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Human Intestinal Lipoproteins

STUDIES IN CHYLURICSUBJECTS

PETERH. R. GREEN, ROBERTM. GLICKMAN, CHRISTOPHERD. SAUDEK,
CONRADB. BLUM, and ALAN R. TALL, Gastrointestinal Unit, College of
Physicians & Surgeons of Columbia University, New York 10032; Department of
Medicine, Cornell University Medical College, New York 10021

A B S T RA C T To explore the role of the human in-
testine as a source of apolipoproteins, we have studied in-
testinal lipoproteins and apoprotein secretion in two sub-
jects with chyluria (mesenteric lymphatic-urinary fistu-
lae). After oral corn oil, apolipoprotein A-I (apoA-I) and
apolipoprotein A-II (apoA-II) output in urine increased
in parallel to urinary triglyceride. One subject, on two
occasions, after 40 g of corn oil, excreted 8.4 and 8.6 g
of triglyceride together with 196 and 199 mg apoA-I
and on one occasion, 56 mgapoA-II. The other subject,
after 40 g corn oil, excreted 0.3 g triglyceride and 17.5
mgapoA-I, and, after 100 g of corn oil, excreted 44.8 mg
apoA-I and 5.8 mg apoA-II. 14.5+2.1% of apoA-I and
17.7+4.3% of apoA-II in chylous urine was in the d
< 1.006 fraction (chylomicrons and very low density
lipoprotein). Calculations based on the amount of
apoA-I and apoA-II excreted on triglyceride-rich lipo-
proteins revealed that for these lipid loads, intestinal
secretion could account for 50 and 33% of the calcu-
lated daily synthetic rate of apoA-I and apoA-II, re-
spectively. Similarly, subject 2 excreted 48-70% and
14%of the calculated daily synthetic rate of apoA-1 and
apoA-II, respectively.

Chylous urine contained chylomicrons, very low
density lipoproteins and high density lipoproteins, all
of which contained apoA-1. Chylomicrons and very low
density lipoproteins contained a previously unreported
human apoprotein of 46,000 mol wt. Wehave called
this apoprotein apoA-IV because of the similarity of its
molecular weight and amino acid composition to rat
apoA-IV. In sodium dodecyl sulfate gels, chylomicron
apoproteins consisted of apoB 3.4+0.7%, apoA-IV 10.0
+3.3%, apoE 4.4+0.3%, apoA-I 15.0+1.8%, and apoC
and apoA-II 43.3+11.3%. Very low density lipoprotein
contained more apoB and apoA-IV and less apoC than
chylomicrons. Ouchterlony immunodiffusion of chylo-
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micron apoproteins revealed the presence of apoC-I,
apoC-1I, and apoC-III. In contrast, plasma chylomicrons
isolated during a nonchyluric phase revealed a mark-
edly altered chylomicron apoprotein pattern when
compared with urinary chylomicrons. The major apo-
proteins in plasma chylomicrons were apoB, apoE, and
the C peptides: no apoA-I or apoA-IV were present in
sodium dodecyl sulfate gels indicating that major
changes in chylomicron apoproteins occur during
chylomicron metabolism. Whenincubated in vitro with
plasma, urinary chylomicrons lost apoA-I and apoA-IV
and gained apoE and apoC. Loss of apoA-I and apoA-IV
was dependent upon the concentration of high density
lipoproteins in the incubation mixture.

These studies demonstrate that the human intestine
secretes significant amounts of apoA-I and apoA-II dur-
ing lipid absorption. Subsequent transfer of apoproteins
from triglyceride-rich lipoproteins to other plasma lipo-
proteins may represent a mechanism whereby the in-
testine contributes to plasma apoprotein levels.

INTRODUCTION

Animal studies have demonstrated that the small in-
testine is a site of synthesis of chylomicrons (1), very
low density lipoproteins (VLDL)l (2, 3) and high
density lipoproteins (HDL) (4, 5). During chylomicron
formation, rat intestine actively synthesizes three
chylomicron apolipoproteins: apoB, apoA-I, and
apoA-IV (4, 6-9). The lower molecular weight C pep-
tides and the arginine-rich peptide (apoE) do not appear
to be actively synthesized and are transferred to the
chylomicron surface after secretion. ApoA-I, the princi-
ple apoprotein of plasma HDL, is the major apoprotein

' Abbreviations used in this paper: ApoA-I, A-II, etc.,
apolipoprotein A-I, A-II, etc.; apoE, the arginine-rich peptide;
DTNB, dithionitrobenzoic acid; HDL, high density lipopro-
tein; LCAT, lecithin:cholesterol acyltransferase; SDS, sodium
dodecyl sulfate; VLDL, very low density lipoprotein.
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of rat mesenteric lymph chylomicrons, VLDLand HDL
(4-7), and markedly increases in mesenteric lymph
during triglyceride absorption (7). In the rat, the quan-
titative measurement of apoA-I in mesenteric lymph
indicates that the intestine is a major synthetic site for
apoA-I. In comparison, rat liver appears to have a more
limited capacity to synthesize apoA-I (10).

The role of the human intestine in lipoprotein and
apoprotein synthesis is less clear, in large measure be-
cause of the difficulty in obtaining nascent intestinal
lipoproteins in man. Chylomicrons isolated from chy-
lous effusions (11, 12) and human thoracic duct lymph
(13) have been shown to contain all major chylomicron
apoproteins (apoB, apoA-I, apoA-II, apoE, apoC); how-
ever, it was unclear which of these apoproteins were
synthesized by the intestine or transferred to the chy-
lomicron surface after secretion. In addition, thoracic
duct lymph contains hepatic lymph, making the intes-
tinal origin of a given apoprotein difficult to prove.
There are few data directly demonstrating human in-
testinal apoprotein synthesis. A recent study has shown
radioactive amino acid incorporation in vitro by human
small bowel biopsies into apoB, aopA-I, and apoA-II
(14). Immunofluorescence studies with isolated human
intestinal epithelial cells have demonstrated immuno-
fluorescence for apoA-I (15) and apoB (16) which in-
creases markedly during lipid absorption, consistent
with active synthesis of these apoproteins. In addition,
lipid absorption and chylomicronemia results in a
transient but significant increase in plasma apoA-I
levels (15) suggesting an intestinal contribution to sys-
temic apoprotein levels.

