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Evaluation of apoA-| kinetics in humans using
simultaneous endogenous stable isotope and
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Abstract Apolipoprotein A-1 is the major apolipoprotein con-
stituent of high density lipoproteins (HDL). Methods used to in-
vestigate in vivo kinetics of apoA-I include exogenous labeling
with radioiodine and endogenous labeling with stable isotopi-
cally labeled amino acids. We report here a direct comparison
of these methods to determine the in vivo kinetics of apoA-I in
four normal subjects. Purified apoA-I was labeled with 1251, reas-
sociated with autologous plasma, and injected into study sub-
jects. At the same time, ['*C¢]phenylalanine was administered as
a primed constant infusion for up to 14 hours. The kinetic
parameters of apoA-I were determined from the 23I-labeled
apoA-I plasma curves. For the analysis of data from stable iso-
tope studies, very low density lipoprotein (VLDL) apoB-100,
VLDL apoB-48, and total apoA-I were isolated by ultracentrifu-
gation and subsequent preparative NaDodSO,-PAGE, hydro-
lyzed, and derivatized. The tracer/tracee ratio was determined
by gas chromatography-mass spectrometry. Monoexponential
function analysis was used to determine the tracer/tracee curves
of VLDL apoB-100 and VLDL apoB-48, and total apoA-I. The
mean plateau tracer/tracee ratio of VLDL apoB-100 (primarily
liver-derived) was 5.19%, whereas that of VLDL apoB-48 (intes-
tinally derived) was only 3.74%. Using the VLDL apoB-100
plateau tracer/tracee ratio as the estimate of the precursor pool
enrichment for apoA-I, the mean apoA-I residence time (RT)
was 5.14 + 0.41 days, compared with 4.80 + 0.30 days for the
exogenous labeling method. The apoA-I RTs using these two
methods were highly correlated (r=0.874). We also used several
different assumptions about the relative contribution of the liver
and the intestine to the total plasma apoA-I pool and compared
the kinetic parameters obtained with each of these assumptions
to those obtained with the exogenous radiotracer method. The
assumption that the liver contributed 90% of the total apoA-I
pool resulted in the closest agreement between methods (RT
4.85 + 0.35 days by stable isotope). In addition, the mean RT
of VLDL apoB-48 was 3.9 hours, significantly longer than that
of VLDL apoB-100 of 1.9 hours. B These data indicate that
endogenous labeling of apoA-I by primed constant infusion us-
ing the VLDL apoB-100 plateau tracer/tracee ratio as the esti-
mate of the precursor pool tracer/tracee ratio for apoA-I pro-
vides kinetic parameters that are highly comparable with those
obtained by the exogenous labeling method.—Ikewaki, K.,
D. J. Rader, J. R. Schaefer, T. Fairwell, L. A. Zech, and H. B.
Brewer, Jr. Evaluation of apoA-I kinetics in humans using

simultaneous endogenous stable isotope and exogenous radio-
tracer methods. J. Lipid Res. 1993. 34: 2207-2215.

Supplementary key words radiotracer ¢ stable isotopes ¢ high den-
sity lipoproteins

Epidemiologic studies have shown that HDL
cholesterol (HDL-C) levels are inversely correlated with
the incidence of coronary heart disease (CHD) (1, 2).
ApoA-1 is the major protein constituent of HDL. Plasma
apoA-I levels are strongly correlated with HDL-C levels
and inversely correlated with CHD risk (3). In vivo ki-
netic studies in humans have been used to gain insights
into factors that regulate plasma levels of apoA-I. Tradi-
tionally, these studies have been performed using ex-
ogenous labeling with radioiodine. In some studies, HDL
were isolated and radioiodinated, whereas in other studies
apoA-I was preparatively purified, and radiolabeled. Vega
et al. (4) and Schaefer et al. (5) have reported that apoA-I
kinetic parameters determined simultaneously by labeling
of whole HDL or purified apoA-I were comparable.

Human apolipoprotein metabolism has also been inves-
tigated using endogenous labeling methods. Fisher et al.
(6) reported studies of apoB metabolism using bolus ad-
ministration of radiolabeled leucine. Cryer et al. (7) first
described the use of a primed constant infusion of stable

Abbreviations: SDS-PAGE, sodium dodecyl sulfate polyacrylamide
gel electrophoresis; GC-MS, gas chromatography-mass spectrometry;
HDL, high density lipoproteins; IE, isotopic enrichment; FCR, frac-
tional catabolic rate; FSR, fractional synthetic rate; RT, residence time;
PR, production rate; VLDL, very low density lipoproteins; BMI, body
mass index.
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isotopically labeled glycine to assess VLDL apoB-100
metabolism. Cohn et al. (8) and Lichtenstein et al. (9)
used primed constant infusion of stable isotopically la-
beled leucine to endogenously label apoB-100 and apoA-I
in order to investigate apoA-I kinetics. In determining
apoA-I kinetic parameters, they used the isotopic enrich-
ment of VLDL apoB-100 as the estimate of the isotopic
enrichment of the hepatic intracellular leucine precursor
pool, based on two assumptions: 1) that under the study
conditions (fed state), the enrichment levels of hepatic and
intestinal tissues were similar; and 2) that the majority of
apoA-I in humans is derived from the liver. The fractional
synthetic rates of apoA-I by this method were found to be
between 0.18 and 0.22 day™!, which were consistent with
the previously reported data by radiotracer labeling
method. Lichtenstein et al. (10) subsequently showed that
in the fed state the intestinally derived protein VLDL
apoB-48 reached a lower plateau enrichment level than
that of the liver-derived protein such as VLDL apoB-100.
ApoA-1 is synthesized by the intestine (11-14) as well as the
liver, and the estimation of the relative apoA-I mass der-
ived from the intestine ranges from 22% to 77% of the to-
tal apoA-I pool (15, 16). Because of these observations,
there has been disagreement about the use of the VLDL
apoB-100 plateau isotopic enrichment as the estimate of
the apoA-I precursor pool enrichment in constant infu-
sion endogenous labeling studies.

