
Role of the Kidney in Regulating the Metabolism of HDL in Rabbits: Evidence
That Iodination Alters the Catabolism of Apolipoprotein A-I by the Kidney†

Sylvie Braschi,‡ Tracey A.-M. Neville,‡ Cyrille Maugeais,§ Tanya A. Ramsamy,‡ Richard Seymour,‡ and
Daniel L. Sparks*,‡

Lipoproteins and Atherosclerosis Research Group, UniVersity of Ottawa Heart Institute, 40 Ruskin Street,
Ottawa, Ontario, K1Y 4W7, Canada, and UniVersity of PennsylVania, Medical Center, 415 Stellar-Chance Labs,

422 Curie BouleVard, Philadelphia, PennsylVania 19104

ReceiVed August 20, 1999; ReVised Manuscript ReceiVed February 14, 2000

ABSTRACT: To evaluate the factors that regulate HDL catabolism in vivo, we have measured the clearance
of human apoA-I from rabbit plasma by following the isotopic decay of125I-apoA-I and the clearance of
unlabeled apoA-I using a radioimmunometric assay (RIA). We show that the clearance of unlabeled apoA-I
is 3-fold slower than that of125I-apoA-I. The mass clearance of iodinated apoA-I, as determined by RIA,
is superimposable with the isotopic clearance of125I-apoA-I. The data demonstrate that iodination of
tyrosine residues alters the apoA-I molecule in a manner that promotes an accelerated catabolism. The
clearance from rabbit plasma of unmodified apoA-I on HDL3 and a reconstituted HDL particle (LpA-I)
were very similar and about 3-4-fold slower than that for125I-apoA-I on the lipoproteins. Therefore,
HDL turnover in the rabbit is much slower than that estimated from tracer kinetic studies. To determine
the role of the kidney in HDL metabolism, the kinetics of unmodified apoA-I and LpA-I were reevaluated
in animals after a unilateral nephrectomy. Removal of one kidney was associated with a 40-50% reduction
in creatinine clearance rates and a 34% decrease in the clearance rate of unlabeled apoA-I and LpA-I
particles. In contrast, the clearance of125I-labeled molecules was much less affected by the removal of a
kidney; FCR for125I-LpA-I was reduced by<10%. The data show that the kidneys are responsible for
most (70%) of the catabolism of apoA-I and HDL in vivo, while 125I-labeled apoA-I and HDL are rapidly
catabolized by different tissues. Thus, the kidney is the major site for HDL catabolism in vivo. Modification
of tyrosine residues on apoA-I may increase its plasma clearance rate by enhancing extra-renal degradation
pathways.

In vivo kinetic studies have played an important role in
evaluating the physiology and pathophysiology of lipoprotein
metabolism. Most investigations of the in vivo metabolism
of plasma lipoproteins conducted so far have made use of
iodine-labeled plasma lipoproteins (1-5). The metabolic
kinetics of apolipoprotein A-I (apoA-I)1 in vivo has been
investigated both by whole-labeling intact high-density
lipoproteins (HDL) or by labeling delipidated apoA-I and
then utilizing an in vitro or in vivo recombination with an
HDL isolate (2-5). In the whole-labeling technique, since
HDL are heterogeneous with respect to apolipoprotein
(apoprotein) composition, several apoproteins are labeled
simultaneously. Therefore, in these studies, the decay of

radioactivity from plasma corresponds to the kinetics of
several different apoproteins, obscuring apoA-I kinetics and
necessitating fractionation of plasma apoproteins for detailed
analysis. With specific apoprotein labeling, the metabolic
kinetics of individually labeled apoproteins is quantified more
easily, but limitations in apoprotein affinity/exchange have
been highlighted, and different plasma kinetics are evident
(6). The assignment of physiological significance to these
kinetic investigations and a characterization of the “in vivo”
metabolism of HDL depend on the assumption that the
labeled material behaves physiologically like its unlabeled
counterpart and that the decay of the labeled tracer mimics
that of the unlabeled endogenous lipoprotein.

More recently, apoA-I metabolism has been investigated
by using endogenous labeling of apoA-I with amino acids
labeled with stable isotopes (7-10). Endogenous isotope
enrichment has the theoretical advantage that there is no
possibility of altering the nature of the apoprotein through
isolation and labeling. However, since the tracer can be
recycled and re-incorporated into newly synthesized proteins,
the technique has major limitations in kinetic analyses of
proteins with slow turnover rates, such as apoA-I (11). In
addition, the kinetic analysis of endogenous labeling studies
is more complex than that of exogenous radiotracer studies
and relies upon several assumptions. These assumptions
usually are derived from radiotracer studies (10, 12). For
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instance, the output rates for the exchange compartments are
usually adjusted to achieve a comparable residence time
(RT), as obtained from the exogenous labeling of apoA-I,
while maintaining an appropriate fit to the data (9, 10). As
a consequence, the fractional catabolic rate (FCR)/RT
obtained by both the exogenous apoA-I iodination and the
endogenous stable isotope labeling methods are related and
likely to be comparable (9). It is however of note that both
methods rely on the assumption that125I-apoA-I is metaboli-
cally identical to native apoA-I.

Several studies have shown that the structural properties
(13, 14) and epitope reactivity (13) of 125I-labeled apoA-I
are substantially different than on the unlabeled protein.
Indeed, Osborne et al. (13) showed that radioiodinated
apoA-I could be separated into two pools with different
immunochemical and biophysical properties. One iodinated
apoA-I pool represented molecules with which the immu-
nochemical and biophysical properties had been altered by
the iodination and which appeared to be cleared faster from
plasma than the other iodinated apoA-I pool. Similarly, Ly
et al. (15) demonstrated that the iodination of chylomicrons
is associated with an increased liver uptake and a faster
plasma clearance of chylomicron-bound triglycerides. Taken
together, these studies suggest that iodination can perturb
the interactions between the apolipoprotein and the lipid
components of lipoprotein particles and may alter their
metabolic behavior in a manner that may increase their
catabolism.