Thus, although human small intestine can synthesize
several chylomicron apoproteins, the quantitative im-
portance of this is unknown. Wehave therefore, studied
human intestinal lipoprotein secretion in two chyluric
subjects. Lipid absorption has been studied previously
in chyluric subjects (17, 18). The chyluria in our sub-
jects was the result of fistulous connections between
mesenteric lymphatic channels and the renal collecting
system and, in both subjects, was considered to be
secondary to previous filarial infestation. The lipopro-
teins isolated from the urine of these subjects had little
opportunity to undergo apoprotein exchange with
serum lipoproteins and therefore may be more repre-
sentative of mesenteric lymph lipoproteins.

In particular, we have quantitated the secretion of
two major chylomicron apoproteins, apoA-I and apoA-II,
after lipid feeding. Our results indicate that human
intestine is a major synthetic source for these apopro-
teins. In addition, a previously undescribed apoprotein,
analogous to apoA-IV in the rat, is described in triglyc-
eride-rich (chylomicrons and VLDL) lipoproteins of
intestinal origin.

METHODS

Subjects and collections of samples
Subject 1. L.C. is a 27-yr-old Chinese female with an 8-yr

history of chyluria considered to be the result of previous
filarial infestation. Her chief complaint has been weight loss
(current weight 41 kg) because of persistent chyluria. There
was no peripheral edema. Serum albumin was 2.8 g/dl, globu-
lins 1.9 g/dl, cholesterol 190 mg/dl, triglyceride 66 mg/dl, fast-
ing plasma apoA-I 166 mg/dl, and apoA-II 41 mg/dl. Normal
range for apoA-I is 149-174 mg/dl and for apoA-II, 25-39
mg/dl. Lymphangiography demonstrated connections be-
tween mesenteric lymphatics and the left renal calyceal system.

Subject 2. J.B., a 61-yr-old black male from Guyana, had
been treated for filariasis 20 yr earlier and had a long history of
intermittent chyluria. He was otherwise well and maintained
a stable weight (70 kg). Laboratory investigations showed nor-
mal plasma proteins, cholesterol 260 mg/dl, triglycerides 60
mg/dl, fasting plasma apoA-I 145 mg/dl, and apoA-II 33 mg/dl.
Lymphangiography revealed mesenteric connections with the
left renal calyceal and collecting dust system.

Each subject gave informed consent for the studies which
were approved by the Human Studies Committee of New
York Hospital.

Corn oil (40 or 100 g) was given to each subject on two
occasions. Urine was collected after an overnight fast, at which
time the urine was clear. After lipid ingestion, urine was
collected at 3-h intervals, sodium azide was added, and the
samples were refrigerated immediately. Aliquots of whole
urine were stored at -80°C for apoprotein quantitation.
Lipoproteins were isolated from freshly collected urine. Urine
was collected in the presence of dithionitrobenzoic acid
(DTNB) in phosphate-buffered saline, pH 7.4, added to a final
concentration of 1 mM, to inhibit the action of the enzyme
lecithin:cholesterol acyltransferase (LCAT) (19). LCAT activ-
ity was not measured in these studies.

J.B. had intermittent chyluria during the study. During a
nonchyluric phase, he was given oral corn oil (100 g), and
plasma was drawn at 2-h intervals for triglyceride and apoA-I
quantitation. At 6 h after corn oil ingestion, a chylomicron
fraction was prepared from plasma.

Isolation of lipoproteins
Lipoproteins were isolated in the Beckman preparative

ultracentrifuge model L5-75 (Beckman Instruments, Inc.,
Spinco Div., Palo Alto, Calif.) with the SW27 and 50.2 Ti
rotors. Chylomicrons were isolated by a single ultracentrifuga-
tion at 3 x 106 g -min, in the SW27 rotor, separated from the
infranate by means of a tube slicer and purified by passage
through 2%agarose columns packed with Bio-gel A-50m (100-
200 mesh) obtained from Bio-Rad Laboratories, Richmond,
Calif. The columns were eluted with 0.15 M NaCl. VLDL
(d < 1.006) were isolated by ultracentrifugation at 1 x 108 g -

min and purified either by recentrifugation or by passage
through 2% agarose columns. HDL was isolated between d
1.063 and 1.21 g/ml and purified by recentrifugation at the
upper density limit. HDLwas then dialyzed against 0.15 M
NaCl containing 0.01 MEDTAand sodium azide.

Plasma chylomicrons were isolated from the plasma of J.B.
by ultracentrifugation (3 x 106 g -min) in the SW27 rotor and
purified by agarose column chromatography.

To determine the distribution of apoA-I and apoA-II in
whole chylous urine, samples were subjected to sequential
ultracentrifugation in the SW27 rotor to remove chylomicrons
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(3 x 106 g -min) and VLDL (1 x 108 g * min). Quantitative im-
munoelectrophoresis was performed on the unwashed chylo-
micron and VLDL fractions and the d > 1.006 fraction.

