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Regulation of retinol uptake and esterification in
MCF-7 and HepG2 cells by exogenous fatty acids
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Abstract The influence of extracellular fatty acids on the up-
take and esterification of [*H]retinol bound to human retinol-
binding protein (RBP), to RBP-transthyretin (TTR), or in
dispersed form by the human hepatoma, HepG2, and human
mammary epithelial carcinoma, MCF-7, cell lines was studied.
The esterification of [*H]retinol was significantly increased in
cells incubated with myristic, palmitic, stearic oleic, or linoleic
acid-albumin complexes and was observed for all forms of
[*H}retinol. Enhancement of [*H]retinol uptake was also ob-
served in cells incubated with these fatty acids, but this increase
was relatively small for the dispersed form as compared to that
observed for [*H]retinol bound to RBP or RBP-TTR. Compar-
ing equal concentrations of the [*H]retinol donors, cell uptake
and esterification was greatest from the dispersed form and least
from that bound to RBP-T'TR. After preincubation of cells with
oleate, uptake and esterification of [*H]retinol was increased but
not to the extent observed when oleate and [*H]retinol donor
were co-incubated. Incubation of cells with oleate resulted in
rapid and correlated increases in the rates of [*H]retinol uptake
and esterification which persisted until the steady state for
[*H]retinol uptake was achieved. Beyond this time, net es-
terification of [*H]retinol continued in the presence of oleate.
This kinetic pattern was observed for all [*Hjretinol donors.
These effects on [*H]retinol uptake and esterification were dose-
dependent as the oleate to albumin ratio was varied from 0.5 to
3.0 and were observed across a physiological concentration
range of RBP-*H-retinol. Bl The data indicate that: 1) the fat-
ty acid status of cells is a determinant of retinol uptake and es-
terification; and 2) the form of retinol presentation to cells is not
qualitatively important for these processes. — Randolph, R. K.,
and A. C. Ross. Regulation of retinol uptake and esterification
in MCF-7 and HepG?2 cells by exogenous fatty acids. J. Lipid
Res. 1991. 32: 809-820.
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Vitamin A is a nutrient that is essential for the proper
growth, development, and function of many animal
tissues and organs. A critical role for vitamin A in
supporting the structure and function of epithelial tissues
was indicated in 1925, when Wolbach and Howe (1)
characterized the histopathological changes that accom-
panied vitamin A deficiency. Subsequent studies have
confirmed and extended these observations in
demonstrating the effects of vitamin A on inducing and

maintaining the differentiated state of epithelial tissues.
The specific effects of retinoids, however, are diverse be-
tween tissues and vary with the organism’s development
(2). Despite these differences, all vitamin A-dependent
tissues share the necessity of obtaining this lipid nutrient
from their respective extracellular environment.

Retinol is transported in two major forms in the plasma
and lymph: as retinyl esters of the intestinal chylomicron
(3) and as unesterified retinol bound to plasma retinol-
binding protein (RBP) (4). In the postprandial state, after
the intravascular conversion of chylomicrons to chylomi-
cron remnants, these particles, including their retinyl es-
ter component, are rapidly cleared from the circulation,
principally by hepatocytes (5, 6). As a result of their very
large size, the access of chylomicrons and their remnants
is probably restricted to cells that reside in tissues that
possess large fenestrated endothelium. In many species in-
cluding humans, retinol is secreted from the liver into the
circulation bound to RBP, a 21 kDa plasma protein that
possesses a single binding site for one molecule of retinol
(4, 7). The concentration of RBP-retinol in normal hu-
man plasma is constant at about 2 to 3 uM, despite varia-
tion in liver stores of vitamin A (4, 7). In the plasma,
RBP-retinol binds reversibly with transthyretin (TTR), a
55 kDa plasma protein that is also secreted from the liver,
to form an RBP-retinol‘'TTR complex (4, 7). Owing to its
small size, this form of retinol is thought to have access to
most extracellular spaces in the body and, thus, likely
represents a major route by which retinol is delivered to
cells.

The concentrations of vitamin A and its fatty acid es-
ters vary widely between tissues but are generally
characteristic of the particular tissue (5, 8). The

Abbreviations: RBP, retinol-binding protein; TTR, transthyretin;
LDL, low density lipoproteins; DMSO, dimethylsulfoxide; BSA, bovine
serum albumin; PBS, phosphate-buffered saline; LRAT, lecithin:retinol
acyltransferase; ARAT, acyl coenzyme A:retinol acyltransferase.
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mechanism whereby this apparently selective delivery and
storage of retinol occurs is not completely understood.
The uptake of chylomicron remnants by hepatocytes (6),
hydrolysis of newly assimilated retinyl ester (5, 6, 9), the
reesterification of retinol (5, 9), the intra- (10) and in-
tercellular movement of retinol in liver (6) have been de-
scribed in some detail. In contrast, the mechanism by
which retinol bound to RBP is delivered to and taken up
by cells remains unknown. A rapid, reversible binding
event between a cell surface receptor or binding site and
RBP has been proposed by some investigators to mediate
the uptake of retinol by cells (11-17). Saturable, specific
binding of RBP to cells that correlates with retinol
transfer to cells has not been shown, however. This line of
research has revealed that the uptake of RBP, or RBP-
TTR does not seem to be involved in the transfer of
retinol to cells (11, 13, 14). A role for RBP in the specific
delivery of retinol to cells is, in fact, called into question
by observations that solvent-dispersed retinol can be
taken up and elicit physiological processes such as the
secretion of RBP from liver (18), cellular differentiation
(2), and retinol esterification by cells in culture (19, 20).
For example, Creek, Silverman-Jones, and De Luca (21)
have shown that retinol was esterified to a similar extent
regardless of whether it was presented to cells bound to
RBP or nonspecifically in dispersed form. Furthermore,
Noy and Xu (22) have recently demonstrated that retinol
can dissociate from RBP, diffuse through the aqueous
phase, and partition into cell membranes. Thus, presen-
tation of retinol to cells in dispersed form may model its
delivery in vivo.