The present study was undertaken primarily to address
the question whether the VLDL apoB-100 plateau iso-
topic enrichment can be used as an appropriate estimate
of the apoA-1 precursor pool isotopic enrichment by
directly comparing the apoA-I kinetic parameters ob-
tained using stable isotope and radiotracer methods in the
same individuals. We found that the use of the VLDL
apoB-100 plateau tracer/tracee ratio as the estimate of the
apoA-I precursor pool enrichment resulted in the kinetic
parameters highly comparable with those obtained using
radiolabeled apoA-I in the same individuals.

METHODS

Study subjects

Four young female normolipidemic volunteers were in-
vestigated in this study. None of the study subjects had
abnormal fasting glucose levels or evidence of thyroid,
liver, or renal dysfunction and none were taking medica-
tions. Subjects gave informed written consent to the study
protocols which were approved by the Clinical Research
Subpanel of the National Heart, Lung, and Blood Insti-
tute. All subjects had normal plasma total cholesterol,
triglyceride, HDL-C, and apoA-I levels, which were de-
termined five times (0, 1, 4, 7, 14 days) during the meta-
bolic study.
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Isolation and iodination of apolipoproteins

ApoA-I was 1solated from normal HDL by using gel
permeation chromatography and ion exchange chro-
matography as previously described (17) and stored at
—20°C. Lyophilized apoA-I was redissolved in a buffer of
6 M guanidine-HCI and 1 M glycine (pH 8.5), and iodi-
nated with 2°] by a modification of the iodine monochlo-
ride method (18). Iodination efficiency was 15-40% with
incorporation of approximately 0.5 mole iodine per mole
of protein. Iodinated apoA-I was reassociated with autolo-
gous plasma and immediately dialyzed at 4°C for 12 h
against four changes of PBS containing 0.01% EDTA (19).
The samples were sterile-filtered through a 0.22-um Millipore
filter and tested for pyrogens and sterility prior to injection.

Study protocol

Three days prior to the study, subjects were placed on
an isoweight diet containing 47% carbohydrate, 37% fat,
16% protein, 200 mg of cholesterol per 1000 kcal, and a
polyunsaturated to saturated fat ratio of 0.3. Meals were
given three times per day and the diet was continued dur-
ing the metabolic study. One day prior to the study, the
subjects were started on potassium iodide (900 mg) in
divided doses and this was continued throughout the
study period. After a 12-h fast, the subjects were injected
with up to 50 uCi of 125I-labeled apoA-1. [!3Cg]phenylala-
nine (ring-3Cs 99%, Cambridge Isotope Laboratories,
Woburn, MA) was simultaneously administered as a
priming bolus of 600 ug/kg, immediately followed by a
constant infusion of 12 ug/kg per min over a period of
12-14 h. During the infusion, meals were served in equal
small portions every 2 h. Blood samples were obtained 10
min after the injection and then at 1, 2, 3, 4, 5, 6, 8, 10,
12, 14, 18, 24, and 36 h, daily through day 5, and day 7, 9,
11, 14. Urine was collected continuously throughout the study.

Blood samples (20 ml) were drawn into the tubes con-
taining EDTA at a final concentration of 0.1%. The blood
was kept on ice and the plasma was immediately sepa-
rated by centrifugation at 2300 rpm for 30 min at 4°C.
Sodium azide and aprotinin were added to the plasma at
final concentrations of 0.05% and 200 KIU/ml, respec-
tively. Radioactivity in plasma, urine, and isolated lipo-
protein fractions was quantitated in a Packard Cobra gamma
counter (Packard Instrument Co., Downers Grove, IL).

Isolation of lipoproteins and apolipoproteins

Total plasma lipoproteins were isolated on a TL-100
ultracentrifuge (Beckman Instruments, Palo Alto, CA)
using a TLA-100.3 rotor at 100,000 rpm for 10 h after 1
ml of plasma was adjusted at the density of 1.25 g/ml with
solid KBr; 97.3 + 1.8% of total plasma apoA-I was reco-
vered from the supernatant. VLDL was isolated from 5
ml plasma by ultracentrifugation using a 40.3 rotor at
39,000 rpm for 20 h as previously described (20).
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Lipoproteins were dialyzed against 10 mM ammonium
bicarbonate, lyophilized, and delipidated. VLDL
apoB-100 and total apoA-I were isolated by preparative
gradient NaDoSO,-PAGE (5-15%) (21).

Determination of isotopic enrichment

Samples were prepared for gas chromatograph-mass
spectrometric (GC-MS) analysis as reported previously
(21). Briefly, apolipoprotein bands were cut from gels and
dried overnight (90°C), then hydrolyzed in 6 N HCI
(Ultrapure grade, J. T. Baker, Inc., Phillipsburg, NJ) at
110°C for 24 h. The protein hydrolysates were lyophilized
in a Speed-Vac evaporator (Savant Instrument, Inc., Far-
mingdale, NY). Free amino acids were purified from
plasma or protein hydrolysates by cation exchange chro-
matography (AG-50W-X8, Bio-Rad Laboratories, Rich-
mond, CA), then derivatized to the N-heptaftuorobutyryl
isobutyl esters, and analyzed by GC-MS on a Finnigan
MAT 4500 (Finnigan MAT, San Jose, CA) in the chemi-
cal ionization mode, using isobutane as the reagent gas.
Selective ion monitoring at 418 m/z for unlabeled
phenylalanine and 424 m/z for [*Cg]phenylalanine was
used to determine the isotope ratio. Each sample was ana-
lyzed at least 3 times. Enrichment was calculated from the
isotope ratio using the method of Cobelli, Toffolo, and
Foster (22). Enrichment was then converted to tracer/tra-
cee ratios (22) by using the formula: tracer/tracee ratio =
e(t)/(er —e(t)), where e(t) is the enrichment of each sam-
ple at time t, and e; is the enrichment of the infusate,
which was 99% in this study.