Numerous studies have attempted to determine both the
factors that regulate the catabolism of apoA-I and the tissues
involved. As with turnover studies, all of these studies have
utilized HDL particles with apoA-I labeled with either
radioactive iodine or with125I-tyramine cellobiose (TC). The
tissue uptake data are similar for both tracers, and in a variety
of different animal species, data suggest that on a per organ
basis, the liver is the most important site of apoA-I uptake
and degradation (16-22). Some of these investigations
suggest that the kidney also plays an important role in apoA-I
catabolism (6, 16, 18) but that the adrenals are important in
selective uptake of cholesteryl ester from HDL particles,
without a concomitant uptake and degradation of apoA-I (23).

The aim of the present work was to determine the in vivo
kinetic parameters of native, unlabeled, apoA-I in HDL and
reconstituted HDL structures. To that extent, we developed
a radioimmunoassay (RIA) for human apoA-I and then
measured the clearance of free and lipoprotein-associated
apoA-I (LpA-I) from plasma in rabbits. To evaluate the role
of the kidney in HDL metabolism, we have characterized
the clearance of apoA-I and LpA-I in rabbits after a unilateral
nephrectomy. The data show that the kidney is responsible
for most of HDL catabolism in rabbits.

MATERIALS AND METHODS

Materials.1-palmitoyl 2-oleoyl phosphatidylcholine (POPC)
was purchased from Avanti Polar Lipids (Birmingham, AL).
The monoclonal antibody, 4A12, was purchased from Sanofi
Inc (Paris). 5F6 and 4H1 were generous gifts from Yves
Marcel and colleagues. All other reagents were analytical
grade.

Purification of apoA-I.Human HDL (d ) 1.063-1.210
g/mL) was isolated from fresh plasma by sequential density

gradient ultracentrifugation according to the procedure of
Havel et al. (24). HDL was delipidated in chloroform:
methanol as described (25). Purified apoA-I was isolated by
size-exclusion chromatography on a Sephacryl S-200 HR
column (26). ApoA-I was stored in lyophilized form at-80
°C. Prior to use, it was resolubilized in 6 M guanidine hydro-
chloride and 10 mM Tris, pH 7.2, and dialyzed extensively
against 50 mM NaPO4, pH 7.2 (PBS), and 150 mM NaCl.

Iodination of apoA-I.Purified apoA-I was iodinated with
Na125I or Na127I using the IODO-BEAD Iodination reagent
(Pierce; Rockford, IL) and manufacturer-recommended pro-
tocols. The efficiency of labeling was 52%, and the resultant
specific activity of apoA-I was 1µCi/µg of protein. Iodinated
apoA-I exhibited a normal secondary structure and surface
charge. The labeled protein also appeared to have an un-
modified lipid affinity, as evidenced by a normal ability to
solubilize dimyristoyl phosphatidylcholine vesicles and to
be complexed into sonicated reconstituted LpA-I complexes.

Preparation of125I-Labeled LpA-I Complexes.Reconsti-
tuted sonicated LpA-I complexes were prepared by co-
sonication of apoA-I and POPC (27). Briefly, specific
amounts of lipids in chloroform (see Table 1 for concentra-
tions) were dried under nitrogen in a 12× 75 mm glass
tube, and 800µL of PBS was added. The lipid-buffer
mixture was successively sonicated under nitrogen for 1 min
at constant output, incubated at 37°C for 30 min, and
sonicated again for 5 min at 95% duty cycle under nitrogen.
Unlabeled apoA-I (1 mg of a 1.4 mg/mL phosphate solution)
and 125I-labeled apoA-I (50µCi) were added to the lipid
mixture and co-sonicated for 4× 1 min at 90% duty cycle
under nitrogen, with 1 min cooling periods between soni-
cations.

Determination of LpA-I Physical Properties. The size and
the homogeneity of reconstituted particles were estimated
by nondenaturing gradient gel electrophoresis on precast
8-25% gradient acrylamide gels (Pharmacia Biotech Phast-
gel, Baie d’Urfé, QC). Densitometric profiles were obtained
by analyzing Coomassie Brilliant Blue G-stained gels on a
Sharp JX 325 imaging densitometer. The mean apparent
diameter was determined by comparison with protein stan-
dards (Pharmacia Biotech High Molecular Weight Protein
Calibration Kit, Baie d’Urfé, QC) using a data analysis
software (Onedscan, Scanalytics). The number of molecules
of apoA-I per particle was determined by apoprotein cross-
linking with dimethyl suberimidate as described by Swaney
(28) and electrophoresis on 8-25% SDS-acrylamide gels
to determine the extent of oligomer formation. Particle
surface charge was calculated from electrophoresis on precast
0.5% agarose gels (Beckman, Paragon Lipo Kit) as previ-
ously described (29).