Although evidence that suggests how cells might
regulate the uptake of RBP-retinol is lacking, there is evi-
dence that the esterification of retinol by cells can be
regulated. Previous work from this laboratory (19) and
others (20) has shown that the esterification of dispersed
retinol was regulated by exogenous fatty acids. These ex-
periments demonstrated a three- to sevenfold increase in
the proportion of total cell retinol as retinyl esters in J774
macrophages incubated with dispersed retinol and fatty
acid-albumin complexes. The effects of fatty acids on the
uptake and esterification of retinol bound to its physiolo-
gical carriers, RBP and RBP-TTR, were not addressed.

Free fatty acids, in addition to their well-known struc-
tural and metabolic functions, may fulfill other physiolo-
gical roles in lipid and lipoprotein metabolism. Recent
studies have reported that fatty acids can modulate the
binding of low density lipoproteins to the LDL receptor
(23) and the binding of lipoprotein lipase to endothelial
cells (24). Free fatty acids are present in the plasma at
concentrations ranging from 300 to 1,200 uM, depending
on the nutritional and metabolic status of the individual
(25). Almost all are transported bound to albumin and,
hence, would be expected to be normal constituents of an
extracellular environment consisting of plasma or its
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ultrafiltrate. Despite this, the effects of fatty acids on cel-
lular retinol metabolism have not been systematically ex-
amined. In the present work we have characterized the
effects of extracellular fatty acids on the uptake and es-
terification of retinol presented to cultured human cells
bound to human RBP, to RBP-TTR, and in dispersed
form. We have examined these parameters in a human
hepatoma, the HepG2 cell line, which possesses many of
the pathways characteristic of normal hepatocyte retinol
metabolism (26, 27) and the human mammary epithelial
carcinoma, MCF-7 cell line, which is related to an extra-
hepatic cell type with the capacity to transport retinol
from the plasma into milk retinyl ester.

MATERIALS AND METHODS

Chemicals

Bovine serum albumin (BSA; fatty acid-free from frac-
tion V), human transthyretin (TTR), all-trans retinyl ace-
tate, dimethylsulfoxide (DMSO), myristic, palmitic,
stearic, oleic, and linoleic acids, and butylated hydroxyto-
luene were obtained from Sigma. Alumina (Brockman ac-
tivity 1, 80-200 mesh) and organic solvents were obtained
from Fisher. Solvents utilized for extraction and storage of
retinol or retinyl esters contained 100 ug butylated
hydroxytoluene/ml.

Isotopes

[15(n)-*H]Retinol (all-trans; 23.5 Ci/mmol) was pur-
chased from New England Nuclear. Ethanolic stock solu-
tions (0.1 uM) of [*H]retinol (sp act 2.2 mCi/umol) were
made by mixing labeled retinol with unlabeled retinol
that was obtained by saponification of retinyl acetate.
Stock solutions were stored in the dark at ~ 20°C under
N, and were purified by aluminum oxide chromato-
graphy and checked for purity by ultraviolent spectros-
copy and high performance liquid chromatography (28).

Cell culture

Stock cultures of the human breast epithelial carcinoma
(MCF-7) and human hepatoma (HepG2) cell lines were
maintained on growth medium consisting of Eagle’s mini-
mum essential medium (MEM; Gibco) containing 10%
fetal bovine serum and 50 pg gentamicin/ml. Cells were
grown in T-75 flasks (Corning) at 37°C in a 95% air/5%
CO; humidified atmosphere.