Polyacrylamide gel electrophoresis
Isolated lipoproteins were delipidated in ethanol:ether (3:2,

vol/vol) at 4°C, the apoproteins subjected to sodium dodecyl
sulfate (SDS) polyacrylamide gel electrophoresis (5.6% gels)
and stained with Coomassie Blue (1). Chylomicron apopro-
teins were incubated in the presence of dithiothreitol in a
final concentration of 40 mMbefore gel electrophoresis.
Apoproteins were quantified densitometrically as described
(1) and were identified by their electrophoretic mobility as
compared with purified apoproteins subjected to simultaneous
gel electrophoresis. Isoelectric focusing was performed in
7.5% polyacrylamide gels containing 8 M urea and 0.6% pH
3.5-5.0 ampholyte, 0.6% pH 5-7 ampholyte, 0.8% pH 3.5-10
ampholyte at 4°C overnight. The gels were stained in 0.04%
Coomassie Blue G 250 in 3.4% perchloric acid.

Immunological studies
ApoA-I was quantitated in whole urine or subfractions with

the quantitative immunoelectrophoretic technique of Laurell
(20). Samples were delipidated with 1,1,3,3-tetramethylurea.
The assay was performed as described (15) with the technique
described by Albers et al. (21). The assay was linear with
dilutions of whole plasma, HDL, and purified apoA-I. A stand-
ard of known apoA-I content was used on each plate. ApoA-II
was measured by radial immunodiffusion by the technique
of Albers et al. (21, 22).

Apoproteins were identified by Ouchterlony analysis with
monospecific antisera to apoA-I, apoA-II, apoC-I, apoC-II, and
apoC-III.

Lipid analysis
Lipids were extracted in chloroform/methanol (2:1, vol/vol)

according to the method of Folch et al. (23). Lipid composi-
tion was determined by quantitative thin-layer chromatog-
raphy by the method of Downing (24) as modified by Katz et al.
(25). A photodensitometer model 52 C (Photovolt Corp., New
York) was used. Cholesterol, cholesterol ester, triacylglycerol,
and fatty acids were separated in the solvent system of hexane,
diethyl ether, and acetic acid (70:30:1 vol/vol). Individual
phospholipids were developed in chloroform, methanol, water,
and acetic acid (65:25:4:1 vol/vol). Protein determinations
were performed according to the method of Lowry et al. (26).
Triglyceride was determined by the AutoAnalyzer I (Techni-
con Instruments Corporation, Tarrytown, N. Y.) technique (27).

Incubation of chylomicrons with serum and
serum lipoproteins
Purified urinary chylomicrons (0.2-0.58 mg chylomicron

protein) were mixed in conical glass tubes with fresh whole
serum (6-10 ml), various lipoprotein fractions, or 0.15 M
saline. Incubation was usually performed at 37°C by gentle
agitation for 20-30 min in a water bath to maintain dispersion
of particles. The incubation was stopped by placing the tubes
in ice. Some incubations were carried out at 4°C and others
for shorter periods (2 and 10 min). Chylomicrons were sepa-
rated immediately by ultracentrifugation and purified by col-

umn chromatography with 2% agarose columns. In each ex-
periment, chylomicrons incubated in a comparable volume of
saline and purified by the same method served as the control.

To explore the role of HDLin the exchange of chylomicron
apoproteins, chylomicrons (0.35 mg) were incubated with the
d > 1.21 g/ml fraction of serum with added HDL in varying
concentrations (0.05-1.5 mg/ml). Someexperiments were con-
ducted in the presence of an LCAT inhibitor, DTNB. Incu-
bations were performed at 37°C for 30 min, and chylomicrons,
as well as HDL, isolated from the incubation mixture were
purified as described above, and the apoproteins examined by
polyacrylamide gel electrophoresis.

Isolation and characterization of ApoA-IV
Polyacrylamide-gel electrophoresis of chylomicrons iso-

lated from the chylous urine revealed an apoprotein of 46,000
mol wt. This protein was isolated by preparative electrophore-
sis (Polyprep 100, Buchler Instruments Div., Searle Diagnos-
tics, Fort Lee, N. J.) by using 5.6% polyacrylamide gel in SDS.
Delipidated chylomicron apoproteins were solubilized in 0.2 M
tris buffer, pH 7.2, containing 0.1 Mdecyl sulfate and at times
incubated in the presence of dithiothreitol before application
to the preparative gel.

The purified apoprotein was tested by Ouchterlony analysis
against antisera to other known apoproteins (apoA-I, apoA-II,
apoC-I, apoC-II, apoC-III, apoE). Amino acid analysis was
kindly performed by Dr. Steinman, Albert Einstein College of
Medicine, N. Y., with a Beckman 120B Amino Acid Analyzer
(Beckman Instruments).

RESULTS

ApoA-I and apoA-II secretion
Each subject received a test meal of corn oil after an

overnight fast. Urine was collected at 3-h intervals. As
shown in Fig. 1, lipid ingestion was associated with a
subsequent rise in urinary triglyceride in both subjects.
Subject 1 (L.C.) showed a peak urinary triglyceride of
2.7 g/h by 6 h, whereas the triglyceride content of the
urine of subject 2 (J.B.) showed a more modest rise. Also
shown (Fig. 1) are the hourly secretion of apoA-I and
apoA-II. In both subjects there was a rise in the content
of both apoproteins with lipid feeding which paralleled
urinary triglyceride.

Table I shows the quantitative output of triglyceride
and apoproteins in both subjects on two separate oc-
casions. Patient L.C. excreted 8.4 and 8.6 g of triglyc-
eride after 40 g of corn oil on two occasions, represent-
ing _20% of the ingested fat. Total apoA-I appearing in
the urine on each occasion was similar at 196-199 mg.
Total urinary apoA-II was 29 mgduring one test period.
The mean mass ratio of apoA-I:apoA-II in whole urine
was 7.1+0.1 (+SEM, n = 6) as determined from six
collection periods.

