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Abstract The cholesteryl esters transported from the intes- 
tine in chylomicrons are delivered to the liver. Hepatocytes 
take up chylomicron remnants by receptor-mediated endocy- 
tosis and the cholesteryl esters are subsequently degraded. In 
this study we measured the appearance in breath of labeled 
carbon dioxide after injection of chylomicron-like emulsions 
labeled with radioactive cholesteryl [ 1-14Cloleate. Measure- 
ments by the breath test provide an integrated assessment of 
capacity for clearance and subsequent metabolism of the 
remnants of the triglyceride-rich lipoproteins. In normal rats, 
mice, and rabbits injected with the radioactive emulsions, 
label appeared in the breath after a delay of approximately 30 
min, appreciably slower than the appearance of label after 
injection of emulsions labeled with [‘4C]triolein or of 
[Wloleic acid complexed with albumin. To test for the ability 
of the procedure to detect defects in remnant clearance, 
labeled emulsions were injected into diabetic rats, apoEdefi- 
cient mice, low density lipoprotein receptor (LDLrWeficient 
mice, and Watanabe heritable hyperlipidemic (WHHL) rab- 
bits with defective low density lipoprotein receptors. In rats 
made diabetic by treatment with streptozotocin the appear- 
ance of 14CO2 in breath was slower than in normal control 
rats. This finding was consistent with previous evidence from 
our laboratory that remnant clearance is defective in diabetic 
rats. In LDLrdeficient mice the appearance of 14C02 was 
slower when compared with control mice and in apoE-defi- 
cient mice the appearance of %02 was extremely small. In 
homozygous WHHL rabbits, the appearance of I4CO2 in 
breath was much slower than in normal control rabbits, while 
in heterozygous WHHL rabbits an intermediate level of a p  
pearance was found, consistent with our previous findings of 
defective remnant clearance in WHHL rabbits. Emulsions 
with cholesterol omitted, previously found to be cleared from 
plasma much slower than chylomicron-like emulsions, had 
much slower appearance of label in breath. M The breath 
test as described is consistent with predicted metabolism of 
chylomicron remnants and therefore provides a useful means 
of assessment of remnant catabolism in the intact ani- 
mal.-Redgrave, T. G., I. J. Martins, and B-C. Mortimer. 
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Remnant lipoprotein particles are derived from 
triglyceride-rich lipoproteins of intestinal and hepatic 
origin after hydrolysis of most particle triglycerides by 
the enzyme lipoprotein lipase (1). The remnants trans- 
port cholesterol absorbed from the intestine and are 
normally rapidly removed from the blood plasma by 
receptor-mediated endocytosis, primarily into the liver. 
After endocytosis, the lipoproteins are transported into 
endosomes and eventually into lysosomes, where the 
lipid components are hydrolyzed and fatty acids become 
available for oxidative metabolism, in particular meta- 
bolism to carbon dioxide. For the present studies in rats, 
mice, and rabbits, a single injection into a vein was made 
of a microemulsion prepared to mimic the composition 
and physiology of triglyceride-rich lipoproteins. The 
microemulsion incorporated a tracer amount of 14C- 
labeled cholesteryl oleate, with the label in the oleate 
moiety for production of “KO2 by oxidative metabolism 
of the fatty acid produced from hydrolysis of the emul- 
sion cholesteryl ester. Expired air was sampled at inter- 
vals over several hours after injection. Expired air was 
collected into vessels containing solutions to trap the 
CO2 produced as a result of the recipient animal‘s 
metabolism. A large proportion of the injected isotope 
was expired within a few hours. The procedure yields 
novel and precise quantitative information on the recipi- 
ent animal’s capacity for metabolic handling of chylomi- 
cron remnants. 

Abbreviations: CO, cholesteryl oleate; TO, triolein; LDLr, low 
density lipoprotein receptor; WHHL, Watanabe Heritable 
Hyperlipidemic rabbits; apoE, apolipoprotein E. 
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METHODS 

