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Abstract Differentiating 3T3-L1 preadipocytes (murine fatty fibroblasts) and human preadipocytes interact with
human lipoprotein subfractions (HDL 2 and LDLII/III) at all stages of the differentiation program, displaying saturable
binding behavior. Both cell types interact similarly with LDLII/III as differentiation proceeds, showing increased binding
affinities and capacities and maximal rates of uptake in the mature cells, as compared with the preadipocyte stage. These
changes coincide with the intracellular appearance of lipid droplets. However, with regard to HDL2, a markedly different
pattern of interaction is evident in both cell types. For 3T3-L1 cells, lowered binding and uptake affinities and capacities
are apparent in the fully differentiated state for HDL2, as compared with LDLII/III. Human preadipocytes displayed two
distinct affinity binding sites for HDL2 during the early stages of differentiation (days 2 and 3), as compared with a single
affinity site for LDLII/III at all stages. However, in the fully differentiated human cells, only a single affinity site,
indistinguishable from the high-affinity site present on day 2, is evident, and probably represents the only binding site of
physiological significance in these cells. All the cellular developments appear to be largely unaffected by exposure of
both preadipocyte types to added lipoproteins (HDL 1 LDL) in the medium during the early stages of the conversion
process. J. Cell. Biochem. 74:181–193, 1999. r 1999 Wiley-Liss, Inc.

Key words: HDL2; LDLII/III; binding; internalization; uptake; cell culture; 3T3-L1; mammary; preadipocytes

Aberrations in plasma lipoprotein levels have
been observed in many inheritable disorders of
lipoprotein metabolism, e.g., familial hypertri-
glyceridemia and familial hypo-alphalipopro-
teinemia. Similarly, increased adiposity has
been observed in association with some of these
disorders. Obesity is itself characterized by al-
tered levels of plasma lipoproteins [Angel et al.,
1986; Mahaney et al., 1995]. Low-density lipo-
protein (LDL) is the main carrier of cholesterol
in the bloodstream [Gigli et al., 1992] and,
together with high-density lipoprotein (HDL),
plays an important role in cholesterol metabo-
lism in adipocytes [Fong et al., 1984], as they
fulfill the cholesterol requirements of adipo-
cytes, which possess a limited capacity for cho-
lesterol biosynthesis [Bernini et al., 1991].

The first event in cell-mediated lipoprotein
metabolism is binding of the lipoprotein par-
ticles to appropriate receptors. In human adipo-
cytes, LDL binding and internalization readily
occur through the LDL (B/E) receptor [Angel et
al., 1979]. This lipoprotein receptor recognizes
apoB on LDL, and apoE on chlyomicrons, VLDL
and HDL enriched with apoE [Fielding, 1992].
The LDL binding reaction does, however, lack
absolute specificity in that very low-density lipo-
protein (VLDL) and HDL can inhibit these pro-
cesses in adipocytes in vitro [Mahley et al.,
1981]. In addition to the LDL receptor, adipo-
cytes also possess VLDL [Sakai et al., 1994] and
LDL-receptor-related protein (LRP)[Descamps
et al., 1993] receptors. Although both receptors
are members of the LDL receptor family, lipopro-
tein interactions with these receptors in the
present study were considered minimal, as the
LRP receptor does not bind apoB [Lestavel and
Fruchart, 1994], while the VLDL receptor binds
LDL only with low affinity [Sakai et al., 1994].

HDL binding proteins have been identified
on adipocytes [Barbaras et al., 1987; Shen and
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Angel, 1993]. However, apart from the identifi-
cation of the binding of HDL via apoA-I to these
sites [Morrison et al., 1992], these sites remain
poorly characterized. Indeed, it could be specu-
lated as to whether these binding sites are
associated with HDL uptake or cholesterol ef-
flux.

The present study did not aim to distinguish
between the range of lipoprotein binding sites
on adipocytes but viewed the lipoprotein recog-
nition system as a whole.

With the knowledge that lipoproteins are im-
portant in supplying cholesterol to tissues of
the body, and that their levels are altered in
obesity, closer scrutiny of lipoprotein metabo-
lism by differentiating preadipocytes may yield
important information as to the role of lipopro-
tein subfractions during various stages of the
differentiation process. Several well-established
cell lines, including the 3T3-L1 cell line, are
available and have been extensively used as
models for studying the integrated in vivo
mechanisms of adipogenesis [Pairault and
Lasnier, 1987].

Various lipoproteins and their subfractions
have been analyzed in terms of their binding
properties in various cell types, including hu-
man adipocytes [Angel et al., 1986; Angel and
Fong, 1983]. These studies, however, used
freshly isolated mature adipocytes and adipo-
cyte membranes. Little, if any, information is
available concerning binding of lipoprotein sub-
fractions to cultured adipose cells at various
stages of preadipocyte differentiation. In addi-
tion, previous studies of lipoproteins with vari-
ous cell systems used single lipoprotein frac-
tions. The aim of the present study was to
directly compare subfractions from two promi-
nent lipoprotein classes, for differences and
similarities in their metabolism under identical
conditions, and at various stages of preadipo-
cyte differentiation. Cell surface binding (affin-
ity and capacity), as well as the internalization
of these fractions by the same differentiating
preadipocytes were investigated simulta-
neously. Studies published to date have ad-
dressed binding and uptake phenomena inde-
pendently. The two lipoprotein subfractions
chosen for the present study (LDLII/III and
HDL2), were found recently in our laboratory to
yield significantly enhanced GPDH activity de-
velopment in human preadipocytes [Stanton et
al., 1998]. LDL fractions II and III, with densi-
ties 1.03721.041 and 1.041–1.047 g·ml21, re-

spectively, were pooled to increase their yields,
thus allowing a greater number of experiments
to be performed. Of all HDL subfractions tested,
only HDL2 significantly increased the differen-
tiation of human preadipocytes [Stanton et al.,
1998], and therefore was the only HDL subfrac-
tion used in the present study.