RBP-[*H]retinol, BSA-fatty acid preparation

Human plasma RBP was purified as described
previously (27) from pooled, outdated blood bank plasma
and stored desiccated at — 70°C. RBP-[*H]retinol was
prepared essentially as described by Futterman and
Heller (29). All procedures involving the preparation of
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[*H]retinol-protein complexes were performed in dim
light. After reconstitution of the apoRBP with
[*H]retinol, the reconstituted RBP-[*H]retinol was puri-
fied by gel permeation chromatography on Sephadex G-
75 with 0.1 M NaCl, 30 mM K,HPO,, pH 7.0 buffer at
4°C. After chromatography, the RBP-[*H]retinol was
concentrated over a YM-10 membrane in an Amicon
ultrafiltration cell and subjected to ultraviolent spectros-
copy to check for extent of incorporation of the
[*H]retinol ligand. Both the overall spectrum and the
ratio of absorbance at 330 to 280 nm for the reconstituted
material corresponded to that of the parent unlabeled
RBP (0.9-1.0). Recovery of RBP in an average prepara-
tion was 60%. The RBP-[*H]retinol preparations were
further characterized and were shown to comigrate with
the purified parent holoRBP under nondenaturing condi-
tion on polyacrylamide electrophoresis. The RBP-
[*H]retinol preparations were also completely precip-
itable with polyclonal antibodies specific for human RBP
(27). For some experiments, RBP-[*H]retinol was com-
plexed with TTR. These complexes were prepared by
mixing a 1.5 mole excess of RBP-[*Jretinol with TTR in
a 0.1 M NaCl solution. The mixture was then chromato-
graphed on Sephadex G-100 in the buffer described above
for RBP-[*H]retinol. The RBP-[*Hjretinol TTR eluted
slightly ahead of BSA in the included volume of the col-
umn. Peak fractions were pooled and concentrated in col-
umn buffer. The ultraviolent spectrum of the isolated
complexes was similar to that reported by Heller and
Horowitz (30) with Ajsse to Aygg ratios of approximately
0.5.

The effect of BSA-fatty acid complexes on RBP-fatty
acid complexes on RBP-retinol binding affinity was
measured by determining the fluorescence emisston in-
tensity of RBP-retinol (31) in the presence or absence of
BSA or BSA-oleate complexes at 485 nm with an excita-
tion wavelength of 350 nm. The Aygo of the RBP-retinol
solution before addition of BSA or BSA-oleate was less

than 0.06.
Complexes of BSA and fatty acids were prepared by a

method adapted from van Harken, Dixon, and Heimberg
(32).

Experimental protocol and analyses

Cells for experiments were plated into 35-mm dishes
after trypsinization of stock cultures and were maintained
under the same conditions as stock cultures prior to ex-
periments. Cells were allowed to grow to confluence (5-6
days) prior to the initiation of experiments. They were
refed with growth medium on day 3. On the day of experi-
ment, cells were washed with phosphate-buffered saline
and were then incubated with N-2-hydroxyethylpiperiz-
ine-N'-2-ethanesulfonic acid-buffered MEM containing
150 uM BSA alone or 150 uM BSA complexed with fatty
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acid (with a fatty acid to BSA molar ratio of 1.4), unless
otherwise specified, and either RBP-[*H]retinol,
RBP-[*H]retinol TTR or [*H]retinol in DMSO (final
DMSQ concentration was 0.1%). In some experiments,
media containing RBP-[*H]retinol also contained
DMSO to control for any solvent effects with the dispers-
ed [*H]retinol. In these experiments no effect of DMSO
was detected. After an appropriate incubation, ex-
perimental medium was removed, cell monolayers were
chilled on crushed ice, washed with ice-cold PBS, and cell-
associated [*H]retinoids were extracted in situ with iso-
propanol overnight at 4°C. The isopropanol extracts were
collected, partitioned into hexanes, and washed with
water (19). A portion of the hexane extract was taken for
scintillation counting and uptake (total cell-associated *H)
was calculated. Cell content of [*H]retinyl esters was de-
termined by scintillation counting after aluminum oxide
chromatography of the remaining hexane extract. In
some experiments cells were released from dishes by tryp-
sinization, washed by repeated centrifugation, and dis-
rupted by sonication in PBS. The disrupted cells were
then extracted by the method of Bligh and Dyer (33).
After extraction, portions of the organic phase were taken
and analyzed exactly as described above for total cell-
associated *H and [*H]retinyl esters. The results were
similar to those obtained with the isopropanol extraction.
Cell protein was determined on the extracted monolayers
by the method of Markwell et al. (84) after solubilization
with sodium dodecylsulfate. Cell [*H]retinol uptake and
esterification are presented as pmole cell-associated
[*H]retinoid/mg cell protein and pmole [*H]retinyl es-
ter/mg cell protein, respectively. Unless otherwise in-
dicated, results represent the average of duplicate
cultures.

The effects of fatty acids on the uptake and esterifica-
tion of [*H]retinol have been expressed as an uptake ratio
and an ester ratio, respectively. These ratios represent the
ratio of the indicated parameter in the presence of fatty
acid to that observed in its absence, e.g., the ester ratio
equals cell [*H]retinyl ester content in incubations con-
taining fatty acid divided by cell [*H]retinyl ester in the
absence of faity acid. In some cases the relative effects of
fatty acids on [*H]retinol uptake and esterification have
been compared by the calculation of an ester to uptake
ratio that equals the ester ratio divided by the uptake
ratio.