Preparation of Exchange-Labeled HDL3. HDL3 (d )
1.120-1.210) was isolated from fresh fasted normolipidemic
plasmas by sequential density gradient ultracentrifugation.
HDL3 was then labeled by apolipoprotein exchange accord-
ing to the method described by Horowitz et al. (6). Briefly,
30 µCi of iodinated apoA-I was incubated with 500µg of
HDL at 37 °C for 1 h. The HDL3 was subsequently
re-isolated by ultracentrifugation and dialyzed against PBS.
The size and the homogeneity of the HDL3 fraction were
estimated by nondenaturing gradient gel electrophoresis on
precast 8-25% gradient acrylamide gels (Pharmacia Biotech
Phastgel, Baie d’Urfe´, QC).
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Determination of Human apoA-I Concentration in Rabbit
Plasma.The concentration of human apoA-I in rabbit plasma
during a turnover study was determined with a competitive
solid phase RIA similar to that previously described (30).
Removawells (Immulon 2, Dynatech Laboratories, MA) were
coated with 100µL of HDL3 (0.2µg in 15 mM Na2CO3, 35
mM NaHCO3 and 0.02% NaN3, pH 9.6), washed with 50
mM NaPO4 and 0.02% NaN3, pH 7.2 (buffer A), and satu-
rated with 0.5% gelatin (Bio-Rad Laboratories, Richmond,
CA) in buffer A. An antihuman apoA-I monoclonal antibody
that does not cross-react with rabbit apoA-I (31), 4A12 (at
a predetermined dilution), was mixed with serial dilutions
of rabbit plasma from each time point in 50 mM NaPO4,
0.02% NaN3, 0.05% Tween 20, and 0.1% gelatin (buffer B)
and transferred to the previously coated and saturated wells
for 1 h incubation at room temperature. After three washes
with buffer B without gelatin, the removawells were incu-
bated for 1 h with an125I-labeled antimouse IgG antibody
diluted in buffer B. After three washes with buffer B, the
well radioactivity was measured. A curve expressing the
plasma volume as a function of the percentage of inhibition
of the maximal binding of 4A12 to the HDL3-coated plate
was constructed for each time point, and the plasma volume
required for 50% inhibition of the maximal binding of 4A12
was determined. ApoA-I concentration was determined as a
percent of immunoreactive apoA-I in plasma, and results for
each time point are expressed relative to the 10-min time
point plasma volume. The intra-assay and inter-assay coef-
ficients of variation of the plasma volume were 4.9% and
10.0%, respectively, in the working concentration range.

In ViVo Metabolic Studies.The animal protocol was
reviewed and approved by the animal ethics committee of
the University of Ottawa. Twenty microcuries (1 mg of
apoA-I) of 125I-apoA-I, 125I-LpA-I, or 125I-HDL3 was injected
into the marginal ear vein of a 4.5-5.5 kg male New Zealand
White rabbit. Blood samples were drawn into tubes contain-
ing 0.1 mg/mL disodium EDTA from the opposite ear at 10
min and 1, 2, 4, 6, 12, 24, 27, 30, and 48 h. The isotope
decay curves were constructed by counting plasma radioac-
tivity at each time point and by RIA as indicated above. The
percentage of the initial radioactivity or plasma volume (see
above) was plotted as a function of time, using the 10-min
sample as the zero time. In this study, each particle was
injected two to three times into different rabbits, with
different preparations of apoA-I and LpA-I particles. In some
experiments, a unilateral nephrectomy was performed using
a retroperitoneal approach and a lateral incision. Sham
surgical experiments were also performed, where a similar
incision was made and the kidney was exposed but was not
removed. Animals were given a 3-4 week convalescence
period, after which time all animals showed a full surgical
recovery and return to normal dietary and behavioral habits.
Turnover studies with unlabeled and125I-labeled apoA-I and
LpA-I were performed as indicated above. Creatinine levels
in urine and blood samples were determined on a Hitachi
917 automate, and glomerular filtration capacities were
estimated before and after nephrectomy from creatinine
clearance rates. Creatinine clearance was calculated as the
ratio of the urine creatinine concentration multiplied by the
urine volume to the plasma creatinine concentration and was
expressed per kilogram of body weight and per minute of
urine collection (32).

Kinetic Modeling and Statistical Methods.The plasma
clearance curves were analyzed according to the two-pool
model of Matthews (33). This model assumes the existence
of an intravascular pool in dynamic equilibrium with an
extravascular pool. According to this model, both new input
and exit of apoA-I occur from the intravascular pool.
Clearance curves for each experiment were modeled sepa-
rately with a biexponential equation. ApoA-I FCR was
determined from the area under the curve, as calculated from
Matthews’ eq 33 and expressed in pools/day. The RT was
calculated as the reciprocal of the FCR. Essentially identical
results were obtained when the data were analyzed with
SAAM-II. Correlation coefficients were determined by the
method of Spearman.p e 0.05 was regarded as statistically
significant.

RESULTS

Determination of the In ViVo Clearance of Unlabeled
apoA-I by RIA.To determine the in vivo clearance of
unmodified, human apoA-I, we developed a sensitive RIA
using an antihuman apoA-I monoclonal antibody, 4A12,
which does not cross-react with rabbit apoA-I (31). Native
and reconstituted HDL complexes, containing 1 mg of
unlabeled apoA-I, were injected into rabbits, and plasma
samples were taken at various times to determine the amount
of apoA-I remaining in the plasma of the rabbit. The plasma
volume required to inhibit 50% of the maximal binding of
4A12 on the HDL3-coated plates was calculated for each
time point by constructing a curve expressing rabbit plasma
dilutions as a function of the percentage of the maximal 4A12
binding on the plate. At the various time points, curve slopes
(at 50% inhibition of 4A12) for native and reconstituted HDL
showed limited variation for each individual particle; intra-
assay slopes variability ranged from 12 to 20% for the
various particles. The reproducibility of the clearance kinetics
were good, since the injection of the same particle in different
rabbits gave almost superimposable results (see SD for each
time point of Figures 1-3).