Analysis of kinetic data

Stable isotope studies. A monoexponential function was
fitted to the tracer/tracee ratio curves of VLDL apoB-100,
VLDL apoB-48, and total apoA-I using SAAM30. The
function was defined as A(t) = Ay(1-e"*t-9)) where
A(t) is the tracer/tracee ratio at time t, Ap is the
tracer/tracee ratio of precursor pool for the apolipoprotein
of interest, d is the delay time, and k is the fractional syn-
thetic rate (FSR). In estimating the tracer/tracee ratio of
the precursor pool for apoA-I synthesis, we used various
assumptions about the relative contribution of the intes-
tine (0, 10, 20, 30, 40, 50%) to the total plasma apoA-I

pool. For example, use of the VLDL apoB-100 plateau
tracer/tracee ratio is based on an assumption that all
apoA-l is liver-derived, whereas the use of the mean value
of the VLDL apoB-100 and VLDL apoB-48 plateau
tracer/tracee ratios is based on an assumption that the
liver and the intestine contribute equally to the total
plasma apoA-I pool (50%/50%).

Radiotracer studies. Plasma radioactivity decay curves
were constructed as fraction of injected dose using the
10-min plasma counts as the initial time, and were fitted
to biexponential functions using the SAAM30 program
(23). The residence time (RT) was obtained from the area
under the plasma decay curve. The fractional catabolic
rate (FCR) is the reciprocal of the RT and is equal to the
FSR at a steady state.

Analytical methods

Plasma total cholesterol and triglyceride levels were de-
termined by automated enzymatic techniques on an Ab-
bott VPSS analyzer (Abbott Labs, North Chicago, IL).
HDL cholesterol was measured by dextran sulfate
precipitation (24). Plasma apoA-I concentrations were
quantitated using an immunoturbidometric assay
(Boehringer-Mannheim, Mannheim, Germany).

RESULTS

The sex, age, body mass index (BMI), and plasma lipid
and apolipoprotein values of the study subjects are listed
in Table 1. All the lipid and apolipoprotein values were
normal and were stable throughout the study period, in-
dicating that the studies were performed under steady
state conditions.

The tracer/tracee curves of plasma free phenylalanine,
VLDL apoB-100, and apoB-48 in a representative subject
are shown in Fig. 1. The tracer/tracee ratio of plasma free
plasma phenylalanine was relatively constant throughout
the infusion period. The tracer/tracee ratio of VLDL
apoB-100 increased rapidly and reached plateau during
the infusion period; the mean VLDL apoB-100 plateau
was 5.19 t+ 0.49%, which was 90% that of the mean
plasma free plasma phenylalanine (5.76 + 0.39%). In

TABLE 1. Characteristics of study subjects

Subject Age BMI TC TG HDL-C ApoA-I
yr kg/m? mg/dl

1 21 19.3 £ 0.2 176 + 9 61 + 14 53 + 3 128 + 8

2 22 22.0 + 0.1 185 ¢ 12 96 t 19 53 + 3 138 + 6

3 21 219 + 0.2 144 + 6 62 + 12 49 1+ 2 131 + 4

4 20 19.3 + 0.1 163 + 10 40 + 5 66 + 2 140 + 7

Mean + SD 21 ¢+ 1 20.6 + 1.3 167 + 15 65 + 20 55 + 6 134 + 5

BMI and lipids and apolipoproteins values are expressed as the mean + SD based on the five determinations
during the study period. BMI, body mass index; TC, total cholesterol; TG, triglyceride.

Tkewaki et al.

Metabolism of apoA-I by endogenous and exogenous labeling methods

2209

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

! T T 1 T T T T
10 =
& 3

§ 1= -
w - 3
Ww .
8 r .
I L
= -
P !
5 sl ]
Q
<
o = _
g

4+ |

2+ -

or —

i 1 1 1 L 1 i 1 1 I 1
0 2 4 6 8 10 12 14

TIME (days)

Fig. 1. Tracer/tracee ratio of plasma free phenylalanine (top), VLDL
apoB-100 (bottom, solid squares with solid line), and VLDL apoB-48
(bottom, solid triangles with dotted line) in a representative subject (#1).
Tracer/trace ratios of VLDL apoB-100 and apoB-48 were fitted by the
monoexponential function.

contrast, the tracer/tracee ratio of VLDL apoB-48 in-
creased more slowly to a lower mean plateau level of
3.74¢ + 0.80% (68% of free plasma phenylalanine). The
residence times of VLDL apoB-100 and apoB-48 are sum-
marized in Table 2. The mean residence time of apoB-100
was 1.92 + 0.40 h, which was significantly shorter than
that of VLDL apoB-48 of 3.88 + 1.38 h (P = 0.046).
The tracer/tracee curves of apoA-I in all four subjects
are shown in Fig. 2. The tracer/tracee curves were nearly
linear during the infusion period and were fitted to a
monoexponential function. By endogenous labeling, the
mean apoA-I RT determined by using the VLDL
apoB-100 plateau tracer/tracee ratio as an estimate of the
apoA-I precursor pool enrichment was 5.14 + 0.41 days.