MATERIALS AND METHODS
Chemicals

All standard chemicals obtained from com-
mercial sources were of analytical reagent grade
and were used without further purification. The
Na125I (2 mCi)(carrier free) in 0.1 N NaOH was
supplied by Amersham Radiochemical Centre
(Buckingham, UK). Boehringer Mannheim
(Mannheim, Germany) supplied the following:
D-biotin, bovine serum albumin (BSA), fraction
V, defatted according to the method of Ramach-
andran et al. [1972]; transferrin and bovine
insulin (tissue culture reagents); and trypsin
(2.5% v/v)(cell culture reagent). Dulbecco’s modi-
fied Eagle’s medium (DMEM) with L-glutamine
(powder), fetal bovine serum (FBS), Ham’s F12
medium (Ham’s F12 or F12)(powder), and peni-
cillin/streptomycin (1% w/v) were purchased
from Highveld Biological (Johannesburg, RSA).
Filter count was obtained from Packard (Mer-
iden, CT) and Sephadex G-25M (Pharmacia
PD-10; bed volume 9.1 ml) from Pharmacia
Fine Chemicals (Brussels, Belgium). Collage-
nase Type II from Clostridium histolyticum,
dexamethasone, hematoxylin, heparin (cell cul-
ture reagent), 3-isobutyl-1-methylxanthine
(IBMX), Oil red O, and triiodothyronine (T3)(cell
culture reagent) were obtained from Sigma
Chemical Company (St Louis, MO). The human
serum used in the isolation of human preadipo-
cytes was obtained from the Blood Transfusion
Service, Provincial Hospital, Port Elizabeth,
RSA, as was the human plasma used in the
isolation of lipoproteins.

Maintenance and Culture of 3T3-L1
Preadipocyte Cultures

Stock cultures of 3T3-L1 preadipocytes were
grown in a humidified atmosphere containing
5% CO2 at 37°C. The cells were maintained at
low density in a stock culture medium (growth
medium) which consisted of DMEM:F12 (1:1)
supplemented with 10% (v/v) FBS and 0.01%
(w/v) penicillin/streptomycin. Subconfluent cul-
tures were detached from the culture matrix
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using trypsin/EDTA in phosphate-buffered sa-
line (PBS), containing no calcium or magne-
sium. They were suspended in DMEM: F12
(1:1) containing 10% FBS and plated into 96-
well plates at a density of 3.2 3 104 cells·cm22

and incubated for 24 h in the above growth
medium. Where cells were used for binding
assays on day 1, they were plated into 96-well
plates at 6.4 3 104 cells·cm22 as described above.
After a 3-h incubation under culture conditions
(37°C; 5% CO2), FBS was replaced with 10%
lipoprotein-deficient serum (LPDS). For cells
that were not assayed for lipoprotein binding,
growth medium was replaced with a supple-
mented medium 24 h after plating into the
multi-well plates; this day was referred to as
day 1. The supplemented medium consisted of
DMEM: F12 (1 : 1) supplemented with 5% (v/v)
FBS, 5 µg insulin·ml21, 1028 M dexamethasone
and 0.1 mM IBMX. Cells were refed 72 h later
(day 4) with supplemented medium, similar to
that described above but lacking dexametha-
sone and IBMX. After a further 48-h incubation
(day 6), the cells were refed with fresh medium
(same as on day 4) and assayed 24 h thereafter
(day 7). Day 7 was assumed to represent the
late stage of differentiation, as was apparent
from visual observation and glycerol 3-phos-
phate dehydrogenase (GPDH) activity. When
cells were to be assayed for lipoprotein binding,
the medium containing 5% FBS was replaced
15–20 h before assaying with medium appropri-
ate for that stage of the differentiation program
and which was supplemented with 5% LPDS
instead of FBS. The effect of lipoproteins, added
to the differentiation medium, on the binding
and uptake of HDL2 and LDLII/III, was investi-
gated in cultures which were fed daily for the
initial 3 days of their differentiation program
with a combination of 20 µg HDL and 20 µg
LDL protein·ml21 (complete fractions). Cells
were not exposed to lipoproteins after day 4
when the medium was replenished with one
from which IBMX and dexamethasone was
omitted.

Isolation and Culture of Human Adipocyte
Precursors

Human mammary preadipocytes were iso-
lated and cultured as described previously
[Stanton et al., 1998]. When the effects of lipo-
proteins were investigated, cultures were fed
daily for the initial 4 days of their differentia-
tion program with a combination of 20 µg HDL

and 20 µg LDL protein·ml21 (complete frac-
tions). They were not exposed to lipoproteins
after day 5 when the medium was replenished
with one from which IBMX was omitted. All
cultures were kept at 37°C in a humidified
atmosphere containing 5% CO2. The indicated
times of assay refer to the number of days after
the cells were plated into the 96-well plates and
fed the defined medium, i.e., the day they were
trypsinized, plated into multi-well plates and
fed the defined medium was assumed to be
day 1.

Determination of Preadipocyte
and Adipocyte Numbers

Cell numbers were determined as described
previously [Stanton et al., 1998], either by tryp-
sinization or after staining of the cells with
hematoxylin.

Isolation of Lipoprotein Fractions and
Subfractions

HDL and LDL were isolated from human
male plasma as previously described [Stanton
et al., 1998]. Lipoprotein fractions were further
subfractionated and isolated according to the
methods of Jaakkola et al. [1989] and Strachan
et al. [1988], for LDL and HDL, respectively.
The subfractions were pooled according to the
following densities: LDLII/III 5 1.037–1.047
g·ml21 and HDL2 5 1.08–,1.13 g·ml21. The
pooled fractions were dialyzed against physi-
ological saline with 1 mM EDTA (pH 7.4), fil-
tered through a 0.2-µm syringe filter and stored
at 4°C.

Preparation of Lipoprotein-Deficient Serum

LPDS was prepared as described by Gold-
stein et al. [1983] from FBS using ultracentrifu-
gation techniques. The LPDS was sterilized by
passage through a 0.2-µm syringe filter and
stored in aliquots at 280°C until required for
use.

Lipoprotein Radioiodination

The procedure for the preparation of 125I-
labeled lipoproteins for the present study was
described by Goldstein et al. [1983]. It is also
the procedure of choice for tissue culture stud-
ies and is based on Bilheimer’s modification
[Bilheimer et al., 1972] of the iodine monochlo-
ride method of MacFarlane [1958]. Labeling
was performed using 1 mCi Na125I per 5 mg
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protein of the lipoprotein subfraction. The spe-
cific radioactivities of 125I-HDL2 and 125I-LDLII/III

were within the range of 180–300 cpm.ng21

protein and 200–500 cpm·ng21 protein, respec-
tively. More than 95% of the radioactivity in
125I-HDL2 and 125I-LDLII/III preparations were
precipitable by 10% trichloroacetic acid, and
less than 5% was extractable with chloroform:
methanol (2:1, v/v).

