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ABSTRACT

The metabolism of 0.4 mM albumin-bound fatty acids (FA) and 0.4 rnM TG
chylomicrons (CM)was compared in isolated perfused mouse hearts. [ 3 ~ ]were
- ~ ~
hydrolyzed by endothehum-bound lipoprotein lipase to fHj-FA, which was oxidized to
3 ~ @
esterified
,
into tissue lipids,

or accumulated in the perfusate. Though CM are an

important source of FA for the heart, their rate of oxidation (2 1.1 p o W g dry wt) was
less than that of FA-albumin (56.7 p o W g dry wt). Equal amounts of ['HI-CM were
oxidized and esterified by working hearts, while hearts perfused with FA-albumin or
perfused with I~W-CM
in Langendorff mode (non-working retrograde perfusion)
oxidized Cfold more FA than was esterifred. Additionally, E~H]-CM
metabolism did not
alter with co-perfusion of up to 1.2 m M unlabelled FA-albumin. These findings provide
novel evidence that CM and FA-albumin are used by the mouse heart differently and do
not enter a common intraceIlular metabolic pathway.

ACKNOWLEDGEMENTS

I would like to extend my thanks and appreciation to my supervisor. Dr. David
Severson for providing such kind guidance and assistance over the years. I am grateful
for the opportunity I had to study at the University of Calgary with Dr. Severson and the
members of the lab, all of whom are knowledgeable, helpful. and encouraging.

I would also Like to acknowledge the kind assistance of Mariene Chuang in
conducting the TLC portion of these experiments, Dr. Henry Koopmans for teaching me
the surgical procedure used in this study, Dr. Darrell Belke who taught me the frne art of

mouse heart cannulation with tremendous patience. and Rogayah Carroll for all her heIp

and advice.

TABLE OF CONTENTS
APPROVAL PAGE
ABSTRACT
ACKNOWLEDGEMENTS

TABLE OF CONTENTS
LIST OF FIGURES AND TABLES
LIST OF ABBREVIATIONS
INTRODUCTION
1. Myocardial metabolism

2. Fatty acids as an oxidative energy source for the heart
a) Uptake of circuladng FA by the heart
b) Lipoprotein metabolism in the heart
i) Production of lipoproteins and transport of TG
ii) Lipoprotein utilization
c) IntracelIuIar fate of FA in cardiomyocytes
i) Uptake
ii) Oxidation
iii) Esterification
d) ASP and FA metabofism

3. Researching cardiac metabolism
4. Statement of objectives

METHODS
1. Heart isolation

a) LangendorH heart preparation
b) Working heart preparation
2. Isolation of radiolabeiIed chylomimns from the rat

viii

3. Chyiomicron metabolism by perfused hearts
a) CM validation
b) Working heart experiments
C)Langendorff heart experiments

4. Metabolism of [3~-palmitateby perfused working hearts

5. In vitro LPL assay
6. Determination of hr-LPL and c-LPL activities

7. Statistics
8. Materials

RESULTS
1. LPL activity in the mouse heart: LPL release from cardiac
vasculature in response to heparin

2. Characterization of rat L~H]-CM
3. Validation of I~W-CMas a good LPL substrate in vitro and
optimization of conditions
4. Metabohm of [ 3 H J -by~ perfused
~
working mouse hearts

a) Function
b) CM metabolism: oxidation of LPL-derived [

3 ~ ] - ~ ~

CM metabolism: incorporation into tissue lipids
3 ~in the
- perfusate
~ ~
e) CM metabolism: summary

C)

d) CM-TG hydrolysis: unmetabolized [

5. Metabolism of [3~-palmitate
by isolated, perfused working
mouse hearts
a) Function
b) FA Oxidation
C) FA Incorporation into tissue lipids

6. Comparison of the metabolism of LPL-derived FA fmm
perfusions with [ 3 ~ to -the ~metabolism
~
of [--pabitate
complexed to albumin

7. Metabolism of [ 3 ~ by -perfused
~
~ mouse hearts, measured
in the presence of palmitate
8. Metabolism of [ 3 ~ - effect
~ ~ of: ASP
a) [ ~ J - c Mmetabolism by Langendorff mouse hearts
b) Effect of ASP on CM metabolism in Langendorff mouse hearts

DISCUSSION

1. The model system
a) Using mice versus other species
b) LPL distribution within the mouse heart
C) Choice of substrate
2. Key findings and observations
a) Comparison of results to published findings
b) CM oxidation does not correlate to cardiac power generated
in working mouse hearts
c) The oxidation:esterification ratio
d) ASP does not improve cardiac LPLderived FA trapping
e) Determining the metabolism of CM relative to FA in working
mouse hearts

3. Are FA and CM used for different intracellular fates?
4. Summary of findings

REFERENCES

LIST OF FIGURES AND TABLES
Title
INTRODUCTION
Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.
Figure 6.
Figure 7.
Figure 8.

The Randle cycle
Sources of fatty acids in the circulation for cardiac metabolism
Routes of fatty acid uptake into cardiomyocytes
Lipoprotein structure and dative sizes of lipoprotein classes
Formation of chylomicroas by the intestine
The interaction of lipoproteins with endothelium-bound
lipoprotein lipase.
Lipoprotein Iipase synthesis and function in the heart
Myocardial FA metabolism

METHODS
Figure 9.
Figure 10.
Figure 1 1.

The working heart apparatus
Chyiomicron isolation
Chylomicron metabolism by the isolated working mouse heart

RESULTS
Figure 12.
Figure 13.
Figure 14.
Figure 15.
Figure 16.
Figure 17.
Figure 18.
Figure 19.
Figure 20.
Figure 2 1.
Figure 22.
Figure 23.
Table 1.
Figure 24.
Figure 15.

Heparin-releasable LPL activity from perfused mouse hearts
[ 3 ~isolation
- ~ ~
Labelhe [ 3 ~ ] lipids
- ~ ~
LPL assay with competing TG substrates
Serum-dependency of CM hydroIysis
Comparison of 3 types of serum for activation of LPL activity
lmmunoinbibition of LPL activity
Cardiac power generated by working hearts
Oxidation of [-'H]-cM by working hearts
Correlation between [ 3 ~ oxidation
~ and
~ cardiac power
[ 3 ~metabolism:
- ~ ~incorporation into tissue lipids
Accumulation of CM-derived [%I-FA in the perfusate
of working hearts
Ultimate fate of CMderived FA utiIized by the working
mouse heart
Oxidation of [3H+palmitate by working hearts
[3~-palmitate
metabolism: incorporation into tissue lipids

Page

Table 2.

Figure 26.
Figure 27.
Figure 28.
Figure 39.

Comparison of ['HJ-CM and ['HI-palmitate utilization by
working hearts
Oxidation of ['HI-CM by working hearts, in the presence of
additional unlabelled FA-albumin
['HI-CM metabolism: incorporation into tissue lipids. in the
presence of additional unlabelled FA-albumin
Oxidation of tHj-CM by Langendorff hearts
['HI-CM metabolism by Langendorff hearts: incorporation
into tissue lipids

DISCUSSION
Figure 30.
Figure 3 1.

Cardiac FA metabolism
Fatty acid uptake by the heart

70

72

73
75
76

LIST OF ABBREVIATIONS
Ab
ACC
ADP
ALB or Alb

AMP
AMPK
AMPKK
Apo or apo
ASP
ATP

Antibody
Acetyl-CoA carboxylase
Adenosine 5' diphosphate
Albumin
Adenosine 5'-monophosphate
5'-AMP-activated kinase
AMPK kinase
Apolipoprotein
Acylarion stimulating protein
Adenosine 5'-triphosphate
Bovine serum albumin

CPT

Citric acid cycle
Camitine:acylcamitine translocase
Cholesterol esters
Cellular LPL
Chylomicrons
Cardiac output
Coenzyme A
Cardiac power
Carnitine palmitoyluansferase

DG
DGAT

Diacylglycerol
DiacylgIycerol acyi uansferase

EDTA

Ethyienediaminete~aaceticacid

FA
FABP
FAD+
FADHz
FAT
FATP
FC

Fatty acids
Fatty acid binding protein -cytosolic form
Fatty acid binding protein -plasma membrane bound form
Ravin adenine dinucleotide
Ravin adenine dinucleotide, reduced form
Fatty acid translocase
Fatty acid transporter protein
Free choIestero1

GPAT

Glycerol-3-phosphate acyl transferase

CAC
CAT
CE
c-LPL

CM
CO
CoA

CP

FmPpm

hr-LPL
HSL

HSPG

Heparin-releasable LPL
Hormone-sensitive iipase
Heparin sulphate proteoglycans

Krebs-Henseleit buffer
LCAS

LP

LPL
IYSO-PAAT

Long-chain fatty acid speciiic isoform of fatty acyi-CoA
synthetase
Lipoprotein
Lipoprotein lipase
Lysophosphatidate acyltransferase

MG

Mdonyl-CoA decarboxylase
Monoacylglycerol
Microsomai TG transfer protein

N AD'

Nicotinamide adenine dinucleotide
Nicotinarnide adenine dinucleotide. reduced form

MCD

m
NADH

PPH

Phosphatidic acid
Pyruvate dehydrogenase complex
Phospholipid
Phosphatidate phosphatase

VLDL

Very low density lipoprotein

PA
PDC

PL

INTRODUCTION
1. Myocardial metabolism

Continued mechanical performance of the heart to pump blood throughout the
body requires a constant supply of ATP to maintain contractile performance; thus
myocardial metabolism requires carell and reactive regulation. The heart can utilize a
variety of substrates to derive energy by both anaerobic and oxidative pathways (Neeiy &
Morgan, 1974). The majority of ATP is generated through oxidation of fatty acids (FA),
while glucose oxidation and glycolysis contribute the remainder. Under certain
circumstances, lactate can also be an important substrate for myocardial metabolism.
Normally in the heart. oxidation of FA and glucose account for 6 5 8 and 30% of the
energy demand respectively, but these levels can be altered based on the availabiIity of
the substrates in the circulation (van der Vusse et al., 2000: Saddik et d.,1993).
The choice of substrate can depend on conditions including availability. uptake
and extraction from the circulation, workload of the heart, hormonal and neural control,
active transport systems, endogenous supplies, oxygen supply and drugs. Acute
dterations in substrate selection can be explained by post-translational modifications of
key enzymes in the oxidative or uptake pathways involved in their use while longer term
alterations may be the result of altered gene expression (van Bilsen et al., 1998).
For example, after a high fat meal there is an increase in dietary triacylglycerol

(TG)use by the heart, while acute exercise increases plasma lactate concentrations,
thereby increasing lactate oxidation by the heart and decreasing glucose oxidation and FA
uptake (Opie, 1998). Another exampIe is epinephrine that works in the heart primarily by

2
activating the pyruvate dehydrogenase complex (PDC)but also by increasing
phosphofructokinase activity and glucose uptake. These alterations account for the acute
changes in substrate selection associated with this hormone. Collins-Nakai et d.(1994)
showed that epinephrine preferentidy increased glucose oxidation in isolated working rat
hearts from 13 to 36% of ATP production, while FA oxidation was reduced from 83 to
63%. This contributes to changes in the efficiency of the hem (Collins-Nakai et ai..
1994; Korvald et al., 2000). Although FA are the preferred oxidative substrate for the
heart, only 2.83 ATP is produced per oxygen atom consumed (Opie. 1998). A shift to
greater glucose oxidation increases the efficiency of the heart in that glucose oxidation
produces 3.17 ATP per oxygen atom consumed. Such a change in efficiency is not
known to affect the organism as a whole, but may be an added benefit to increase
efficiency when epinephrine is required, typically in a fight or flight reaction. when
increased cardiac efficiency may be especially beneficid.
Long-term alterations to substrate selection may involve changes in gene
expression, For example, in certain cell types, FA have been found to alter transcription
of specific genes involved in their metabolism or transport (Dupius et al., 2000). This
may be mediated by FA interactions with peroxisorne proliferator-activated receptors.
which can modulate expression of FA-responsive genes (Duplus et al., 2000).
There is a close functional relationship between cardiac metabolism and
mechanical function (Evans et al., 2000); thus the proffle of substrate usage plays a role in
the overall health of the organism. A prime example is diabetes mellitus, a condition
associated with a myriad of changes due to altered insulin levels, changes in membrane
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permeability to glucose, and alterations in cholesterol and FA levels in the plasma. The
elevated FA concentrations in plasma affect myocardial metabolism because FA levels
have a direct influence on the amount of glucose extracted and oxidized by the
myocardium (Wisneski et al., 1985). High FA provision promotes FA oxidation and
storage while inhibiting gIucose oxidation by inactivation of PDC (Randle, 1998). The
"Randle Cycle" is known to occur in many species including humans and rodents (Fig. 1).
Saddik & Lopaschuk (199 1) showed high FA in perfused hearts reduced overall glucose
utilization and changed the glyco1ysis:glucose oxidation ratio from 2: 1 to 13: 1.
P-oxidation of FA generates acetyl-CoA, which inhibits PDC by product
inhibition and by promoting covalent modification to the phosphorylated inactive form
(Randle et al., 1994; Randle, 1998). Thus, diabetes rnellitus (type 1, insulin-deficient)
results in reduced myocardial glucose utilization due to both direct (insulin deficiency
reducing glucose uptake) and indirect (metabolic alterations due to elevated FA in
plasma) mechanisms.

On the reverse side, dichloroacetate was shown to increase the percentage of
active (dephosphorylated) PDC and therefore increase giucose oxidation in perfused
diabetic rat hearts (Chatham et al., 1997). Clearly, the substrate in use affects the health
of the heart as well as the organism as a whole.

2. Fatty acids as an oxidative energy source for the heart
FA oxidation contributes the majority of ATP to many cells, including

cardiomyocytes (van der Vusse et aI., 2000), and FA are considered to be the preferred
oxidative substrate for the heart (van der Vusse et al., 1992; Lopaschuk et al., 1994).

Glucose

e
*
GLYCOLYSIS

Pyruvate

d
PDC

P'\

CYTOSOL

MITOCHONDRIA

ATP + H20 + C02

Fig. 1. The Randle cycle. Metabolic intermediates interact to inhibit use of other
substrates. The Randle Cycle describes the inhiiition of the pyruvate dehydrogenase

complex (PDC)by aceryl-CoA generated h m p-uxidadon of fatty acids (FA). Thus FA
utilization inhibits glucose oxidation specifically.

Their importance is impressive considering that perfused hearts will actually use
endogenous stores of FA when exogenous FA are absent, because the use of glucose
alone cannot meet the demands of the hart (Saddik & Lopaschuk, 1991).
FA are a very high-energy substrate, and while the use of FA is less efficient in

terms of oxygen consumption, FA are more efficient in terms of the ATP yield per carbon
atom (5.2 ATPIC atom vs. 6.7 for palmitate; Opie, L998). Thus FA is more "energy
dense" and is capable of being stored by the body in larger quantities. Several kg of TG
can be stored in adipocytes while carbohydrate is limited to <300 g of glycogen in liver
and muscle and requires additional weight of associated water for storage (Lehninger et
al., 1993; Gibbons et al., 2000).