Chyluria in patient J.B. was less marked and inter-
mittent. 40 g oral corn oil resulted in total urinary tri-
glyceride output of 305 mg, whereas apoA-I output was
17.5 mg. On a second occasion, 100 g corn oil resulted
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FIGURE 1 Human chylous urine output of triglyceride,
apoA-I, and apoA-II after corn oil feeding. Each subject re-

ceived corn oil after an overnight fast, and urine was col-
lected at 3-h intervals. Triglyceride (x), apoA-I (0), and apoA-
11 (A) were measured (see Methods). ApoA-II is plotted as

milligrams x 2.

in a total output of 2.9 g triglyceride and 44.8 mgapoA-I
over a 12-h period. During this period 3.2 mgof apoA-II
was excreted. The mean mass ratio of apoA-I and apoA-II
in whole urine was 14.2±+1.0 (+SEM, n = 4). When
studied during a nonchyluric phase, oral corn oil (100 g)
resulted in a rise in plasma triglyceride from 68 to 121
mg/dl, whereas plasma apoA-I rose from 145 to 159
mg/dl at 6 h.

To determine whether normal urine contains apoA-I,
samples of urine from four normal volunteers were con-

centrated 3-15 times and subjected to quantitative im-
munoelectrophoresis. No apoA-I was detected in these
concentrated samples. Normal plasma diluted with
urine had exactly the same rocket height as plasma
diluted with saline or 0.01 M tris buffer in 8 M urea,

indicating that urine itself did not affect the assay for
apoA-L.

TABLE I
Output of Triglyceride and Apoproteins in Chylous Urinie

Collection Urine
Subject period triglyceride apoA-1 apoA-II

h g ig inlg
Subject 1

(L.C.) 9* 8.4 196 Not measured
12* 8.6 199 29

Subject 2
(J. B.) 9* 0.3 17.5 Not measured

124 2.9 44.8 3.2

Each patient received oral corn oil, and urine was collected
in 3-h time periods. Triglyceride, apoA-I, and apoA-II were
quantitated as described in Methods.
* 40 g oral corn oil given.
4100 g oral corn oil given.

Distribution of apoA-I and apoA-II in chylous
urine

To determine the density distribution of apopro-
teins in chylous urine, chylomicrons and VLDL were
removed from chylous urine of both patients by sequen-
tial ultracentrifugation as described in Methods. Rocket
immunoelectrophoresis was performed on the un-
washed fractions. 14.5±2.1% of apoA-I was in the d
< 1.006 fraction (chylomicrons and VLDL), whereas
86±3.3% (n = 6) was present in the d > 1.006 fraction.
ApoA-II was similarly distributed with 17.7±4.3%
present in the d < 1.006 fraction and 81.9±4% in the d
> 1.006 fraction (n = 5).

Characterization of lipoproteins from chylous
urine
Chylomicrons, VLDL, and HDLwere isolated from

the urine of both patients by ultracentrifugation, andl
the apoproteins characterized by SDS polyacrylamide
gel electrophoresis (Figs. 2 and 3).

Chylomicrons. The urinary chylomicrons were iso-
lated by a single ultracentrifugal step and purified by
agarose column chromatography. Both subjects had
similar chylomicron apoprotein patterns (Figs. 2 and 3).
The major apoproteins as judged by their mobility in
SDS gels were apoB, apoA-I, an apoprotein of 46,000
mol wt (apoA-IV characterized below), and the C pep-
tides. ApoE was a minor apoprotein. The distribution
of apoproteins as determined by densitometric scan-
ning of stained gels is shown in Table II. The prior
incubation of apoproteins with dithiothreitol did not
alter the percent apoprotein composition. This gel sys-
tem does not adequately separate apoA-II from the C
peptides; however, Ouchterlony immunodiffusion
against monospecific antisera revealed the presence of
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FIGURE 2 SDS polyacrylamide gels of urinary lipoproteins
from subject 1 (L.C.) obtained after oral corn oil. Chylo-
microns and VLDL were isolated at 3 x 106 g-min, respec-
tively, and purified by passage through 2% agarose. HDL
(1.063-1.21) was purified by recentrifugation.

apoA-II, apoC-I, apoC-II, and apoC-II. The ratio of
apoA-I:apoA-II in chylomicrons determined by rocket
immunoelectrophoresis was 5.2 for L.D. and 13.1 for
J.B. To compare the apoprotein pattern of chylomicrons
isolated from the serum and urine of the same subject,
chylomicrons were isolated from the serum of J.B.
when chyluria had ceased and, in marked contrast
to the urinary chylomicrons, the major apoproteins
of serum chylomicrons were apoB, apoE, and the
C peptides (Fig. 3). ApoA-I and apoA-IV were not
detected in these plasma chylomicrons, suggesting
a loss of these apoproteins from the chylomicron sur-
face upon entry to plasma.

The lipid composition of chylomicrons is shown in
Table III. The total cholesterol, 1.6%, consisted of

a
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FIGURE 3 SDS polyacrylamide gels of serum chylomicrons
(Ser Chylo) and urinary chylomicrons (Ur Chylo) from subject
2 (J.B.) obtained after oral corn oil. ApoA-I, apoE, and apoA-
IV were isolated by SDS preparative electrophoresis of
delipidated urinary chylomicron apoproteins. SDS gels were
run after incubation of apoproteins with dithiothreitol in a
final concentration of 40 mM, for 1 h.