The plasma decay curves of '?5I-labeled apoA-I in all
study subjects are shown in Fig. 3. The plasma decay
curves were fitted to a biexponential function. The mean
residence time of apoA-I was 4.80 + 0.30 days and the
mean fractional catabolic rate was 0.209 + 0.013 day™, in
agreement with the mean urine/plasma radioactivity ratio
of 0.208 + 0.017.

The residence times (RT) of apoA-I using stable isotope
and radiotracer methods are summarized in Table 3. The
residence times determined by these two independent
methods were highly comparable, indicating that the use
of the VLDL apoB-100 plateau tracer/tracee ratio to esti-
mate apoA-I precursor pool enrichment is a reasonable
method to determine apoA-I kinetic parameters.

The apoA-I RTs were also determined based on differ-
ent assumptions about the apoA-I precursor pool enrich-
ment. The VLDL apoB-100 plateau tracer/tracee ratio
was used as the highest estimate of the precursor pool en-
richment and the mean of the VLDL apoB-100 and
apoB-48 plateau tracer/tracee ratios was used as the
lowest estimate of the apoA-I precursor pool enrichment.
The apoA-I RTs were significantly lower than the radi-
otracer values when the intestine was assumed to contrib-
ute 20% or more of the total plasma apoA-I pool. An as-
sumption of an equal contribution of the liver and
intestine (50% from each organ) resulted in a much lower
apoA-I mean RT (3.63 + 0.62 days, P=0.04). The as-
sumption that resulted in the best agreement with radi-
otracer data was that liver contributed 90% of the total
apoA-I pool (mean RT 4.85 + 0.34 days, P=0.29).

DISCUSSION

The in vivo kinetics of apoA-I have been investigated
primarily by using exogenous radiolabeling techniques.
Starting in the late 1970s, several investigators described
a method in which HDL was isolated, radioiodinated,
and injected into subjects; then plasma apoA-I decay
curves were constructed by isolating apoA-I (25-30). In

TABLE 2. Plateau tracer/tracee ratios of labeled phenylalanine and residence times of VLDL apoB-100
and VLDL apoB-48 in study subjects

Plateau Tracer/Tracee Ratio”

Residence Time

Subject VLDL ApoB-100 VLDL ApoB-48 VLDL ApoB-100 VLDL ApoB-48
% h
1 5.55 4.95 2.50 6.23
2 4.51 3.54 2.19 3.40
3 5.74 3.74 1.56 3.09
4 4.96 2.71 1.53 2.79
Mean + SD 5.19 + 0.49 3.74 + 0.80 1.92 + 0.40° 3.88 + 1.38

“Plateau tracer/tracee levels were determined by monoexponential analysis.
¢Significantly different (P < 0.05) from VLDL apoB-48.

2210 Journal of Lipid Research Volume 34, 1993
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Fig. 2. 'Tracer/tracee ratio of total apoA-I in study subjects: A) subject
#1; B) subject #2; C) subject #3; D) subject #4. Tracer/tracee ratios were
fitted by the monoexponential function using VLDL apoB-100 plateau
tracer/tracee ratio as the estimate of the precursor pool enrichment for
apoA-I.

o
N

other reports, apoA-I was purified, then radiolabeled and
injected with or without reassociation with lipoproteins
(4, 5, 31, 32). ApoA-I kinetic parameters were obtained by
fitting plasma decay curves using either computer-assisted
multiexponential analysis (SAAM) (23) or the Matthews
two-pool model (33). These studies have provided impor-
tant insights into the regulation of apoA-I metabolism in
humans. Nevertheless, there remain theoretical concerns
related to the possible modification of apolipoproteins
during the isolation and radioiodination (34).

An alternative approach for the investigation of

apolipoprotein metabolism in humans is endogenous
labeling with labeled amino acids. Radiolabeled amino
acids were administered as a bolus injection to investigate
apoB-containing lipoprotein metabolism (6, 35-37).
More recently, stable isotopically labeled amino acids
have been used to study apolipoprotein metabolism (7-10,
21, 38-42). Endogenous labeling has the theoretical ad-
vantage that there is no possibility of altering the nature
of the apolipoprotein through isolation and labeling. It
also permits the simultaneous investigation of multiple
apolipoproteins in the same individuals. However, the ki-
netic analysis of endogenous labeling studies is more com-
plex than that of exogenous radiotracer studies. As a way
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Fig. 3. Whole plasma decay curves of 125I-labeled apoA-I in study sub-

jects: A) subject #1; B) subject #2; C) subject #3; D) subject #4. Data
were fitted by the biexponential function.
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TABLE 3. Residence times of apoA-I by exogenous radiotracer and endogenous stable isotope labeling methods with different assumptions
about the relative contribution of the liver and the intestine to the plasma total apoA-I pool

Radiotracer

Stable Isotope

Relative Contribution to the Plasma Total ApoA-I Pool

Liver 100 90 80 70 60 50
Subject Intestine 0 10 20 30 40 50
days

1 5.10 5.23 5.12 5.01 4.89 4.77 4.65

2 4.42 4.61 4.41 4.21 4.00 3.80 3.59

3 4.59 4.98 4.62 4.26 3.90 3.62 3.18

4 5.08 5.75 5.24 4.70 4.16 3.55 3.08

Mean + SD 4.80 + 0.30 5.14 + 0.41 4.85 + 0.34 4.54 + 0.33° 4.24 + 0.39° 3.94 + 0.49° 3.63 + 0.62°

*Significantly different (P < 0.05) from the residence times obtained by radiotracer studies by paired ¢-test.

of obtaining apolipoprotein kinetic parameters without a
compartmental model, Cryer et al. (7) used a primed
constant infusion of [!*N]glycine and calculated the FSR
of the VLDL apoB-100 by dividing the slope of the enrich-
ment curve by the enrichment of urinary hippurate as the
estimate of the enrichment of hepatic glycine precursor
pool. Cohn et al. (8) first reported HDL apoA-I kinetics
using an endogenous labeling technique. The VLDL
apoB-100 plateau enrichment was used as the estimate for
the precursor pool enrichment for apoA-I based on the as-
sumption either that the majority of apoA-I in humans is
derived from the liver or that the enrichment of hepatic
and intestinal tissues is similar. Using this approach, they
obtained mean apoA-I FSRs of 0.18 day™! in the fasting
state and 0.22 day™ in the fed state in normal subjects,
consistent with previously reported radiotracer data (4, 5,
43). Similar apoA-l kinetic parameters were found by
Lichtenstein et al. (9) and Schaefer et al. (21) using differ-
ent amino acids.