Binding and Uptake of 125I-LDLII/III and 125I-HDL2

by 3T3-L1 and Human Preadipocytes

Binding and uptake of 125I-HDL2 and 125I-
LDLII/III by differentiated and undifferentiated
cells were determined as described by Gold-
stein et al. [1983] with minor modifications.
The assays were performed at 37°C, which al-
lowed the measurement of both binding and
uptake by the same cells [Tauber et al., 1981].
Briefly, cell monolayers were washed twice with
KRB-5% (w/v) defatted BSA-5 mM glucose (pH
7.5) and then incubated at 37°C for 1 h in the
same buffer containing various amounts of la-
beled lipoprotein (3–30 µg lipoprotein protein·
ml21). Nonspecific binding and uptake was de-
termined from cells that had also been incu-
bated in the presence of a 100-fold excess of
unlabeled lipoprotein. The differences between
total and nonspecific binding was considered to
be specific binding (heparin-releasable). After
incubation, the cells were kept at 2–4°C for
15–20 min before 2 rapid washes with buffer B
(which contained 50 mM Tris-HCl, 150 mM
NaCl and 2 mg BSA·ml21; pH 7.4), followed by
two additional washes of 7 min each, also with
buffer B. The cells were then washed once with
buffer C (which consisted of buffer B without
BSA) and incubated for 1 h at 4°C in buffer D
(10 mM HEPES, 50 mM NaCl; pH 7.4) which
contained 2 mg sodium heparin·ml21. The super-
natant was recovered and the amount of radio-
activity determined in 2 ml Filter Count. This
heparin-releasable fraction represented surface-
bound 125I-labeled lipoprotein. For uptake re-
sults, the same cells were further incubated
with 0.1 N NaOH for 15 min at room tempera-
ture and the resulting solution counted in 2 ml
Filter Count. This fraction (nonreleasable by
heparin), was taken to represent cellular incor-
poration of 125I-LDLII/III or HDL2 and is referred
to as internalized lipoprotein.

The binding assays were performed at vari-
ous stages of the differentiation program of
3T3-L1 and human preadipocytes. The first day

for the assay depended on the time of the initial
exposure of the cells to the medium for inducing
the differentiation program, which in the case
of the human preadipocytes was only possible
on day 2 after trypsinization, owing to the need
for at least a 20-h incubation period without
exposure to serum, which in itself is a source of
lipoproteins. In order to allow attachment to
the plate, cells were exposed to human serum
after the trypsination, and although this time
was brief (3 h), a 20-h period was allowed to
expire before executing the first assays. For
3T3-L1 preadipocytes, day 1 was the first pos-
sible day for assay, owing to the need for at least
a 20-h incubation period without exposure to
FBS, which in itself is also a source of lipopro-
teins.

Protein Assays

Protein was quantified by the Folin-Lowry
microtiter plate method [Fryer et al., 1986]
using BSA as the standard.

Calculations and Data Analysis

All binding assays were carried out in tripli-
cate within each experiment. Binding data was
analyzed by the method of Scatchard [1974]
using the slope of the graph (21/Kd) as a mea-
sure of binding affinity, and the intercept with
the horizontal axis as a measure of the binding
capacity (Bmax). Kd was expressed as µg lipopro-
tein protein·ml21 and Bmax as ng lipoprotein
protein-bound·1026 cells. Internalization data
were analyzed by the method of Angel et al.
[1979], using double reciprocal plots, where the
inverse of the intercept with the vertical axis
gives the maximal rate of specific uptake of
125I-lipoprotein (Vm), expressed as ng lipopro-
tein protein·1026 cells·h21. The inverse of the
intercept with the horizontal axis represents
the concentration of lipoprotein required to
achieve one-half the maximal rate of specific
uptake (Km), expressed as µg lipoprotein
protein·ml21. The results are reported as spe-
cific binding and uptake. Specific binding was
calculated as the difference between the total
and nonspecific binding. Similarly for uptake,
specific uptake was calculated by subtracting
nonspecific uptake from total uptake results.
Nonspecific binding and uptake were deter-
mined from cells incubated in the presence of a
100-fold excess of unlabeled lipoprotein. Non-
specific uptake was considered to represent in-
ternalization of the label in the presence of
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100-fold excess unlabeled lipoprotein, and which
was heparin resistant.

Statistical analysis. Differences in bind-
ing and internalization between various treat-
ments or between different stages of differentia-
tion were analyzed using the two-sample
Student’s t-test.

RESULTS
Binding and Uptake of 125I-HDL2 and 125I-LDLII/III

as a Function of 125I-Lipoprotein Concentration

As indicated by dose-response curves, satura-
tion binding by both differentiated 3T3-L1 pre-
adipocytes (day 7) and human mammary adipo-
cytes (day 11) was observed at a concentration
of 18–25 µg lipoprotein protein·ml21 for both
HDL2 and LDLII/III (Fig. 1). The specific uptake
of 125I-HDL2 by human cells appeared to reach
equilibrium at 15–20 µg lipoprotein protein· ml21,
as did the uptake of 125I-HDL2 and 125I-LDLII/III

by 3T3-L1 cells. However, the uptake of 125I-
LDLII/III by human cells continued to increase
even at a level of 30 µg protein·ml21 (Fig. 2).

The greater binding and uptake capacities
observed in human cells compared with murine
cells may be attributed to species-specific
differences in lipoprotein metabolism. It may

also originate from the use of human lipopro-
teins as probes for the 3T3-L1 cell line. Investi-
gation of mouse lipoprotein metabolism using
mouse-derived lipoproteins may yield valuable
insight regarding these observed differences.
However, because of the practical difficulty of
obtaining sufficient quantities of mouse lipopro-
tein fractions, this aspect was not included in
the present study.