TABLE II
Apoprotein Composition of Chylomicrons

and VLDL (Chylous Urine)

Chylomicrons
incubated

Chylomicrons VLDL with serum
(n = 7) (n = 5) (n = 4)

apoB 3.4+0.7 10.9+1.9* 3.6+0.8
apoA-IV 10.0+3.3 24.6+2.8* 1.6±0.6*
apoE 4.4+0.3 6.0±0.3 14+1.7*
apoA-I 15.0±+1.8 16.5±2.0 2.8±0.3*
apoC and apoA-II 47.3±11.3 30.3±3.5* 57.3±9.1

Chylomicrons and VLDL from the chylous urine of both
patients were delipidated and subjected to polyacrylamide
gel electrophoresis in the presence of dithiothreitol. Apo-
proteins were quantitated densitometrically. Values represent
the percentage distribution of area under the absorbance
tracing. Conditions of chylomicron incubation experiments
are described in the text.
* P < 0.05 Students t test compared to chylomicrons.

equal amounts of free and esterified cholesterol. Phos-
pholipids comprised 6.3%, triglyceride 91.5%, and pro-
tein 1.33% of chylomicron mass. This lipid composition
is similar to that reported by others for human chylo-
microns (12, 13).

VLDL. Lipoproteins isolated at 1 x 108 g - min after
the removal of chylomicrons (Sf > 400) are designated
VLDL (Sf = 20-400). VLDL were present in the urine
of L.C. while fasting and in the urine of both L.C. and
J.B. when chyluric. The apoprotein pattern of VLDL
resembled chylomicrons (Fig. 2), and the apoprotein
composition assessed densitometrically is shown in
Table II. VLDL from fasting urine and chylous urine
had a similar apoprotein composition. There was com-
paratively more apoB and apoA-IV and proportionally
less low molecular weight apoproteins than in chylo-
microns. The lipid composition of VLDL presumably
of intestinal origin, revealed triglyceride 73.3%, phos-
pholipids 15.5%, free cholesterol 2.3%, and cholesterol
ester 5.8%. Protein constituted 4% of the mass. The
increase in polar constituents is consistent with the
smaller size of VLDL. The cholesterol content of
VLDL was greater than chylomicrons. The free choles-
terol:cholesterol ester ratio of VLDL was 0.4 compared
with a chylomicron free cholesterol:cholesterol ester
ratio of 1. Similar free cholesterol:cholesterol ester
ratios were observed by Ockner et al. (3) for rat mesen-
teric lymph chylomicrons and VLDL.

HDL. HDLwere isolated between the d 1.063 and
1.21 g/ml from the urine obtained while fasting and
after corn oil. The major apoprotein of HDLwas apoA-I
and the apoprotein pattern in SDS gels resembled
plasma HDL. However, the ratio of apoA-I:apoA-II in
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TABLE III
Lipid Composition of Lipoproteins from Chylous Urine*

Free Fatty Cholesterol Phosphatidyl-
cholesterol acids Triglyceride ester Sphingomyelin choline Proteint

%of total lipid %

Chylomicrons (n = 6) 0.8±0.2 0.2±0.1 91.5±1.1 0.8±0.2 6.3±1.3 1.33
VLDL (n = 4) 2.3±0.5 2.2±0.7 73.3±4.3 5.8±2.0 0.8±0.4 14.7±3.5 4.04
Urinary HDLwith added DTNB

(n = 6) 8.2±0.9 11.1±2.0 38.0±3.6 6.9±1.4 34.6±3.6 53.5
Serum HDL (n = 10) 5.12± 1.16 2.8±0.83 37.0±3.83 6.91± 1.09 46.2±3.23 51.3

Lipoproteins from each subject were used.
* All values are mean±SEM. Percentage composition estimated by quantitative thin-layer chromatography.
4 Protein:lipid + protein x 100%.

HDLfrom chylous urine was 5.6 for L.C. and 7.1 for J.B.
No apoA-IV was present in SDSgels. The lipid analysis
of HDLisolated from urine collected in the presence of
DTNB(Table III) was identical to that collected in the
absence of DTNB, and resembled plasma HDL. Nega-
tive stain electron microscopy was performed on several
urinary HDLsamples. No discoid HDLparticles were
seen, which is consistent with the lipid composition of
the fraction; however, the addition of DTNBto voided
urine would not have prevented the activity of LCAT
if present within the bladder.

Characterization of ApoA-IV
As noted above (Figs. 2 and 3, Table II) the apopro-

tein pattern of delipidated d < 1.006 lipoproteins ob-
tained from chyluric urine revealed the presence of an
apoprotein of 46,000 mol wt which accounted for 10 and
24% of chylomicron and VLDL protein, respectively.
This apoprotein was purified by preparative SDSacryl-
amide electrophoresis (Fig. 3). Treatmnent of the apo-
protein with the reducing agents dithiothreitol or
,3-mereaptoethanol either before or after purification
did not alter its molecular weight or result in the ap-
pearance of additional protein bands in SDSgels. There
was no reaction against antisera to apoA-I, apoA-II,
apoE, apoC-I, apoC-II, or apoC-III when tested by
Ouchterlony immunodiffusion. These studies indicate
that this apoprotein is not a polymer of lower molecular
weight apoproteins. Amino acid analysis of the purified
apoprotein is shown in Table IV. The values obtained
are compared with published values for rat apoA-IV
obtained from chylomicrons (28) and plasma HDL(29)
and are similar except for some minor discrepancies
such as an increased number of tyrosine residues. We
have therefore designated this apoprotein, apoA-IV.
Isoelectric focusing of purified apoA-IV revealed the
presence of three bands, one major band with a pl
= 5.65 and two minor bands at pH 5.73 and 5.57. SDS
gels of normial plasma VLDL and HDL did not show

the presence of this apoprotein. Preliminary quantita-
tive studies reveal that apoA-IV was not present in
concentrated normal urine. In addition, we have noted
in normal volunteers a postprandial rise in total serum
apoA-IV levels (unpublished observations); however,
plasma chylomicrons isolated from the lipemic plasma
of one chyluric subject (J.B.) did not contain ApoA-IV
(Fig. 3) suggesting a loss of this apoprotein from the
chylomicron surface after secretion. To explore the
transfer of chylomicron apoproteins in more detail, a
series of in vitro incubation studies were carried out.