RESULTS

Dependence of retinol uptake and esterification on
exogenous fatty acids and form of retinol presentation

In initial studies we compared the effects of oleate on
the uptake and esterification of retinol presented to cells

Fatty acids regulate retinol uptake and esterification 811
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Fig. 1. Effect of oleate on the uptake and esterification of [*H]retinol by HepG2 and MCF-7 cells. Uptake (panels
A, C, E} and esterification of [*H]retinol (panels B, D, F) were measured in cells after a 6-h incubation with 0.2
#M [*Hjretinol in dispersed form (panels A, B), bound to RBP (panels C, D) or RBP-TTR (panels E, F), and BSA
alone (150 M) (solid bars) or BSA-oleate (oleate to BSA ratio of 1.4) (hatched bars).

in dispersed form, bound to RBP or to RBP-TTR (Fig.
1). The measurements of retinol uptake and esterification
in this experiment were obtained from cells that had
reached the steady state with regard to cell ®H content
(see below). The uptake of retinol was increased in both
MCF-7 and HepG2 cells for all retinol donors incubated
with oleate as compared to those incubated in its absence
(Fig. 1, panels A, C, E). This difference was small (15%)
in cells incubated with dispersed retinol (panel A) and
much greater (80-100% and 150%) for cells incubated
with RBP-retinol (panel C) or RBP-retinol'TTR (panel

812 Journal of Lipid Research Volume 32, 1991

E), respectively. Although these incubations contained
equal concentrations of retinol (0.2 uM), the uptake of
dispersed retinol was tenfold greater than that observed in
cells incubated with retinol bound to RBP or to RBP-
TTR. The uptake of retinol from RBP-retinol-'TTR was
approximately 40% less than that from RBP-retinol.
The esterification of retinol was also greater in incuba-
tions containing oleate (Fig. 1, panels B, D, F). This was
observed for all forms of retinol and for both cell types.
The degree to which retinol esterification was increased
by incubation with oleate varied between 90 and 300%.
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In every case the effect of oleate on retinol esterification
was greater than on uptake in the same incubation.
Overall, the differences in absolute retinol esterification
that were observed between retinol donors correlated to
the corresponding differences in absolute uptake.

Several experiments similar to the one shown in Fig. 1
but with different retinol concentrations were performed
to determine the reproducibility of oleate’s effects on sus-
taining high levels of retinol uptake and esterification in
cells. The summarized results of these experiments are
shown in Table 1 in ratio form (see Methods). Inclusion
of oleate in incubations with dispersed retinol resulted in
small but significant increases in retinol uptake (uptake
ratio: 1.15-1.16). A greater relative increase was observed
for the uptake of RBP-bound retinol (1.62-1.86). The
fraction of cell retinol stored as ester was greater for in-
cubations that presented retinol bound to RBP as com-
pared to the dispersed form. This difference, however,
could be accounted for by the difference in cell retinol
content in the incubations containing RBP. In fact, when
these differences were normalized for cell retinol content
(ester to uptake ratio), the relative magnitude of oleate’s
effect on cell retinyl ester content was similar for dispersed
and RBP-retinol over this range of retinol concentrations.
No significant differences were detected between cell
types. Since subsequent studies revealed no differences
between cell types, only data from the MCF-7 cell line will
be shown.

Oleic and palmitic acids are the most abundant free fat-
ty acids in human plasma, accounting for approximately
35 and 25% of total plasma fatty acids, respectively (35).
Previous work from this laboratory (19) demonstrated
that these two fatty acids as well as a variety of other fatty
acids stimulated the esterification of dispersed retinol by
a mouse macrophage cell line. To determine whether
these effects were common to fatty acids in general, the
uptake and esterification of retinol bound to RBP was
compared in cells incubated with BSA complexes of
myristic, palmitic, stearic, oleic, and linoleic acids. In
these experiments, both the uptake and esterification of
retinol were enhanced comparably to the data shown in

Fig. 1 (two- to fourfold for every fatty acid tested; data not
shown). Thus, a variety of fatty acids varying in chain
length and saturation effectively increased the cellular up-
take and esterification of retinol.

Stability of RBP-retinol in the presence of fatty acids

The effect of BSA-oleate on stimulating the uptake of
retinol presented to cells bound to RBP was surprising. If
fatty acids decreased the avidity of RBP for retinol or
destabilized the RBP-retinol complex, displacing retinol
from RBP onto BSA or into the aqueous phase, retinol
could partition into cells to a greater extent than that
which was bound to RBP. Two experiments were per-
formed to test these possibilities. First RBP-[*H]retinol
(0.2 pM) was incubated for 6 h at 37°C in cell-free dishes
with medium containing BSA-oleate or BSA alone under
conditions identical to those of cell experiments. After the
incubation period, aliquots of media were chromato-
graphed on Sephadex G-75. Bovine serum albumin and
RBP-[*H]retinol eluted at volumes corresponding to their
respective unincubated controls. There was no *H de-
tected in the fractions containing BSA under conditions
where displacement of 5% of the retinol from the
RBP-[*H]retinol preparation would have been detected.
Second, the affinity of retinol-RBP binding was measured
by monitoring the fluorescence of RBP-retinol in solu-
tions containing BSA alone or oleate complexed with BSA
at BSA to RBP concentration ratios comparable to those
in the cell culture medium. When the oleate to BSA mole
ratio was varied from 0.25 to 3.0, there was no detectable
change in the fluorescence intensity of the RBP-retinol
complex. Thus, these two experiments provide evidence
that fatty acid albumin complexes did not alter the avidity
of RBP for retinol or the stability of the RBP-retinol com-
plex.