A disadvantage of FA use is their inherent insolubility in pIasma requiring
transport as a complex with plasma albumin, and their inherent cellular toxicity.
Excessive FA deposition as TG in non-adipose tissues is known as steatosis. An
increased intracellular TG pool can be the result of high levels of fatty acyl-CoA. If not
oxidized quickly, fatty acyl-CoA can also react with serine to initiate de novo ceramide
synthesis causing expression of inducibIe nitric oxide synthase. The resultant
peroxynitrite produced contributes to cardiac apoptosis. Zhou et al. (2000)termed this
process lipoapoptosis and observed a causal relacionship between obesity of Zucker
diabetic fatty rats leading to steatosis and decreased cardiac contractility. Hickson-Bick
et al. (2000) also reported enhanced cerarnide synthesis and apoptosis in cells exposed to
elevated FA.

The body has had to evolve a means of supplying cells with an appropriate
concentration of FA for use in order to take advantage of this excellent substrate while
limiting exposure of cells to excessive concentrations (Gibbons et aI., 2000). FA used by
the heart are derived from two sources (Fig. 2): circulating FA complexed to plasma
albumin and hydrolysis of the TG component of circulating lipoproteins.
a) Uptake of circulating FA by the heart
Insoluble FA must be transported to the heart by binding to plasma albumin. FA

are generated by lipolysis of TG stores in adipocytes, catalyzed by the hormone-sensitive
lipase (HSL;Fig.?). Albumin has 8 high-affinity FA binding sites (van der Vusse &
Reneman. 1996); herefore. the carrying capacity of plasma (4 g albumint100 mL; 0.6
mM in the plasma) is adequate to provide cells with an abundant supply of non-esterified

FA (van der Vusse et al., 2000).

In the heart, FA dissociate from the FA-albumin complex and are transferred from
the circulation, through the interstitial space, to the cardiomyocyte for use. This
trafficking requires that FA pass through several lipid membranes and aqueous phases;
the means by which this is accomplished is the subject of some debate. It is likely that

FA uptake occurs by both simple diffusion and protein-mediated tramport mechanisms
(van der Vusse et al., 2000, Hamilton & Kamp, 1999; Abumrad et al., 1999).
A recent review by van der Vusse et al. (2000) discusses the routes of FA

transport from the circulation to the underlying cardiomyocyte (Fig. 3). This author
concludes that route 1,representing membrane protein-dependent transport of FA to the
interstitial space and re-association with interstitial albumin for dehvery to the underlying

CORONARY
VASCULATURE

1

@jjbF*
1
CARDIAC MYOCYTE

Fig. 2. Sources of fatty acids (FA) in h e circulation for cardiac metabolism. FA-albumin
originates from adipose tissue lipolysis, where stored TG is hydrolyzed to FA by hormone
sensitive lipase (HSL). Lipoproteins carry TG to the heart. CM are made in the intestines

and carry dietary TG, while VLDL are made by the liver, and carry TG derived from FA
in the plasma or fiom de novo synthesis. Lipoprotein TG requires hydrolysis to FA by
lipoprotein lipase (LPL).

ugillary
lumen

Fig. 3. Routes of FA uptake into cardiomyocytes, from van der Vusse et ai.. (2000). 1,
Transport of FA-albumin through interendothelid clefts. 2, FA-albumin transporting via
endothelid spaces. 3, FA transport via interfacial membranes (3.1) or diffusing through
the cytosoI (3.2). 4, transport of FA via membrane transporters, with interstitial aIbumin
as an acceptor.
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myocyte is the primary mode of transport. FABP,, (fatty acid binding protein), FAT
(fatty acid translocase), and FATP (fatty acid transport protein) play roles in this proteinmediated mode of transport. It is generally agreed that interstitial albumin (-0.3 mM: van
der Vusse et al., 2000) contributes to FA transport (Scow & Blanchette-Mackie. 1985:
van der Vusse et al., 2000) because release of FA from lipid rnicelles or bilayers into
aqueous media is negligible without albumin as an acceptor.
Route 1 (Fig. 3), diffusion of a FA-albumin complex through the cell, has been
eliminated due to the low permeability of albumin by either diffusion or transcytosis.
Diffusion of FA-albumin through intercellular spaces (route 2) has been found to occur.
but at rates too low to be a major contributor.
Route 3 (Fig. 3). diffusion of FA within the lipid membrane. is a controversial
possibility which has been dismissed by some investigators based on theoretical limits on
the predicted concentration gradient required to drive such movement (van der Vusse et
al., 2000). Originally proposed by Scow & Blanchette-Mackie (1983, this transport
mechanism is dependent on diffusion along an interfacial continuum of inmembrane
lipid that can extend as far as the i ~ emitochondrial
r
membrane, or internal lipid droplets
of TG stores. Histochemical evidence was presented in this paper along with kinetic
experiments which showed that FA could move along FA continuurns From one
compartment to another when enhanced by the presence of albumin to "pull" the FA.
b) Lipoprotein metabolism in the heart

Triacyiglycerols (TG) are an effective substrate for use by an organism that
provides many advantages. Fitly, TG have a high "energy densij',i.e. many calories
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of energy can be packaged into a relatively small volume. Secondly, TG are much less
toxic than FA, allowing cells (especially adipocytes) to store fuel. Therefore. the
esterification of FA into TG is an effective means of both storing and transporting large
amounts of FA effectively while shielding the body from their toxicity. The effectiveness
of TG as a substrate relies on the ability of the body to store and mobilize FA from a TG
pool (either cellular or circulating) on demand.
i) Production of lipoproteins and transport of TG

Lipoproteins are the soluble carriers of TG and cholesterol in the blood (Ginsberg,
1998). The structure of lipoprotein particles is maintained by apolipoproteins (apo) and
amphipathic outer surface molecules such as phospholipids and unesterified cholesterol.
The core carries the non-polar lipids including TG (Fig. 4).

There are five classes of lipoproteins but only two are rich in TG. The first are
chyIornicrons (CM) which have the largest size and transport dietary fats from the
intestine. The second is VLDL,which is responsible for transporting TG generated in the

liver.
Dietary fats are absorbed almost completely by intestinal enterocpes. After a
meal, insoluble macroscopic fat particles are dispersed into microscopic micelles to
enhance uptake. Bile salts made from cholesterol in the liver and released into the
intestine by the gallbladder aid in this emuIsification. Dietary TG are quickly hydrolyzed
to monoacylglycerol and FA by pancreatic lipase (Lehninger et al., 1993). This enzyme is
specialized to work in the high bile salt environment of the intestine and requires colipase

as an activator (Olivecrona & Bengtsson-Olivecrona, 1991). All fractions of FA are

Fig. 4. A, Lipoprotein structure, showing the hydrophobic core, amphipathic surface
molecules and apolipoproteins.

"Cholesterol and Atherosclerosis", p. 1.10, S.M.

Grundy. J.B. Lippincon Company, New York. B, the relative sizes of various lipoprotein

classes. CM and VLDL in the center panel, LDL on the left, HDL on the right.

In

"Biochemistry of Lipids, Lipoproteins and Membranes", p. 474, D.E.Vance & J. Vance.
Elsevier Science B.V., New York.
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absorbed by the enterocytes, esterified into TG, and packaged with cholesterol and apo
B48 to form CM (Fig. 5).
The formation of CM particles in enterocytes has not been M y described. The
process is completely dependent on expression of microsomal TG transfer protein (MTP)
and apoB48 expression (Nielsen et al., 1998). MTP transfers Lipids from the cytosol to
apo B48 as it is being transcribed, allowing proper folding and the formation of the
neutral core of the particle within the ER (Nielsen et al., 1998). A recent model described
by Kumar & Mansbach (1999) suggests that MTP may translocate apoB48 itself into the

ER membrane where the CM is formed and the developing CM is transported vectoridly
in a prechylomicron transport vesicle from the ER to the Golgi. This ER to Golgi
transport is thought to be the rate-limiting step of CM production. These transport
vesicles fuse with the Golgi and the "cargo" is released into the Golgi lumen (ATPdependent) for further processing such as the addition of apo AI. and then are teady for
basolaterd secretion (Fig. 5).
CM are secreted into the lymphatic system (as "chyle") and thus are transported

from the intestines through the thoracic duct into the blood stream (Fig. 5). Once in the
blood, CM exchange apolipoproteins AI and AIV for apo C's and E's in HDL (Wang &
Evans, 1997). Of particular importance is the acquisition of apo CII, an essential cofactor
for CM catabolism by lipoprotein lipase (LPL), without which hyperuiglyceridemia can
result (Zsigmond et ai., 1998).
Over 90% of the core lipids in CM particles are TG (Ginsberg, 1998), therefore
they represent a tremendous means of transporting a high-energy substrate. Other major

TG

MG + FA

Pancreatic Lipase

Mixed Micelle

INTESTINAL
MUCOSAL
CELL

MG + FA

1

INTESTINAL
LUMEN

+

I

Apo 948

pL

CHYLE

i

Thoracic Duct

CIRCULATION
Fig. 5. Formation of CM in the intestine. Dietary TG are hydrolyzed by pancreatic
Lipase; the Iipolytic products and cholesterol are emulsified by bile salts into micelles for
uptake from the intestina! lumen. CM are formed by the intestinal cell which expresses
apolipoproteins (apo B48) and a niicrosomal TG uansfer protein (MTP). CM are

assembled horn apo B48 and the lipids and are secreted basoIateraUy into the lymph for
transport to the circuiation.
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constituents are cholesterol (2-7%) and phospholipid (3-9%). These lipoproteins have the
lowest density (0.95 g/dL), range in diameter from 75-1200 nm (but usually are between

100-500 urn; Fig. 4). and are characterized by the presence of 1 apoB48 molecule per
particle. Other apoproteins in CM are apo A II and IV.as well as C I, llI, and E
(Ginsberg, 1998).

ii) Lipoprotein utilization
Muscle is estimated to clear approximately 30% of circulating TG. depending on
nutritional status (Zechner, 1997). This is impressive considering the extremely short
half life of most lipoproteins, in particular that of CM being less than 10 rnin. In
addition, the average human transports up to 200 g of TG per day in plasma from one site
to another (Zechner, 1997). How is this TG source used?
Pedersen et a]. (1983) visualized lipoproteins associating with the lurninal surface
of the coronary vasculanue. Chi are extremely large particles (Fig. 4); therefore. initial
steps in CM catabolism must take piace in the vascular space. TG-rich lipoproteins are
thought to associate with the enzyme LPL which is bound to the heparan sulphate
proteoglycan (HSPG)mesh layering the lumen of the vessel (Fig. 6). LPL hydrolyses TG
into FA and 2-monoacyiglycerol that can be further hydroiyzed following isomerization
(Bengtsson & Olivecrona, 1980). As CM are delipidated the particles shrink forming CM
remnants. These remnants renun to the circulation for clearance by the liver.
CM are the preferred lipoprotein substrate for LPL (Goldberg, 1996), and support
a higher level of cardiac work than VLDL in isolated working rat hearts (Evans et al.,

2000). FA released from hydrolysis of the TG component of CM by LPL must be

Chylomicrons

VLDL

Fig. 6. The interaction of Lipoproteins with endothelium-bound LPL, ( 3 4 ye larger than

VLDL and therefore contact more LPL moIecules simultaneously, increasing hydroIysis
rates. From Goldberg, 1996.
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translocated to the underlying myocardiaI cells for metabolism. It has generally been
assumed (van der Vusse et al., 2000) that the uptake of LPL-derived FA will use the same
processes as described for FA dissociated from albumin (Fig. 3) although this has not
been confirmed (Evans et al., 2000).

LPL bears homology to pancreatic lipase involved in CM formation, but LPL is
only capable of function when in the vascuIature, not the intestines. Like pancreatic
Lipase, LPL also requires an activator, in this case, apo CII. LPL is one of two lipases that
hydrolyze circulating lipoprotein TG in the plasma. The other enzyme is hepatic lipse.
which is only expressed in the liver (Olivecrona & Bengtsson-Olivecrona 1993). CM are
too big to penetrate the "liver sieve" therefore may not be exposed to hepatic lipase unless
first convened to a CM remnant particle by LPL (Olivecrona & OLivecrona 1995). As a
result. LPL is responsible for virtually all exm-hepatic hydroIysis of circulating
lipoprotein TG. LPL is primarily expressed in adipocytes. myocytes including
cardiomyocytes and lactating mammary tissue, all cells with a high FA flux.
In humans, LPL is a 60 kD,447 amino acid glycoprotein encoded by a single gene
located at chromosome 8p22 (Zechner, 1997). The active enzyme is comprised of a
noncovalent dimer (Olivecrona & Bengtsson-Olivecrona, 1993).
LPL is a critical enzyme for metaboIism of lipoproteins; therefore, mutation or
inactivity can be fatal. This has Limited the development of knock-out mouse models
(Weinstock et al., 1995; Coleman, et al., 1995). Weinstock et aI. (1995) developed an
LPL-knock-out mouse model that shows deIayed TG plasma clearance once the pups
began to suckle. This trait is lethal within L8 h of birth due to the resultant massive

hyperchylomicronernia. Interestingly, LPLdeficient mice can be rescued by heartspecific expression of LPL (Levak-Frank et al., 1999). In humans, LPL deficiency is rare
(111 06)and leads to hyperlipoproteinemia (Ginsberg, 1998; Savonen et al., 1999). Only a
few other animal models of LPLdeficiency, such as the mink,have been noted in the
literature (Savonen et al., 1999).

In the heart, cardiomyocytes synthesize LPL which is then translocated to the

luminal surface of the endothefial cells in the coronary vasculature (Fig. 7) where it can
interact with circulating lipoproteins (Braun & Severson, 1992). LPL expression has
been localized to cardiomyocytes by in siru hybridization experiments and Western
blotting to detect LPL mRNA and protein respectively (Blanchette-Mackieet al.. 1989:
Camps et al., 1990; O'Brien et al., 1994). LPL protein, but not rnRNA, can be detected at
the luminal surface of the coronary endotheIium by immunocytochemical microscopy
(Pederson et al., 1983). LPL is expressed most highly in white and brown adipose tissue,
heart and skeletal muscle, lacrating m a m a y gland, and macrophages (Camps et al..
1990: Goldberg et al., 2000); in general, tissues with particularly high FA flux express

LPL. Furthermore, cardiac LPL may have particular significance, as the heart is the first
organ perfused with CM from the thoracic duct (Goldberg et al., 2000).
LPL expression and activity is influenced by the nutritional state of the animal
(Enerback Sr Gimble, 1993) and is cell type specific. Cardiac LPL activity is enhanced
during fasting and reduced in the post-prandiai fed state, while the reverse is true in
adipocytes (Braun & Severson, 1992). This LPL distribution is logical when LPL
hydrolysis is viewed as the first step in exogenous TG utilization by cells.

LPL mRNA

CARDIAC
MYOCYIE

I

LPL

FFA
1

FFA

fNTERSTITIAL
SPACE

Fig. 7. LPL synthesis and function in the hem Cardiac LPL is synthesized in the

myocytes but is transported to the functiond site, the IuminaI surface of the capillaries.

LPL is bound by heparan suIphate proteoglygans on the surface of the capillary, where
interaction with circulating Lipoproteins can occur.
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LPL hydrolysis is mhbited by product inbibition, mediated by FA binding to LPL
(Bengtsson & Olivecrona, 1980)thereby impeding the interaction between LPL and apo

CD (Olivecrona & Bengtsson-Olivecrona 1991). The addition of albumin prevents FA
from inhibiting LPL by binding FA as they are produced, as albumin has a higher affinity

for FA (Bengtsson & Olivecrona 1980).