TABLE IV
Amino Acid Composition of Human Chylomicron ApoA-IV

Human chylomicron Rat chylomicron Rat HDL
Amino acid apoA-1V apoA-lV* apoA-IVI

,nol/1o( mol

Lysine 80 73 67
Histidine 14 15 16
Arginine 40 37 40
Aspartic acid 93 133 123
Threonine 58 53 52
Serine 92 56 54
Glutamic acid 174 216 203
Proline 38 44 41
Half-cystine ND§ ND 5
Glycine 45 42 48
Alanine 94 63 65
Valine 62 60 64
Methionine 19 20 23
Isoleucine 16 18 24
Leucine 100 126 122
Tyrosine 29 11 14
Phenylalanine 44 34 33
Tryptophan ND ND 3

* Imaizumi et al. (28).
Swaney et al. (29).

§ Not determined.
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TABLE V
Chylomicron Incubation Protein:Triglyceride Ratios

Protein:tri-
Incubation n glyceride* Pt

Chylomicrons (no incubation) 5 1.01+0.2
Chylomicrons + whole serum 8 2.94+0.5 <0.0025
Chylomicrons + 0.15 M saline 4 0.98±0.1 >0.2

Chylomicrons (0.2-0.58 mg) were incubated with saline or
serum (Methods) and isolated by centrifugation, then
purified by passage through 2%agarose columns.
*wt/wt x 100, mean±SEM.
t P value by students t test for paired values when compared
with unincubated chylomicrons.

In vitro chylomicron incubation studies
The effect of exposure of mesenteric chylomicrons to

plasma and plasma lipoprotein fractions was studied.
Chylomicrons (0.2-0.58 mgchylomicron protein) were
incubated with plasma or saline. The final triglyceride
concentrations ranged from 250 to 490 mg/dl. As slight
losses of lipids as well as protein occur upon recentrifu-
gation of lipoproteins, total protein is expressed as a
fraction of the content of triglycerides. Table V shows
the protein:triglyceride ratio of chylomicrons after in-
cubation with plasma and shows a significant gain in
protein (protein:triglyceride x 100 = 2.94±+0.5) when
compared with unincubated chylomicrons (protein:tri-
glyceride x 100 = 1.01 +0.1). Chylomicrons incubated
with saline and reisolated by the same technique
showed no significant change in the protein:triglyceride
values. When incubated with 10-20 ml of d > 1.21
fraction of serum, chylomicrons gained less protein
than in the presence of whole plasma (protein:triglyc-
eride ratio 1.40±0.6, n = 3).

As shown in Fig. 4, the apoprotein composition of
chylomicrons after exposure to plasma was markedly
altered when compared with fresh mesenteric chylo-
microns. There was a marked loss of apoA-I and apoA-IV
accompanied by a gain of apoE and C peptides. The
apoprotein composition of chylomicrons incubated
with plasma closely resembled that of chylomicrons
isolated from the plasma of the same patient during
alimentary lipemia (Fig. 3), the major apoproteins being
apoB, apoE, and the C peptides. Apoprotein quantita-
tion in chylomicrons incubated with plasma was de-
termined by planimetry of SDS gels (Table II). ApoE
increased from 4.4% of the chylomicron protein to 13%,
whereas apoA-I decreased from 15 to 2.8% and apoA-IV
decreased from 10 to 1.6%. When expressed as altera-
tion in protein mass, relative to triglyceride,2 apoE in-
creased from 4.6 to 41.2, apoC from 44 to 170, and

2 Calculated from percent apoprotein x (protein/tri-
glyceride) x 100.

APOB- -

A-IV-- - go.
APOE- a a * a

A-I-3 I
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FIGURE 4 SDSpolyacrylamide gels of human chylomicrons.
Incubation studies. Fresh urinary chylomicrons (0.2-0.58 mg
chylomicron apoprotein) were incubated with plasma (P1),
normal saline (NS), plasma at 4°C, and plasma diluted with
saline (CM + Dil P1). Chylomicrons were reisolated (3 x 106
g-min) and purified by 2% agarose column chromatography.
The apoprotein bands are labeled.

apoA-I decreased from 15.2 to 8.2 reflecting an altera-
tion in total mass of these apoproteins. Thus apoE in-
creased ninefold and C peptides fourfold.

Also shown in Fig. 4 is the result of chylomicrons
incubated with saline and subjected to the same solu-
tion and preparative procedure. No change in apopro-
tein distribution was evident indicating that selective
losses of apoproteins did not occur during lipoprotein
reisolation. Chylomicrons incubated with plasma at 40C
gained apoE and lost apoA-I and apoA-IV suggesting
that the apoprotein exchange is not dependent on en-
zymic action. This process is rapid. Whenchylomicrons
were mixed with serum and reisolated without incuba-
tion, apoprotein exchange was noted to have occurred.