Changes in Specific 125I-HDL2 and 125I-LDLII/III

Binding and Uptake During 3T3-L1 and Human
Preadipocyte Differentiation

The days of the differentiation program cho-
sen for assessing the binding and uptake of the
lipoprotein subfractions were taken as repre-
senting the immature preadipocyte stage (days
1 and 2), mature adipocytes (days 7 and 11), as
well as a time when the first lipid droplets
became visible and GPDH activity began to
increase rapidly (days 4 and 5) for 3T3-L1 and
human cells respectively. The specific binding
of 125I-LDLII/III by 3T3-L1 cells increased during
the differentiation program in what appeared
to be a sigmoidal manner (Fig. 3). The specific
binding of this lipoprotein fraction was very low
in undifferentiated preadipocytes but increased

Fig. 1. Saturation binding of 125I-HDL2 and 125I-LDLII/III by
differentiated 3T3-L1 (day 7) and human (day 11) cells. Satura-
tion binding of 125I-HDL2 (rL) and 125I-LDLII/III (●C) by 3T3-L1
(LC) and human (r●) cells were performed at 37°C in KRB as
described under Materials and Methods. Each point signifies the
mean specific binding 6 SEM of three experiments. Error bars
lying within the confines of the symbol used were not indicated
on the graphs. Specific binding was calculated as the difference
between the mean values of total and nonspecific binding, each
measured in triplicate for each experiment (SEM within 7% and
9% of each mean value for 3T3-L1 and human cells, respec-
tively). For each cell type, the experiment was performed three
times, with human cells obtained from different donors. Nonspe-
cific binding was determined from cells incubated in the pres-
ence of a 100-fold excess of unlabeled lipoprotein.

Fig. 2. Internalization of 125I-HDL2 and 125I-LDLII/III by differen-
tiated 3T3-L1 (day 7) and human cells (day 11). Internalization
of 125I-HDL2 (rL) and 125I-LDLII/III (●C) by 3T3-L1 (LC) and
human (r●) cells was performed at 37°C in KRB as described
under Materials and Methods. Each point signifies the mean
specific uptake 6 SEM of three experiments. Error bars lying
within the confines of the symbol used were not indicated on
the graphs. Specific uptake was calculated as the difference
between the mean values of total and nonspecific uptake, each
measured in triplicate for each experiment (SEM within 7% and
9% of each mean value for 3T3-L1 and human cells, respec-
tively). For each cell type, the experiment was performed three
times, human cells being obtained from different donors. Non-
specific uptake was determined from cells incubated in the
presence of a 100-fold excess of unlabeled lipoprotein.
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rapidly by day 4, which coincided with the
microscopically visible appearance and accumu-
lation of lipid droplets.

The binding of 125I-HDL2 by differentiating
3T3-L1 preadipocytes (Fig. 3) deviated mark-
edly from the pattern observed with 125I-LDLII/

III. Whereas 125I-HDL2 bound specifically was
high in undifferentiated cells (day 1) it de-
creased drastically by day 3, amounting to only
10–20% of the specific binding on day 1. The
specific 125I-HDL2 binding increased slightly as
the cells differentiated further.

The specific uptake of 125I-LDLII/III by differen-
tiating 3T3-L1 and human preadipocytes in-
creased during differentiation (Figs. 3 and 4,
respectively), after the increased binding.125I-
HDL2 specific uptake by 3T3-L1 cells followed
the same pattern as its specific binding (Fig. 3).
The uptake was high on day 1 but decreased
dramatically to day 3 before showing an in-
crease in internalization as time proceeded. It
should be noted, however, that the amount of
125I-HDL2 which was internalized on day 7,
although being more than that taken up on
days 3–5, was still less than that on day 1.
Thus, mature 3T3-L1 adipocytes appear to in-
ternalize less 125I-HDL2 than preadipocytes.

The specific binding of 125I-LDLII/III by human
cells also displayed a lag phase (Fig. 4) before
starting to increase after the appearance of

lipid droplets and GPDH activity in the termi-
nal stages of differentiation. Specific binding of
125I-LDLII/III was limited in human preadipo-
cytes but increased considerably with matura-
tion (Fig. 4). Likewise, specific binding of 125I-
HDL2 by human cells demonstrated an increase
after day 5 (Fig. 4).

Except for a relatively sharp increase be-
tween days 8 and 11, 125I-HDL2 uptake by hu-
man cells followed trends similar to those ob-
served for 125I-LDLII/III uptake during the
differentiation program (Fig. 4). Thus, the spe-
cific binding and uptake of both lipoprotein
subfractions by human cells displayed similar
trends, although the actual amounts of 125I-
lipoprotein subfraction bound and internalized
differed considerably between donors.

Determination of 125I-HDL2 and 125I-LDLII/III

Binding and Uptake Parameters for
Differentiating 3T3-L1 and Human Preadipocytes

125I-HDL2 and 125I-LDLII/III binding by 3T3-L1
cells on days 1 and 7 occurs via a single binding
site, as was evident from the apparent linearity
of the respective Scatchard plots (not shown).
The binding site for 125I-LDLII/III displayed a

Fig. 3. Changes in specific binding and internalization of
125I-HDL2 and 125I-LDLII/III during the differentiation of 3T3-L1
preadipocytes. 3T3-L1 cells were maintained and differentiated
(in the absence of exogenously added lipoproteins), as de-
scribed under Materials and Methods. The cells were incubated
in KRB medium at various stages of the differentiation program
with 10 µg 125I-HDL2 protein·ml21 or 4 µg 125I-LDLII/III

protein·ml21. The nonspecific values were determined by simul-
taneous incubation with a 100-fold excess of unlabeled lipopro-
tein. Data points represent the mean 6 SEM of three indepen-
dent experiments in each of which all determinations were
made in triplicate.