LPL is held to the luminal surface of vascular endothelial cells by non-covalent
binding to HSPG. This interaction is transient as LPL is slowIy but continuously shed

from the endothelium (Braun & Severson. 1992). LPL is thought to move about the

HSPG mesh in response to CM binding (Santamarina-Fojo & Dud. 1994). Thls
locdization of LPL ensures efficient dehvery of the hydrolyzed FA to the tissues in which
the LPL was generated.
Heparin will displace LPL from HSPG binding sites on the endotheiium. This

fraction of the LPL present in the heart is known as heparin releasable (hr-LPL. or
"functional" LPL),as opposed to the celiular content of LPL (c-LPL) which includes all
intracelldar stores. in viva, release of hr-LPL reduces the hdf-life of CM in blood from

1 1 to 5 min (Olivecrona & Olivecrona, 1995). In pehsed hearts pre-treated with
heparin, subsequent degradation of TG-rich Lipoproteins is reduced (Borensztajn &
Robinson, 1970; Pedersen et ai., 1983).

Early studies of CM (and VLDL) metabolism were conducted with non-working
Langendorff perfused hearts (Kreisberg, 1966; Rajaram et al., 1980; Tamboli et d.,
1983). More recent srudies have used perfused working rat hearts, generally agreed to be

more physiological for the study of metabolism as the working heart has a much higher
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metabolic demand for ATP (Wang and Evans, 1997; Wang et al., 1998). These authors
have been able to compare the utilization of TG in lipoproteins (CM and W L )to that
of FA-albumin. It is this relationship between these two sources of FA (Fig. 2) that is the
focus of the present study, as the contribution of LPL-derived FA to myocardial
metabolism compared with FA-albumin has never been determined in the heart, nor has it
been established if FA from these two sources are metabolized via the same pathways

(Saddik & Lopaschuk, 1991; fielding & Frayn. 1998; Evans et al.. 2000). A comparison
of myocardial utilization of CM, the preferred endothelium-bound LPL substrate, in the
absence and presence of additional FA-albumin will further define this metabolic

relationship.
C)

LnfraceUular fate of FA in cardiornyocytes

i) Uptake

The fmt step in FA utilization by the heart is uptake from the lumen of the
coronary vasculature, through the interstitial space, to the myocyte (Fig. 3). The primary
means of FA uptake by cardiornyocytes is likely via plasma membrane-bound FA
uansporters (FABP,,, FAT, FATP:Fig. 3) together with intracellular FA binding
proteins (FABP). There are a farmly of FABP that transport long-chain FA across
membranes and have high expression in tissues with a high FA flux (e.g. intestines, heart.
muscle, liver, adipose tissue) (Storch & Thurnser 2000). Tissue specific homologue
expression within this family of proteins implies that various isoforms of the protein have
specific functions (Storch & Thumser, 2000; Hertzel & Bernlohr, 2000).

2f
Intracellular FABP has a variety of functions: trafficking FA between membranes
and enzymes (possibly hormone-sensitive lipase), protecting the cell against FA toxicity
(Binas et al., 1999) and providing a carrier for insoluble FA within the aqueous interior of
the cell (Storch & Thumser, 2000). Without a "solubilizing agent" such as FABP. the
influx of FA would be Limited due to an inability of FA to enter the aqueous interior of
the cell; FABP is a required "acceptor" of FA from the blood (Binas et d.,1999). FABP
is present in the cytosol at a content of 49 nmoUg wet wt in the rat heart (Swanton &
Saggerson, 1997).

FABP-3 is the primary isoform expressed in the heart. with expression largely
limited to myocytes, as expression is far lower in the other cardiac cell types (Hertzel&
Bernlohr, 2000). Expression can be further induced by testosterone. endurance training

and elevated FA oxidation (possibly due to chronic conditions such as diabetes).
FABP-3 has recently been proven to be required for FA utilization. Mice lacking
this gene were forced to rely on glucose oxidation more so than normal. due to a limited
ability to uptake FA (Binas et al., 1999). These mice exhibited increased plasma FA
concentrations and reduced FA uptake into organs, together with elevated carbohydrare
utilization. These traits contribute to reduced exercise tolerance. illustrating the
importance of substrate selection.
ii) Oxidation

Following uptake of FA into the cytoplasm, the next step in FA oxidation is
transport into the mitochondrial matrix where $-oxidation occurs (Fig. 8). This process
has several steps, the first of which is activation of the FA by association with Coenzyme
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Fig. 8. Myocardial FA metabolism. FA have 3 inuacelluIar fates: oxidation for ATP
generation, storage as TG, or export as a lipoprotein. Oxidation rates of FA in the
mitochondria are modulated by malonyl-CoA-mediated inhibition of carnitine
palmitoyltransferase-1 (CPT1). Malonyl-CoA is synthesized from acetyl-CoA by acetylCoA carboxylase (ACC-P), and degraded by maIonyI-CoA decarboxylase (MCD). TG
synthesis is catalyzed by glycerol-3-phosphate acyltransferase (GPAT),lysophosphatidate acylmsferase (lyso-PAAT), phosphatidate phosphatase (PPH), and
diacyIgIycero1 acyltransferase (DGAT), while mobilization of FA from this pool is via a
myocardial lipase. Lipoprotein synthesis is dependent on apo B and MTP expression.
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A (CoA). This reaction is catalyzed by the Iong chain fatty acid specific isoform of fatty
acyl-CoA synthetase (LCAS). This enzyme converts long chain fatty acids to fatty acylCoA. The next step, catalyzed by camitine pahitoyltransferase-1 (CPT-1) transfers the
fatty acyl group to carnitine. This product can be shuttled from the intermembrane space
to the matrix of the mitochondria by carnitine:acylcarnitine translocase (CAT), an integral
inner mitochondria1 membrane protein. Finally, camitine palmitoyltransferase-2 (CPT2). present on the inner swface of the inner mitochondrial membrane, transfers the fatty

acyl group from carnitine back to intraraitochondrial (matrix) CoA resulting in fatty acylCoA inside the mauix ready for P-oxidation.
This entire mitochondrial transport process is a prerequisite for FA oxidation. and
thus is subject to regulation based on the metabolic requirements of the cell (Fig. 8). One
major site of regdation is CPT- idubition, the fmt committed step of FA oxidation
(Kemer & Hoppel, 2000). The activity of this enzyme can be modified at the
transcriptional level, but more acute responses are mediated by sensitive inhibition in
response to malonyl-CoA (Kemer& Hoppel, 2000). The N-terminal of CPT- 1 senses
malonyl-CoA, the first intermediate in the de novo synthesis of long chain FA from
acetyl-CoA. Lipogenesis (FA biosynthesis) does not occur in the heart, so malonyl-CoA
has an exclusive role as a regulator of FA oxidation. An inverse relationship between FA

oxidation and tissue rnalonyl-CoA concentrations was noted (Kemer & Hoppel, 2000).

In the heart, CPT- 1 is sensitive to the amount of maIonyI-CoA present, unlike other tissue
isofom (e.g. liver) where CPT-1 activity is modulated by altered sensitivity to maionylCoA (Saddik et al., 1993).

Physiological concentrations of FA are known to cause rapid CPT- 1 gene
expression, thereby increasing FA oxidation (Kerner & Hoppel, 2000). Longer-term
conditions such as fasting and insulin-dependent diabetes mefitus are associated with
elevated plasma FA concentrations, so it is Likely that CPT-1 is upregulated, promoting
FA utilization.
The conversion of acetyl-CoA to malonyl-CoA. catalyzed by acetyl-CoA
carboxylase (ACC), is also subject to regulation. There are two tissue isofonns of this
enzyme: a in adipocytes and hepatocytes (265 kDa) and P (280 kDa)which is more
predominant in heart and skeletal muscle (Kerner & Hoppel, 2000: Saddik et al.. 1993).
This enzyme is inactivated by rapid phosphorylation by 5'-AMP-activated kinase
(AMPK), which itself is subject to phosphorylation and activation by AMPK-kinase

(AMPKK).AMPKK is sensitive to the relative amount of ATP in a ceil, thus is
responsive to increased exercise (metabolic demand). ACC can contribute to control of
FA oxidation rates by formation of malonyl-CoA even in tissues that do not produce large
amounts of de novo FA. such as the heart (Saddik et al.. 1993). The heart requires rapid
and more sensitive responses to changes in energy demand than adipose tissue. This
explains the increased a m i t y of the heart isoform for acetyi-CoA (Saddik et al., 1993).
The control of heart CPT-1 by malonyl-CoA levels depends on both rates of
synthesis by ACC and degradation by malonyl-CoA decarboxylase (MCD). Rapid
turnover of maloayl-CoA was faster than could be explained by ACC inhibition, therefore

MCD involvement has been implicated (Goodwin & Taegtmeyer, 1999). MCD is
expressed in the hem, increasing in newborns as they begin to rely on higher levels of FA
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oxidation for ATP production (Dyck et al., 1998). The exact subcellular location of
MCD (mitochondria1and cytosolic) has not yet been confumed. The expression of MCD

in tissues that do not synthesize large amounts of FA (such as the heart) suggests that
MCD mainly has a regulatory role via malonyl-CoA-induced inhibition of CPT- 1 in these
tissues (Dyck et al., 1998). In perfused hearts, MCD activity is stimulated by increasing
contractile activity which promotes FA oxidation to meet metabolic demand (Goodwin &
Taegtmeyer, 1999).
Fatty acyl-CoA in the mitochondrial matrix is ready for P-oxidation, the
successive removal of acetyl-CoA subunits from longchain fatty acyl-CoA. This process
produces NADH and FADHl and occurs in 4 steps. The fmt is dehydrogenation by acylCoA dehydrogenase (FADH?produced), followed by hydration (enoyl-CoA hydratase).
and another dehydrogenase (P-hydroxyacyl-CoA dehydrogenase, with NADH produced).
Finally the terminal acetyl-CoA unit is cleaved by adding another CoA moiety to the

remaining carbon chain by acyi-CoA acetyltransferase (also known as thiolase).
Acetyl-CoA is the subsmte for the citric acid cycle (CAC), where it is further
oxidized to CO?. More NADH and FAD& are produced In a final step of oxidation,
these reduced electron carriers relay their eIecuwas to the eiectron transport chain,
ultimately producing HzO and a proton gradient used to generate ATP. Each palmitate
molecule produces 105 ATP when oxidation is complete (Opie, 1998).

iii) Esterification
Endogenous FA stored as TG are also an important source of substrate for the
heart. Over 11% of ATP in aerobically perfused hearts can be generated Erom
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endogenous TG stores, even when high concentrations of exogenous FA are provided
(Saddik & Lopaschuk, 1991). In hearts perfused in the absence of exogenous FA. use of
endogenous TG stores can become a major contributor to energy production (Saddik &
Lopaschuk, 199I ).
Endogenous FA are stored in an intracellular pool of TG of considerable size and
dynamic mover. The heart stores this TG in membrane-bound lipid particles, as freefloating cytoplasmic droplets, and in associated lysosome-like structures (Swanton &
Saggerson. 1997). Up to 2% of this pool can be turned over per minute. Saddik &
Lopaschuk ( 1991) reported that cardiac TG stores are also turned over: "eider" TG seems
to be hydrolyzed preferentially, rather than recently esterified FA. FA hydrolyzed from
intramyocardial TG seems to be oxidized and repIaced rather than being exported or reesterified in a futile cycle, although the heart is capable of recycling previously mobilized
FA back into storage when epinephrine is present, perhaps as an "anticipatory poise" for a
quick response in a crisis (Swanton & Saggerson, 1997). This discrimination between
older vs. newly formed TG suggests metabolic heterogeneity and possibly physically
separate pools with vectorial transport of TG between them (Swanton & Saggerson,
1997). There have also been suggestions that FA uptake may be directed to this
inuacelluiar pool before any further use (Swanton & Saggerson, 1997).
TG synthesis is summarized in Fig. 8. Briefly, synthesis starts with glycerol-3phosphate. The enzyme glycerol-3-phosphate acyltransferase (GPATl transfers a fatty
acyl group from acyl-CoA to the 1 position on glycerol, to form lyso-phosphatidate (lysoPA), then Iysophosphatidate acyltransferase (lyso-PAAT) transfers a second fatty acyl
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group to the 2 position, forming phosphatidic acid (PA). The phosphare group is
hydrolyzed by phosphatidate phosphatase (PPH), forming 1,2 diacylglycerol. In the last
step, the final FA is transferred to form TG by diacylglycerol acyltransferase (DGAT)
(Lehningeret d., 1993). GPAT, PPH and DGAT have all been implicated in acute
control of TG m o v e r in the heart (Swanton & Saggerson, 1997).
Endogenous TG are mobilized to FA by a cardiac lipase which can be inhibited in
response to a change in substrate conditions, possibly mediated by AMPK similar to the
control of ACC (Swanton & Saggerson, 1997).
Most cells have a limited capacity to store excess fat. Excess TG stores are not
desirable (steatosis), except in those cells specifically evohed for the task, i.e. adipocytes.

In fact, it has recentIy been discovered that the heart has the capacity to protect itself from
steatosis to some degree by producing apo B-containing lipoproteins. Thls provides a
mechanism for the heart to rid itself of excess FA. Veniant et d.(1999) and Boren et d.
(1998) showed that human and mouse hearts express apo B and MTP. and do export TG
in the form of an apo B 100-containing lipoprotein particle. They also point out that the
heart may be more limited in the ability to store TG because intracellular Lipid droplets
are typically smaller &an in other cell types. Large lipid droplets may interfere with heart

contractile ability.
d) ASP and FA metabolism

Acylation stimulating protein (ASP) is a recently discovered molecule responsible
for increasing intraceUuIar triglyceride storage (Snider-

et aI-, 1998,2000).
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ASP is produced by adipocytes from the third component of complement (C3).

adipsin (Factor D) and factor 3. These three proteins, all parts of the alternate
complement pathway, interact to form C3a which is a non-glycosylated 77 amino acid Nterminal fragment of the alpha chain of C3. ASP, also known as C3adesArg. is formed
when the terminal arginine of C3a is removed by carboxypeptidase, and has been shown
to have a bioactivity different from C3a (Murray et al., 1999b).
ASP is produced primariIy in response to CM (but not FA-albumin nor other

lipoprotein classes), 3-6 h following a meal. which correlates to maximal TG clearance
(and maximal FA uptake) by adipocytes (Scantlebury et al., 1998). CM stimulate
adipocytes to increase ASP production due to a specific component of CM. known as
transthyretin (Scantlebury et al., 1998).
ASP-deficient (C3 knocksut) mice demonstrated delayed post-prandial TG
clearance which was accelerated by exogenous ASP administration (Murray et al.,
1999b). ASP is a potent enhancer of TG synthesis in adipocytes, primarily by increasing
the activity of diacylgfycerol acyltransferase (DGAT), the last enzyme involved in TG
synthesis (Fig. 8). This may be mediated via interaction with a cell membrane receptor,
initiating a PKC signaling pathway, although this receptor has yet to be identified.
Increased DGAT activity is thought to decrease the concentration of FA within the
cell, thereby generating a concentration gradient that "draws in" FA liberated by TG
hydrolysis from circulating CM (Snideman et al., 2000). This increases the efficiency of

TG clearance post-prandially by quickly removing the FA released from CM by LPL
action, primarily by storage as TG in adipocytes. Without this enhanced intracelldar

29
esterification, increasing local levels of FA might inhibit the LPL reaction and TG
hydroIysis would discontinue. Therefore, ASP allows the continued action of LPL
hydrolysis by increasing FA ~ p p i n g i n gTh"is
. effect is similar in concept to the role of
aIbumin as a FA acceptor in maintaining LPL hydroiysis in virro (Bengtsson &

Olivecrona, 1980). Effective storage of TG in adipocytes is therefore dependent on two
separate yet concurrent factors: generation of FA by LPL and intraceUular FA trapping,
enhanced by ASP (Snideman et al., 2000).
A secondary effect of ASP is an increase in glucose uptake through translocation

of GLUT-1 and GLUT-4 to the plasma membrane (Murray et al., 1999a). In this regard,
ASP and insulin have independent, additive effects.