To determine which fractions of plasma influenced
chylomicron apoprotein transfer, chylomicrons were
incubted with various fractions of plasma. Chylomi-
crons incubated with d > 1.21 gIml fraction of plasma
gained apoE; however, there was no obvious loss of
apoA-I or apoA-IV under these conditons. When incu-
bated with either (a) whole plasma, (b) the d > 1.006
fraction of plasma, (c) HDL, or (d) HDLmixed with the
d > 1.21 fraction of plasma, chylomicrons lost apoA-I
and apoA-IV. When serum was diluted with saline so
that the HDL concentration was equivalent to that in
the chylous urine (about 12% of serum), apoprotein
loss did not occur (Fig. 4). It appeared that apoprotein
loss from chylomicrons might depend on the concen-
tration of HDLpresent in the incubation mixture. Ex-
periments were therefore performed in which chylo-
microns were incubated with the d > 1.21 fraction of
plasma and varying concentrations of HDL (from 0.05
to 1.5 mg/ml HDL protein). The content of chylomi-
cron apoA-I (as detected by quantitative immunoelec-
trophoresis) decreased with increasing HDL concen-

Intestinal Lipoproteins in Chyluria 239



tration up to 1.0 mg/ml. At concentrations >1.0 mg/ml
HDLprotein, apoA-I could not be detected in the reiso-
lated chylomicron fraction. In all incubations apoA-IV
appeared to parallel apoA-I (Fig. 4). The addition of
DTNBto the incubation mixture did not affect apopro-
tein transfer indicating that the LCAT reaction was not
necessary for apoprotein transfer. HDLreisolated from
the incubation mixture had a similar apoprotein pattern
to the starting HDL. Similar experiments were carried
out with mesenteric VLDL (d < 1.006 g/ml). When
incubated with plasma from which VLDL had been
removed (d > 1.006 fraction), there was a net gain in
protein (protein:triglyceride x 100 increased from 4.26
±1.2 to 16.8+4.5, n = 3). VLDL gained apoE and lost
apoA-I and apoA-IV. The apoprotein pattern in SDS
gels of mesenteric VLDL incubated with d > 1.006
fraction of plasma resembled the apoprotein pattern of
plasma VLDL. Lipoprotein electrophoresis showed
that intestinal VLDL consistently migrated closer to
the origin than serum VLDL, however, after incubation
with d > 1.006 fraction of serum, intestinal VLDL took
on the mobility of serum VLDL (pre-,8).

DISCUSSION
Studies using the mesenteric lymph fistula rat (7) and
the isolated perfused liver (19, 30) have provided in-
formation about the composition of newly secreted
lipoproteins before metabolism in the circulation.
These studies have also provided some insight into the
relative roles of the liver and the intestine in the
production of apoA-I, the major apoprotein of plasma
HDL. The rat intestine secretes lipoproteins rich in
apoA-I (7, 9), whereas the isolated perfused liver ap-
pears to have a limited capacity to secrete apoA-I (10).
In man, chylomicrons isolated from the thoracic duct,
peritoneal, and pleural cavities (11-13) contain apoA-I
and apoA-II, and it appears that the human intestine
synthesizes apoA-I and apoA-II (14, 15). However, the
quantitative importance of the human intestine as a
source of the A proteins is not clear.

The present studies, in two subjects with mesenteric
lymphatic-urinary fistulae, have demonstrated that lipid
absorption and chylomicron transport in mesenteric
lymph are associated with a coincident marked rise in
total apoA-I and apoA-II excreted in the urine of these
subjects.

The urine of both subjects contained chylomicrons,
VLDL, and HDL all of which contained apoA-I and
apoA-II. The majority of apoA-I and apoA-II (80-85%)
was present in the nontriglyceride-rich lipoprotein
fraction (d > 1.006 g/ml) of the urine. We cannot be
certain of the intestinal origin of this HDL fraction
because it resembled plasma HDLboth in its lipid and
apoprotein composition, and is most likely from mul-
tiple sources, including filtered plasma HDLas well as
the intestine, although we have no evidence for this in

man. The contribution of hepatic lymph lipoproteins
to chylous urine cannot be assessed.

It is of interest to calculate the total intestinal se-
cretion of apoA-I and apoA-II in each subject based on
the percentage of ingested lipid recovered in the urine.
This percentage is considered to represent the precent
of mesenteric lymph shunted into the urine (17). We
have based these calculations only on the d < 1.006
lipoproteins recovered in urine because these particles
are too large to be filtered from plasma. Additionally,
it is assumed that all apoA-I and apoA-II recovered in
the d < 1.006 lipoproteins was derived from the in-
testine. Animal studies indicate that <5% of chylomi-
cron apoA-I is filtered from plasma (31), and our studies
indicate that chylomicrons exposed to plasma rapidly
lose apoA-I rather than acquire it from plasma HDL. As
lipoproteins lose apoproteins upon centrifugation (28),
calculations based only on the content of apoA-I and
apoA-II in the d < 1.006 lipoproteins may underesti-
mate the secretion of these apoproteins.

These calculations, based on the d < 1.006 apopro-
teins rather than total urinary apoproteins, reveal that
subject 1 (L.C.) during the first test period secreted 141
mgand during the second test period 144 mgof apoA-I
over 12 h after 40 g of corn oil. This compares with a
calculated synthetic rate of apoA-I in this patient of 270
mg/d.3 Similar calculations for apoA-II indicate that
L.C. secreted 26 mg apoA-II during 12 h which
compares with the theoretical apoA-II synthetic rate of
78 mg/d.3 Similarly, subject 2 (J.B.) secreted 344 and
244 mg of apoA-I during the first and second test
periods, respectively. His calculated synthetic rate of
apoA-I is 463 mg/d.3 ApoA-II synthesized during the
second test period was 19 mg, whereas the theoretical
synthetic rate of apoA-II is 133 mg/d. These cal-
culations, although derived with the above reserva-
tions, provide an indication that human small intestine
is a quantitatively important source of apoA-I and apoA-
II for plasma. The calculated daily synthetic rates were
derived from normal subjects in a steady-state situation
(32). Because the subjects with chyluria lose apoA-I and
apoA-II into urine, they may have altered synthetic
rates for these apoproteins. HDL synthetic rates have
not been determined in these subjects. The calculated
output of phospholipid from the intestine was
3-6 g, indicating that there is a considerable amount
of phospholipid secreted with triglyceride-rich lipo-
proteins.