Preparation of emulsion 
Emulsions were prepared by sonication and purified 

by density gradient centrifugation as previously de- 
scribed (2). The injected emulsions were prepared from 
mixtures of triolein, egg lecithin, cholesteryl esters, and 
cholesterol. To label the cholesteryl oleate or triolein 
constituents respectively, the mixtures also contained 
trace amounts of cholesteryl [ 1-Wloleate or tri-[ 1- 
~4C]oleoylglycerol (Amersham International Plc, Buck- 
inghamshire, England). As described in detail previously 
(3), the mixtures were emulsified by sonication, and 
emulsion particles of average size 150 nm were sepa- 
rated from the crude sonicated emulsion by centrifuga- 
tion in density gradients. The emulsion preparation was 
designed to produce particles of average size 150 nm 
because particle size affects the kinetics of clearance 
(4-7). Cholesterol was present in appropriate amounts 
for the injected emulsion to mimic the metabolism of 
the natural exogenous lipid transport particles (8). With- 
out cholesterol, the remnants remain in the plasma for 
much longer than occurs physiologically with natural 
chylomicrons, the lipoproteins that transport fat from 
the intestine. Cholesteryl esters are present in natural 
chylomicrons and are an essential ingredient of the 
emulsion, required as a carrier for the isotopic label to 
ensure proper physical distribution of the label between 
the other constituents of the lipid emulsion particles. 
The composition of the injected microemulsion was (% 
by weight, n = 5) TO, 83.4 It 0.40; CO, 4.1 f 0.46; 
cholesterol, 1.4 f 0.04, and egg phosphatidylcholine, 
11.1 f 0.46. 

Animals 
Normal Wistar rats of body weight approximately 200 

g were obtained from the Animal Resources Centre, 
Murdoch, Western Australia. Diabetes was induced in 
one group of rats by injection of streptozotocin at a dose 
of 50 mg/kg into a tail vein. In these studies, 3 weeks 
after the treatment with streptozotocin, rats were shown 
to be diabetic by the presence of glucose in their urine. 
We previously reported that 3 weeks after the treatment 
with streptozotocin the concentration of blood glucose 
was increased and glucosuria was present, but plasma 
lipids were only slightly increased (2,9, 10). Colonies of 
apoE knockout mice and LDLr knockout mice were 
established from progenitor stocks obtained from the 
Jackson Laboratories, Bar Harbour, ME. The mice were 
bred by sibling matings to obtain animals homozygous 
for the null mutation. C57BL/6J mice were used as 
controls. WHHL rabbits were from a colony maintained 
in the Biological Sciences Animal Unit at the University 
of Western Australia, derived from stock obtained from 

Professor Watanabe. Heterozygous WHHL were ob- 
tained by cross-breeding half-lop rabbits with homozy- 
gous WHHL, and animals from the half-lop strain were 
used as controls. All procedures were subject to inspec- 
tion and approval by the Animal Welfare Committee of 
the University of Western Australia. 

Collection of expired carbon dioxide 
Emulsions were injected intravenously and the 

amounts of radioactive COz in the expired breath were 
measured over several hours subsequently. Recipient 
rats were prepared under barbiturate anesthesia with a 
cannula in a jugular vein for making intravenous injec- 
tions. After awakening from the anesthetic, the animal 
was placed in a closed chamber through which a stream 
of room air was passed. Conscious mice were injected 
with emulsion via a tail vein and then placed in the 
closed chamber. Rabbits were placed in a closed cham- 
ber for collection of expired breath after intravenous 
injection of labeled emulsion into an ear vein. Experi- 
ments were commenced by injection of labeled emul- 
sion intravenously, and the COz in the air leaving the 
chamber was passed through solutions containing 0.21 
mol/L phenylethylamine (Aldrich, Milwaukee, WI), 50 
ml of Permafluor (Packard, Downers Grove, IL), 270 ml 
of methanol, and 410 ml of toluene (1 1). Aliquots of the 
solutions were added to scintillation fluid then counted 
by liquid scintillation spectrometry. 

RESULTS 

As shown in Fig. 1, label in emulsion triolein (the TO, 
triglyceride portion of the emulsion) appeared rapidly 
in the expired breath after injection in normal rats. With 
label in the cholesteryl oleate (CO) portion of the emul- 
sion the appearance of radioactivity in the expired 
breath was delayed compared with triolein label, but by 
90 min a comparable amount of the radioactivity had 
been expired. To confirm the essential requirement of 
cholesterol, the experiment was repeated with 
cholesteryl oleate label in an emulsion without choles- 
terol. By 90 min after injection, much less of the emul- 
sion radioactivity had appeared in expired breath, in 
contrast to the emulsion containing cholesterol. This 
result was consistent with the slow plasma removal of 
remnants derived from emulsions lacking cholesterol as 
previously described (8). 