Clearly, ASP is an important determinant of post-prandial TG clearance. but it is
not known if adipose tissue is the exclusive target of ASP (limited to an autocrine effect).
Conceivably, ASP could also enhance CM hydrolysis and TG storage in other tissues
with high LPL activity. such as skeIetal muscle and the heart (Murray et d.,1999b). If
ASP has a similar effect in the heart as is seen in adipose tissue. an increase in

intracellular esterification of CMderived FA into TG should be detectable.
3. Researching cardiac metabohm
Cardiac metabolism has been investigated by using a variety of methods over the
years. In vivo studies are impractical due to difficulties in obtaining data and controlling
the environment of the heart in sinc, in particular the suppIy of substrates. Previous

studies from the Severson laboratory have primarily used freshly-isolated and cultured
cardiomyocytes, together with in v i ~ determinations
o
of LPL activity using an artificial
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triolein emulsion as a substrate (Rodrigues et al., 1992; Carroll et al., 1995; Anderson et
al., 1997). Although these experiments are useful for biochemical information, their
application to the whole heart is limited. IsoIated myocytes from adult hearts are
quiescent and thus are not under the metabolic demand of a 'working' heart. Tamboli et
al. (1983) showed myocytes do not metabolize CM in virro. Furthermore, isolated
myocytes do not have the paracrine interactions between different cardiac cell types that

are so critical to the operation of the heart (Evanset al., 2000).
Recently. there has been renewed interest in the use of isolated hearts. although
the Langendodf perfusion model was deveIoped over a century ago. More recently a
'working' perfused heart modet has been developed (Larsen et al., 1999: DeWindt et al..
1999; Grupp et al., 1993). These ex vivo perfused heart models allow close control of the
metabolic demand of the heart and the provision of substrates, without interference from
systemic compensatory mechanisms such as sympathetic tone and circulating hormone
levels (De Windt et al., 1999). Furthennore, simultaneous measurements of mechanical
function and metabolism of exogenous substrates can be monitored relatively easiIy
(Belke et al., 1999).

Our lab has developed a working perfused mouse heart model (Belke et aI., 1999:
Larsen et al., 1999). The small size of the mouse makes the isolated heart preparation
more diff~cult,including the detection of metabolic products. However. using a mouse
model allows the study of genetic models of disease in inbred strains with naturally
occurring mutations (Reue & Doolinle, 1996) or strains with engineered traits
(Christensen et al., 1997; James et d., 1998: Rao & Verkman, 2000). Previous studies in
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our lab have examined FA oxidation, glucose oxidation, and glycolysis in normal and
dbldb (type II diabetic) mice (Belke et aI., 1999,2000). The present study was conducted,
in part, to define the use of CM as a physiological lipoprotein source of TG for hydrolysis
by cardiac LPL. Using a whole heart as opposed to single cells or hr-LPL is of particular
importance when studying CM as an energy source, given the critical role of
endothelium-bound LPL in the generation of FA for oxidation.
4, Statement of objectives
rn

to develop working and Langendorff perfused mouse heart models to study
radiolabelled CM metabolism and define the role of endothelium-bound LPL in
cardiac lipoprotein metabolism

rn

to compare metabolism of CM and FA bound to albumin. to determine the relative
importance of LPL-derived F A as a metabolic fuel for perfused hearts

a to determine if ASP has an effect on CM metabolism by perfused mouse hearts

METHODS
1. Heart isohtion

AU experiments were approved by the University of Calgary Health Sciences
Animal Welfare Committee in accordance with the Canadian Council on Animal Care.

Adult male Swiss-Webster mice (30-40 g), h m local breeding sources provided by the
University of Calgary,were housed in the animal facility for at least 5 days prior to use,
maintained under a 12 h light-dark cycle (light during 7 am-7 pm). They were fed
standard laboratory chow and water ad libitum.
Mice were anaesthetized with 10 mg IP sodium pentobarbitone. Before excision

of the heart, 0.3 mL of 10 mM EDTA was injected lV to limit blood cIotting. Heparin
could not be used as an anticoaguIant due to dispIacement of endothelium-bound LPL
into the circziatian. The heart was quickly excised and placed immediately into ice-cold
Krebs-Henseleit bicarbonate (KHB)buffer. KHB contains (in mM) 118.5 NaCl. 25

NaHC03, 4.7 KCI, 1.2 MgSO4, L.2 KH:P04, 2.5 CaC12,0.5 EDTA.and 11 glucose.
The aorta was isoiated and cannulated with an 18-gauge plastic cannula The

heart was then perfused in retrograde ("Langendorff') with oxygenated KHB warmed to
37 OC,during which time the hem was cleaned of extraneous tissue. Experiments began
by changing the perfusate from plain KHB to pre-filtered (Costar, Fisher Scientific,
Edmonton) KHB with 3% (wiv) bovine s e m albumin (BSA) (Sipa-Aldrich, O w e )
and a radiolabelled lipid substrate. [%€M or ~'trj-~almitate.
the preparation of which is
described below.

a) Langendoa heart preparation

Langendorff experiments were performed with a recirculating perfusare voIume of
30 rnL. A perfusion pressure of 50 mmHg was applied to the heart d u h g the 60 min
experiment. Perfusate was oxygenated and warmed to 37'C by a water jacket. An

injection port was used to draw off the required buffer samptes at t=O, 20.40 and 60 min.

b) Working heart preparation
To prepare a working heart (Larsen et at., 1999; Beke et al., 1999), the hearts
were isolated as previously described, but following removal of the extraneous tissue, the

pulmonary vein was cannulated (Fig. 9). The working heart experiment was initiated by
changing the mode of perfusion h r n the retrograde Langendorff configuration to a
''working" configuration. The experimental perfusate enters via the left atrium at a
constant preload pressure of 15 d g ; the heart pumps the perfusate out the aorta
against an afterload pressure of 50 d g .
Heart contractility was monitored by a pressure transducer in the afterload line
(Millar Micro-Tip, MilIar Insuuments). Every 10 min, polygraph recordings of pressure

deveIopment and heart rate were taken after calibration using a mercury manometer.
How rates were also measured every 10 min by timing the colection of 2 mL of buffer

into graduated cylinders from the aorta and the effluent tiom the coronaries. From these
recordings, cardiac output (CO=aortic flow rate + coronary flow rate) and cardiac power

(CP= CO x deveIoped pressure) were calculated.

Fig. 9. The working heart apparatus. A pressure transducer records "aortic" pressure

development. Graduated cylinders in the afterload Iine and beIow the heart record aortic
and coronaty flow respectively. Perfbsate is oxygenated, and can be drawn off at an
injection port for sarnphg to measure metabolites. Modified from Belke et d., 1999.
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2. Isolation of radiolabelled cbylomicrons from the mt

Chylomicrons (CM)were collected h m rats by cannulation of the lymphatic duct
( B o b a n et al., 1948). Although perfused mouse hearts were used to measure
chylomicmn rnetaboIism by endothehum-bound LPL,isotation of dolabelled mouse
chy !omicrons was not feasible.

Rats were fasted overnight, then fed 10 mL of chocolate-flavored Ensure 2 h
before surgery. Ensure is a liquid meal replacement with a high fat content (Abbott
Laboratories Ltd., Sainte-Laurent, QC). Feeding rats this meal before surgery ensures
that chyle will be flowing at the time of surgery, facilitating visualization of the otherwise
transparent lymphatic vessels.
Surgery was performed under halothane anesthesia. The thoracic duct runs from
the intestines along the superior mesenteric artery to eventualIyjoin the blood stream

(Fig. 10). This duct was carefully isolated from the adjoining artery and cannulated with

silastic tubing (1.19 rnrn OD,Dow,Midland, MI) to colIect the flowing chyle. The
tubing was secured with VetBond (3M, Animal Care Roduct, S t Paul, MN) and also tied
in place with a suture. It was then fed through a small hole in the side of the rat before

closing the incision. Chyle was collected in a poIyethyIene test tube -10 cm below the
rat, described as optimal by Bollman et d.(1948). The colIection rube contained EDTA
to prevent clotting, glutathione as an anti-oxidant and gentamycin as a preservative (40,
19.6 and 6.1 rug respectively).

Rats were placed in restraining cages for the duration of CM colIection, typically
20 h. These cages alIow movement forwards and backwards, but prevent the rat h m

vena
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Fig. 10. Chylomicron isoiadon. A, the peritoneal cavity of a rat showing the intestines.
the Lymphatic duct, and the adjoining superior mesenteric artery.

B, cannulation of the

Iymphatic duct isolated from the artery. Modified h m Bollman, 1948.

37
chewing the incision site or cannula. Rats were acclimatized to restraint in these cages
before surgery to minimize anxiety upon recovery from anesthesia that may interfere with
chyle collection. Upon recovery, rats were fed Ensure and water ad libirum. Up to 30

mL of CM can be collected from a single rat, enough to conduct an entire series of mouse
heart perfusion experiments. Following collection, the rat was sacrificed by sodium
pentobarbitone overdose.
Chylornicrons must be radiolabelled in vivo. IfcoId CM had been collected and
then incubated with radiolabelled triolein in vitro, labeled triolein would associate only
uansiently with the exterior of the lipoprotein particle. In vivo labeling incorporates the
radiolabelled TG into the non-polar core of the CM particle. This is vital when trying to

mimic physiological conditions seen by LPL. Biological labeling of CM was achieved by
feeding the recovered animals 200-600 pCi of [3w-palmitate(Amersham Pharmacia
Biotech, Buckingharnshire. UK) mixed into Ensure. Some researchers inject radioactivity
directly into the stomach using a gastric cannula (Wang & Evans, 1997) or gavage
(Savonen et al., L999). On average, 36% of radioactivity administered was recovered in

CM. therefore simply feeding the animals was effective and less invasive. ['w-paimitate
was taken up by the intestines, esterified into TG (Fig.5), and incorporated into the core
of CM particles along with other dietary fats.
Following collection,

tHJ-CM
were isolated by a series of uluacenuifugations

adapted from a procedure obtained from Dr. G. Gibbons (University of Oxford), in order
to remove extraneous proteins and contaminating [3~-palmitate.The chyle was first

mixed with an equal volume of saline and centrifuged at 25 000 rpm (55.2 Ti) for 30 min.
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The ['H]-cM were skimmed off the top and resuspended in a solution of 4% BSA to
bind any remaining free

palmitate it ate. CM were then isolated by a second

centrifugation at 30 000 rpm for 30 min, followed by a third wash in saline to remove any
BSA (30 000 rpm, 40 min). Washed CM were refrigerated under N, until needed.

The TG content of CM preparations was assessed with the Triglyceride (GPOTrinder) Kit from Sigma Diagnostics (St. Louis, USA). To confirm that radioactivity was
incorporated into the TO fraction of the ['w-CM preparation. thin layer chromatography

(TLC)was performed. 400 pL of ['HI-CM was extracted by mixing with 2 mL of
chloroform:methanol(2: 1 vlv) and 0.3 mL H20until phases separated. The mixture was
centrifuged for 10 min (3000 rpm), the upper phase was removed, and the lower phase
was dried down under Nz.This lipid extract was then resuspended in 200 pL
chloroform:methanol(2: 1 v/v) with 5 pL of carrier lipids (MG, DG, FA. TG). Various

amounts (ranging from 20-LOO pL) of tbis resuspension were streaked onto a TLC plate

-

and mn in a solvent of diethyl ether:heptane:acetic acid (7525: 1, v/v/v) for 1 h. The

plate was allowed to dry and bands were visualized by placing the plate in I? vapour. The
bands moved in the order of PL (at the origin), MG. DG, FA, TG (near solvent front).
Bands were scraped into scintillation vials, and mixed into 0.5 mL methanol and 3 mL
Ecolite (ICN Biomedical Research Products, Costa Mesa, CA).
Chylomicrons must be collected fiom lymph before they enter the blood stream
due to their exceedingly short half-life. Mature CM must carry apo CII, an essential
cofactor for catabolism by LPL (Ginsberg, 1998). This is usually acquired in the blood

stream by exchanging apo AT and AIV for apo C's with HDL (Wang & Evans, 1997).
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[3a-CM
collected from the thoracic duct must therefore be supplemented with an
exogenous source of apo CII before use as an LPL substrate. Heat-inactivated (60°C for 1
h) rat serum was used as an exogenous source of apo CII for [ 3 ~ ] - Rat
~ ~serum
. was

obtained by cardiac puncture under sodium pentobarbitone (50 mg/kg) anaesthesia and
centrifugation of the whole blood for 15 min (3000 rpm).

3. Chyfomicron metabolism by perfused hearts

a) CM validation
The use of rat CM in a mouse heart perfusion model means that the experimental
system was heterologous, therefore compatibility was confirmed in vitro before perhsed
heart experiments began. The LPL assay described below was used to c o n f m that a
mouse heart bornogenate would hydrolyze ['HI-CM and exhibit serumdependency. NaCl
inhibition and specific anti-LPL imrnunoinhibition. These assays are discussed in more
detail below.
b) Working heart experiments

['HI-CM metabolism was studied in perfused working mouse hearts by adding
[

3

~

-

and- heat-inactivated
~
~
rat senun (pre-incubated for I0 min) to the circulating

oxygenated working heart perfusate (KHB+ BSA). The final concentrations in the 35
mL perfusate were 0.4 rnM ['HI-TG and 3% rat serum.

The [ 3 H J -and
~ ~senun mixture was added to the perfusate and allowed to mix

-

for 1 min before the experiment was started. Often the heart experienced a brief (~30
sec) d e c h e in function upon addition of the CM mix,but rapidly recovered and was back
to normal well before t=O.
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Mechanical function was monitored every LO min, as described previously.
Perfusate samples of 2.5 mL were collected at c= 0,30,60.and 90 min for the working
heart perfusion (Fig. 11). From 2.5 rnL samples, 0.5 mL was used to determine palmitate
oxidation

(%acontent),0.2 mL was used to measure the amount of [~HI-FAin the

perfusate, 0.2 mL was for determining the specific radioactivity of the perfusate. and 0.5
mL was incubated in virro to examine hydroiysis of [-M-CMby LPL shed into the

perfusate.
More specifically, the oxidauon of ['HI-FA generated h m ['HI-CM by the LPL
reaction (Fig. 11) was determined by quantifying the ' ~produced
~ 0 by the working heart
over a 90 rnin perfusion period 'HP is generated during the oxidation of ['HI-FA: 'H

from the 9.10 positions on ['w-palmitate are transferred to FAD* and NAD* during poxidation. The

is then combined with oxygen to form 3

~ when
f l oxygen accepts

eiecuons from the electron uanspon chain.

