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Metabolic Conversion of Retinol
to Retinoic Acid Mediates the Biological

Responsiveness of Human Mammary
Epithelial Cells to Retinol

LESLIE J. HAYDEN, SUSAN N. HAWK, TRACEY R. SIH,
AND MICHAEL A. SATRE*

Department of Nutrition, University of California±Davis, Davis, California

The biological effects of vitamin A are mediated in part by retinoic acid (RA)
modulation of gene transcription. In this study, we examined whether normal
human mammary epithelial cells (HMECs) are biologically responsive to retinol
(ROH), the metabolic precursor of RA. While both ROH and tRA resulted in time-
and dose-dependent decreases in total cell number, tRA was markedly more
potent. Metabolically, treatment of HMECs with physiological doses of ROH
resulted in rapid uptake and subsequent production of both retinyl esters and tRA.
Although a comparatively minor metabolite, tRA levels peaked at 6 h and
remained above endogenous levels for up to 72 h in proportion to cellular ROH
concentrations. In HMECs transfected with an RA-responsive luciferase reporter
gene, treatment with 3mM ROH resulted in an increase in luciferase activity to a
level intermediate between that observed with 0.001 and 0.01 mM tRA. Citral, an
RA-synthesis inhibitor, was also used to examine the biological activity of ROH.
Compared to ROH alone, ROH plus citral treatment resulted in three-fold less tRA
synthesis and a >65% attentuation of RA-responsive reporter gene activity which
persisted through 72 h. Citral also signi®cantly attenuated the extent of ROH-
mediated reductions in total HMEC number. Thus, treatment with physiological
concentrations of ROH results in fewer total numbers of HMECs and this response
is a consequence of cellular tRA synthesis which can induce RA-responsive gene
expression. J. Cell. Physiol. 186:437±447, 2001. ß 2001 Wiley-Liss, Inc.

All-trans retinol (ROH) and its metabolites are
important regulators of epithelial cell differentiation
and growth, and are required for the maintenance of
normal epithelial tissue integrity and function (De Luca
et al., 1994; Gudas et al., 1994). The biological effects of
vitamin A are thought to be mediated primarily by its
oxidative metabolite retinoic acid (RA), although other
metabolites may exert biological actions in certain cell
types and tissues (Gudas et al., 1994; Napoli 1999; van
der Saag, 1996).

Conceptually, ROH is part of a hormone-like signaling
system which functions in an autocrine and/or paracrine
manner. Cells take-up ROH from the circulation and
convert it to retinyl esters for storage and/or generate
active metabolites including all-trans retinoic acid (tRA)
and its isomer 9-cis retinoic acid (9cRA) (Giguere, 1994;
Napoli, 1999). Many of the effects of tRA and 9cRA are
transduced by two distinct families of nuclear receptors
which are members of the larger steroid/thyroid hor-
mone receptor superfamily (Mangelsdorf, 1994; van der
Saag, 1996). All-trans RA binds to and activates nuclear
retinoic acid receptors (RARs), while 9cRA serves as an
activating ligand for both RARs and the retinoid X
receptors (RXRs) (Heyman et al., 1992; Levin et al.,

1992). These receptors function principally as homo- or
heterodimeric transcription factors that modulate gene
transcription by binding to RA response elements
(RAREs and RXREs) in the promoter region of target
genes (Mangelsdorf, 1994). Thus, in responsive cells,
transcription is regulated in part by the abundance of
RA isoforms which favor speci®c homo- or heterodimer
receptor activation (Mangelsdorf, 1994; Pfahl and
Chytil, 1996).

In vivo, two sources of RA could contribute to the
vitamin A requirements of epithelial tissues. Circulat-
ing plasma contains 4±14 nM of endogenous RA (Fex
et al., 1996; Meyer et al., 1994; Takeda and Yamamoto,

*Correspondence to: Michael A. Satre, Department of Nutrition,
3115 Meyer Hall University of California±Davis, One Shields
Avenue Davis, California 95616-8869.
E-mail: masatre@ucdavis.edu

Contract grant sponsor: NIH; Contract grant numbers: CA71821
and P30 DK35747.

Received 7 April 2000; Accepted 26 October 2000

Published online in Wiley InterScience, 18 January 2001.

ß 2001 WILEY-LISS, INC.



1994) which could be taken-up directly and utilized by
target cells. Alternatively, cells could acquire ROH from
plasma which contains approximately 2±2.5 mM ROH
under normal physiological conditions (Looker et al.,
1988; Nierenberg et al., 1997; Rogers et al., 1993). This
cell-acquired ROH could then be used in situ to
metabolically regulate RA generation. The relative
contribution of each of these sources to cellular RA
status is, however, unknown.