Temporal requirements for fatty acid-enhanced retinol
uptake and esterification

Since it was evident that fatty acids were promoting
retinol uptake and esterification by altering some aspect
of cell function, we determined whether this alteration re-

TABLE 1. Effect of oleate on the uptake and esterification of [*H]retinol presented to cells in dispersed form and bound to RBP

Dispersed-[*H]retinol

RBP-[3H]retinol

Uptake Ester Ester to Uptake Uptake Ester Ester to Uptake
Cell Line n Ratio Ratio Ratio n Ratio Ratio Ratio
MCF-7 8 1.16 + 0.15 1.92 + 0.93 1.63 + 0.62 7 1.86 + 0.45 2.92 + 0.67 .59 + 0.25
HepG2 7 1.15 + 0.18 1.71 + 0.44 1.49 + 0.32 6 1.62 + 0.61 2,70 + 1.25 1.66 + 0.37

Table values are the mean ratios + 1 SD for the indicated parameters in the presence or absence of oleate, e.g., the uptake ratio equals the ratio
of uptake in the presence of oleate to that in its absence. The ester to uptake ratio equals a ratio of the ester ratio to the uptake ratio for the respective
cell line. The number of separate experiments with each cell line and [*H]retinol donor is designated by “n.” Duplicate determinations were made
in each experiment. All measurements were made after 6-h incubations with [3H]retinol concentrations ranging from 0.15 uM to 0.7 uM and with
a BSA concentration of 150 uM. For incubations containing oleate, the oleate to BSA ratio was 1.4.
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quired simultaneous exposure to fatty acid and RBP-
retinol (Table 2). Prior to incubation with RBP-retinol,
cells were preincubated overnight with medium contain-
ing BSA-oleate or BSA alone. After the preincubation,
each group of cells was washed and coincubated with
fresh medium containing 0.2 uM RBP-retinol and BSA-
oleate or BSA alone. Preincubation of cells for 12 h with
BSA-oleate followed by coincubation with BSA alone
resulted in small but significant increases in retinol uptake
and esterification (23 and 83% greater than control,
respectively). These increases were less than one-half
those observed when cells were only coincubated with
BSA-oleate for 7 h (97 and 183%, respectively). When
cells were both preincubated and coincubated with oleate,
the corresponding effects of oleate on enhancement of
retinol uptake and esterification were approximately ad-
ditive. Therefore, full enhancement of retinol uptake and
esterification required the simultaneous exposure of cells
to fatty acids and retinol donor.

Fatty acids and the kinetics of retinol uptake
and esterification

The effects of oleate on the time course for the uptake
and esterification of RBP-retinol were determined next
(Fig. 2). The uptake of retinol was biphasic (panel A).
After an initial rapid phase lasting for about 1 h, uptake
continued at a slower rate, with net uptake ceasing by
2 h. This pattern was not affected qualitatively by oleate.
Interestingly, the initial rate of uptake in incubations with
BSA-oleate was twice that observed in incubations with
BSA alone. Furthermore, this quantitative difference was
apparent after only 10 min. By the time the steady state
was achieved, cells incubated with BSA-oleate contained
threefold more [*H]retinoid than did cells incubated with
BSA alone.

The kinetics of esterification of RBP-retinol (panel B)
exhibited a pattern that was very similar to that for uptake
during the first 2 h. Thereafter, retinyl ester continued to
accumulate in cells incubated with BSA-ocleate but, in
contrast, reached a plateau in cells incubated with BSA

TABLE 2. Effect of preincubation and coincubation with oleate
on the uptake and esterification of RBP-[*H]retinol

Preincubation Coincubation Uptake Ester

pmol retinoid/mg

BSA BSA 0.96 0.06
BSA-oleate BSA 1.18 0.11
BSA BSA-oleate 1.89 0.17
BSA-oleate BSA-oleate 2.59 0.30

MCEF-7 cells were preincubated with medium containing 150 uM BSA
alone or BSA-oleate (oleate to BSA ratio was 1.4) for 12 h. After the prein-
cubation, cells were washed and then coincubated with the same concen-
tration of BSA alone or BSA-oleate and 0.2 um RBP-{3H]retinol for an
additional 7 h.
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Fig. 2. Time course for the uptake and esterification of RBP-
[*H]retinol in the presence or absence of oleate by MCF-7 cells. Cells
were incubated with 0.2 pM RBP-[*H]retinol and BSA alone (open
circles) or BSA-oleate (closed circles). At the indicated times, incuba-
tions were stopped and uptake (panel A) and esterification of [*H]retinol
(panel B) were measured. The ester to uptake ratio (panel C) was
calculated as described in Methods.

alone. This plateau mirrored the retinol content of these
cells. The ester to uptake ratio (panel C) was near 1 for
the first 2 h of incubation, suggesting that the differences
in cell retinyl ester during this time could be explained
completely on the basis of differences in cell retinol up-
take. Beyond 2 h this ratio increased steadily, pointing to
an effect of oleate on promoting the storage of retinyl ester
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that was kinetically distinct from its effect on increasing
cell content of retinol.

The kinetics of uptake and esterification of dispersed
retinol are shown in Fig. 3. Dispersed retinol was added
to incubations at a concentration identical to that for the
experiment shown in Fig. 2 with RBP-retinol (0.2 uM).
The overall pattern for the time course of retinol uptake
(panel A) was very similar to that observed in cells in-
cubated with RBP-retinol but, in contrast, there was little
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Fig. 3. Time course for the uptake and esterification of dispersed-
[*H]retinol in the presence or absence of oleate by MCF-7 cells. Cells
were incubated with 0.2 uM dispersed-[*H]retinol and BSA alone (6pen
circles) or BSA-oleate (closed circles). At the indicated times, incuba-
tions were stopped and uptake (panel A) and esterification of [*H]retinol
(panel B) were measured. The ester to uptake ratio is shown in panel C.

effect of oleate. The initial rate of retinol uptake from the
dispersion was tenfold greater than uptake from RBP
(compare Figs. 2 and 3, panel A).