Fig. 4. Changes in the specific binding and uptake of 125I-
HDL2 and 125I-LDLII/III during human preadipocyte differentia-
tion. Human cells were maintained and differentiated (in the
absence of exogenously added lipoproteins), as described un-
der Materials and Methods. The cells were then incubated in
KRB medium at various stages of the differentiation program
with 10 µg 125I-HDL2 protein·ml21 or 4 µg 125I-LDLII/III

protein·ml21. Values represent the mean specific value 6 SEM
of three experiments. Specific 125I-lipoprotein binding and up-
take was calculated for each experiment as the difference
between the mean values of total and nonspecific binding and
uptake, each measured in triplicate (SEM within 6% and 7% of
each mean value, within a given experiment, for binding and
uptake, respectively). Each experiment was peformed with cells
from different donors. Nonspecific binding and uptake was
determined from cells incubated in the presence of a 100-fold
excess of unlabeled lipoprotein.
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slight but not statistically significant decrease
in the Kd value of untreated cells as they differ-
entiated, as compared with a significant de-
crease (P , 0.001) in lipoprotein treated cells,
indicative of an increase in affinity (Table I). On
the contrary, the affinity of the binding sites for
125I-HDL2 appears to have decreased slightly as
the cells differentiated, but not to an extent
that was statistically significant.

The binding capacity of the 3T3-L1 cells for
125I-LDLII/III (Table I) demonstrated an increase
with differentiation, while the capacity of the
differentiated preadipocytes for 125I-HDL2 (day
7) displayed a slight decrease compared with
day 1 preadipocytes. These changes were, how-
ever, not statistically significant. Furthermore,
these parameters were unaffected in cells ex-
posed to lipoproteins during their differentia-
tion as compared with cells that did not receive
lipoproteins during the early stages of the
3T3-L1 preadipocyte differentiation period.

Comparison of the affinities between 125I-
HDL2 and 125I-LDLII/III binding sites for their
respective lipoprotein subfractions in undiffer-
entiated 3T3-L1 preadipocytes indicates that
these cells bound both of the lipoprotein subfrac-
tions equally well (Table I). As 3T3-L1 cells
differentiated, however, the increase in the af-
finity of the 125I-LDLII/III binding sites resulted
in a statistically significant (P , 0.05) increase
in affinity of differentiated 3T3-L1 preadipo-
cytes to bind 125I-LDLII/III compared with 125I-
HDL2. Together with an apparently increased
capacity of differentiated 3T3-L1 preadipocytes
to bind 125I-LDLII/III, the differentiating cells
appear to favor the latter subfraction with re-
gard to cell surface binding development. Lipo-
protein treatment did not significantly alter
any of the binding parameters in differentiat-
ing 3T3-L1 preadipocytes for either of the lipo-
protein subfractions.

The specific binding data of 125I-LDLII/III were
best fitted to a single affinity binding system by
Scatchard analysis throughout the different
stages of human preadipocyte differentiation.
The influence of lipoproteins on these param-
eters was investigated in different cells that
had been exposed to lipoprotein fractions dur-
ing the initial stages of differentiation. The
results suggested that the exposure of preadipo-
cytes to lipoproteins during their differentia-
tion did not significantly affect the binding pa-
rameters for 125I-LDLII/III (Table II). When
comparing the results from all stages of differ-
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entiation, certain trends were evident, even
though statistical significance was difficult to
achieve owing to the large inter-donor variation
which became apparent. Different donors
(batches of cells) had to be used in order to
obtain sufficient numbers of cells to cover the
various stages of differentiation and lipoprotein
treatments included in the experiments de-
scribed. Although not statistically significant,
the mean Kd values for 125I-LDLII/III binding de-
creased (Table II), with increasing time beyond
day 4, indicating increased affinity of the recep-
tors for LDLII/III as the preadipocytes differenti-
ated. The capacity for 125I-LDLII/III binding in-
creased significantly during the differentiation
period from day 2 to day 11 (Table II). The
apparent increases in affinity and capacity of
the binding sites were more pronounced after
the stage of lipid droplet formation (i.e., from
day 4 onward).

The specific binding of 125I-HDL2 by human
preadipocytes on days 2 and 3 of the human
preadipocyte differentiation program was char-
acterized consistently by biphasic Scatchard
plots exhibiting two distinct slopes and hence
the presence of two nonidentical affinity bind-
ing sites. By day 4, however, Scatchard transfor-
mations of the specific binding data revealed a
single affinity binding system (Table III). The
high and low affinities of the binding sites in
preadipocytes (days 2 and 3), as shown by their
Kd values, are significantly different (P , 0.05)
from each other, while on days 2 and 3, the

low-affinity site also exhibits a significantly
lower affinity (P , 0.05) than the single binding
site present on day 11. The single affinity site
present on day 4 (untreated) was significantly
lower in affinity than the high-affinity sites
present on day 2 (P , 0.05) and on day 11 for
both treated and untreated cells (P , 0.05). The
presence of lipoproteins during the initial stages
of preadipocyte development did not appear to
significantly affect the biphasic nature of the
Scatchard plots on day 3. Neither did the pres-
ence of lipoproteins significantly affect any of
the binding parameters in differentiating and
undifferentiated human cells at comparable
stages of differentiation. As differentiation pro-
ceeded, the low-affinity site for 125I-HDL2 bind-
ing appeared to diminish and ultimately van-
ished completely as differentiation proceeded
towards day 11. The end result was a single
binding site with an affinity not significantly
different from that of the high-affinity site of
day 2 preadipocytes. There was little difference
in affinities on days 2 and 3. On day 4, the
single binding affinity was significantly higher
in lipoprotein treated cells as compared with
the low-affinity site from the corresponding cells
on day 3. Irrespective of lipoprotein exposure
during differentiation, mature cells (day 11)
displayed a single high-affinity binding site for
125I-HDL2. It is noteworthy that the affinity of
125I-HDL2 binding by the high-affinity site on
day 2 is significantly greater (P , 0.05) than
that of 125I-LDLII/III on day 2 (Table II).

