear and/or non-linear differential equations 

(172). When describing a system mathematically, the model is always based on certain 

assumptions. In compartmental modeling, the underlying assumptions are simple: the 

different pools of material that can be defined should be described by at least one 

compartment, and the material in one compartment behaves like a homogenous and well 

mixed entity. A compartment may consist of material in one or more physiological spaces as 

long as it behaves like a homogenous entity. This can be exemplified by FFA in plasma. Fatty 

acids free in plasma will be in a very rapid equilibrium with fatty acids bound to albumin and 

these two physiologically distinct sets of fatty acids will behave like one pool of material. 

Thus, FFA may be described by one compartment in plasma due to the rapid equilibrium 

between these two physiological states.

The different stages in making a compartmental model, or any mathematical 

model, might be divided into several consecutive steps as described by Mones Berman (173): 

”Although no formalism has been developed as yet for the building of models, one may 

distinguish several stages in this process: a) choice is made for the type of model, b) degree of 

complexity of the model is defined, c) values of the parameters of the model are calculated, d) 

judgment is made whether the model is compatible with the data, and, e) the model is revised 

when it is inconsistent with the data.”
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Use in the lipoprotein field
Compartmental models have been used to model turnover of lipoproteins for more than three 

decades (174). The primary use of compartmental models has been as a tool to understand the 

physiology of the in vivo metabolism and interconversions of lipoproteins. Compartmental 

modeling of VLDL metabolism invalidated the previous conception that one compartment 

was sufficient to describe the data and thus it was realized that a lipolytic cascade better 

described the turnover of VLDL (12). As a compartmental model with a lipolytic cascade also 

made physiological sense, it has become the accepted model for how VLDL are turned over in 

plasma (175).

Techniques
We chose to use the computer program SAAMII (Simultaneous Analysis And Modeling) 

developed by the Resource Facility for Kinetic Analysis, University of Washington, WA, 

USA. The program contains a way to create the differential equations and to input the data, a 

part that integrates the differential equations, a part that adjusts the parameters so that a fit is 

obtained, and a part that shows the statistical information about the goodness of fit and plots 

the data together with the calculated curves. This program was originally developed by Mones 

Berman in the late sixties, and has been extensively used for modeling of lipoprotein kinetics 

(176).

Model requirements
The simplest model used to describe the clearance of chylomicrons is the monoexponential 

decay, N=N0e*kt, which is the same as a one-compartment model. Already 1957, French and 

Morris showed that the turnover of chylomicrons the rat can be approximated to a 

monoexponential decay the first minutes after injection (177). Since then several 

compartmental models/mathematical descriptions of the turnover of chylomicrons in the rat 

have been published and some of the features of those models are summarized in Table 4.

In my opinion, to model the clearance of chylomicrons, the model, and the 

experiments upon which the model is based, has to include certain concepts. To distinguish 

between particle uptake and lipolysis, the chylomicrons should be labeled with both a TG 

label and a core label. The pathway for clearance of TG label with the core label, i.e. particle 

removal, should be constrained to have the same rate constants for TG label and core label. 

The levels of labeled FFA in plasma reflects the lipolysis, thus it is useful to include a FFA 

model and data on labeled FFA derived from chylomicron TG label. Also, in paper V, it was
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shown that the clearance of chylomicron core label was better described by two compartments 

in a series than by a single compartment. This series of compartments might be a reminiscent 

of the lipolytic cascade sometimes used to model the clearance of VLDL (12).

Table 4. Properties of previously published models

Some properties of previously published studies including compartmental modeling of chylomicron turnover in 
the rat have been complied into the following table. - = not applicable.

Olivecrona
e ta l . { \ n )

Olivecrona
(179)

Green 
et al. (180)

Redgrave and 
Zech (181)

Redgrave 
et al. 
(166)

Hultin
et al. 
(V)

Core and TG label No No Yes Yes Yes Yes

Linked TG in 
chylomicrons to 
removal as core label?