The time course for the accumulation of retinyl ester
(panel B) shows that oleate had no effect during the first
2-3 h of the incubation. Beyond that time, cells incubated
with BSA-oleate continued to accumulate retinyl esters
whereas the retinyl ester content of cells incubated with
BSA alone began to plateau. During the first 2 h of in-
cubation, the ester to uptake ratio (panel C) remained
near 1 because oleate produced little difference in either
the cell content of retinol or retinyl ester. By 3 h, this ratio
was increased and continued to rise in a manner very
similar to that observed in the kinetic study with RBP-
retinol (Fig. 2).

In an additional time course study (Fig. 4) the uptake
and esterification of dispersed retinol were determined
under conditions such that the rate of retinol uptake in
the absence of fatty acid was comparable to that observed
with RBP-retinol, also in the absence of fatty acid (see
Fig. 2, panel A). This was achieved by decreasing the con-
centration of dispersed retinol to 0.02 uM which was one-
tenth that used in the experiments shown in Figs. 2 and
3. This experiment was conducted simultaneously with
the experiment shown in Fig. 2 so that all variables except
the form of retinol were equivalent. The kinetics of retinol
uptake (panel A) were similar overall to those in the other
time course experiments. Uptake of retinol during the
first hour was increased 30-50% in incubations contain-
ing BSA-oleate. After attaining the steady state, this
difference was maintained throughout the incubation.

The kinetics of retinol esterification (panel B) during
the first 2 h closely reflected the pattern of uptake. Beyond
2 h, cell content of retinyl esters continued to increase in
incubations containing BSA-oleate but did not change in
incubations with BSA alone. A pattern very similar to
that obtained in the two previous kinetic studies was
observed for the ester to uptake ratio (panel C).

Concentration effects of RBP-retinol on uptake
and esterification

The concentration of RBP-retinol in extracellular fluid
is not known but is likely to be less than that in the cir-
culation (2-3 uM). Consequently, we examined the effects
of oleate on retinol uptake and esterification across a
range of RBP-retinol concentrations from 0.1 to 3.2 uM
(Fig. 5). The uptake of retinol increased in a curvilinear
fashion as RBP-retinol concentration increased (panel
A). Inclusion of oleate in the incubation medium resulted
in increased uptake of retinol across the entire concentra-
tion range. The magnitude of this effect decreased in a
dose-dependent manner from an uptake ratio of 2.2 at 0.1
#M RBP-retinol to a ratio of 1.3 at 3.2 uM RBP-retinol
(panel B).
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Fig. 4. Time course for the uptake and esterification of dispersed-
[*H]retinol in the presence or absence of oleate by MCF-7 cells. Cells
were incubated with 0.02 uM dispersed-[*H]retinol and BSA alone
(open circles) or BSA-oleate (closed circles). Incubations were stopped at
the indicated times and uptake (panel A) and esterification (panel B) of
[*H]retinol were measured. The ester to uptake ratio is shown in panel
C.

Cell content of retinyl ester also increased in a curvi-
linear fashion across the RBP-retinol concentration range
(panel C). Whereas the accumulation of cell retinyl esters
reached a plateau at less than 1 uM RBP-retinol for in-
cubations containing BSA alone, this was not observed in
cells incubated with BSA-oleate until RBP-retinol con-
centrations exceeded 2 uM. The relative effects of oleate

816 Journal of Lipid Research Volume 32, 1991

on increasing cell retinyl esters became progressively
greater as RBP-retinol concentration increased (panel

D).

Concentration effects of fatty acids on retinol uptake
and esterification

Plasma fatty acid-albumin ratios in humans are known
to fluctuate between 0.5 and 2.0 by changes in the fatty
acid component as compared to a relatively constant
albumin concentration (25). We therefore measured
retinol uptake and esterification across a range of phy-
siological ratios of oleate to BSA (Fig. 6). Both the uptake
and esterification of RBP-retinol increased in a dose-
dependent manner as the oleate to BSA ratio was in-
creased from 0.5 to 3.0.