'HP

was measured by mixing 0.5 mL of the peprhrsion buffer with 1.88 mL

chloroform: methanol mixture (12, vlv), followed by 0.625 mL of chloroform and 0.625

rnL of 1.1 M KC1 dissolved in 0.9 M HC1. The solution was mixed vigorously following
each addition and allowed to settle for I h. The polar upper phase was transferred by
Pasteur pipet into another tube and mixed sequentially with 1 mL chiorofom. 1 mL
methanol, and 0.9 mL of the KCI:HCI mixture, mixing vigorousIy after each addition.
After allowing the samples to settle, duplicate 0.5 mL aIiquots fiom the upper phase of
each sample tube were put in scintillation vials. sciotiIIation fluid (3 mL; Ecoiite, ICN)
was added and

radioactivity was measured. Using the cpm a£ter correcting for

PERFUSATE

KH Buffer + 3%albumin
f ~ ] - C M(0.4 mM TG)

Freeze Clamp

TISSUE

FUNCTION
(every 10 min)
heart rate
developed pressure
aortic and coronary
flow rates

PERFUSATE
(0,30,60,
90)

1

POST-PERFUSION

a

3~-lipids
3

~

2

~PW-FA

"Oxidation'
;

Fig. 11. Chylomicron metabolism by the isolated working mouse heart. Mechanical

hmction is monitored every 10 min during the experiment Perfusate samples are
withdrawn at 30 min intervals to detennine rates of [ ~ - C M
oxidation by generation of

%20 and hydrolysis by a c c d a t i o n of [ I ~ - F Ain the buffer. Post-perfusion. the hem
is analyzed to determine the content of [%-lipids in the tissue.
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dilution in this process and the specific radioactivity of the [3Hl-CM.the amount of [jH]palmitate hydrolyzed horn [3m-CMand oxidized to 'H20was determined, as described
by Belke et at. (1999). It is assumed that all three FA in the TG of the CM are labeled
and are palmitate. Rates of CM metabolism (LPLderived FA oxidation) are reported as
the average of 3 time periods (0-30.30-60 and 60-90 mia) unless otherwise stated.
[

3

~

hydrolysis
~
~by LPL produced [ 3 ~ ]that
- was
~ ~ not oxidized but

accumulated in the perfusate. The generation of unmetabolized [IHI-FA in the perfusate
was measured by fatty acid extraction, based on the standard LPL assay described below.
Duplicate 100 pL samples of perfusate removed at t=O, 30,60, and 90 rnin of perfusion
(Fig. 11) were added to test tubes with 300 pL of H20 and 100 pL NaOH ( 1 MI. 3 rnL of
a fatty acid extraction solution (FAES) consisting of methanol:heptane:chlorofonn:oleic
acid (1410: 1000: 1250:O. 1, v/v/v/v) was added, and the mixture was centrifuged ( 15 min.
3000 rpm); the upper phase contained the [

3 ~ - separated
~ ~ ,
from rfie

non-hydrolyzed

[)H]-TG in the lower phase. 500 pL of this upper phase was counted to determine the

[ 3 H ] -generated
~~
by LPL hydrolysis. The amount of radioactivity originating from

3 ~ had
f l to be subtracted since this was also in the aqueous upper phase.
It was reasonable to expect that some LPL would be shed from the coronary
vasculature during the experiment. In order to determine the contribution of this
"released" or "free" LPL to the generation of [~W-FAin the perfusate. as compared to
"spillover" [3H]-FA generated from endothelial-bound LPL but not taken up by the cell, a
sample of perfusate (0.5 mL)removed from the perfusion apparatus was incubated at
37'C in a separate water bath for an additional 60 min. At 15 rnin intervals, the FAES
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extraction described above was performed on 100 pL samples to assess progressive [

3 ~ ~ -

TG hydrolysis in the absence of continued heart exposure.
Finally, duplicate 100 pL perfusate samples were counted to determine the
specific radioactivity of the perfusate. The cpm of radioactivity, divided by the
concentration of [ 3 ~ - ~gave
~ a-specific
~ ~ radioactivity
,
in cpmlnmol, with which
amounts of FA hydrolyzed or oxidized could be determined.
Following the 90 min perfusion, working hearts were returned to retrograde
perfusion with KHB buffer for approximately 5 min to rinse the coronaries of the
perfusion buffer containing ['HI-CM. The hearts were then cut down from the cannula
and the atria and vessels were removed. The ventricles were cut open and rinsed in KHB.
blotted dry and immediately frozen in metal clamps cooled to -80 "C (Fig. 1 1). The
hearts were kept at -80 OC until analysis.

All metabolic rates are reported in relation to

heart dry weight in order to account for slight variations in heart size. The dry mass of
the heart was calculated by cutting a piece of each frozen heart (-20%) and allowing it to
thaw, then dry. The dry:wet ratio of this piece was used to calculate the dry weight of the
whole heart.
The remainder of the heart was sliced into small pieces and homogenized in 3 mL
ice cold chloroform:methanol(2: 1 vlv) (Polytron #6,2x30sec). The hornogenate was
diluted with 1 mL of water and vortexed. Phase separation was achieved by
centrifugation at 3500 rpm for 10 min. The lower phase was dried down under Nz,then
resuspended in 1 mL chloroform; 50 pL was spotted onto the TLC plate. along with

standards for TG, MG, DG,FFA and PL. The plate was run in 100 mL solvent
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(heptane:diethyl ether:acetic acid, 25:75:1 vlvlv) for -1 hr. Following separation, the
bands were visualized with iodine and scraped into scintillation vials: 0.5 mL. methanol

and scintillation fluid (Ecolite. ICN) were added before being mixed and counted. Using

the amount of radioactivity in each of these lipid categories and the specific radioactivity
of the [

3

~

]

-

substrate,
~ ~ - ~the~ total amount of radioactivity incorporated into the lipid

classes in the heart over the perfusion experiment was determined.
in some experiments. the metabolism of [%J-CM by perfused working mouse
hearts was measured in the presence of either 0.4 m M or 1.2 rnM additional unlabeled
palmitate complexed to albumin.
C)

Langendorff heart experiments
These experiments were performed similar to the working heart experiments

except that the experiments were performed in a 30 mL circulating volume (to minimize
the ASP required per experiment) and over 60 min. A Langendorff model was chosen
because previocs experiments showed CM oxidation to be independent of cardiac work.
The perfusion apparatus was modified to give a perfusion pressure of 50 mrnHg, and no

pressure measurements were recorded. Perfusate samples were taken every 20 min: ASP
was added when required to a final concentration of 50 pg/mL.

4. Metabolism of [3HJ-palmitateby perfused working hearts
The study of [3~-palmitate
metabolism required that palmitate be pre-bound to
BSA. This is achieved by dissolving the palmitic acid in 25 rnL of waterethanol (60:40

VIV)containing 0.55 g Na2C03/gpalmitate. This mixture is boiled on a stirplate until the
ethanol is boiled off. This solution is then quickly poured into a rapidly mixing
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KHB+BSA room temperature solution (without glucose). This buffer is dialyzed
overnight in lox (vol) of KHEB without glucose at 4OC. The dialysis tubing has an 800012000 mw cut off (SPECTRAPOR, Spectrum Medical Industries. LA, USA). The
following morning, 11 mM glucose is added, and the perfixate is fitered (COSTAR.
Fisher Scientific, Edmonton, 0.45 pn) and frozen until use.
9,10-[~~]-~aMtate
oxidation was determined by quantifying the 3

~ 2 produced
0

by the working heart over a 60 min perfusion period, similar to the method described
above for [ 3 ~ ] - The
~ ~specific
.
radioactivity of the labeled FA added to the perfusion
buffer was determined by counting a sample of the perfusate; the total FA concentration
was 0.4 rnM. Metabolic rates are reported as the average of 3 time periods (0-20.2040,
and 40-60 min) unless otherwise stated.
Tissue lipid analysis was the same as that described for CM use.
5. In vitro LPL assay

LPL activity was determined in v i m by measuring the hydrolysis of [ 3 ~ - ~ o l e i n
to r3w-o~eate.This standard assay has been used in our lab previously as described by
Carroll et al. ( 1995). 9,10-[~~j-~riolein
(0.6 mM: specific radioactivity 1 Cilmol), was
sonicated into vesicIes and incubated in the presence of 0.05% (w/v) BSA. 25 m M

PIPES,(pH 7.5),3% heat inactivated chicken serum (a convenient source of apo a,
and
50 mM MgC12, with the indicated LPL samples for 30 min at 37°C. in a final volume of
400 pL- The hydrolysis of [3~-hioleinsubstrate was measured by exuaction of the

released [3m-oleateby FAES (as previously described). Results from h s assay are
expressed as nmol FA releasedrmmg protein. Rotein concentrations were determined
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using the Coomassie Protein Assay Reagent Kit (Pierce, Rockford, IL).
Serumdependency for LPL activity was demonstrated with rat and chicken
serum, for both [ 3 ~ - ~ o l eemulsions
in
and [%J-CM. Unlabeled CM and Intralipid (a
TG suspension; TRAVAMULSION, Clintec Nutrition Company, Mississauga) were also

added to the standard assay to examine competition for hydrolysis of [3~]-triolein.The
amount and type of serum was also varied, and assay additions such as NaCl and
antibodies were examined. The assay was also modified for use with ['HI-CM in place of
the standard

HI-molein substrate, using 3% heat-inactivated rat serum as in the heart

perfusion experiments, in place of the standard chicken serum.
6. Determination of hr-LPL and c-LPL activities
The release of LPL from the coronary endothelium with heparin (hr-LPL) was
studied using a Langendorff mouse heart preparation. The anna was cannulated with an
18G plastic cannula attached to two oxygenated supplies of KHB buffer with 3% BSA
(+/- 5 UImL heparin) which were pumped through the heart at a constant rate of 1.2

mUmin. Perfusate was collected for five minutes without heparin, and then perfusion
with the heparin solution began. The heparin petfusate can be sampled every minute so
that a time course of LPL release into the perfusate can be plotted, or the entire heparin
perfusate can be collected (over 20 min, 19 mL),representing the total hr-LPL pool.
Following perfusion, the hearts were homogenized and analyzed for remaining
cellular LPL activity (c-LPL) by the standard LPL assay. Homogenization of each hem
was performed with 2 mL of lysis buffer for 2x30 sec (Polytron). The Iysis buffer

contained 25 m M m C l , 5 rnM EDTA (pH 8.2)- 0.8% Triton X-100,0.04%sodium
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dodecyl sulphate, 33 pg/mL heparin, and 10 pg/mL leupeptin. The homogenate was
centrifuged at 3000 rpm for 15 min (JA-20 at 4OC). The supernatant was diluted 1:10
(vlv) with buffer containing (in mM)0.25 sucrose, 10 Hepes, 1 EDTA, 1 dithiothreitol.
pH 7.5. This final mixture was assayed (15 pL was optimal) for c-LPL activity, along
with perfusate samples (100 pL) for hr-LPL, using the standard LPL assay.

7. Statistics
Where applicable, the unpaired t-test was used to determine sigruficant differences
between groups of perfused h e m .

8. Materials
[9,10(n)fHj~almiticacid (specific radioactivity 2.00 TBqImmol) was obtained
from Amersharn Pharmacia Biotech (Buckinghamshire, England) and glycerol tri
[9,10(n)-~~]oleate
([3a-uiolein; specific radioactivity 740 GBq/mmol) was from
Amersham Life Science (Buckinghamshire, England).
Polyclonal LPL antibodies were raised in chickens against bovine LPL purified
from fresh milk. Antibodies were affmity-purified from the chicken egg yolks by R.
Carroll as described in Ewart et al. (1997).
ASP was generously provided by Dr. K. Cianflone (McGill University), in frozen
aliquots to limit freeze-thaw degradation.

RESULTS
1.

LPL activity in the mouse heart: LPL release from cardiac vasculature in

response to heparin

LPL is bound to the coronary vasculature by non-covalent binding to the heparan
sulphate proteoglycans that line the luminal surface. When heparin is added to the
perfusate of a heart, LPL is displaced into the perfusate. Two experiments were
performed to characterize heparin-releasable (endotheiium-bound)LPL activity in mouse
heart. The first was a timecourse experiment as seen in Fig 12. Clearly, basal release of
LPL was quite low; the peak of LPL activity that follows addition of the heparin to the
perfusate is known as the hr-LPL fraction.
The second experiment was a comparison of the LPL activity in various pools in

the cell. The hr-LPL fraction represented 19% of the total LPL present in a heart: 79% of

total LPL measured was still in the tissue (residual cellular activity, c-LPL) after 20 min
of perfusion with heparin. Only 2% of LPL was released into the pre-heparin perfusate,
representing the basal release of LPL.
Mouse hearts have a sigdicant quantity of LPL that is endothelium-bound
(heparin-releasable) and thus should be able to metabolize a lipoprotein substrate

([3m-

CM) in tbe perfusate.

2. Characterization of rat [%j-CM
The preparation of radiolabelled CM was a new procedure for our lab. [~H]-cM
had to be characterized in terms of their TG content and specific radioactivity before use
as a metabolic substrate for LPL. Freshly isolated CM typically had a TG concentration

of -10 m . . After the washing procedure, CM preparations typically had a TG content of
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Fig. 12. Heparin-releasable LPL activity from perfused mouse hearts. Basal level of

LPL activity was measured in the perfusate until the addition of heparin (5 UfmL) at
t=5min. LPL activity was measured in the perfusate collected at the indicated perfusion
times. n=2.
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22 mM,although there was considerable range. The concentration was dependent on the
centrifugation of each batch, which varied.
The specific radioactivity of r3m-CM was determined by calculating the cpm
radioactivity per nmol of FA in TG. This value had to be sufficiently high to ensure that
the hearts would metabolize enough radioactive TG relative to cold TG to allow for our
detection of the resultant ['HI-FFA and '~20
(Fig. 1 I). Initial ['HI-CM prepantions
were inadequate for this purpose. To address this problem, the specific radioactivity was
increased by two means. Firstly,more [3~]-palmitatewas fed to the cat. Initially. rats
were fed 200 pCi, but this was increased to 600 pCi in later preparations. Secondly,

[ 3 H J -sampies
~ ~ were collected during the time of peak radioactivity as determined
from monitoring output. The total radioactivity collected in chyle peaked during the
second hour following a radioactive meal and colIecting ['HI-CM during this period
maximized the specific radioactivity (Fig. 13).
Figure 14 shows the results of thin-layer chromatography (TLC)of lipids in
newly collected [

3

~ before
~and ~after the

BSA wash. This analysis was performed to

determine what percentage of [3Hl-palmitateadministered to the rat had been
incorporated into TG versus other lipids in

[ 3 m - ~As~expected,
.
the vast majority of

the label (>90%) was incorporated into the TG fraction. The BSA wash removed half of
the contaminating FA, and further increased the percentage of [

3

~up to
- 93%.
~ ~A

small amount of contaminating FA (1.5%)remained. The remaining 5% of label was
distributed in the phospholipid, diglyceride and monoglyceride fractions.

These CM are not considered mature lipoproteins because they have not yet
acquired all the agolipoproteins normally present in circulating CM. For example, apo

I
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S O / N

Time after feeding (h)

Kg. 13.

[w-CM
isolation. Characterization of L~W-CM
collected from one thoncic

duct-camulated rat following oral administration of [3~-palmitate.( 3 4 were not
subjected to cenuifugation nor BSA wash before measurement Each point represents the

CM collected during the hour following the meal as indicated, or over the following night
[O/N). A, the total radioactivity in the entire volume collected during each time period.
B,the TG concentration of each sample. C, the calculated specific radioactivity of CM
samples coUected at each time pint. Note the peak of specific radioactivity during the
second hour following the meal.