To investigate the efficiency of the breath test in 
detecting changes in remnant clearance secondary to 
diabetes, labeled emulsions were injected into diabetic 
rats 3 weeks after they were treated with streptozotocin 
at a dose of 50 mg/kg (intravenously). Rats made dia- 
betic in this way have defective clearance of chylomicron 
remnants from plasma (2, 10). Figure 2 shows that the 
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Fig. 1. The appearance of labeled C G  in expired breath after 
intravenous injection of emulsions labeled with cholesteryl [l- 
W]oleate (CO) or glyceryl tri-[l-~4C]oleoylglycerol (TO). Label in 
emulsion triolein appeared rapidly in the expired breath, with a p  
proximately 20% expired in 30 min. With label in the cholesteryl oleate 
portion of the emulsion only, a few percent of radioactivity appeared 
in the expired breath in 30 min, but by 90 min approximately 30% of 
the radioactivity had been expired. When the experiment was re- 
peated with cholesteryl oleate label in an emulsion without cholesterol 
(no C), by 90 min after injection less than 10% of the emulsion 
radioactivity had appeared in expired breath, in contrast to the 
standard emulsion containing cholesterol. The results are means k 
SEM from 3 rats in each group. 

expired radioactivity was decreased in the diabetic rats 
compared with nondiabetic normal control rats, illus- 
trating the ability of the breath test to detect a defect in 
the ability to metabolize chylomicron remnants. 

To check the specificity of the decrease in expired 
C02 from emulsions labeled in the CO moiety, control 

m Control Rats 

0" 40 A Diabetic Rats 
0 -  
:% 

Time (min) 

Fig. 2. The appearance of labeled C G  in expired breath after 
intravenous injection of emulsions labeled with cholesteryl [ 1- 
l*C]oleate. The graph shows that the rate of expiration of the radio- 
active COO was slower in diabetic rats than in normal control rats. 
Compared with approximately 30% expiration of the label in normal 
rats, diabetic rats expired only about 20% of the injected dose after 
90 min. The results are means f SEM from 3 rats in each group. 
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Fig. 3. The recovery of I4CG in expired breath after injection of 
[14C]TO-labeled emulsion in diabetic rats compared with nondiabetic 
control rats matched for age or for body weight. No differences in the 
appearance of I4COn in the breath were found between either control 
or diabetic rats. Control A (matched for body weight), Control B 
(matched for age). The results are means f SEM from 3 rats in each 
group. 

measurements were made in diabetic rats injected either 
with emulsion labeled with [ 14C]T0 or with [ 14C]oleic 
acid complexed with albumin. Figure 3 compares the 
recovery of l4CO2 after injection of [ 14C]TO-labeled 
emulsion in diabetic rats with nondiabetic control rats 
matched for age or for body weight (as diabetic rats gain 
weight at a slower rate than nondiabetic rats). It is clear 
that the appearance of 14C02 in breath was not de- 
creased in the diabetic rats, in contrast to the decrease 
found when the label was in the CO moiety (Fig. 2). 
Figure 4 shows that the appearance of 14C02 was not 
decreased when rats were injected with labeled oleic acid 
complexed with labeled albumin. The delay in appear- 
ance of label observed with injected emulsion contain- 
ing [ 14C]C0 label (Fig. 2), therefore was not found with 
either [14C]T0 or [ 14C]oleic acid labels. 

Figure 5 compares the appearance of 14C02 in the 
expired breath of the control, LDLr-deficient, and apoE- 
deficient mice. The rate of expiration of 14C02 was 
much slower in the apoE-deficient mice than in the 
controls (P < 0.0001) by repeated measures of analysis. 
The radioactivity in expired breath was also significantly 
less in the LDLrdeficient mice compared with controls 
(P < O.OOOl),  indicating a defect or delay in the catabo- 
lism of remnants removed from the plasma. 

As shown in Fig. 6, when labeled emulsions were 
injected intravenously, the rate of appearance of CO2 in 
breath was slower in WHHL than in control rabbits (P 
< 0.001) by repeated measures of analysis of variance. In 
heterozygous WHHL rabbits, the rate of appearance of 
expired CO2 was intermediate between control rabbits 
and homozygous WHHL rabbits (P < 0.001). This result 
was consistent with our previous findings of defective 
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Fig. 4. This figure shows the appearance in expired breath of I4COz 
after injection of [14C]oleic acid complexed with albumin in diabetic 
rats compared with nondiabetic control rats matched for age or for 
body weight. The appearance of 14COz in the breath was similar in 
control and diabetic rats; the small differences between the curves 
were not statistically significant by repeated measures of analysis of 
variance or by one-way analysis of variance at each time point. Control 
A (matchedfor body weight), Control B (matched for age). The results 
are means f SEM from 3 rats in each group. 