DISCUSSION

In previous studies from our laboratory, the effects of
extracellular fatty acids on the esterification of dispersed
retinol by the transformed murine macrophage cell line,
J774, have been reported (19). Extending these observa-
tions, the present work has characterized the effects of fat-
ty acids on the uptake and esterification of retinol bound
to its physiological carrier, RBP, in two human epithelial
cell lines. These data suggest that the fatty acid status of
cells and their environment are important determinants
of the rate and extent of retinol uptake and esterification.
Cells incubated with extracellular fatty acids consistently
took up and esterified more retinol than did those in-
cubated in their absence. Exogenous fatty acids were
limiting for retinol esterification regardless of the manner
in which retinol was presented to cells. The rate and ex-
tent of retinol uptake was also limited by fatty acids. This
dependency was most pronounced when retinol was pres-
ented to cells bound to RBP or to RBP-T'TR. Both uptake
and esterification exhibited dose-dependent regulation by
physiological concentrations of fatty acids (75-450 uM)
with normal fatty acid albumin mole ratios (0.5-3.0).
Such concentrations are comparable to that which would
be found in culture medium containing 10% human (35)
or bovine serum (36). Both the relative and the absolute
magnitudes of fatty acid’s effects were significant —uptake
and esterification were enhanced from 30 to 300% and 30
to 600%, respectively, under these conditions. Oleate and
palmitate, both of which have been demonstrated to be
effective in these studies, together account for more than
50% of free fatty acids in human (35) and bovine sera
(36). It follows that studies of retinol uptake and esterifica-
tion in cell culture systems attempting to model a phy-
siological setting should include extracellular fatty acids
in their incubations. Excluding exogenous fatty acids in
such studies would likely result in the underestimation of
a cell’s capacity to take up and esterify retinol.
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The concentrations of retinol and retinyl ester in
different body tissues vary widely but are characteristic of
the tissue (5, 8). Despite this, the mechanism whereby
retinol is apparently selectively taken up and esterified in
these tissues is unknown. With a view to exploring the
role of the physiological transport protein, RBP, in this
mechanism, we have compared the effects of fatty acids on
the uptake and esterification of retinol presented to cells
in a dispersed form and bound to RBP or to RBP-TTR.
A number of investigators have suggested that a rapid
reversible binding event between a cell surface receptor
and RBP mediates the uptake of retinol by cells (11-17).
Evidence for binding of RBP to cell membranes has been
presented but lacking is the demonstration of saturable,
specific binding which correlates with retinol uptake. The
present data do not support a critical role for RBP or
RBP-TTR in the uptake and esterification of retinol by

Randolph and Ross

cells. In the steady state, the overall pattern of response
of retinol esterification to fatty acids was very similar with
the different retinol donors (Fig. 1, Table 1). In addition,
the different forms of retinol were esterified to a similar
extent. For example, cells incubated with fatty acids con-
sistently esterified 10% of total cell retinol in 6-7 h,
regardless of the retinol donor. Creek et al. (21) have
reported similar findings for the esterification of dispersed
versus RBP-bound retinol by cultured human keratino-
cytes. Kinetic similarities for uptake and esterification
between the different forms of retinol were also observed.
The overall patterns of retinol uptake and esterification
with respect to time were similar (Figs. 2-4). When the
uptake of dispersed and RBP-bound retinol were similar
(Figs. 2 and 4), the pattern of oleate’s effects on sti-
mulating both uptake and esterification during the initial
hour of incubation were qualitatively alike. Thus, these

Fatty acids regulate retinol uptake and esterification 817
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Fig. 6. Effect of oleate to BSA ratio on the uptake and esterification
of RBP-[*H]retinol by MCF-7 cells. After cells were incubated for 6 h
with 0.5 umM RBP-[*H]retinol bound to RBP and either BSA alone or
BSA-oleate with the indicated ratio, uptake (open circles) and esterifica-
tion (closed circles) of [*H]retinol were measured.

results strongly argue that retinol uptake and subsequent
esterification by cells occur by similar mechanisms for
these two presentations of retinol.

The resemblance of the two forms of retinol also sug-
gests that the disposition of dispersed retinol approx-
imates that of RBP-bound retinol insofar as cell uptake is
concerned. This is consistent with the idea that retinol is
taken up by cells after its dissociation from RBP and
diffusion in the aqueous phase as has been postulated by
Noy and Xu (22). The differences in the rates of retinol
uptake we have observed between the different forms of
retinol are also compatible with this interpretation. At
equal concentrations, the initial rate of uptake was
greatest for dispersed retinol, intermediate for RBP-
bound, and least for RBP-TTR-bound retinol. This rank-
ing corresponds in reciprocal fashion to the reported avi-
dities of the respective proteins for retinol (22).

Retinol that had newly entered cells quickly became
available as a substrate for esterification (Figs. 2-4).
Membrane-bound retinol has been reported to be a
substrate for both lecithin:retinol acyitranferase (LRAT)
and acyl coenzyme A:retinol acyltransferase (ARAT)
(37). Retinol bound to the cellular retinol binding pro-
teins, on the other hand, is thought to be available for es-
terification only by LRAT (37). Both of these activities
have been localized to the microsomal fraction of cell

818 Journal of Lipid Research Volume 32, 1991

homogenates (38-40), although their precise distributions
among cell membranes are not known. Likewise, the ac-
tivities of both enzymes could be affected by the substrate
effects of fatty acids that have been proposed in this work.
Thus, it is not possible yet to distinguish the degree to
which either enzyme might by responsible for the es-
terification of retinol in these cells. In either case, the ori-
ginal extracellular retinol donor does not seem to play a
critical role in enhancing the capacity of retinol to under-
go esterification by cells.

The precise nature of RBP’s role in retinol transport to
cells 1s still not fully understood. That association of
retinol with RBP protects retinol from oxidation has been
clearly demonstrated (4, 29). It is not clear, however, that
RBP serves to facilitate retinol uptake by cells. Creek et
al. (21) have proposed that one of RBP’s functions may be
to limit the transport of retinol to cells from the extracel-
lular space. The present data, and those of others (21, 41),
demonstrate that binding retinol to RBP or RBP-TTR
retards rather than accelerates its uptake by cells. Thus,
if protecting and solubilizing retinol describe the scope of
RBP’s role, still remaining is a satisfactory explanation for
the apparent directed delivery of retinol to cells that ac-
quire and store the vitamin.