However, theoretical concerns have been raised about
this analytical method for apoA-I kinetics. It has been
questioned whether the VLDL apoB-100 plateau enrich-
ment represents an adequate estimate of the precursor
pool enrichment for apoA-I synthesis (8-10). ApoA-I has
been reported to be synthesized by the intestine as well as
the liver (12-14, 44). The plateau enrichment of the intes-
tinal protein VLDL apoB-48 was considerably lower than
that of the hepatic protein VLDL apoB-100 in the fed
state (10), suggesting that the precursor pool enrichment
may be different between the intestine and the liver. Thus,
the true precursor pool enrichment for apoA-I may be de-
termined by the relative contribution of each organ to the
total plasma apoA-I pool.

The present study was undertaken to determine
whether the VLDL apoB-100 plateau enrichment is a
practical estimate of the precursor pool enrichment for
apoA-I by comparing this method to a well-established ex-
ogenous radiotracer method for apoA-I kinetics. We
simultaneously investigated apoA-I metabolism by both
exogenous radiotracer and endogenous stable isotope

2212 Journal of Lipid Research Volume 34, 1993

labeling methods and then directly compared the kinetic
parameters obtained with each method. Qur results
demonstrate that the apoA-I kinetic parameters using the
VLDL apoB-100 plateau tracer/tracee ratio as the esti-
mate of apoA-I precursor pool enrichment were highly
comparable to those obtained with the radiotracer. The
apoA-I RTs obtained by the two methods were highly cor-
related (r=0.87), indicating that this endogenous labeling
technique can detect differences in apoA-I kinetics among
individuals similar to using exogenous radiotracers.

For the endogenous labeling studies, we used several
different assumptions about the relative contribution of
the liver and the intestine to the total plasma apoA-I pool
and compared the kinetic parameters obtained with each
of these assumptions to those obtained using the ex-
ogenous radiotracer. The kinetic parameters were
significantly different when the intestine was assumed to
contribute inore than 20% of total apoA-I pool. We have
previously conducted a primed constant infusion study in
a patient with severe hypoalphalipoproteinemia and
found that apoA-I reached a plateau tracer/tracee level of
3.0%, similar to that of VLDL apoB-100 of 3.3% (45).
This further supports the use of the VLDL apoB-100
plateau tracer/tracee ratio as a reasonable estimate of
apoA-I precursor pool tracer/tracee ratio.

We have recently investigated the apoA-I kinetics using
an identical protocol with VLDL apoB-100 as the esti-
mate of apoA-I precursor pool tracer/tracee ratio in four
patients with extremes of plasma apoA-I levels, three less
than 50 mg/dl and one greater than 210 mg/dl (46, 47).
Fig. 4 shows the correlation of apoA-I residence times be-
tween radiotracer and stable isotope labeling methods
among the current study subjects as well as these other
four patients. We found that the correlation observed in
the subjects with normal plasma apoA-I levels is true in
patients with very low and very high apoA-I concentra-
tions as well, resulting in a very strong overall correlation
(r2 = 0.98, P < 0.001). These results suggest applicability
of primed constant infusion endogenous apoA-I labeling
over a wide range of plasma apoA-I levels. However, the
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Fig. 4. Correlation of apoA-I residence times between radiotracer and
stable isotope methods in four current normal subjects (closed circles),
three hypoalphalipoproteinemic subjects (open circles), and one hyperal-
phalipoproteinemic subject (open circle).

relative contribution of the liver and the intestine could be
altered in some subjects, particularly those with liver or
intestinal disease, and in these cases the use of the VLDL
apoB-100 plateau tracer/tracee ratio may not be reliable.

In the present study, kinetic parameters were deter-
mined in the exogenous radiotracer studies using a biex-
ponential function, whereas a monoexponential function
was used in the endogenous stable isotope studies. Both
methods have been frequently used and are considered to
be acceptable methods of analysis. The theoretical argu-
ment could be made that because a biexponential analysis
was used for the radiotracer studies, a similar analysis
should be applied to the stable isotope studies. However,
it is highly unlikely that there exists a substantial differ-
ence in apoA-l kinetic parameters between monoex-
ponential and biexponential function analysis of stable
isotope data as apoA-I tracer/tracee curves were nearly
linear during the infusion period.

Although the purpose of this study was not to deter-
mine the relative contribution of the liver and the intes-
tine to the plasma apoA-I pool in humans, the assumption
that resulted in the closest correlation with the radiotracer
values was that 90% of total apoA-I pool was liver-derived
(Table 3). There have been few studies in which the con-
tribution of intestine to the plasma apoA-I pool was esti-
mated in humans. Anderson et al. (15) estimated in pa-
tients with thoracic duct drainage that 22-77% of daily
total apoA-I synthesis took place in the intestine. Green et
al. (16) estimated that about 50% of apoA-I originated in
the intestine in chyluric patients. However, in these
studies, it is likely that the contribution of the intestine
was overestimated because there is substantial filtration of
apoA-I from piasma to lymph. Furthermore, subjects in
these studies may have had altered intestinal apoA-I syn-
thesis. Our results suggest that more than half of plasma
apoA-I derives from the liver.