FIGURE 1: Plasma clearance curves of apoA-I. ApoA-I was purified
from human plasma and iodinated with either125I (125I-apoA-I) or
127I (127I-apoA-I) as described in the methods section.125I-apoA-I
(20 µCi) was combined with unlabeled apoA-I, and then 1 mg of
the 125I- or 127I-labeled mixtures was injected into rabbits. The
plasma clearance of125I-apoA-I was estimated from the plasma
radioactivity decay, while those of127I-apoA-I and unlabeled apoA-I
were determined by RIA. Results are expressed as the percentage
of the initial amount injected into the rabbit, as a function of time,
and are mean( SD of clearances obtained in 2-3 different rabbits.
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To test whether the injection of 1 mg of apoA-I disrupted
the steady state of the apoA-I pool in the rabbit plasma, we
injected trace amounts of125I-apoA-I together with increasing
amounts of unlabeled apoA-I (from 250µg to 1 mg).
Similarly, LpA-I complexes were prepared from trace
amounts of125I-apoA-I, unlabeled apoA-I, and POPC, and
increasing amounts (from 250µg to 1 mg) of LpA-I were
injected into rabbits. In contrast to the recent observation of
Spady et al. (22) conducted in mice, we observed no
alteration in the apoA-I and the LpA-I FCRs with increasing
amounts of injected apoA-I (data not shown). This demon-
strates that the apoA-I steady state in the rabbit plasma was
not affected in our experimental conditions.

Characterization of Lipoprotein Biophysical Properties.
Reconstituted LpA-I were prepared by co-sonication of
POPC and apoA-I. As previously reported (34, 35), the
complexation of 120 molecules of POPC with apoA-I
promoted the formation of complexes containing 2 molecules
of apoA-I and exhibited a hydrodynamic diameter similar
to that for native HDL3 (Table 1). Even though the structures
had a similar size, electrokinetic analysis of their electro-
phoretic mobilities in agarose gels showed the net charge
on the lipoproteins to differ significantly. LpA-I were much
less negatively charged than the HDL3 and exhibited a
surface potential closer to that for lipid-free apoA-I.

Determination of the Plasma Clearance of Unlabeled and
Iodinated apoA-I.Purified human apoA-I containing trace
amounts of125I-apoA-I was injected into rabbits, and the
clearance curves of unlabeled apoA-I, from an RIA, and that
of 125I-apoA-I, from the plasma isotope decay, were deter-
mined. As we (34) and others (36) have previously shown,
125I-apoA-I is rapidly cleared from rabbit plasma and is
essentially eliminated within a 48 h period (Figure 1). In
contrast, the clearance of unlabeled apoA-I is significantly
slower; only∼80% of the apoprotein is removed from the
plasma of a rabbit after 2 days. This reduced clearance
corresponds to an almost 3-fold reduction in plasma FCR,
from 3.4 to 1.2 pools/day (Table 2).

To determine if the differences between the apoA-I and
the 125I-apoA-I clearance could be due to the chemically
modified apoA-I, we iodinated 1 mg of apoA-I with Na127I,
injected it into rabbits, and monitored the clearance of127I-
apoA-I from plasma by RIA. While the sensitivity of the
RIA was only sufficient to accurately measure127I-apoA-I
concentrations in plasma for 30 h after its injection (Figure
1), the data show that the clearance of127I-apoA-I was not
significantly different from that of125I-apoA-I and much

faster than that for unlabeled apoA-I. This result suggests
that the incorporation of iodine onto apoA-I tyrosine residues
alters the apoA-I molecule in such a manner that accelerates
its clearance from plasma.

Determination of the Plasma Clearance of Unlabeled and
Iodinated HDL.Figure 2 shows that the clearance curve of
125I-LpA-I was slightly slower than that for125I-apoA-I, but
the difference was not statistically significant (2.8( 0.5 vs
3.4 ( 0.2 pools/day, respectively) (Table 2). The clearance
of apoA-I on the sonicated LpA-I complex was also
determined by RIA, and its clearance was much slower than
that for 125I-LpA-I (Figure 2 and Table 2), similar to that
observed for apoA-I and125I-apoA-I. The FCR values
determined from the RIA were roughly one-third of the FCR
values for125I-LpA-I and 125I-apoA-I (2.8 ( 0.5 vs 0.9(
0.3 pools/day for LpA-I and 3.4( 0.2 vs 1.2( 0.1 pools/
day for apoA-I). The differences were statistically significant
for both LpA-I and apoA-I (p < 0.5 in both cases).

As indicated in Figure 3, exchange-labeled125I-HDL3

clearance was comparable to that observed for the125I-LpA-I
particle; approximately 4% of the initial radioactivity was
present in plasma after 48 h for both particles. These results
are consistent with what we have previously observed (34)
and also comparable to other published work (36). As
observed for apoA-I and LpA-I, HDL3 clearance, as deter-
mined from an RIA, was substantially slower as compared
to that of125I-HDL3 (FCR values were 0.8( 0.1 vs 3.1(
0.5 pools/day, respectively,p < 0.01) (Table 2). This is also
apparent on the immunoblot shown on Figure 4. Plasma
samples from a rabbit injected with125I-HDL3 were elec-
trophoresed on 0.5% agarose gels, and electrophoretic
mobilities of unlabeled and125I-apoA-I were monitored both
by autoradiography and by immunoblotting the gels with
antihuman apoA-I monoclonal antibodies 5F6 and 4H1. As
previously reported (34), autoradiography of agarose gels
showed that apoA-I on LpA-I complexes and HDL3 exhibit

Table 1: Biophysical Characteristics of ApoA-I, LpA-I, and Native
HDL3

particle
hydrodynamic
diameterb (nm)

surface
potentialc (mV)

apoA-I 5.6( 0.5 -8.3( 0.1
LpA-I a 8.7( 0.1 -8.5( 0.1
HDL3 9.6( 0.3 -10.5( 0.3

a Reconstituted HDL particles (LpA-I) were prepared by co-
sonication of 1-palmitoyl 2-oleyl phosphatidylcholine and apoA-I (120
mol of POPC/2 mol of apoA-I). Molar stoichiometries were determined
from SDS-PAGE gels after cross-linking with dimethyl suberimate.
b Particle diameters were determined from nondenaturating gradient gel
electrophoresis. Data are mean( SD of 3 determinations.c Molecular
surface potentials were determined from electrokinetic analysis of
agarose gels. Data are mean( SD of three determinations.