plasma clearance of injected chylomicrons and chylomi- 
cron-like emulsions in WHHL (12, 13). In WHHL rab- 
bits, LDL receptors are defective. Consequently, the 
clearance of LDL is slow and the concentration of LDL 
in plasma is increased, leading to the development of 
arteriosclerosis. Furthermore, the clearance of rem- 
nants of the triglyceride-rich lipoproteins is defective in 
WHHL, a reflection of the role of LDL receptors acting 
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Fig. 5. The appearance of "COn in the expired breath of control 
C57BL/6, LDLrdefident, and apoweficient mice. Mice were in- 
jected with 50 pI chylomicron-like emulsion labeled with cholesteryl 
[l-Wloleate via tail vein and radioactive COZ was collected as de- 
scribed in Methods. The rate of expiration of I4COs was much slower 
in the apoweficient mice than in the control mice. The radioactivity 
in expired breath was also significantly less in the LDLrdeficient mice 
compared with controls. The results are means f SEM from 3 mice in 
each group. 

10 
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Fig. 6. The radioactivity in expired breath in homozygous and 
heterozygous WHHL rabbits compared with normal control rabbits. 
It is apparent from the graph that the rate of expiration of the 
radioactive COS was much slower in the homozygous WHHL rabbits 
than in control rabbits. In heterozygous WHHL animals, the appear- 
ance of radioactivity in expired breath was intermediate. The results 
are means f SEM from 4 rabbits in each group for control and 
homozygote rabbits, and means f range from 2 rabbits in the heterozy- 
gote group. 

as a ligand for the apolipoprotein E associated with 
remnants. 

DISCUSSION 

In his landmark review of cholesteryl ester metabo- 
lism, Goodman in 1965 (14) described how approxi- 
mately 90% of cholesteryl ester was rapidly taken up by 
the liver of rats injected with labeled chylomicrons. 
Hydrolysis of the chylomicron cholesteryl esters oc- 
curred after a delay, and 3.5 h after injection hydrolysis 
was 80% complete. In 1965 the role of chylomicron 
remnants in the delivery of chylomicron cholesteryl 
esters to the liver had not been identified. It is neverthe- 
less evident that while the underlying metabolic events 
have been known for 30 years, there is no facile proce- 
dure for measuring the catabolism of chylomicron 
cholesteryl esters in intact animals. The present work 
describes how the catabolism of chylomicron cholesteryl 
esters can be measured with minimal disturbance of the 
intact animal. The breath test described here provides 
an integrated assessment of remnant clearance and is 
simple to do. The method lends itself to repeated meas- 
urements to assess the effects of manipulations includ- 
ing pharmacological and nutritional interventions. 

Breath tests are currently used in various applications, 
for example in the diagnosis of specific infections (15, 
16), in assessment of gastric emptying (17), and in 
assessment of the activities of liver enzymes (18). Meth- 
ods of testing of intestinal function using stable isotopes 
rely also on the same general principle of collection of 
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expired COS (17, 19, 20) and many applications using 
this technology have been reported (16, 17,21, 22). To 
avoid the use of a radioactive label, a stable isotope can 
be used followed by mass spectrometric quantitation of 
'WO2 in expired breath (19,20,23-28). We have made 
measurements of chylomicron remnant metabolism us- 
ing [13C]cholesteryl ester labeled in the fatty acid moiety 
(T. G. Redgrave and I. J. Martins, unpublished observa- 
tions). However, without using extensively labeled fatty 
acids, the isotope enrichment ratios were too low, and 
the amounts of emulsion required were too large to 
make the use of stable isotopes practical or cost-effective 
in this application. 

The present studies in animals show that remnant 
clearance can be assessed simply and with minimal 
intervention by a breath test. The appearance of label 
in expired breath was impaired in several animal models 
where the plasma clearance of remnants is known by 
other methods to be defective. Control studies with 
labeled triolein and oleic acid have eliminated compli- 
cations of interpretation due to other abnormalities of 
lipid metabolism in insulindeficient rats. 

The capacity to metabolize remnant lipoprotein par- 
ticles contributes to the risk of atherosclerosis in man, 
as measured by the progression of coronary athero- 
sclerosis determined angiographically (29, 30). Many 
previous studies point to an association between the 
abnormal metabolism of remnants of triglyceride-rich 
lipoproteins and the development of atherosclerosis. 
However, limitations in presently available methods 
have prevented a clear understanding of the possible 
contribution of remnant metabolism to arterial disease. 
Application of the breath test could bring a clearer 
understanding of this problem. I 

This work was supported by the University of Western Austra- 
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