-
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0 before BSA wash
Iafter BSA wash

Fig. 14. Labelling of [%-CM lipids. CM characterizationby thin-layer
chromatography before and after the isolation and BSA wash procedure. Results are the
percent total radioactivity recovered in the lipid fractions. Mication of CM by the

BSA wash results in siightly higher TG percentage and a lower percentage of

contaminating FA.
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CII is an activator of the LPL enzyme, and is normally acquired by CM in the blood
stream through exchange of apolipoproteins with circulating HDL particles (Ginsburg,
1998). Because these [

3

~

wer-e collected
~
~
from the lymphatic system prior to their

entrance into the blood sueam, they were deficient in apo CII.
3. Validation of

[m-CM
as good LPL substrate in vitro and optimization of
a

conditions
Chylomicrons were evaluated as an LPL substrate by first comparing their
hydrotysis to that of sonicated triolein vesicles in the standard in virro LPL assay used by
our laboratory (Carroll el al.. 1995). This in vitro assay has been optimized for ['HItriokin hydrolysis previously and thus was easily adapted to test the suitability of ['HI-

CM as an LPL substrate. A mouse heart homogenate was used as a source of LPL
activity.
UnlabeIled CM were used to generate a competition curve. As increasing
concentrations of CM and Intralipid (a commercial TG emulsion used as a positive
control) were added to an LPL assay with a substfate emulsion of [3E&triolein. there was

a progressive reduction in ['w-iriolein hydrolysis, presumably a result of competition
(Fig. 15).
At a concentration of 2.5 mM CM-TG,93% of LPL activity measured by

hydrolysis of 0.6 mM

[

3

~

was
- inhibited.
~ ~
Similar results were found with Inualipid.

To confirm the activity of LPL versus other Lipases, a series of additional

experiments were performed; LPL activity was measured in assays with ['W-CM as the
substrate. Firstly, LPL is sensitive to NaCI inhibition, unlike other common Lipases

(OIivecrona & Borpson-Olivecrona, 1993). The inhibition of mouse heart LPL by NaCl

Concentration (mM)

Fig. 15. LPL assay with competing TG substrates. LPL hydrolysis of sonicated [
triolein vesicles in the presence of increasing concentrations of the unlabeled TG
competitors CM and htralipid (IL).Experiment is n=l in duplicate, each point

representing the 8 LPL activity witb no competitor present.

3 ~ -
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was confirmed: LPL activity was reduced to zero by 1 M NaCi. Other more specific
characteristics of WL were measured next, nameiy apo CII (serum) dependency, and
most specifically, immunoinbibition.
Serumdependency of the hydrolysis of [

3

~by mouse
- ~ heart
~ homogenate was

both predicted and confirmed (Fig. 16). Chicken serum is the apo CTI source routineiy
used in the standard in vino assay used in our lab (Carroll et al., 1995).

In order to optimize conditions, experiments were performed to determine which
type of serum was optimal. given that the [

3 ~ ] substrate
- ~ ~ was

from rats and the LPL

was fmm mice. Fig. 17 compares h e standard in virro LPL substrate. ['~1-triolein.and

['HI-CM for rates of hydrolysis using heat-inactivated chicken. mouse and rat serum.
Chicken serum (5%)was cleady optimal for use with [3~-triolein.but when [ 3 ~ j - ~ ~
was used as the LPL substrate, there was little difference in the rates of serum-stimulated
hydrolysis. Rat serum (3%) was chosen to reduce the heterogeneity of the experiment.
since ['f~l-CM were isolated from rats.
Finally, the hydrolysis of f3w-CMthat was observed with mouse heart

homogenate was confirmed as specific LPL activity in immunoinfiibition experiments,
using polycional anti-LPL anti'bodies raised against milk LPL, and isoIated from chicken
egg yolks by R. Carroll. Anti-LPL antibodies were used to inhibit hydrolysis of both
[

3

~

and
- [ ~3 K ~) - ~ in
~ ,the presence and absence of cat serum (Fig. 18). The activity

of LPL in mouse heart homogenate was confirmed as specific and serum-dependent.

[ 3 w -have
~ ~been characterized as having 93% ofthe radiolabel in TG,

In summary,

with very little contaminating FA present after washing. The specific radioactivity of

['HI-CM was deemed high enough to aliow measurement of hydrolysis by perfhed

Chicken Serum (%)

Fig. 16. Serumdependency of CM hydrolysis. LPL hydrolysis of

[ 3 m -(expressed
~~

as nmol/h/mg protein), demonstrating increasing activity with increasing concentrations
of chicken serum as a source of apo Cn. n=l, in duplicate.

no
serum

rat

mouse chicken

Fig. 17. Comparison of three types of serum for activation of LPL activity. LPL
hydrolysis of [3~-trio~ein
(TO) and [ 3 H - J -(CM)
~ ~ (expressed as ~lol/h/mgprotein) in
the presence of 5% heat-inactivatedserum fiom rat, mouse and chicken as indicated.

n=l, in duplicate.
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Fig. 18. lmmunoinhibition of LPL activity. LPL hydrolysis of [

3

Serum
+Ab

~

and
- [~

3~

~

-

demonstrating serumdependence and immunoinhibition. LPL activity is expressed as
~loVh/rngprotein. LPL activity was measured in the presence of no additions, anti-LPL
antibody (20 pg), 5%rat serum, or serum plus a n u i y . Anti-LPL antibody was raised

against purified bovine milk in chickens, collected from egg yolk. n=l, in duplicate.

~

~
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mouse h e m . Through NaCl sensitivity. serum-dependency, and immunoiahibition, the
action of LPL on [

3

~

has- been
~ confirmed.
~
Rat serum has been established as an

appropriate apo CD source and was used in all perfusion experiments to follow.

4. Metabolism of ['H]-CM by perfused working mouse hearts
Isolated mouse hearts were perfused in working mode with 0.4 m M ['HICM-TG
for 90 min to study the metabolism of LPL-derived [

3 ~ - Hearts
~ ~ . were monitored

for

mechanical function and two metabolic fates were measured: oxidation and incorporation

into tissue lipids. (hidation was determined by measuring the accumulation of ' ~ $ 3in
the prfusate over the 90 min experiment. Following perfusion, the heart ventricles were
analyzed for incorporation of radioactivity into tissue lipids.

a) Function

+

H e m perfused with 0.4 m M TG-~W-CMgenerated an average of 1-67 0.29

m W cardiac power spontaneously over the 90 caia experiment. The power generated was
typically stabIe over the duration of the experiment, although some hearts did not
generate as much power during the initial 30 min of the experiment (Fig. 19). Typicaily,
hearts improved their function during the initial 10 min of the experiment.

b) CM metabolism: Oxidation of LPLderived [

3

~

-

~

~

['W-CM oxidation was observed by measuring the accumulation of 'H~Oin the
perfusate. This rate was curvilinear over the 90 min experiment, as seen in Fig. 20. This
resulted in progressiveIy increasing rates of oxidation: (in nmol/mia/g dry wt) 1 1 I f 35
over the Grst 30 min, 247 k 35 during 30-60 min, and 400 f 7 1 during the final 30 min.
A ghost perfusion was also performed to c o b a lack of [q-TG

60

30

90

Time (min)

Fig. 19. Cardiac power generated by working hearts. Cardiac power (mW)
sponmeousIy generated in 6 isolated working mouse h e m perfused with 0.4rnM [fH]-

CM. Power is relatively stable over the 90 min perfusion period. Each line represents a
separate heart.

-Mouse
Heart
Perfusion
(n*)
-+--Ghost
perfusion
(n=1)

Fig. 20. Oxidation of [

3

~

by-working
~
~ hearts. 3420 generated by [

oxidation in isolated working mouse hearts perfused with 0.4 m M

[

3

3
~

-

~

-

Results
~ ~ . are

+

mean SEM for n=6, measured at t=O,30,60, and 90 min. Ghost perfusion represents
the same perfusion buffer cycled through the perfusion apparatus in the absence of a
heart, n= 1.

~

~
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hydrolysis and 3

~

production
2
~
in the absence of a hem. The rate of CM oxidation was

independent of mechanical function (cardiac power) as shown in Fig. 21.
C)

CM metabolism: Incorporation into tissue lipids
The esterification of C~H]-FA
from CM into tissue lipids was determined by

separation of the lipid fractions of heart homogenates by TLC, and counting the
radioactivity in bands corresponding to TG,PL, MG, DG or FA. Fig. 22 shows the
typical distribution of these fractions in the heart; the vast majority of radioactivity (73.2

k 4.7 % of total) was incorporated into TG.
The amount of CM-derived FA esterified into tissue lipids was also found to be
independent of cardiac power generated by the heart.
d) CM-TGhydrolysis: UnmetaboW [%-'I-FA in the perfusate

Hydrolysis of radiolabelkd TG in [

3

~

by -endothelium-bound
~
LPL was

presumably occurring in excess of what was being utilized by the heart. Consequently,
the amount of [ 3 ~ ]that
- ~accumulated
~
in perfusate samples was determined. In
addition, it is possible that some LPL can be displaced from the endothelium during heart
perfusion. To determine if free LPL in the perfusate was contributing to the generation of

['a-FA,
perfusate samples were removed fmm the perfusion apparatus at 30 rnin
intervals and incubated in a water bath at 37 "C for an additiond hour. If LPL had been
displaced into the perfusate, then the generation of [ 3 ~ ]should
- ~ ~continue during this
second incubation. [ 3 ~was- measured
~ ~ in both the perfusate samples and the
incubated perfusate sampies, after subtraction of ' ~ 2 radioactivity.
0
E-)H]-FA
accumulated in the perfusate in si@cant
variability between hearts (Fig. 23).

concentrations, but with considerable

0

1

3

2

Cardiac Power (mW)

Fig. 21. Correlation between ['HJ-CM oxidation and cardiac power- [ 3 ~ - C M
oxidation
rate at various IeveIs of spontaneously generated cardiac power (mW)in isolated working
mouse hearts (n=16). These hearts were perfused with 0.4 mM

[

3

~

(n=6),
~with~

additional 1.2 m M FA-albumin(n=4), or with 0.4 mM FA-albumin (n=6). These three

perfusion conditions are unrelated to grouping.
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Fig. 22.
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~

metabolism:
~
~ incorporation into tissue lipids. Thin-iayer

chromatography results of tissue Lipids isolated post-perfusion from working mouse
hearts perfuxd with 0.4 m M [Q-CM.Values ace expressed as the % in each lipid
hction of the total radioactivityrecovered (mean f:SEM, n d ) .
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Fig. 23. Accumulation of Wdenved I~H]-FAin the perfusate of working mouse hearts.
Generation of

[ 3 m -(mM
~ ~ [3w-palmitw:mean f SEM, n=6) represents

[

that has been hydrolyzed but not taken up by the heart for further metabolism.
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On average, [

3

~

accumulated
- ~ ~
in the perfusate to a concentration of 0.15 f

0.04 m M by 90 min, ranging from 0.047 up to 0.3 11 mM. The variability in the
accumulation of [ 3 1 - I J - ~in~ the perfusate was not correlated to cardiac power or any
other variable. The [

3 ~ ] content
- ~ ~ of some perfusate samples increased significantly

during the 60 min in vitro incubation, suggesting that LPL had been displaced into the
perfusate and that this "fke" LPL was contributing to the formation of ['HI-FA during
the heart perfusion. On the other hand no additional ['HI-FA was formed in perfusate
samples from other hearts during subsequent incubation.

e) CM metabolism: Summary
Table 1 presents the absolute amounts of LPL-derived ['HI-FA oxidized.
incorporated into tissue Lipids or hydrolyzed to FA left in the perfusate of hems at the
end of the 90 min perfusion. More f 3 1 - I J - ~had
~ been hydrolyzed and accumulated in the
perfusate compared to the sum of ['HI-FA that had been metabolized inuacellularly.
Table 1:

Ultimate fate of CM-derived FA utilized by the isolated working mouse
heart. Values are mean +, SEM (n=6 perfused hearts).
CM Fate

p o V W midg dry wt

FFA Hydroiyzed

124 f 36

FA Oxidized

3t.6F2.5

FA Esterified

3 1.8 f 5.3

b

5. Metabolism of [%J-Palmitateby isolated, perfused working mouse hearts
Isolated mouse hearts were perfused in working mode with 0.4 rnM [

3 ~ -

palmitate complexed to albumin for 60 min to snxdy its oxidation and incorporation into

67
tissue lipids. Hearts were also monitored for mechanical function (cardiac power).
Oxidation was measured by determining the accumulation of 'H~Oin the p e h a t e over
the 60 min perfusion: esterificacion was determined post-perfusion, by measuring
incorporation of radioactivity into tissue lipids.

a) Function
Hearts perfused with 0.4 mM [ 3 ~ - ~ ~ - a l b u generated
min
an average of 1.37 k
0.36 mW cardiac power spontaneously over the 60 min experiment. similar to working
h e m perfwed with

['w-CM.

b) FA Oxidation
The oxidation of [3~]-palmitare
(0.4 mM)was measured from the accumulation
of 3 ~ in
2 the
0 buffer. as shown in Fig. 24.
The average rate of oxidation was 507 nmoVrnin/g dry wt, which is in good
agreement with 494 nmollminlg dry wt, the rate previously established in our laboratory
(Belke et al., 1999).
C)

FA Incorporation into tissue lipids
Tissue lipids extracted from the heart following perfitsion for 60 rnin with 0.4 rnM

[3~-palmitate
were separated into TG. PL, MG. DG or FA fractions by TLC.to
determine the amount of [

3

~

incorporated
- ~ ~
into each lipid class (Fig. 25). The vast

majority (80.0 f 2.6 9%)of radioactivity was incorporated into the TG fraction, similar to
results from hearts perfused with [

3

~

(Fig.
- 22).
~
~

0
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Time (min)

Fig. 24. Oxidation of [3~-paImitateby working h e m .

3 ~ generated
@
by [

3

~

oxidation in working mouse hearts perfixed with 0.4 mM [3~-palmitate,measured at
t=O,

20,40, and 60 min (mean f SEM; n=3).

-

~

~

TG

Fig. 25.

DG MG
TLC Fraction

PL

FA

[3H]-palmitate metabolism: incorporation into tissue lipids. Thin-layer

chromatography resuIts of tissue lipids isolated post-perfusion from working mouse
hearts perfused with 0.4 m M f ~ - ~ a l m i t afor
t e 60 min. Values are expressed as the % in

+

each ripid fractionof the total radioactivity recovered (mean SEM; n=3).
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6. Comparison of the metabotism of LPLderived [%&FA

from perfusions with

['HI-CM to the metabolism of [JH]-palmittatecornplexed to albumin.
As shown in Table 2, equal quantities of LPL-derived ['HI-FA were oxidized
(50% of calculated total) and esterified (50%). In contrast, much more [3~]-palmitate

was oxidized (80%of calculated total) than esterified (20%).

Table 2:

Comparison of [3~-chylomicronsand 0.4 mM ['~]-~alrnitateutilization
by workmg hearts. Values for palmitate are from Figs. 14 and 25,
extrapolated to 90 min to allow direct comparison to the results for CM
metabolism after a 90 min perfusion (Table 1). *Si,@ficantiy different
from hearts p e r k e d with [ 3 H + ~ ~ .

.