In this study, we confirmed the findings by Lichtenstein
and co-workers (10) that VLDL apoB-100 turnover is
similar to or slightly faster than VLDL apoB-48 turnover,
in contrast to some radiotracer data (48, 49). Although
the labeled amino acid they used was different from ours,
the study protocol (fed state) and data analysis (monoex-
ponential function) were similar. In this study, we found
that the VLDL apoB-48 plateau tracer/tracee ratio was
28% lower than that of VLDL apoB-100, compared with
45% less observed by Lichtenstein et al. (10). The mean
residence time of VLDL apoB-100 (1.92 + 0.40 h) was
significantly shorter than that of VLDL apoB-48
(3.88 + 1.38 h) in our study. The mean residence times of
VLDL apoB-100 and apoB-48 in the study by Lichten-
stein et al. (10) were somewhat longer (mean 4.98 and
6.84 h, respectively). This may be partially explained by
the use of different amino acids, the relatively higher
mean fasting plasma TG levels in their study subjects, or
the lack of a delay time in their monoexponential model.

In summary, endogenous labeling of apoA-I using a
primed constant infusion of a stable isotopically labeled
amino acid results in apoA-I kinetic parameters that are
very similar to those obtained using radioiodinated apoA-
I as a simultaneous tracer in the same individuals when
the VLDL apoB-100 plateau tracer/tracee ratio is used as
the estimate of the precursor pool enrichment for the total
apoA-I pool. Strong positive correlation between the ki-
netic parameters obtained by the two methods was ob-
served among subjects with a wide range of plasma apoA-
I concentrations. Thus, the use of the VLDL apoB-100
plateau tracer/tracee ratio as an estimate of the precursor
pool enrichment for apoA-I synthesis appears to be a
reasonable method for determining the apoA-I turnover
rate. The simultaneous comparison of these two indepen-
dent methods helps to validate both methods as useful
tools in the investigation of in vivo apoA-I metabolism in
humans. B

We are indebted to Marie Kindt, Glenda Tally, and Yoshiko Do-
herty for excellent technical support. We thank George Grimes
and the Pharmaceutical Development Service for evaluation of
the [!3C¢]phenylalanine, and the nursing staffs of the NIH Clini-
cal Center for nursing care of the study subjects.

Manuscript received 30 January 1993 and in revised form 9 June 1993.

REFERENCES

1. Miller, G. J., and N. E. Miller. 1975. Plasma-high-density-
lipoprotein concentration and development of ischaemic
heart-disease. Lancet. 1: 16-19.

2. Gordon, D. ], and B. M. Rifkind. 1989. High-density
lipoprotein —the clinical implications of recent studies. N.
Engl. J. Med 321: 1311-1316.

3. Miller, N. E. 1987. Associations of high-density lipoprotein
subclasses and apolipoproteins with ischemic heart disease
and coronary atherosclerosis. Am. Heart j. 113: 589-597.

Tkewaki et al.  Metabolism of apoA-I by endogenous and exogenous labeling methods 2213

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l 'mmm woiy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Vega, G. L., H. Gylling, A. V. Nichols, and S. M. Grundy.

1991. Evaluation of a method for study of kinetics of autolo-
gous apolipoprotein A-I. J Lipid Res. 32: 867-875.

. Schaefer, E. J., L. A. Zech, L. L. Jenkins, T. J. Bronzert,

E. A. Rubalcaba, R. T. Lindgren, R. L. Aamodt, and
H. B. Brewer, Jr. 1982. Human apolipoprotein A-I and A-11
metabolism. J. Lipid Res. 23: 850-862.

Fisher, W. R, L. A. Zech, P. Bardalaye, G. Warmke, and
M. Berman. 1980. The metabolism of apolipoprotein B in
subjects with hypertriglyceridemia and polydisperse LDL.
J. Lipid Res. 21: 760-774.

Cryer, D. R,, T. Matsushima, J. B. Marsh, M. Yudkoff,
P. M. Coates, and J. A. Cortner. 1986. Direct measurement
of apolipoprotein B synthesis in human very low density
lipoprotein using stable isotopes and mass spectrometry. J.
Lipid Res. 27: 508-516.

Cohn, J. S, D. A. Wagner, S. D. Cohn, J. S. Millar, and
E. J. Schaefer. 1990. Measurement of very low density and
low density lipoprotein apolipoprotein (apo) B-100 and high
density lipoprotein apoA-I production in human subjects
using deuterated leucine. Effect of fasting and feeding. /.
Clin. Invest. 85: 804-811.

Lichtenstein, A. H., J. S. Cohn, D. L. Hachey, J. S. Millar,
J. M. Ordovas, and E. J. Schaefer. 1990. Comparison of
deuterated leucine, valine, and lysine in the measurement
of human apolipoprotein A-I and B-100 kinetics. /. Lipid
Res. 31: 1693-1701.

Lichtenstein, A. H., D. L. Hachey, J. S. Millar, J. L. Jen-
ner, L. Booth, J. Ordovas, and E. J. Schaefer. 1992. Meas-
urement of human apolipoprotein B-48 and B-100 kinetics
in triglyceride-rich lipoproteins using [5,5,5-2H;]leucine. J.
Lipid Res. 33: 907-914.

Glickman, R. M., and P. H. Green. 1977. The intestine as
a source of apolipoprotein A-I. Proc. Natl. Acad. Sci. USA.
74: 2569-73.