TABLE II. Summary of the Specific Binding Affinities (Kd), Binding Capacities (Bmax), Lipoprotein
Concentration Required for Half-maximal Internalization (Km), and Maximal Rate of Specific

Internalization (Vm) of 125I-LDLII/III
a

Day of
differentiation Kd Bmax Km Vm

2 14.6 6 2.0 19.7 6 3.3 11.9 6 1.7 64.8 6 15.0
4 (untreated) 24.2 6 4.4 22.6 6 5.0 9.9 6 2.6 71.4 6 24.9
4 (treated) 41.2 6 10.6b 18.2 6 4.0 12.8 6 4.5 42.7 6 13.0
11 (untreated) 10.1 6 3.5 129.5 6 41.3b 12.1 6 0.8 1196.1 6 652.5b

11 (treated) 11.7 6 3.4 129.9 6 51.0b 9.1 6 1.3 800.0 6 200.0c,d

aExpressed as µg lipoprotein protein · ml21; ng lipoprotein · 1026 cells; µg lipoprotein protein · ml21 and ng lipoprotein
protein · 1026 cells · h21, respectively, by differentiating human mammary preadipocytes. Values for saturation binding and
uptake parameters are the mean 6SEM, based on at least three independent experiments (different cell donors), each
measured in triplicate at each lipoprotein concentration used. The binding parameters were calculated from Scatchard
transformations, where the Kd equals 21/slope and the intercept with the horizontal axis represents maximal binding (Bmax).
The internalization parameters were calculated from double reciprocal transformations, where Vm represents the inverse of
the vertical axis intercept, and KM the inverse of the intercept with the horizontal axis. Untreated cells received no
exogenously added lipoprotein during their differentiation, while treated cells received a combination of 20 µg HDL and 20 µg
LDL protein · ml21 daily for the initial 4 days of the differentiation program. Within each metabolic parameter: bsignificantly
different from cells on day 2 (P , 0.05); csignificantly different from cells on day 2 (P , 0.001); dsignificantly different from day
4 treated and untreated cells (P , 0.05).
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The binding capacity of 125I-HDL2 by differen-
tiated preadipocytes (day 11) was significantly
higher (P , 0.05) than the capacity of the
high-affinity binding site of preadipocytes (day
2)(Table III). Although the 125I-HDL2 binding
capacity of cells on day 11 also exceeded that of
the low-affinity sites in the preadipocytes, this
difference was only significant in untreated
cells. Unlike the binding site affinities, the ca-
pacities of the high- and low-affinity binding
sites, for both treated and untreated cells, did
not significantly differ during the early stages
of the differentiation program. Although gen-
eral trends could be observed in the capacities,
a lack of significance, attributable to the large
inter-batch variation in human cells, was evi-
dent, thus indicating considerable donor depen-
dence in the human data.

The maximum specific uptake rate (Vm) of
125I-LDLII/III by mature 3T3-L1 preadipocytes
appears to be significantly more effective (P ,
0.001) than in undifferentiated 3T3-L1 preadi-
pocytes (Table I). These observations are in
agreement with the observed increase in the
affinity and capacity of the binding sites for
125I-LDLII/III discussed above (Table I). How-
ever, 125I-HDL2 also displayed an increased rate

of uptake despite the concentration required for
half maximal uptake (Km) having increased sig-
nificantly (Table I). Although the higher Km

values coincide with the observed lower affini-
ties of the binding sites for 125I-HDL2 (Table I),
the increased rate of uptake would seem to be
contradictory. It is possible that recycling times
for 125I-HDL2 are increased (if such a mecha-
nism exists), or alternatively it may be specu-
lated that HDL is taken up by non-receptor-
mediated mechanisms in 3T3-L1 cells. However,
these suggestions require further investiga-
tion. As with the binding parameters, the pres-
ence of complete HDL and LDL fractions dur-
ing the initial stage of 3T3-L1 preadipocyte
development did not affect the uptake param-
eters of lipoprotein subfractions by differenti-
ated 3T3-L1 cells significantly.

The uptake of 125I-HDL2 and 125I-LDLII/III by
human cells was determined in the same cells
used for lipoprotein subfraction binding.As with
the binding affinities and capacities for both
lipoprotein subfractions, which increased with
differentiation, the maximal rate of specific up-
take (Vm) of these subfractions also increased
significantly (P , 0.05) between preadipocytes
and fully differentiated human adipocytes

TABLE III. Summary of the Specific Binding Affinities (Kd), Binding Capacities (Bmax),
Lipoprotein Concentration Required for Half-maximal Internalization (Km), and Maximal Rate

of Specific Internalization (Vm) of 125I-HDL2
a

Day of
differentiation Kd Bmax Km Vm

2 2.7 6 0.8; 27.0 6 5.6b,c 16.3 6 5.5; 63.5 6 33.6 9.2 6 1.0 90.0 6 21.4
3 (untreated) 5.1 6 0.9; 45.0 6 9.7b,c 9.7 6 3.3; 19.6 6 5.5 12.3 6 1.6 90.7 6 23.4
3 (treated) 8.4 6 1.5; 54.1 6 11.3b,c 9.6 6 2.6; 23.0 6 6.0 14.4 6 4.4 70.4 6 13.7
4 (untreated) 32.9 6 7.8c,d 45.0 6 20.8 12.0 6 2.6 124.8 6 11.5
4 (treated) 11.2 6 1.0c 18.2 6 8.1 29.3 6 14.9 70.8 6 10.5j

11 (untreated) 4.9 6 1.4 287.6 6 144.0e,f,g 10.6 6 1.3 1534.2 6 902.9i

11 (treated) 5.0 6 1.5 228.3 6 98.3e,f 13.3 6 0.8h 1274.9 6 615.6i

aExpressed as µg lipoprotein protein · ml21; ng lipoprotein protein · 1026 cells; µg lipoprotein protein · ml21, and ng
lipoprotein protein · 1026 cells · h21, respectively, for differentiating human mammary preadipocytes. Values for saturation
binding and uptake parameters are the mean 6SEM, based on at least three independent experiments (different cell donors),
each measured in triplicate at each lipoprotein concentration used. The binding parameters were calculated from Scatchard
transformations, where the Kd equals 21/slope, and the intercept with the horizontal axis represents maximum binding
(Bmax). The internalization parameters were calculated from double reciprocal transformations, where Vm represents the
inverse of the vertical axis intercept, and Km the inverse of the intercept with the horizontal axis. Untreated cells received no
lipoprotein exposure during their differentiation, while treated cells received a combination of 20 µg HDL and 20 µg LDL
protein · ml21 daily for the initial 4 days of the differentiation program. Within each metabolic parameter: bsignificantly
different from high-affinity binding sites of cells on same day (days 2 and 3) and from single affinity sites on day 11 (P , 0.05);
csignificantly different from treated and untreated cells on day 11 (P , 0.05); dsignificantly different from the high affinity
binding sites on day 2 (P , 0.05); esignificantly different from the high affinity binding site capacity on day 2 (P , 0.05);
fsignificantly different from the capacity of the high- and low-affinity binding sites of cells on day 3 (P , 0.05); gsignificantly
different from the capacity of the low-affinity binding site on cells from day 2 (P , 0.05); hsignificantly different from affinity of
uptake on day 2 (P , 0.05); isignificantly different from the rate of uptake on day 2 (P , 0.05); jsignificantly different from the
rate of uptake of untreated cells on day 4 (P , 0.05). On days 2 and 3, the data for the high-affinity sites appear first.