Total FA Metabolized
(pmoV90 rnin/g dry wt. %of total)
Metabolic Fate
Chylomicmns (n=6)

Palmitate (n=3)

* 2 5 (50 r 3%)

85.1 f 12.6. (8&3%')

Esterification

31.8 f5.3 [5& 3%)

20.7 f 3.0 (20 k 3%')

Calculated Total

63.4 (100%)

105.8 (100%)

Oxidation

31.6

7. Metabolism of ['Kj-CM by perfused mouse hearts, measured in the presence of

palmitate.
Table 2 demonstrates that the metabolism of LPL-derived [

3

~by -working
~ ~

mouse hearts was substantial compared to [31+palmitate, but surprisingly their
intracellular fates were dissimilar. The metabolism of [kJ-CM
by working h e m was
next measured in the presence of additional dabelled palmitate-albumin to determine if
competition for substrate utilization would result. Surprisingly, the addition of either 0.4
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m M or 1.2 mM palmitate to the periusate had no effect on either the oxidation (Fig. 26)
or esterification (Fig. 27) of LPL-derived [ 3 H j - ~ ~ .

8. Metabolism of [%j-CM: Effect of GSP
The hypothesis that ASP would enhance [

3

~metabolism
- ~ ~was tested using a

simpler Langendorff mouse heart perfusion protocol, rather than a working heart
perfusion. Consequently, comparative experiments on the metabolic fate of ['HI-CM
were conducted f i t .
Isolated mouse hearts were perbed in Langendorff mode with approximately 0.4

mM [ 3 ~ ] for- 60
~ min
~ to study LPL-derived [ 3 H ] - oxidation
~~
and incorporation into
tissue Iipids. Similar to the previous experiments with working hearts, oxidation was
measured by accumulation of ' H a in the perfusate over the 60 rnin experiment after
which the heart ventricles were analyzed for incorporation of radioactivity into tissue
Iipids. Cardiac function was not monitored beyond ensuring effective perfusion since the
heart was not generating siguficant power.
a)

[ 3 E l l -metabohm
~~
by Langendorir mouse hearts
The oxidation rate of

( 155

[ 3 w - represented
~,
by accumulation of 'H?Oin the buffer

+ 5 I nmol/min/g dry wt, n=6) was only 44 % of the rate observed with working

+

hearts. The totaI amount oxidized (9.3 1 3.26 pmoV60 m a g dry wt) was therefore
much Less than the total amount oxidized by a working heart over the same length of
perfusion time. The esterification of LPL-derived r3H]-F~into tissue lipids of
Langendorif perfused hearts (1.87 pmoY60 midg dry wt)was also significantly lower
than values obtained with working hearts. When the inuacellular metabolic fates of LPL-

0

30

60

90

Time (min)

Fig. 26. Oxidation of [

3

~

by- working
~
~ hearts, in the presence of additional

unlabelled FA-albumin. The effect of 0.4 mM (n=4) and 1.2 mM (n=6) additional
palmitate-albumin (unlabelled) on the rate of 'HZO production from [ 3 H & (mean
~~ t
SEM) for isolated working mouse hearts. 0 mM ( n d ) represents the data from Fig. 20,
presented here for comparison.

TLC Fraction

Fig. 27. [ 3 ~ ]metabolism:
- ~ ~ incorporation into tissue lipids, in the presence of

additional unlabelled FA-albumin. Thin-layer chromatography res~lltsof tissue lipids
isolated post-perfusion from working m o w heam perfused with 0.4 mM

[IH]-cM

and 0

EnM (n=6, from Fig. 22), 0.4 mM (n=4), and 1.2 mM (n=6) additional FA-albumin, as
indicated. Values are expressed as the % (meanf SEM) in each lipid fraction of the total
radioactivity recovered.
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derived [

3

~

were
- compared
~ ~
for Langendorff perfused hearts, 83% was oxidized and

only 17% was esterified.
b) Effect of ASP on CM metabolism in Langendorff mouse hearts
Isolated mouse h e m were perfused in Langendorff mode with 0.4 rnM ['HI-TGCM for 60 min, in the absence or presence of 50 pdmL ASP. As in the previous
experiments, two metabolic fates were measured: oxidation and incorporation into tissue
Lipids. There was no effect of ASP on the oxidation of [

3

~

(Fig.
- 28);
~
the
~ oxidation

rate (in nmoUmin/g dry wt) was 155 f 54 without MP and 173 k 58 with ASP.
Esterification of LPL-derived [

3

~into- tissue
~ Iipids
~
was determined by

separation and quantification of radioactivity into lipid classes after TLC. as per previous
experiments. Again. there was no signrf~cantdifference between hgendorff hearts

perfused f ASP (Fig. 29).

[ 3 w -accumulated
~ ~ in the perfusate of Langendorff perfused hearts. but in much
lower amounts than was seen in working hearts. In the control (-ASP) group, 0.017 +
0.004 mM FFA accumulated in the perfusate over the 60 min experiment. In the +ASP
group,0.023 f 0.006 mM accumulaced, not significantIy different.
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Time (min)

Fig. 28. Oxidation of ['HI-CM by Langendorff hearts. ' ~ fgenerated
l
from isotated
Langendorff-perfused mouse hearts pehsed with [IH]CM over 60 min. Values as
indicated (mean f SEM) are -ASP (n=6) and + 50 pg/mL ASP (n=5).

Fig. 29. [ 3 ~ - C M
metabolism by Langendorff hearts: incorporation into tissue lipids.

Thin-layer chromatography results of tissue lipids isolated after 60 min of perfusion with

[ 3 ~ € M ,f 50 pg/mL ASP in Langendorff perfused mouse h e m . Values are expressed
as the % (mean f SEM; n=5,6) in each lipid fraction of the total radioactivity recovered,

DISCUSSION
1. The model system
a) Usiag mice versus other species

The isolated perfused mouse hem is an advantageous model to study FA
metabolism because the relationship between endotheiial cells and myocytes is preserved.
This relationship is critical to CMderived FA usage because of the crucial role of LPL
(Evans et al.. 2000). Although the heart is removed from the body and not subject to
stimulation by the nervous system or circulating hormones, an isolated heart dlows
precise control of workload and substrate provision, as well as convenient access for
perfusate sample collection. In uivo studies are complicated by the inability to conuol
such factors precisely.
The use of mice is technically more difficult than the more common rat heart
model due to the smaller size of a mouse and the higher metabolic rate of the mouse
heart; however, the multitude of genetic models of disease make mice an important
research tool. Our lab has previously characterized the oxidation of fatty acids and
glucose, as well as giycoiysis, in the mouse heart (Belke et al., 1999). Recently, BeIke et

al. (2000)employed the dbldb mouse, a strain of mice exhibiting r y ~ II:
e diabetic
characteristics, to demonstrate altered cardiac metabolism causing cardiac dysfunction.
With the metabolism of glucose and FA well defined in the mouse model and the

importance of metabolism estabhhed, extending these studies to include lipoprotein
metabolism was a logical progression.

b) LPL distribution within the mouse heart
The time course of endothelium-bound hr-LPL release into the perfusate upon
heparin addition was typical when compared to other results reported with guinea pig
hearts (Liu & Olivecrona, 1992). Additionally, the distribution of hr-LPL and residual cLPL activity within the mouse heart determined here bears striking resemblance to the
findings of Blanchette-Mackie et al. (1989). This group described LPL distribution by
irnrnunocytochemistry and found 78% of LPL to be within myocytes (sirmlar to 79% cLPL activity), 18% to be bound to the capillary endothelium (compared to 198 hr-LPL
activity) and the remaining 3-6% to be in extracellular spaces (compared to 2% basal
released). The highest concentrations of LPL molecules were localized on intralurninal
endothelial projections, consistent with optimizing LPL interaction with circulating
lipoproteins (Blanchette-Mackie et al., 1989). Since hr-LPL represents the functionaI
endothelium-bound enzyme, the considerable hr-LPL activity in mouse hearts suggested
that it was feasible to examine the metabolism of a lipoprotein substrate by an isolated
working perked mouse heart.
C)

Choice of substrate
In this and other labs (Belke et al., 1999; Larsen et al., 1999: Wang & Evans.

1997; Wang et al., 1998; Evans & Wang, 1997, the two albumin-bound FA most
commonly studied are oleate and palmitate, which are also the two most common FA in
the food supply (Schmidt et ai., 1999). These two FA have similar metabolic handling in
both humans and rodents despite oleate being slightly more soluble than palmitate.
Palmitate is the FA used by our lab due to a familiarity with the preparation from
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previous studies (Belke et al., 1999,2000). Wang et al. (1998) prefer to use oleate
because of increased solubility.
The uptake of albumin-bound FA into the heart directly or by LPLdependent
reactions must be carefully balanced to prevent FA overload and toxicity, while
maintaining an adequate supply of FA to the mitochondria for oxidation. The uptake of
FA from either source must therefore be tailored to the metabolic demands of the heart
from moment to moment in order to maintain the ideal intraceilular FA concentration. To
study this relationship, CM were chosen as a lipoprotein substrate for use with perfused
mouse hearts.
The choice of CM over VLDL,the other TG-rich lipoprotein. was due primarily
to the relative ease of obtaining and radiolabelling CM in large quantities. Wang et al.
(1998) isolated [ 3 ~ ]by- lymphatic
~ ~ cannuiation for use in perfused rat hearts: 22 mCi
of [3~-uioleinwas injected directly into the stomach of the cannulaced rats, presumably
resulting in a very high specific radioactivity. The method developed here was relatively
simple and effective, with a sufficient specific radioactivity and proven hydrolysis by
mouse heart LPL in virro. Furthermore, TLC findings confirmed that over 90% of the
radiolabel was incorporated into TG,
Secondly, CM are the preferred Lipoprotein substrate for LPL (Goldberg, 1996:
Karpe & Hultin, 1995). Following a high-fat meal, plasma VLDL levels rise. presumably
due to competition from CM for hydrolysis by LPL (Karpe & Hultin, 1995). CM have a
shorter half-life in plasma, implying faster hydrolysis of the TG component. It is
generally accepted that Iarger lipoproteins are hydrolyzed faster due to increased contact
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with endothelium-bound LPL (Fig. 6; Goldberg, 19%). As many as 44 LPL molecules
can bind to a single CM simultaneously (Blanchette-Mackie, 1989). Wang et al. (1998)
reported that FA, VLDL, and CM are all utiIized by the heart, but FA and VLDL both
caused a decrease in cardiac function in isolated hearts while CM did not. This was
thought to be a result of FA toxicity versus the relatively inert TG-CM.Finally, CM are
thought to be a particularly important substrate to the heart. because cardiac expression of

LPL is high, and in vivo the heart is one of the fmt organs to be exposed to CM as they
are released into the circulation from the thoracic duct (Goldberg et al., 2000).

The use of rat CM in the mouse heart preparation was a necessity because
obtaining significant quantities of radiolabelled mouse CM was not technically feasible.
Concerns about the inherent heterologous nature of this experiment were dissuaded by in
virro experiments. As expected, rat [%-a
were hydrolyzed by mouse hem LPL

(confirmed by specific irnmunoinhibition),exhibited serum-dependency (Fig. 16),and
competed well with other TG substrates (Fig. 15).
The inclusion of rat serum (as a source of the LPL activator apo CII) in the heart
perfusate represents a physiological model. As shown in Fig. 17, supplementing [

3 ~ -

CM with rat serum increased in virro LPL activity over 3-fold. For the isolated heart
experiments, serum and CM were pre-incubated to allow exposure of the CM to apo CII
before presentation to the heart. Wmg & Evans ( t 997) also observed that apo CII

supplementation increased CM oxidation rates in isolated working rat hearts, but typically
the metabolism of CM was examined in the absence of an apo CII source (Wang et al.,
1998).

2. Key findings and observations

a) Comparison of results to published findings
The oxidation rate of CMderived ['HI-FAoxidation compared to that for

H HI-

FA-albumin was lower, 2 1.1 versus 56.7 pmoYhlg dry wt. CM may not be oxidized at as
high a rate but must contribute sigruficantly to cardiac ATP production when present in

the post-prandial state. Similar findings were determined by other investigators (Evans &
Wang, 1997;Wang et al., 1998;Wang & Evans, 1997)who also reported a Iower
oxidation rate for CM than FA-albumin in working rat hearts. They observed a larger
difference of 25 versus 140 nmol FA oxidized/rnin/g wet wt for CM and FA respectively.
They attributed this observation to the requirement for initial TG hydrolysis to FA by LPL
before oxidation.
The rates of CM and FA oxidation reported by Evans & Wang are lower than the
present results in mouse hearts, and convert to roughly 7.5 and 42 pmol/h/g dry wt
(assuming a wet:@ ratio of 5: 1). The FA oxidation rate is slightly lower perhaps due to
fundamental differences between rats and mice. Working mouse hearts were found to
oxidize 1.2 rnM palmitate-albumin at 94 pnoVh/g dry wt (Beike et al., I999),while in
rat, 1.1 mM oleate-albumin was metabolized at 43 pnoUh/g dry wt (Wang et al., 1998).

suggesting mice have an intrinsically higher oxidation rate for FA-albumin. The CM
oxidation rate for perfused working rat hearts was Iower than the rate for mouse hearts,
possibly due to the lack of apo CII supplementation limiting LPL hydrolysis. Wang &
Evans (1997)stated that the use of "starved serum" doubled their CM oxidation rate in rat

hearts, but they chose not to use this addition because it would compromise their defined
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perfusate. Doubling their oxidation rate (from 7.5 to 15 p o W g dry wt) would
minimize the difference between the two studies (2 1.1 pmoVh/g dry wt for mouse hearts).
Evans & Wang (1997) reported that 75% of FA-albumin was oxidized by their
isolated working rat h e m , while only 5 0 8 of trioIein disappearance could be recovered

as ' ~ ~This
0 .agrees well with the present results: 50% of ['HI-CMwas oxidized while
80% of FA-albumin was oxidized- However, in their paper, Evans & Wang (1997)

describe only "triolein disappearance" and it is not clear if this is limited to intracellular
utilization by the heart or also includes hydrolysis to unrnetabolized FA in the perfusate.
They accounted for 2/3 of the missing CM-TGradioactivity in either 'HP or tissue
lipids, implying that hydrolysis is the fate of the remaining 113. Given that this group did
not supplement their CM preparation with apo CII, the issue of large amounts of TG
hydrolysis may not be as large a factor as was the case here. In the present study,
hydrolysis was found to be a significant fate of TG disappearance. accounting for 65% of
a calculated "TG disappearance*'(Table 1). Therefore measuring TG disappearance
would not be an accurate measure of intracellular utilization unless accumulation of
unmetabolized ['HI-FAin the perfusate was dso accounted far.
The relatively large amounts of hydrolysis observed with working mouse hearts

may explain why there is a curvilinear

[w-CM
oxidation pattern here compared to a

linear pattern observed by Evans & Wang (1997). This suggests that some of the LPLderived ['a-FA
that accumulates in the perfusate is being utilized by the heart as FAalbumin, and as the ['HI-FA accumulates in the perfusate, the oxidation rate increases
with time. This may also explain why the CM oxidation rate was only slightly lower than
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that of FA-albumin, compared to the much more dramatic difference observed in their
study between these two substrates. If increased FA accumulation in the pefisate is the
explanation for these differences, it reinforces the importance of LPL in the utilization of
a TG substrate. Experiments by Evans % Wang (1997) without apo CII not only found
reduced CM oxidation rates, but also diminished intracellular esterification. Therefore
both of the major fates of cardiac CM utilization are reduced when LPL is lirmted by the
absence of apo CII.
b) CM oxidation does not correlate to cardiac power generated in working mouse

hearts
Fig. 21 shows that the rate of CM oxidation was not correlated to the cardiac
power generated by individual working mouse hearts. Thls result was not anticipated
since it was assumed that higher cardiac power would require more substrate utilization.
Additionally, although there was no correlation in working hearts, Langendorff hearts
performing nearly no mechanical work consistently oxidized less (only 3 1% of working
heart oxidation rates) per unit time. Clearly work causes some elevation in metaboIism.