Hopf, U,, G. Assmann, H. E. Schaefer, and A. Capurso.
1979. Demonstration of human apolipoprotein A in iso-
lated mucosal cells from small intestine and isolated hepato-
cytes. Gut. 20: 219-25.

Bisgaier, C. L., and R. M. Glickman. 1983. Intestinal syn-
thesis, secretion, and transport of lipoproteins, Annu. Rev.
Physiol. 45: 625-636.

Hughes, T. E.;, W. V. Sasak, J. M. Ordovas, T. M. Forte,
S. Lamon-Fava, and E. J. Schaefer. 1987. A novel cell line
(Caco-2) for the study of intestinal lipoprotein synthesis. J.
Biol. Chem. 262: 3762-3767.

Anderson, D. W, E. J. Schaefer, T. J. Bronzert, F. T. Lind-
gren, T. Forte, T. E. Starzl, G. D. Niblack, L. A. Zech, and
H. B. Brewer, Jr. 1981. Transport of apolipoproteins A-I
and A-II by human thoracic duct lymph. J. Clin. Invest. 67:
857-866.

Green, P. H., R. M. Glickman, C. D. Saudek, C. B. Blum,
and A. R. Tall. 1979. Human intestinal lipoproteins.
Studies in chyluric subjects. J. Clin. Invest. 64: 233-242.
Brewer, H. B., Jr, T. Fairwell, A. LaRue, R. Ronan, A.
Houser, and T. J. Bronzert. 1978. The amino acid sequence
of human apoA-I, an apolipoprotein isolated from high
density lipoproteins. Biochem. Biophys. Res. Commun. 80:
623-630.

Gregg, R. E., L. A. Zech, E. J. Schaefer, and H. B. Brewer,
Jr. 1984. Apolipoprotein E metabolism in normolipoprotei-
nemic human subjects. J. Lipid Res. 25: 1167-1176.
Rader, D. J., G. Castro, L. A. Zech, J. C. Fruchart, and
H. B. Brewer, Jr. 1991. In vivo metabolism of
apolipoprotein A-I on high density lipoprotein particles
LpA-1 and LpA-I, A-IL. ] Lipid Res. 32: 1849-1859.

2214 Journal of Lipid Research Volume 34, 1993

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

Havel, R. J., H. A. Eder, and J. H. Bragdon. 1955. The dis-
tribution and chemical composition of ultracentrifugally
separated lipoproteins in human serum. J. Clin. Invest. 34:
1345-1353.

Schaefer, J. R., D. J. Rader, K. Ikewaki, T. Fairwell, L. A.
Zech, M. R. Kindt, J. Davignon, R. E. Gregg, and H. B.
Brewer, Jr. 1992. In vivo metabolism of apolipoprotein A-I
in a patient with homozygous familial hypercholesterole-
mia. Arteriosclerosis. 12: 843-848.

Cobelli, C., G. Toffolo, and D. M. Foster. 1992, Tracer-to-
tracee ratio for analysis of stable isotope tracer data: link
with radioactive kinetic formalism. Am. [ Physiol 262:
E968-E975.

Berman, M., and Weiss, M. 1978. SAAM Manual DHEW
Publ. No. (NIH) 78:180. National Institutes of Health,
Bethesda, MD.

Warnick, G. R.,, M. C. Cheung, and J. J. Albers. 1975.
Comparison of current methods for high-density
lipoprotein cholesterol quantitation. Clin. Chem. 25:
596-604.

Blum, C. B., R. I. Levy, S. Eisenberg, M. Hall III, R. H.
Goebel, and M. Berman. 1977. High density lipoprotein
metabolism in man. J. Clin. Invest. 60: 795-807.
Schaefer, E. J., C. B. Blum, R. L. Levy, L. L. Jenkins, P.
Alaupovic, D. M. Foster, and H. B. Brewer, Jr. 1978.
Metabolism of high-density lipoprotein apolipoproteins in
Tangier disease. N. Engl. J. Med 299: 905-910.

Fidge, N., P. Nestel, T. Ishikawa, M. Reardon, and T. Bil-
lington. 1980. Turnover of apoproteins A-I and A-II of high
density lipoprotein and the relationship to other
lipoproteins in normal and hyperlipidemic individuals.
Metabolism. 29: 643-653.

Schaefer, E. J., D. M. Foster, L. L. Jenkins, F. T. Lindgren,
M. Berman, R. 1. Levy, and H. B. Brewer, Jr. 1979. The
composition and metabolism of high density lipoprotein
subfractions. Lipids. 14: 511-522.

Le, N. A., and H. N. Ginsberg. 1988. Heterogeneity of

apolipoprotein A-1 turnover in subjects with reduced con-
centrations of plasma high density lipoprotein cholesterol.
Metabolism. 37: 614-617.

Saku, K., P. 8. Gartside, B. A. Hynd, S. G. Mendoza, and
M. L. Kashyap. 1985. Apolipoprotein A-I and A-II
metabolism in patients with primary high-density
lipoprotein deficiency associated with familial hyper-
triglyceridemia. Metabolism. 34: 754-764.

Shepherd, J., C. J. Packard, A. M. Gotto, Jr., and O. D.
Taunton. 1978. A comparison of two methods to investigate
the metabolism of human apolipoproteins A-1 and A-II. J.
Lipid Res. 19: 656-661.

Roma, P, R. E. Gregg, C. Bishop, R. Ronan, L. A. Zech,
M. V. Meng, C. Glueck, C. Vergani, G. Giudici, and H.
B. Brewer, Jr. 1990. Apolipoprotein A-I metabolism in sub-
jects with a Pstl restriction fragment length polymorphism
of the apoA-I gene and familial hypoalphalipoproteinemia.
J. Lipid Res. 31: 1753-1760.