FIGURE 2: Plasma clearance curves of reconstituted HDL complexes
(LpA-I). LpA-I were prepared by the co-sonication of trace amounts
of 125I-labeled apoA-I, unlabeled apoA-I, and POPC. The molar
ratio of POPC and apoA-I in the LpA-I complexes was 120:2.
LpA-I were injected into rabbits, and the plasma clearance curve
of iodinated apoA-I on the LpA-I complex (125I-LpA-I) was
determined from the plasma radioactivity decay curve, while that
of unlabeled apoA-I on the LpA-I complex was determined by RIA
(LpA-I). The plasma clearance curve of lipid-free iodinated apoA-I
(125I-apoA-I) from Figure 1 is shown as a reference. Results are
expressed as the percentage of the initial amount injected into the
rabbit, as a function of time, and are mean( SD of clearances
obtained in 2-3 different rabbits.
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no modification in their electrophoretic mobilities. This
shows that the complexes remain structurally intact, and since
the particle size also does not appear to change (34), the
data suggest that no major remodeling occurs over the

turnover period. Immunoblots of the gels showed essentially
the same result for both LpA-I and HDL3 (Figure 4).
Comparison of the autoradiograph and immunoblot for the
HDL3 particle, however, shows that the isotopic clearance
is more rapid than the mass clearance. Similar observations
were made with LpA-I (data not shown), which indicates
that125I-apoA-I is cleared faster than unlabeled apoA-I both
on native HDL3 and on reconstituted LpA-I complexes.

Effect of Unilateral Nephrectomy on apoA-I Clearance
Rates.To determine if the kidneys play a role in the increased
rate of clearance of125I-LpA-I, lipoprotein turnovers were
undertaken in rabbits 3-5 weeks after a unilateral nephrec-
tomy. Plasma clearance curves for125I-labeled and unlabeled
apoA-I and LpA-I were determined in nephrectomized
animals and compared to that for control rabbits. Unilateral
nephrectomy was associated with a major decrease in the
plasma glomerular filtration capacity, which remained low
throughout the study. Plasma creatinine clearance rates were
reduced by 47( 7% 1 week after the surgery and 40(
10% 8 weeks post-surgery (mean( SD). After the 4-week
convalescence, the plasma lipids and relative lipoprotein
levels in the nephrectomized rabbits all appeared normal.
Sham animals also showed no acute or long-term change in
HDL levels, and the plasma clearance of125I-apoA-I was
identical to that observed for control animals (data not
shown). The plasma clearance of125I-LpA-I was only
minimally affected by the removal of one kidney; however,
the clearance of the unlabeled LpA-I was reduced signifi-
cantly (Figure 5A). Clearance rates for unlabeled LpA-I and
apoA-I, as determined by RIA, were reduced after a unilateral
nephrectomy and corresponded to a 33% reduction in the
FCR values (Figure 5A,B and Table 2). Clearance rates for
both 125I-LpA-I and 125I-apoA-I were much less affected by
the removal of one kidney and corresponded to only a 10-
20% reduction in the FCR values. The data demonstrate that
the kidneys play a major role in the clearance of apoA-I and
HDL from the plasma and may be responsible for up to 70%
of the catabolism of apoA-I. It appears that the kidneys play
a small role in the clearance of iodinated LpA-I and that
extra-renal tissues account for most of the catabolism of125I-
labeled apoA-I and LpA-I.

To illustrate the contribution of the kidney in apoA-I and
HDL clearance from plasma, we calculated the renal-
dependent clearance rate (renal FCR) and the nonrenal-
dependent clearance rate (nonrenal FCR) for free apoA-I and
LpA-I (Figure 6). As expected, nonrenal FCRs were faster
for 125I-apoA-I and125I-LpA-I as compared to those for the
unmodified apoA-I and LpA-I. Nonrenal FCR values were
nearly identical for apoA-I and LpA-I, while nonrenal FCR
for 125I-apoA-I and125I-LpA-I were also similar but 4-fold
faster. Interestingly, the faster plasma FCR value of free125I-
apoA-I relative to125I-LpA-I appears to be due to an increase
in the renal FCR of125I-apoA-I (Figure 6). With the labeled
molecules, the nonrenal clearance compartment appears
saturated at about 2 pools/day. This is consistent with the
work of Spady and colleagues, which showed that receptor-
dependent hepatic clearance of labeled apoA-I is saturable
and exhibits an almost 4-fold reduced maximal transport rate
than for the kidneys in the hamster (20). The data suggest
that the elevated125I-apoA-I plasma clearance, relative to
125I-LpA-I, is due to an increased renal catabolism of the
labeled apolipoprotein. The same relationship, albeit not as

FIGURE 3: Plasma clearance curves of native HDL3. HDL3 (1.063
< d < 1.210 g/mL) was isolated from fresh normolipidemic human
plasma, exchanged-labeled with iodinated human apoA-I, and
injected into rabbits. The plasma clearance curve of iodinated
apoA-I on the HDL3 particles (125I-HDL3) was determined from
the plasma radioactivity decay curve, while that of unlabeled apoA-I
on the HDL3 particles was determined by RIA (HDL3). The plasma
clearance curve of lipid-free iodinated apoA-I (125I-apoA-I) from
Figure 1 is shown as a reference. Results are expressed as the
percentage of the initial amount injected into the rabbit, as a function
of time, and are mean( SD of clearances obtained in 2-3 different
rabbits.