As we have previously described for rat mesenteric
lipoproteins (5, 7), the apoproteins of all lipoproteins
prepared from chylous urine (Fig. 2) have apoA-I as a
major apoprotein. The apoprotein composition of
urinary d < 1.006 lipoproteins found in the present

3Calculated assuming an HDLsynthetic rate of 8.51 mg/kg
per d and an apoA-I:apoA-II of 3.49:1 for plasma HDL (32).
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study agrees with previously published data on tho-
racic duct chylomicrons (12, 13) and confirms that apoB,
apoA-I, apoA-II, apoE, and the C peptides are present.
In addition, urinary d < 1.006 lipoproteins (chylo-
microns and VLDL) from the urine of both subjects con-
tained an apoprotein with a molecular weight of 46,000.
Wehave called this apoprotein apoA-IV because it ap-
pears to be analogous to apoA-IV of rat plasma HDLand
mesenteric lymph chylomicrons. Rat apoA-IV has a
molecular weight of 46,000 and constitutes 10-25%
of plasma HDL apoproteins (29) and about 10% of
mesenteric lymph chylomicron apoprotein (28). It ap-
pears to be actively synthesized in the rat intestine as
[3H]leucine is incorporated into apoA-IV of chylo-
microns (1, 9) and, there is a marked increase in intra-
cellular fluorescence of apoA-IV during lipid absorp-
tion (unpublished observations).

Human apoA-IV has an amino acid composition that
resembles that reported for rat apoA-IV isolated from
plasma HDLand chylomicrons (Table IV). The amino
acid composition does not resemble that reported for
other human apoproteins. ApoA-IV migrates as a single
band in SDS polyacrylamide gels despite incubation
with reducing agents, indicating it is not a polymer of
other apoproteins such as apo (E-A-II), a dimer of
apoA-II and apoE, which has a similar molecular
weight (33). The amino acid composition and nonre-
ducibility of apoA-IV indicates that apoA-IV is not one
of the threonine-poor apoproteins of plasma HDL
recently reported by Shore et al. (34). ApoA-IV is a
major apoprotein of mesenteric d < 1.006 lipoproteins,
however its distribution in plasma and metabolic role
remain to be determined. The present studies indicate
that apoA-IV as well as apoA-I may leave the chylo-
micron surface after secretion. As shown in Fig. 3,
plasma chylomicrons from the same subject do not con-
tain apoA-I or apoA-IV although urinary chylomicrons
do. ApoA-IV is not an artifact of chyluria for we and
others (35) have recently noted apoA-IV in chylo-
microns and VLDL obtained from human thoracic duct
lymph (unpublished observations).

The in vitro incubation studies demonstrate that apo-
protein transfer occurs on exposure of human chylo-
microns to plasma. Apoprotein transfer occurs at 4°C
suggesting that it does not involve enzymic action.
Transfer involved a gain of apoE (ninefold) and C pep-
tides (fourfold), whereas there was a loss of apoA-I
(50%) and apoA-IV. ApoA-II possibly transfers from the
chylomicron surface as well, however this was not ad-
dressed in this study. When incubated with the d
> 1.21 fraction of plasma, chylomicrons gained apoE.
Whether apoE is normally present in the lipoprotein-
free fraction of plasma or is an artifact of centrifuga-
tion is not clear. Of importance was the finding that no
loss of apoA-I or apoA-IV occurred under these cir-
cumstances, suggesting that lipoproteins were in-

volved in A protein transfer. Studies with HDLin vari-
able amounts indicate that HDL is the probable ac-
ceptor for chylomicron apoA-I. Loss of apoA-I occurs
with increasing HDL concentrationi. Although the
HDL concentrationi in chylous urine is not sufficient
for complete apoprotein transfer to occur, some apoA-I
may have already left the chylomiiicron surface. The
apoA-I concentration of urinary d < 1.006 lipoproteins
(Table II) may therefore be an underestimate.

The physiological importance of apoprotein transfer
observed when chylomicrons are incubated in vitro
remains to be determined. However, the apoprotein
pattern of chylomicrons isolated from the plasma of
one patient closely resembled that of urinary chylo-
microins after incubationi with plasma. This suggests
apoprotein modifications similar to those observed in
vitro occur in vivo during chylomicron metabolism.
The role of HDLas anl acceptor of chylomicron apoA-I
is consistent with the intestine being a source of HDL
apoA-I. The recenit studies of Schaefer et al. (12) which
demonstrated transfer of chylomicron apoA-I radio-
activity from in vitro labeled human chylomicrons to
HDLboth during in vitro incubation and in vivo infu-
sion studies are consistent with this concept. Studies
in the rat (36, 37) show that mass transfer of apoA-I
and phospholipid from chylomicrons into HDL
occurs during chylomicron catabolism. It therefore
appears that mechanisms other than transfer of
proteins may also be involved physiologically during
chylomicron metabolism.

The present studies provide additional evidence that
intestinal lipoproteins in man contribute A apoproteins
to plasma lipoproteins during acute lipid feeding. It is
likely that under physiological circumstances (100-g
fat diet) the intestine contributes major amounts of
these apoproteins to plasma. It is also clear that alterna-
tive sites of synthesis for these apoproteins exist (i.e.,
hepatic). The dietary factors that modulate the relative
synthetic contribution from each of these sources is
undoubtedly complex. For example, high carbohydrate
feeding has been shown to increase the catabolism of
HDL apoproteins (32), whereas polyunsaturated fat
feeding reduced the synthesis of apoA-I (38). Further
studies will be required to define the intestinal syn-
thesis of HDLapoproteins under various dietary condi-
tions.
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