Matthews, C. M. E. 1957. The theory of tracer experiments
with iodine 131-labeled plasma proteins. Phys. Med. Biol 2:
36-53.

Osborne, J. C., Jr, E. J. Schaefer, G. M. Powell, N. S. Lee,
and L. A. Zech. 1984. Molecular properties of radioiodi-
nated apolipoprotein A-1. J. Biol. Chem. 259: 347-353.
Phair, R. D, M. G. Hammond, J. A. Bowden, M. Fried,
W. R. Fisher, and M. Berman. 1975. Preliminary model for
human lipoprotein metabolism in hyperlipoproteinemia.
Fed Proc. 34: 2263-2270.

Eaton, R. P, R. C. Allen, and D. S. Schade. 1983. Over-

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

37.

38.

39.

40.

41.

42.

43.

production of a kinetic subclass of VLDL-apoB, and direct
catabolism of VLDL-apoB in human endogenous hyper-
triglyceridemia: an analytical model solution of tracer data.
J- Lipid Res. 24: 1291-1303.

Beltz, W. F,, Y. A. Kesaniemi, N. H. Miller, W. R. Fisher,
S. M. Grundy, and L. A. Zech. 1990. Studies on the
metabolism of apolipoprotein B in hypertriglyceridemic
subjects using simultaneous administration of tritiated leu-
cine and radioiodinated very low density lipoprotein. J.
Lipid Res. 31: 361-374.

Parhofer, K. G., P. H. R. Barrett, D. M. Bier, and G.
Schonfeld. 1991. Determination of kinetic parameters of
apolipoprotein B metabolism using amino acids labeled
with stable isotopes. J. Lipid Res. 32: 1311-1323.

Walsh, B. W, 1. Schiff, B. Rosner, L. Greenberg, V. Rav-
nikar, and F. M. Sacks. 1991. Effects of postmenopausal es-
trogen replacement on the concentrations and metabolism
of plasma lipoproteins. N. Engl. | Med. 325: 1196-1204.
Parhofer, K. G., P. H. R. Barrett, D. M. Bier, and G.
Schonfeld. 1992. Lipoproteins containing the truncated
apolipoprotein, apoB-89, are cleared from human plasma
more rapidly than apoB-100-containing lipoproteins in
vivo. J. Clin. Invest. 89: 1931-1937.

Krul, E. S., K. G. Parhofer, P. H. R. Barrett, R. D.
Wagner, and G. Schonfeld. 1992. ApoB-75, a truncation of
apolipoprotein B associated with familial hypobetalipopro-
teinemia: genetic and kinetic studies. /. Lipid Res. 33:
1037-1050.

Schaefer, J. R., D. J. Rader, and H. B. Brewer, Jr. 1992. In-
vestigation of lipoprotein kinetics using endogenous label-
ing with stable isotopes. Curr. Opin. Lipidol. 3: 227-232.
Rader, D. J.,, R. E. Gregg, M. S. Meng, J. R. Schaefer,

Tkewaki et al.

44.

45.

46.

47.

48.

49,

L. A. Zech, M. D. Benson, and H. B. Brewer, Jr. 1992. In
vivo metabolism of a mutant apolipoprotein apoA-Ij,,,, as-
sociated with hypoalphalipoproteinemia and hereditary
systemic amyloidosis. J. Lipid Res. 33: 755-763.
Eggerman, T. L., J. M. Hoeg, M. S. Meng, A. Tombragel,
D. Bojanovski, and H. B. Brewer, Jr. 1991. Differential
tissue-specific expression of human apoA-I and apoA-II. J.
Lipid Res. 32: 821-828.

Emmerich, J., B. Verges, I. Tauveron, D. ]J. Rader, S.
Santamarina-Fojo, J. R. Schaefer, M. Ayrault-Jarrier, P.
Thieblot, and H. B. Brewer, Jr. 1993. Familial high density
lipoprotein deficiency due to marked hypercatabolism of
normal apolipoprotein A-I. Arteriosclerosis 13: 1299-1306.
Rader, D. J., K. Ikewaki, N. Duverger, H. Pritchard, J.
Frohlich, M. Clerc, H. Schmidt, S. Santamarina-Fojo, T.
Fairwell, L. Zech, and H. B. Brewer, Jr. 1993. Complete
and partial LCAT deficiency: rapid in vivo catabolism of
lipoproteins containing both apolipoproteins A-I and A-I1
(LpA-I:A-II). Clin. Res. 41: 204A. (Abstract)

Ikewaki, K., D. J. Rader, T. Sakamoto, M. Nishiwaki, N.
Wakimoto, J. R. Schaefer, T. Ishikawa, T. Fairwell, L. A.
Zech, H. Nakamura, M. Nagano, and H. B. Brewer, Jr.
1993. Delayed catabolism of high density lipoprotein
apolipoprotein A-I and A-II in human cholesteryl ester
transfer protein deficiency. J. Clin. Invest. 92: 1650-1658.
Schaefer, E. J., R. E. Gregg, G. Ghiselli, T. M. Forte, J. M.
Ordovas, L. A. Zech, and H. B. Brewer, Jr. 1986. Familial
apolipoprotein E deficiency. J. Clin. Invest. 78: 1206-1219.
Stalenhoef, A. F., M. J. Malloy, J. P. Kane, and R. J. Havel.
1984. Metabolism of apolipoproteins B-48 and B-100 of
triglyceride-rich lipoproteins in normal and lipoprotein
lipase-deficient humans. Proc. MNatl Acad. Sci. USA. 81:
1839-1843.

Metabolism of apoA-I by endogenous and exogenous labeling methods 2215

2T0Z ‘8T aunr uo ‘1sanb Aq Bio 1)l mmm woiy papeojumoq


http://www.jlr.org/