Lipoproteins and Preadipocytes 189



(Tables II and III). The rate of uptake remained
relatively constant during the first phase of the
differentiation process, and increased rapidly
after lipid droplets had started to accumulate,
i.e., after day 5. Whereas some differences in
the rates of uptake of both subfractions during
the initial stages of the differentiation program
were evident for both LDLII/III and HDL2 up-
take, such differences were not significant. How-
ever, it would appear that the rate of HDL2

uptake tended to exceed that of LDLII/III, at all
stages of human preadipocyte development
(Tables II and III). Although the general trend
indicated a lowered uptake rate of both lipopro-
tein subfractions in the treated as compared
with untreated cells, exposure of the human
cells to lipoproteins during the early stages of
differentiation showed no significant effects on
uptake rates, except on day 4 in the case of
125I-HDL2 uptake. Except for 125I-HDL2 uptake
by lipoprotein-treated cells on day 11, the lipo-
protein concentration (Km) required for half-
maximal uptake of both HDL2 and LDLII/III also
remained insignificantly changed during the
different stages of the differentiation program,
irrespective of whether the developing preadipo-
cytes were exposed to lipoproteins during the
early stages of differentiation (Tables II and
III).

DISCUSSION

Previous studies in this laboratory [Stanton
et al., 1997], as well as subsequent studies
using lipoprotein subfractions [Stanton et al.,
1998], demonstrated that lipoproteins enhance
3T3-L1 preadipocyte differentiation. In the pres-
ent study, these cells have been shown to me-
tabolize both HDL2 and LDLII/III albeit to vary-
ing degrees, and depending on the stage of
differentiation of the preadipocytes (Fig. 3; Table
I). Steinberg et al. [1983] found differentiated
3T3-L1 preadipocytes to degrade significantly
higher amounts of LDL than undifferentiated
cells. This observation was suggested to result
from a significant induction of LDL receptors
which accompany 3T3-L1 preadipocyte differen-
tiation. These workers also reported that the
LDL receptor of 3T3-L1 cells is subject to down-
regulation analogous to that reported for other
cell types. The present study demonstrated that
lipoproteins present during the initial 3 days of
differentiation of 3T3-L1 preadipocytes did not
significantly alter the ability of the cells to bind
and metabolize lipoproteins with differentia-

tion (Table I). Furthermore, as the untreated
cells differentiated, their affinity and capacity
for HDL2 and LDLII/III binding was not signifi-
cantly altered (Table I). The maximal rate of
uptake, however, did increase significantly (P ,
0.001) with differentiation (Table I). In view of
the insignificant changes in the binding affini-
ties for the lipoproteins, and even a slight de-
crease in affinity and capacity for HDL2 bind-
ing, the observed significantly increased rate of
HDL2 uptake remains unexplained as to the
mechanism involved. However, LDLII/III bind-
ing did appear to increase in capacity and affin-
ity with 3T3-L1 cell differentiation, thus match-
ing its observed increased affinity and rate of
uptake.

Recent studies in our laboratory indicated
that exposure of preadipocytes to both HDL2

and LDLII/III during the early stages of differen-
tiation appeared to enhance differentiation in
terms of GPDH activity development and lipid
accumulation [Stanton et al., 1998]. However,
the changes in binding and uptake parameters,
noted in the present study, appeared to be an
inherent feature of the differentiation process
itself and were largely unaffected in both cell
types by the presence of lipoproteins during the
early stages of the differentiation process
(Tables I, II, and III).

Nonspecific binding of HDL2 and LDLII/III var-
ied considerably for both cell types, in particu-
lar depending on the stage of differentiation.
Previously published data [Salter et al., 1987;
Angel et al., 1979; Fong et al., 1984] concerning
nonspecific binding by mature adipocytes and
adipocyte membranes showed nonspecific bind-
ing amounting to 30% of total binding. Whereas
similar values were found for fully differenti-
ated preadipocytes in the present study, 3T3-L1
cells, which had not commenced with the differ-
entiation program (day 1), displayed exception-
ally high nonspecific binding characteristics
(88% and 74% of the LDL and HDL fractions,
respectively), dropping to much lower values by
day 4 (66% and 64% for LDL and HDL, respec-
tively). Likewise, a decrease in nonspecific HDL2

and LDLII/III binding became evident as differen-
tiation proceeded in the human preadipocytes.
The high nonspecific binding of undifferenti-
ated preadipocytes may relate to the structure
of the extracellular matrix, which upon differen-
tiation may undergo changes in various compo-
nents. However, binding of lipoproteins via a
receptor-independent pathway has been recog-
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nized [Eisenberg, 1984] and may influence non-
specific binding values. In our hands, purified
plasma membranes yielded similar high nonspe-
cific binding values, indicating that it is cell
mediated. Further investigation is required to
explain these observations.