Given that glucose was present and that the heart has ample endogenous TG (Saddik &
Lopaschuk, 1991), perhaps metabolic demand was not met by altering CM use. As was
discussed in the Introduction, hearts use various substrates differently depending on the
physiological conditions, and utilization of some substrates can be preferentially
increased over others. In addition, there are endogenous stores that play a variable role,
which perhaps accounts for the lack of CM oxidation change with higher workloads.
This relationship could be examined further by artificially changing workload by
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increasing the afterload of hearts or pacing the heart at a higher rate for a period and
looking for elevated 3

~ generation
@
in the same heart

during the period of elevated

work.
C)

The oxidation:esterifidon ratio
One of the most interesting findings was that the fate of the FA substrate seemed

to depend on the origin, FA-albumin or CM. The oxidation:esterificationratio in ['HICM perfused working mouse hems was 50:50, while in ['m-FA perfused hearts it was
8 0 2 0 (Table 2). Evans & Wang (1997) found a similar ratio of 83: 17 in ['HI-FA

perfused working rat hearts; however, their CM-perfused hearts also showed an 80:20
ratio, unlike the present findings. Wang et al. (1998) reported that FA from VLDL tends
to be oxidized while FA from CM are more likely to be esterified, and that CM-derived
FA use was linked to obligatory inuaceLIuIar TG cycling. The present results also suggest
a preference for CM to be esterified, perhaps supporting the theory that CM-derived FA

are taken up to an intracellular pooI before further use as suggested by Swanton &
Saggerson (1997).
When mouse h e m were perfused with [

3

~

in -Langendorff
~
~
mode, the

utilization ratio of ['HI-CM resembled h e use of [ 3 ~ - ~ ~ - a l b u (83:
m i n17). No
explanation can be offered for this observation. Perhaps when the heart is under
metabolic demand (working), the heart uses CM-derived FA optimally, while in
LangendorfF mode, there is less need to metabolize large amounts of FA from CM. This
theory would suggest that h e oxidation of [Iw-CM would be correlated to mechanical
work which was not observed (Fig. 21). Saddik & Lopaschuk (1991) reported that TG
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pools are continually turned over and are actually used in preference to exogenous FA.
One possible explanation is that in the absence of work (Langendorff perfusion),
inmicellular TG turnover is reduced, thus CM esterification is not observed. When
comparing CM esterification between working and Langendorff perfusions (31.8 versus
2.8 pmoY9O min/g dry wt respectively), 1I-fold more esterification occurred in working
mode.
Working hearts incorporated 20-50 % of FA (depending on the source) into tissue

Iipids, the vast majority of which was esterified into TG. This was not unexpected
because it is known that the endogenous pool of TG plays an active and important role in
providing oxidative substrates. Gibbons et al. (2000) report that a high turnover rate (as
much as 1 pooh) is maintained by continuously reesterifying FA. and that this system of

energy storage occurs independent of any de novo synthesis. Swanton & Saggerson
(1997) also reported that even when exogenous FA was present, endogenous TG

utilization provided over 10% of ATP production. Saddik & Lopaschuk ( 1991) also
reported that this percentage can range from 11% when high fat is present to as much as

50% when isoIated hearts are perfused in the absence of FA.
d) ASP does not improve cardiac LPL-derived FA trapping

LPL-dependent FA utilization of lipoproteins is sometimes described as occurring
in two independent stages: TG hydrolysis by LPL and subsequent FA trapping

(Snideman et al., 1998; Sniderman et al., 2000; Fielding & Frayn, 1998). LPL hydrolysis
occurs fmt but some of the FA generated may not be taken up by the cell. FA that is
hydroIyzed but not "trapped" is referred to as spillover and occurs in varying amounts
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possibly dependent on nutritional state (Gibbons et al., 2000), rauging in adipocytes h m
near zero following an overnight fast, to 90% within 60 rnin following a meal (Fielding &
Frayn, 1998).
Spillover was measured by extracting unmetabolized [

3

~from
- the
~ perfusate
~

of working mouse hearts. The amount of L~W-FA
that accumulated in the perfusate was
variable and was not correlated to work done by the heart nor was it affected by the
addition of unlabelled FA-albumin. On average, this spillover accounted for a majority of
our calculated CM-TG disappearance, and was twice the amount that was being utilized
(oxidized or incorporated) by the heart (Table 1). Clearly spillover was a significant fate
for [

3 ~ ] hydrolyzed
- ~ ~

by the perfused working mouse hem: LPL-derived [

accumulated to near 0.15 mM,complicating the assumption that use of [
represents a pure [

3

3

3 ~ ] - ~ ~
~

-

~

~source.
- ~Resumably,
~
by the end of the perfusion at least some

of this spillover from LPL hydrolysis was bound by albumin and presented to the heart as
[ 3 ~ - ~ ~ - a l b u ready
m i n for uptake and metabolism.
The present experiments cannot distinguish how much of the observed oxidation
is due to this spillover source of FA. Despite this "contamination" of the 13HJ-c~
perfusate with [ 3 ~ - ~ ~ - a l b u mthe
i nratio
, of use in these hearts was still 50:50. This
suggests that the difference between h e utilization ratio of FA versus TG was due to the
initial source and that if the spillover could be removed from the perfusate. the shift in the

observed utilization profde would be even greater.
The second step of lipoprotein-derived FA utilization is intracellular trapping.
The cell must take up FA in order for use. ASP is the most potent known stimulator of

~
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FA esterification in adipocytes (Fielding & Frayn, 1998). ASP was added to the perfusate
of isolated Langendorffperfused hearts and was found to have no effect on the amount of
[ 3 ~ - ~ ~ - d e r i FA
v e esterified
d
by the cell, nor did ASP alter the oxidation:esterification
ratio. Fielding & Frayn (1997) commented that skeletal muscIe has no net release of FAalbumin during high rates of LPL action, suggesting that skeletal cnuscle effectively traps
LPL-derived FA. Although ASP is effective in adipose tissue, there was no effect seen in
perfused mouse heart. possibly because cardiac and skeletal muscie both have
intrinsically maximal FA trapping.

e) Determining the metabolism of CM relative to FA in working mouse hearts
The concentration of 0.4 mM CM-TGwas used as an approximation of postprandial plasma TG concentrations (Wang et al., 1998). The use of 0.4 and 1.2 rnM FAalbumin represents plasma FA concentrations during physiological fed and
pathophysiological fasted or diabetic states, respectively. Although the FA concentration
in fed mouse plasma is higher (0.7mM: Belke et al., 1999)0.4 m M palmitate-albumin
was chosen to facilitate comparisons with previous studies by Belke et al. (1999). The
extensive oxidation and esterification of ['HI-CM independent of the presence of
additional unlabelled FA-albumin (Fig.26 and Fig. 27) suggests that CM are a well
utilized FA source for the heart in the post-prandial state.
An additional study would be the reverse experiment: adding unlabelled CM to

[3~-palmitate-albuminin working hearts may determine the effect of a high-fat meal on
FA utilization. It would also be interesting to determine if VLDL is used s~milarlyin

88

mouse hearts, as Wang et al. (1998) found that CM and W

L are metabolized in rat

hearts somewhat differently.
The exact contribution of each FA source in mouse hearts could be determined by
perfusing mouse hearts with both substrates and monitoring their oxidation
simultaneously. Determination of [ 3 ~ ]oxidation
- ~ ~ could be accomplished as it has
been here, by 3

~ production,
z
~
and

albumin oxidation could be monitored

simultaneously by "CO~production. similar to the LJ~-gIucose
oxidation monitored by
Belke et al. (1999).

3. Are FA and CM used for different intracellular fates?
There have been many attempts to elucidate the role of various substrates in
myocardial metabolism but few specifics have been described (Saddik & Lopaschuk.
1991). Fatty acids are known to be the favored substrate for myocardial oxidation over
glucose, lactate and others, but the role of the source of FA is unknown (Evans et d.,
2000; Saddik & Lopaschuk, 199I). Endogenous TG stores in the heart have rapid
m o v e r and are a significant end point for FA metabolism (Swanton & Saggerson,
1997). in addition to exogenous FA-albumin and circulating lipoproteins. Differences
between lipoprotein classes further complicates understanding substrate utilization by the

heart.

Originally, FA utilized by the heart from either FA-albumin or hydrolysis from
lipoprotein TG were predicted to enter a common pool for intraceliular use by the hem.
Two observations made here refute this hypothesis and suggest that the intracellular fate
(oxidation versus esterification) of FA is dependent on the initial FA source.
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Fitly, FA-albumin and TG-CM are used for different purposes, i.e. in isolated
working mouse hearts, 50% of tHj-CM used were oxidized and 50% were incorporated
into tissue lipids. while [ 3 ~ - ~ ~ - a l b u were
m i nused in an 80:?0% ratio. This difference
in utilization suggests that the two sources of FA are distinct and are handled differently
by the working heart.
Secondly, the addition of unlabelled FA-albumin to the perfusate of working
hearts was expected to inhibit the utilization of LPL-derived ['HI-FA due to isotope
dilution and product inhibition of LPL (Bengtsson & OIivecrona 1980). No change in
'H~Oproduction was observed, nor was there a change in the amount of [)HI-FA

incorporated into tissue lipids. This suggests that these two sources of FA do not enter a
common FA pool for inuaceuular use, and do not interact once taken up by the cell.
The profile of FA utilization in Langendorff hearts complicates the hypothesis that

FA use is dependent only on its initial source (FA-albumin or CM). The utilization of
[ 3 ~ ]in -Langendorff
~ ~
perfused mouse hearts was 83:17 % (oxidation:incorporation).a
distribution that is more similar to the working FA utilitadon profile than the working

CM utilization. This discrepancy cannot be explained by observations made so far but
suggests that the mode of perfusion (working versus Langendorff) is involved in
determining how substrates are used. It is interesting to note that the shift is due to a 66%
decrease in oxidation but a 91% decrease in incorporation (esterification) into tissue
lipids. Thus the greatest change in FA utilization in non-working versus working hearts
is in the component of TG storage.
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It is unknown whether CMderived FA and FA-albumin are used by the heart in
the same way (Saddik & Lopaschuk, 1991). Figure 30, panel A shows CM-derived FA
and FA-albumin being interchangeable, and would suggest that the two sources would
compete for cellular utiiization. The present study suggests that the two pools are
separate in the working heart because addition of unlabeiled FA-albumin did not change
CM utilization. Therefore. two FA sources must have significantly different metabolic

fates. i.e. oxidation versus esterification into tissue tipids (Fig. 30. panel B). How could
these similar substrates be used by the cell in different ways, with minimal intracellular
interaction?
Referring back to the Introduction, the major transport routes of FA into cells
were seen as either by transport proteins or flow through tipid membranes (Fig. 3). van
der Vusse (2000) dismissed the latter due to lack of a sufficiently high FA concentration
gradient to drive such a flow. One possible theory that combines these two routes and
explains the observations made here is that CM hydrolysis represents a condition where
such a high concentration gradient is generated.

When FA-albumin is perfused through the heart, the concentration of FA into

-

cells at any point dong the cell membrane is the same, 0.4 m M under physiological
conditions. This concentration is uniform and relatively low. Saddik & Lopaschuk
( 1991) stated that 0.4 mM FA represented FA in equilibrium between the interstitiurn and

the perfusate in isolated perfused

Fig. 30. Cardiac FA metabolism. A, if FA liberated from CM-TG by LPL and FA
dissociated from albumin enter a common metabolic pathway, the addition of FAalbumin to a [

3

~

perfusate
~ wodd
~
be expected to cause a decrease in the generation

of 'H~Oand intracellular [~W-TG
by isotope dilution and perhaps LPL inhibition andlor
displacement. B, since addition of FA-albumin does not alter rates of ['W-CM
utilization. separate uptake mechanisms for LPL-derived FA and FA dissociated h m
albumin may exist Furthermore, the intracellular fate of
between oxidation and esterification, wMe 80% of [

3

[ 3 w -is ~equally
~ split
~

is estesed. consistent with separate uptake mechanism(s).

is -oxidized
~ ~ while only 10%
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heart models, clearly not the extreme gradient required for flow within membranes.
When CM are presented to the capiIlary endothelium, localized LPL molecules held in
place by HSPG could ensure that the FA liberated can be delivered to the cells that
require them. As CM are hydrolyzed, relatively large amounts of FA could be Iiberared
quickly, presumably contributing to a huge

concentration of FA. Perhaps this local

concentration is enough to overwhelm the Locd carrier proteins and facilitate the flow of
these released FA along a membrane continuum as suggested by Scow & BlanchetteMackie ( 1985, Fig. 3 1). This route may not normally be a major contributor to FA
uptake. The diffuse nature of physiologic concentrations of FA-albumin may never make
use of this pathway. However, the large volumes of FA rapidly hydrolyzed from CM may
be a unique situation where a concentration gradient is generated that is p a t enough to
meet the criteria described by van der Vusse to make this route a feasible option. If this
occurs, then CM-derived FA may be routed to a different intracellular fate (as was seen
here) than when cells are presented with the diffuse and constant 0.4 mM physiological
concentration that would only allow uptake via transporters. In addition, thls may explain
why [

3

~

metabolism
~
~ was not altered by addition of unlabelled FA-albumin.

Gibbons et al. (2000)reported &at cytoplasmic TG storage droplets were bounded
by a phospholipid monolayer that is continuous in places with the outer leaflet of the ER
membrane. This may faciIitate the preferential esterification of LPL-derived FA into
tissue lipids by CM transported in this manner, and also explain the apparent separation
maintained between these two pools of FA, even when within the cell.

Fig. 31. Fatty acid uptake by the heart. A. a model of FA transport involving FA flowing
(indicated by the black dots) from a CM as they are hydrolyzed kom TG to intracellular
sites of utilization via an interfacial continurn B, the hypothetical flow of hydrolyzed
FA flowing in the celiuIar membrane. Both diagrams from Scow & Blanchette-Mackie,

1985.
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There is some evidence for similar substrates being used differently depending on
the source. Wang et al. (1998) reported that FA &rived from VLDL tend to be oxidized
while FA from CM are more likely to be esterified due to their more efficierlt utilization.
Additionally, Swanton & Saggerson (1997) suggested that the heart somehow
preferentially oxidizes "older" intracellular TG indicated by a high turnover of TG. This
represents an additional example of FA being handled differently by the cell depending
on its initial source.

1. Summary of fmdings
The working and Langendorff isolated perfused mouse heart models used here are
an effective means of studying CM utilization at both the levels of LPL-dependent
hydrolysis and fatty acid trapping. It would appear that FA-albumin and CM-derived FA

are both used effectively by the mouse heart, although for different metabolic purposes.
These two FA sources may represent two distinct pools of FA that are independently
taken up by the heart and may only minimally affect the metabolism of the other.
FA, regardless of their endogenous or exogenous source, are clearly a major
contributor to ATP generation in the heart. FA nor only influence energy metabolism but
also can alter mechanical function, gene expression, and can initiate apoptotic signaling
(Evans et al., 2000; Belke et al., 2000; DupIus et al., 2000: Zbou et al., 2000). The
present study demonstrates that the source of FA utilized by the heart is a major
determinant of its ultimate intraceuular fate.
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