Table 2: Fraction Catabolic Rate of apoA-I, LpA-I, and Native
HDL3 in Rabbits

FCRa with two kidneys
(pools/day)

FCR with one kidney
(pools/day)

particle apoA-I 125I-apoA-I apoA-I 125I-apoA-I

apoA-I 1.2( 0.1 3.4( 0.2 0.8( 0.1 2.7( 0.1
LpA-I 0.9 ( 0.3 2.8( 0.5 0.6( 0.1 2.5( 0.8
HDL3 0.8( 0.1 3.1( 0.5 NDb ND

a The FCR of unlabeled apoA-I was determined by RIA and that of
125I-apoA-I was determined from the plasma isotope decay curve.
Analyses were determined before (two kidneys) and after (one kidney)
unilateral nephrectomy. Data are mean( SD of 2-3 experiments in
different rabbits.b ND, not determined.

FIGURE 4: Charge characteristics of exchanged-labeled native HDL3
particles after injection in rabbits. Native HDL3 was125I-exchanged
labeled and injected into rabbits, and then aliquots of plasma were
sampled over a 12-h period and electrophoresed on 0.5% agarose
gels. Shown is an autoradiograph (top panel) and an immunoblot
(bottom panel), prepared with antihuman apolipoprotein A-I
antibodies (4H1 and 5F6), of the agarose gels. The electrophoretic
mobility of HDL3-bound apoA-I is shown for samples taken
between 10 min and 12 h after injection.
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pronounced, is evident for the unlabeled molecules, that is,
the increased FCR of apoA-I relative to LpA-I appears
primarily due to an increased renal clearance. This result is

consistent with earlier works, which have suggested that
kidneys play an important role in apoA-I catabolism (6, 18).

DISCUSSION

The in vivo metabolism of plasma apoA-I has been
investigated by two fundamentally different techniques: (1)
the exogenous labeling of the protein of interest with a
radioactive tracer, usually125I or 131I and (2) the endogenous
labeling of the protein following the administration of a stable
isotopically labeled amino acid. While an earlier study by
Ikewaki and colleagues suggested that the determination of
apoA-I RT by both exogenous and endogenous labeling
techniques gives similar results (9), more recent reports raise
questions as to the accuracy of turnover studies for apoA-I
using endogenous labeling techniques (10, 11). The use of
amino acids labeled with stable isotopes to endogenously
label proteins of interest has been of tremendous value in
kinetic analyses of rapidly catabolized proteins, such as
VLDL-apoB (37). However, in a more recent report, Fisher
et al. showed that endogenous labeling with stable isotopes,
such as3H-leucine, is unsatisfactory for measuring RT for
proteins with a slower turnover, such as apoA-I (11). In fact,
recycling of the tracer into the plasma leucine pool as well
as its reincorporation into newly synthesized proteins within
the hepatocytes obscures the kinetics of the more slowly
turning-over proteins (11). Their conclusion was that,
although stable isotopes are excellent tracers to examine the
secretion and early events in the metabolism of apoA-I, they
cannot be used to evaluate the prolonged RT of the
predominant apoA-I pool, which is better measured with
radioiodinated tracers. These concerns question the inter-
pretation of endogenous labeling kinetic studies and instead
lend support to the use of exogenous labeling with radioactive
tracers to study the RT of proteins with a slow turnover rate,
such as apoA-I.

While exogenous labeling kinetic studies have been used
to derive much of the in vivo metabolic data to date, some
reports have also raised concerns over the validity of these
studies. The primary assumption in these studies is that the
structure and the function of the labeled molecule have not
been modified to an extent that may perturb its in vivo
metabolic behavior. Studies in two different laboratories in
the mid-1980s have suggested quite the contrary for iodine-
labeled apoA-I (13, 14). Both studies showed that apoA-I
radioiodinated using the McFarlane technique exhibits
significantly abnormal structural and metabolic properties.
While this technique has been thought to be the least
damaging to the labeled protein, in the past few years, novel
commercial techniques have become available, which claim
to be even more gentle and yet efficiently label protein
tyrosine residues with125I. In the present work, we have
utilized the Iodo-Bead iodination reagent to label apoA-I
tyrosine residues with125I. This tracer-labeled apoA-I was
slightly less immunoreactive with the mAb 4A12 but
exhibited completely normal secondary structure, lipid af-
finity, and electrostatic properties. The Iodo-Bead-labeled
apoprotein gave identical kinetic parameters to those obtained
from apoA-I iodinated by the McFarlane method (34, 36).
However, we now demonstrate that this iodinated apoA-I is
cleared nearly 3 times faster from plasma than an unlabeled
molecule. While this abnormal metabolism of iodinated
apoA-I may be due to a nonspecific structural modification

FIGURE 5: Effect of unilateral nephrectomy on plasma clearance
curves of reconstituted complexes (LpA-I). LpA-I were prepared
by the co-sonication of trace amounts of125I-labeled apoA-I,
unlabeled apoA-I, and POPC.125I-labeled LpA-I (panel A) or
apoA-I (panel B) were injected into uninephrectomized rabbits, and
the plasma clearance curve of iodinated apoA-I (125I-LpA-I or 125I-
apoA-I) was determined from the plasma radioactivity decay curve,
while that of unlabeled apoA-I was determined by RIA (LpA-I or
apoA-I). Results are expressed as the percentage of the initial
amount injected into the rabbit, as a function of time, and are mean
( SD of clearances obtained in 2-3 different rabbits.