Free fatty acids are known to partition into cell mem-
branes and to change the fluidity of membranes directly
by their presence in unesterified form or indirectly after
incorporation into the structural lipids of the membrane
(42). Such changes have been shown to be associated with
a variety of alterations in cell function such as membrane
permeability, enzyme activities, transporter and receptor
functions (42). Fatty acid-mediated changes in membrane
fluidity are generally specific to a particular fatty acid or
class of fatty acids, however (42). In our studies, a variety
of saturated and unsaturated fatty acids were equally
effective in supporting high rates of retinol uptake and es-
terification. Consequently, the alteration of membrane
fluidity does not seem to be a candidate mechanism for
explaining these results.

The exposure of cultured cells to exogenous fatty acids
results in their rapid incorporation into membrane
phospholipid via acyl substitution and into cytoplasmic
droplets of neutral lipid via synthesis of triacylglycerol
(42). Fatty acyl coenzyme A is generated very rapidly
upon entry of fatty acids to cells and can serve as an acyl
donor for acyl substitution of phosphatidylcholine (43)
and for triacylglycerol synthesis (44). As fatty acyl coen-
zyme A and phosphatidylcholine are thought to be fatty
acyl donors for ARAT (45), and LRAT (38, 46), respec-
tively, it follows that expansion of the pool size or
regeneration of these substrates by the presence of extra-
cellular fatty acids could conceivably increase the rate of
retinol esterification.

The enhancement of retinol uptake could also be ex-
plained by a substrate effect if one hypothesizes a close
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association between retinol uptake and esterification by
cells. An increased rate of esterification would result in a
corresponding decrease in the cellular content of retinol
that could then increase the gradient of retinol into the
cell, leading to an enhanced rate of uptake. An interme-
diate esterification step in the uptake of retinol as has
been postulated by Ottonello, Petrucce, and Mariaini (47)
to occur in retinol pigment epithelial cells. Our time
course studies demonstrated that retinol esterification
commenced very rapidly after uptake by the cell and
exhibited kinetics similar to that for uptake during the
first 2 h of incubation (Fig. 2-4). Furthermore, the
relative extent of the effects of fatty acids on both of these
parameters during this time were closely correlated. Dur-
ing the steady state, in contrast, the effects of fatty acids
on retinol uptake and esterification were not correlated.
This apparent dissociation was evident as a function of
time (panel C, Figs. 2-4) and as a function of RBP con-
centration (panels B and D of Fig. 5). The turnover of a
pool of retinyl ester that was increasing in size with time
might result in a high concentration of substrate retinol at
the site of deposition and, thus, render the net esterifica-
tion reaction insensitive to additional increases in cell
retinol content.

The uptake of free fatty acids and their subsequent con-
version to fatty acyl coenzyme A, and incorporation into
cell phosphatidylcholine and triacylglycerol are known to
occur very quickly, ie., within minutes (42)—a time
frame that is consisent with the very rapid effects of fatty
acids observed in these studies (see early time points in
Fig. 2, panels A, B). Although the pool sizes and the turn-
over of these lipids can be acutely regulated by extracel-
lular fatty acids, it is unlikely that enhanced retinol
uptake and esterification were merely the result of a parti-
tioning of retinol and retinyl ester into preexisting intra-
cellular pool or sink of hydrophobic triacylglycerol. Such
a model would predict that the extent to which fatty acids
enhanced retinol uptake and esterification would be pro-
portional to the time that cells were exposed to fatty acids
and, hence, to the size of such an intracellular pool of
lipid. This result was clearly not observed. The results of
the preincubation study (Table 2) demonstrated that the
full magnitude of increased retinol uptake and esterifica-
tion required the simultaneous exposure of cells to fatty
acid and RBP-retinol. A 12-h preincubation with fatty
acids alone was less than one-half as effective in this
regard as compared to a 6-h coincubation with fatty acid
and RBP-retinol. Thus, these results point to an acute
nature of fatty acid’s effects on retinol uptake and es-
terification and suggest that the regulating factor(s) are
very short-lived.

The present studies extend previous studies from this
laboratory on the uptake and metabolism of chylomicron
retinyl ester (26) and the secretion of RBP-retinol (27) by
HepG2 cells to include the uptake and esterification

Randolph and Ross

RBP-bound retinol. The rate of retinol uptake from RBP
observed in these experiments (5-20 pmol retinol/mg cell
protein in 6 h) was comparable to the rate of RBP secre-
tion observed previously (approximately 20 pmol/mg cell
protein in 8 h) (27). This, plus the striking effect of RBP
on retaining retinol outside of cells, leads to the specula-
tion that bidirectional transport of retinol between
peripheral tissues and the liver could occur via RBP. This
sort of recycling of retinol between tissues in the body has
been proposed previously (48) and could function to pro-
tect extrahepatic tissues from excessive accumulation of
retinol and to conserve retinol following glomerular filtra-
tion of RBP. U
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