- Yes Yes No Yes

FFA-pool Yes No Yes Yes No Yes

Measured FFA? Yes - No No - Yes

Lipolytic cascade No No Yes Yes Yes

Model development and results
The modeling procedure was thoroughly described in paper V. First, to model the clearance of 

TG derived FFA in the blood, a model for clearance of FF A was developed. The data for 

clearance of FFA from the blood could be described by a two-compartmental model with 

entry and loss of label from the compartment sampled in blood (142). When modeling the 

clearance of chylomicrons labeled with 3H-oleic acid in the TG moiety simultaneously with 

the clearance of ,4C-labeled albumin-bound oleic acid, all TG-derived fatty acids in the fasted 

rats and only 80 % of the TG-derived fatty acids in the fed rats could be modeled as having 

mixed with the FFA pool measurable in blood (V). Next, a model for the turnover of 

chylomicron core lipid was developed. It was necessary to have two compartments for the 

chylomicrons in plasma, with a rapid transfer from the first to the second (0.3 -1.0 min*1). 

Then, from this second compartment the core lipids were cleared from the blood (around 0.08 

min*1). The two compartments for core label in blood might be interpreted as native 

chylomicrons and chylomicron remnants, defining remnants as chylomicrons available for 

removal as intact particles. The full model is shown in Fig. 5.
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Fig. 5. A compartmental model for the clearance of core and TG labeled chylomicrons in the 
rat.
The model shown was derived for the clearance of chylomicrons in control rats (V). The rate 
constants for clearance of core label were locked to be the same as for clearance of TG label, i.e. 
k |2iii=k2 1 and ko 12=k3 2. The model does not include a compartment for recirculation of TG label in 
VLDL. Thus, the use for this model is limited to the first 20 min after injection of the labeled 
chylomicrons. For details, see paper V. Syringe indicates entry of label into the model, and small 
circles indicates sample sites, including the apparent distribution volume.

In fasted rats, chylomicrons were cleared from the blood with a RT of 14.6 min for core label 

and 7.7 min for TG label (V). This was slightly slower than the clearances reported by 

Redgrave et al (181) (11 min for core label and 4.2 min for TG label). Forty-eight per cent of 

the TG label was cleared together with the rest of the core lipids (V).

When reanalyzing the data for clearance of the lipid emulsion, the data fitted 

well to the model. It was calculated that in fed rats only 17 % of the emulsion TG label was 

cleared via lipolysis, while 48 % of the chylomicron TG label was cleared by lipolysis (V). 

This analysis confirms the results from papers III and IV that this type of lipid emulsions are 

mainly removed from the circulation without extensive lipolysis.

A future use of the model will be to model the clearance of chylomicrons after 

heparin, protamine, or other agents. To analyze the turnover of chylomicrons in heparin- 

treated rats the model will probably need some modifications. One likely modification is the 

need for a slowly turning over remnant pool to account for the slowly turned over material 

observed in paper I. The modeling of turnover of chylomicrons in the different perturbed 

states will shed further light on the mechanisms involved in chylomicron metabolism.
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Conclusions

* Immediately after heparin injection, chylomicrons were rapidly cleared from the blood. 

During this rapid lipolysis slowly cleared remnants were created. The increased removal 

coincided in time with high levels of LPL and HL in plasma (110)

* One hour after heparin injection, both the lipolysis and the removal of chylomicron core 

label was decreased. This coincided with decreased post-heparin levels of LPL, but not of 

HL (110).

* Protamine, a poly-cation, released both HL and LPL to plasma, although the release of HL 

was much more efficient. During this period the catabolism of TG-rich lipoproteins was 

decreased.

* Lipid emulsions were cleared from plasma with less lipolysis than chylomicrons. More 

than 80 % of the TG label were removed from plasma together with the core label, 

compared to around 50 % when given chylomicrons, showing that LPL-mediated 

hydrolysis probably was not the main pathway for lipid emulsion removal.

* When developing a compartmental model for chylomicron metabolism, some basic 

concepts of chylomicron metabolism were established. Firstly, the apparent distribution 

volumes for FFA and chylomicrons were larger than the blood volume. Secondly, when 

the chylomicron enters the circulation, there was a lag-phase before the chylomicron was 

available for uptake as a particle. Thirdly, retinyl esters contained in chylomicrons were 

not available for hydrolysis by LPL under physiological conditions.

* In fasted rats, all fatty acids contained in chylomicron TG recirculated in the FFA pool. In 

fed rats, 20 % of the TG fatty acids did not appear in the FFA pool. Thus, in fed rats there 

was a direct pathway for uptake of chylomicron TG without prior hydrolysis to FFA. This 

fits well with a selective uptake of TG over FFA in adipose tissue from fed rats.
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