FIGURE 6: Role of the kidney and other tissues in the clearance of
apoA-I and reconstituted LpA-I complexes. The contribution of the
kidney and other tissues in the clearance of apoA-I is shown, relative
to the total FCR of125I-labeled and unlabeled apoA-I and LpA-I
(Table 2). Renal FCR values were calculated from the difference
between the total FCR and the FCR after unilateral nephrectomy
and prorated to represent the contribution of both kidneys. The
component of the total FCR representing clearance by other tissues
(nonrenal FCR) was obtained by subtracting the renal FCR from
the total FCR values. Data are mean( SD of two to three
experiments.

5446 Biochemistry, Vol. 39, No. 18, 2000 Braschi et al.



of the protein, several lines of evidence suggest that it is the
specific modification of tyrosine residues that affects the
conformation and in vivo metabolism of iodinated apoA-I.
Our data are consistent with a number of studies that have
shown that modification of tyrosine residues can have major
consequences in the metabolism of HDL. Brinton et al.
showed that while many chemical modifications (i.e., reduc-
tion and alkylation, acetylation, or cyclohexadione treatment)
of HDL have little or no effect on the binding of HDL to
cultured fibroblasts, modification of apoA-I tyrosine residues
with tetranitromethane (TNM) significantly decreased HDL
binding and inhibited cholesterol efflux from the cultured
cells (38). Chacko et al. later confirmed that this effect was
specifically due to the nitration of tyrosine residues and not
to cross-linking of the apoproteins (39). Chemical modifica-
tion of tyrosine residues in HDL apoproteins by TNM has
been shown to directly increase the rate of clearance of HDL
from plasma in rats and to promote an increased hepatic
uptake of the modified lipoprotein by a unique scavenger
receptor on liver endothelial cells (40). More recent studies
show that TNM-modified HDL can compete with acetyl-
LDL for binding to scavenger receptors on rat luteal cells
(41). Iodination of tyrosine residues in apoA-I may have
similar consequences and perturb interactions at cell mem-
branes in a manner that may affect the metabolism of HDL
particles and promote an increased scavenger clearance of
the modified molecules.

Chemical modification of apoA-I in this study appears to
have no major effect on its lipid binding and affinity.125I-
apoA-I readily formed recombinant HDL and also appeared
to remain associated with the lipoprotein during the turnover
in vivo. Analysis of rabbit plasmas postinjection by elec-
trophoresis on 0.5% agarose gels, and then either immuno-
blotting the gel with antihuman apoA-I antibodies or
autoradiography, showed essentially superimposable results
(Figure 4). Isotopically labeled apoA-I on HDL comigrated
with the same electrophoretic mobility/charge as lipoproteins
with unlabeled apoA-I. At no time during the lipoprotein
turnover was there any evidence of a dissociated125I-apoA-I
or of the formation of a differently charged species of HDL.
This result shows that the tracer remains with the lipoprotein
particle with which it is incorporated. Also, as we have
previously reported (34), these data also show that there is
very little in vivo remodeling of the labeled or unlabeled
lipoprotein during the turnover period. No change in the size
or the charge of the injectate over the turnover period
indicates that structural remodeling of HDL must occur over
a longer time frame. It also shows that apoA-I does not get
selectively removed or degraded in vivo, and this suggests
that it is the entire tracer-labeled particle that is degraded,
more rapidly than those prepared from unlabeled apoA-I.
Significant differences between the isotopic and the mass
clearance rates were observed for both LpA-I and HDL3.
125I-apoA-I on both lipoprotein structures was cleared at
similar rates, much as we have previously reported (34).
Unmodified apoA-I on the complexes was also cleared
similarly for the different lipoproteins but at rates that were
3-4-fold slower than for the tracers. Since the principal
differences between the isotopic and the mass clearance
curves are in the early time points, this may suggest that a
large fraction of the iodinated protein (tyrosine residues) is
extensively modified and rapidly cleared, while a small

fraction may be cleared similarly to the native protein. The
data show that sonicated LpA-I closely mimic the metabolic
behavior of native HDL particles in vivo. In addition, these
data show that previous kinetic studies, which have utilized
exogenously labeled proteins, may have underestimated the
plasma half-life of lipoprotein particles. Our results show
that the delayed mass clearance, relative to that for125I-apoA-
I, corresponds to an increase in the plasma RT of apoA-I in
a rabbit from 7 to 20 h. Increases in plasma RT for the LpA-I
and HDL3 particles appear even greater, from 8 to 30 h. This
shows that HDL turnover in the rabbit is much slower than
previously thought and suggests that all isotope-based
measures of lipoprotein turnover in vivo may be erroneous.