Both 125I-HDL2 and 125I-LDLII/III were found
to bind to 3T3-L1 preadipocytes and differenti-
ated cells by a single affinity binding site, as
was evident from linear Scatchard transforms.
As was the case for 3T3-L1 differentiation (Fig.
3), preadipocytes isolated from the stromal vas-
cular fraction of mammary adipose tissue were
shown in the present study to specifically bind
HDL2 and LDLII/III at all stages of preadipocyte
differentiation (Fig. 4). Binding of LDLII/III also
yielded linear plots by Scatchard analysis at all
stages of the differentiation program, suggest-
ing the presence of a single type of LDL binding
site, not unlike that reported by Fong et al.
[1984] in human mediastinal and properitoneal
adipocyte plasma membranes. The affinity and
capacity of this site were largely unaffected by
exposure to lipoproteins during the early stages
of the differentiation program (Table II). LDLII/

III binds avidly to a high-affinity receptor recog-
nition site on the human adipocyte surface,
displaying saturable binding (Fig. 1). The affin-
ity for LDLII/III of the differentiated mammary
adipocytes (Kd 5 10.1 and 11.7 µg lipoprotein
protein·ml21 for untreated and treated cells,
respectively), compares favorably with those
exhibited by fibroblasts with Kd values of 2.6
and 3.2 µg protein·ml21 for LDL fractions II and
III, respectively [Jaakkola et al., 1989], and
11 µg LDL protein·ml21 in the human carci-
noma cell subclone HT29-18 [Mazière et al.,
1992]. The Kd value in the present study of 3
and 2.2 µg protein·ml21 for 125I-LDLII/III with
untreated and treated 3T3-L1 cells, respec-
tively, on day 7 (Table I) also compares favor-
ably with these reported values.

The functional significance of HDL interac-
tions with adipocytes with regard to cholesterol
flux remains to be established. HDL is believed
to be primarily involved in ‘‘reverse’’ cholesterol
transport, removing cholesterol from periph-
eral tissues for delivery to the liver [Tall, 1990].
However, depending on the species, the tissue
and the particular HDL fraction involved, HDL
may also serve to deliver cholesterol to periph-
eral cells, e.g., adrenals and gonads [Andersen
and Dietschy, 1978]. In view of the results in
the present study, one might infer that HDL2

delivers its core of cholesterol to adipocytes for
processing or storage, or both. Such a view
would be consistent with clinical and epidemio-
logical studies demonstrating an inverse rela-
tion between excess body weight and plasma
HDL-cholesterol [Philips et al., 1981], and is
further supported by studies in which plasma
HDL-cholesterol levels increase with weight
reduction [Wolf and Grundy, 1983]. The interac-
tion of HDL2 with developing human preadipo-
cytes appears to occur through binding sites
which are dependent on the stage of the differ-
entiation program (Fig. 4). The physiological
significance of the low-affinity site, present only
on days 2 and 3, is questionable, owing to its
relatively high Kd values (Table III), which im-
plies a requirement for HDL2 concentrations
above the expected interstitial levels. By con-
trast, the low Kd value of the high-affinity site
for 125I-HDL2 binding on day 2 favors physiologi-
cal relevance. Its values fall within the physi-
ological range reported for lipoprotein levels in
the interstitial fluid [Angel et al., 1979].

The possible significance of the two distinct
binding sites for HDL2, which was consistently
observed in undifferentiated human preadipo-
cytes, but never in the 3T3-L1 preadipocytes in
the present study, is unclear. Salter et al. [1987]
described binding affinities for HDL2 by omen-
tal and subcutaneous depots, which were simi-
lar to the affinity observed in the present study
for HDL2 binding to differentiated mammary
preadipocytes, but confined to a single affinity
binding site. The latter study, based on isolated
mature cells that differentiated in vivo, there-
fore confirmed the results from the present
study with respect to mature cultured adipose
cells but did not consider cells in the preadipo-
cyte stage of development.

As with the 3T3-L1 cells, 125I-LDLII/III binding
conformed to a single affinity site throughout
the differentiation program of human preadipo-
cytes (Table II), reaching an affinity in the
mature state (day 11) which was comparable to
that of the HDL2 high-affinity site (Table III).
The binding affinity for 125I-LDLII/III, while rela-
tively high at the onset of differentiation (day
2), was diminished by day 4, before increasing
to its final high value in the mature state by
day 11 (Table II). The relatively high inherent
inter-donor variation in the binding param-
eters of the human cells at different stages of
their development, impeded statistically signifi-
cant comparisons of some apparent differences.
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High levels of inter-batch variation was also
reported by Salter et al. [1987] for the binding
of HDL2 to omental and subcutaneous adipo-
cytes and plasma membranes and by Fong et
al. [1984].

The specific uptake of both HDL2 and LDLII/

III by human cells increased with differentiation
(Fig. 4) and the maximal rates of uptake (Vm) of
the two subfractions appeared to be comparable
(Tables II and III). As with the binding param-
eters, the present study also demonstrated sub-
stantial inter-individual variation in HDL2 and
LDLII/III uptake by human cells (Tables II and
III). This hampered the demonstration of statis-
tically significant differences in some of the
data, including the apparently negative effect
of lipoprotein treatments on rates of uptake,
which was consistently observed.

The present study further indicated that the
uptake of both HDL2 and LDLII/III by 3T3-L1
and human cells occurs via holoparticles, as is
evident from the intracellular detection of la-
beled apoproteins. This finding indicates that
at least a portion of the cholesterol ester trans-
fer to the cell involves a specific apoprotein-
mediated process. It would thus appear pos-
sible for adipose tissue to be involved in the
regulation of plasma HDL levels. For example,
in obesity, where adipose tissue mass is en-
larged and HDL binding and internalization
would be enhanced, HDL-cholesterol ester deliv-
ery would be increased and thereby augment
plasma cholesterol ester turnover. It has been
shown that adipocyte HDL binding is increased
in obesity [Angel et al., 1986], and that HDL
uptake correlates with fat cell size [Despres et
al., 1987]. The increased uptake of HDL par-
ticles by enlarged fat cells in obesity would thus
contribute to changes in the level of plasma
HDL. This proposed mechanism may explain in
part the established association between obe-
sity and low plasma HDL-cholesterol levels.

In conclusion, the present study confirmed
that human adipocytes possess a remarkable
capacity to metabolize lipoprotein in vitro. This
is dependent, however, on the stage of differen-
tiation of the preadipocytes. A comparison of
the results presented in the present study on
cells matured in culture with results from the
literature [e.g., Angel et al., 1979; Fong et al.,
1984] suggests that human preadipocytes differ-
entiated in culture may serve as a convenient
model to further investigate lipoprotein interac-
tions in vivo. Furthermore, despite much simi-

larity, certain differences were also noted in the
qualitative and quantitative behavior of 3T3-L1
preadipocytes with differentiation, as com-
pared with human preadipocytes. Such differ-
ences would question the general validity of the
former cell line as a model for the study of
human preadipocyte-lipoprotein interactions.
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