The organ specific clearance of apoA-I has been studied
by monitoring uptake of a directly iodinated apoA-I (42, 43)
or nondegradable125I-tyramine cellobiose (TC)-labeled apoA-I
(16-22). The TC adduct was shown to remain trapped
intracellularly within the degradative tissue and to prevent
leakage of the radioactive tracer (44). Differences between
TC and directly labeled protein uptake have been reported,
but recent work suggests that at early time points (i.e., 10
min), the uptake of both markers by different tissues are
similar (20). While there is considerable variation in the
absolute values reported, in general, most studies show the
liver to be quantitatively the most important site for tracer-
labeled apoA-I degradation (17-22, 45). Some of these
studies show that the kidneys also play an important role in
apoA-I clearance and that the kidney may be more active
(per gram of tissue) than the liver in the clearance of this
protein (16-22). Data from the present study appear
somewhat consistent for tracer-labeled apoA-I. We show that
the FCR of125I-labeled apoA-I and LpA-I was reduced by
about 15% after unilateral nephrectomy. This shows that the
kidneys account for approximately 30% of125I-apoA-I
degradation in rabbits. This is similar to that observed in
tissue uptake studies with both125I- and TC-labeled apoA-I
(16-22). In these studies, as in our own, it appears that125I-
apoA-I is predominantly degraded by the liver and the
kidney. The labeled tyrosine on the apoA-I molecule may
target the molecule for a scavenger receptor clearance by
the hepatic reticulo-endothelial cells (40) and/or by renal
proximal tubule cells (16). The protein is degraded intrac-
ellularly, and the radioactive catabolic products, iodotyrosine,
are released and rapidly excreted in the urine (1, 44, 46-
48).

The removal of one kidney from a rabbit had a very
profound effect on the clearance of unlabeled apoA-I and
LpA-I from plasma. The data show that this organ likely
accounts for about 70% of plasma degradation of apoA-I
and HDL. This suggests that tissue uptake studies that have
utilized a tracer-labeled apoA-I may have overestimated the
amount of apoA-I catabolized by the liver and greatly
underestimated uptake by the kidney. In early studies with
TC-labeled apoA-I, Glass et al. also showed that the kidney
was a major site of apoA-I degradation and further showed
that apoA-I could be found on the brush-border and in apical
granules of proximal tubule epithelial cells (16). However,
even these data should be interpreted with caution as some
reports suggest that different cell trapping compounds may
have unique and substantial effects on the uptake and
degradation of a ligand (48). Therefore, while these early
studies clearly implicated the kidney in apoA-I metabolism,
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the extent of renal involvement in apoA-I clearance was
significantly underrated. In addition, even though the general
consensus has been that it is dissociated or lipid-poor apoA-I
that is filtered by the kidney (6, 16, 22), we show that the
renal-dependent clearance rates are similar for apoA-I and
an LpA-I particle (Figure 6). This suggests that the kidney
is involved in the clearance of both apoA-I and HDL3

particles and that both molecules are filtered from the plasma
by the glomerulus.

Numerous tissue uptake studies support the view that HDL
can be filtered by the kidney and have shown that radioac-
tively labeled HDL components can be found in the kidney
cortex (16-22). In addition, some studies suggest that the
kidney is capable of both filtration and reabsorption of
apoA-I and small-sized HDL particles (16, 49, 50). Kozyraki
et al. have recently identified a new high-affinity apoA-I
receptor, cubilin, which appears to be highly expressed in
kidney proximal tubule cells and may play an important role
in the endocytic reabsorption of HDL particles (51). It is
suprising, however, that 9-nm HDL molecules appear readily
able to cross the glomerular barrier, while 4-nm uncharged
dextran beads cannot (52). It appears that HDL molecules
may exhibit a high renal sieving coefficient because of their
unique charge and shape. A number of studies have shown
that the renal sieving coefficient is very different for a protein
relative to an uncharged dextran molecule (53). Indeed, both
the molecular shape and the charge of a molecule are thought
important to the ability of molecules to cross the glomerular
basement membrane (53). The presence of negatively
charged sites within the glomerular capillary walls appears
to hinder the filtration of anionic molecules (52, 53). This
would suggest that more negatively charged HDL would be
filtered more readily than the LpA-I particle. However, it is
of note that both HDL3 and LpA-I particles exhibit essentially
identical FCR values. Since the different lipoprotein struc-
tures also differ in composition, the data suggest that HDL
charge and composition do not profoundly affect its clearance
from plasma. These data appear in contrast to our own
observation, that more positively charged iodinated LpA-I
particles are cleared faster from plasma of rabbits (34).
However, we now know that the kidney is only minimally
involved in the clearance of125I-LpA-I from the plasma, and
so this observation suggests that the increased clearance of
more positively charged125I-labeled molecules may reflect
a relationship with scavenger receptor clearance pathways.
The data may suggest that the renal filtration of HDL may
be more dependent upon the shape or deformability of the
lipoprotein than on particle charge. A similar finding has
been reported for bikunin, a chondroitin-sulfate containing
serum protein that has a similar charge and size to serum
albumin but exhibits an 80-fold increased renal clearance
rate (54). These authors proposed the increased glomerular
permeability to be due to a unique, elongated, and flexible
configuration of bikunin. Many structural investigations of
apoA-I have shown that in HDL particles, this molecule may
be also exhibit an adaptive and flexible tertiary structure (35,
55-57).

In conclusion, in this study we have characterized the in
vivo kinetic parameters and renal clearance capacity of125I-
labeled and unlabeled lipoprotein molecules. We show that
the iodination of the apoA-I molecule affects its metabolic
properties in a way that promotes an accelerated clearance

from plasma. Previous lipoprotein metabolic work conducted
with 125I-apoA-I may therefore have underestimated the
plasma half-life of HDL particles. We show that iodination
of the apoA-I molecule promotes its clearance by extra-renal
tissues, most probably through a hepatic, scavenger receptor
clearance pathway. In contrast, most of the native, unmodi-
fied apoA-I and HDL is catabolized by the kidneys. As such,
it appears that it is the kidney that plays the most important
role in the regulation of apoA-I clearance rates and plasma
HDL levels.
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