Studies using keratinocytes as a model system have
shown that these cells have the ability to convert exo-
genously administered ROH to a number of metabolites
including tRA (Kurlandsky et al., 1994; Randolph and
Simon, 1993, 1995). Given the lower biological potency of
ROH compared to tRA, and the reduction in ROH-
induced cellular responses following treatment with
agents that inhibit tRA production (Connor, 1988;
Kurlandsky et al., 1994; Raner et al., 1996; Tanaka
et al., 1996; Vandersea et al., 1998), it is reasonable to
suggest that in responsive cells, ROH-induced biological
effects are a function of the extent of conversion of ROH
to tRA. Although a link between ROH-induced biological
responses and the generation of RA has been shown in
epidermal cells (Connor, 1988; Kurlandsky et al., 1994),
this metabolic link has not been demonstrated in other
cell types.

Mammary carcinoma cells are responsive to ROH
(Halter et al., 1993; Lacroix and Lippman, 1980; Ueda
et al., 1980) and RA (Agadir et al., 1999; Takatsuka et al.,
1996), exhibiting dose-dependent reductions in prolif-
eration. While it is known that tRA also inhibits the
growth of normal mammary cells (Lee et al., 1995;
Seewaldt et al., 1997), the role of ROH in growth regu-
lation of normal mammary cells remains to be ascer-
tained. Mammary epithelia is dependent on vitamin A,
as exempli®ed by its role in normal glandular activity
and development (Sankaran and Topper, 1982; Chew
et al., 1985). This, as well as the presence of ROH in
breast tissue (Rautalahti et al., 1990; Nierenberg and
Nann, 1992; Zhu et al., 1995) and the presence of
substantial quantities of ROH and retinyl esters in
human milk (Barua et al., 1997; Can®eld et al., 1997,
1998; Ortega et al., 1997), indicates that mammary cells
can take-up, esterify, and secrete ROH during lactation.
In addition, normal mammary epithelial cells in vitro
have been shown to rapidly metabolize exogenous ROH
to retinyl esters, indicating that esteri®cation is an
important aspect of normal mammary cell function at
times other than lactation (Chen et al., 1997). Given that
tRA is an active metabolite of ROH regulating gene
expression, the purpose of this study was to establish
whether the metabolic generation of RA from ROH is an
obligatory part of ROH's biological activity in normal
human mammary epithelial cells (HMECs).

MATERIALS AND METHODS
Retinoids

Retinoids were handled under reduced, indirect light
to prevent photo-oxidation and were stored under inert
gas. Stock solutions of ROH, tRA, 9cRA and 13-cis
retinoic acid (13cRA) were obtained from Fluka Chemi-
cal Corp. (Ronkonkoma, NY), and were prepared in
dimethylsulfoxide (DMSO) in amber vials at known

concentrations. The internal standard p-(E-2-5,6,7,8-
tetrahydro-5,5,8,8-tetramethyl-2-napthalenyl-1-prope-
nyl) benzoic acid (TTNPB) (Biomol Corp., Plymouth
Meeting, PA) was prepared as described above. Con-
centrations of individual retinoid stock solutions were
determined spectrophotometrically using their pub-
lished wavelength maximums and corresponding molar
extinction coef®cients (Furr et al., 1994). Citral (3,7-di-
methyl-2,6-octadienal) (Sigma Chemical Co., St. Louis,
MO), used in metabolic inhibition studies, was also
prepared as a stock solution in DMSO.

Cells and cell culture

HMECs (Clonetics, San Diego, CA) were primary
cultures derived from healthy women who had under-
gone reduction mammoplasties. All experiments were
performed using cells between passages 6 and 12. Cells
were grown and maintained in mammary epithelial
basal medium (MEBM) supplemented with 13 mg/ml
bovine pituitary extract, 0.5% serum, 5 mg/ml insulin,
10 ng/ml human recombinant epidermal growth factor,
0.5 mg/ml hydrocortisone, 50 mg/ml gentamicin, and
50 mg/ml amphotericin-b (Clonetics, San Diego CA).
Cells were maintained in a humidi®ed environment at
37�C with 5% CO2 in air.

Cellular retinol uptake and metabolism

To assess ROH uptake and its subsequent cellular
metabolism, HMECs were plated in 100-mm2 dishes and
grown in MEBM. At approximately 80% con¯uence,
experiments were initiated by the addition of fresh
media containing either 2.5 mM ROH or DMSO (vehicle
control). Media aliquots were taken initially to verify
ROH concentrations and at designated times (2, 6, 24, 48
and 72 h) for HPLC analysis. These media ROH con-
centrations were compared to those of dishes containing
ROH-treated media but no cells.

At designated times following the initiation of retinoid
treatment, the media was removed and the cells were
rinsed twice with ice-cold phosphate-buffered saline
(PBS). Following aspiration of the second PBS rinse,
2 ml of a 0.002% (v/v) sodium dodecyl sulfate solution
was added to each dish to initiate cell lysis and facilitate
the removal of the adherent monolayer. Cells were
scraped with a plastic cell lifter and the cell suspensions
were transferred into 15 ml tubes and stored at ÿ80�C.
For metabolic dose-response studies, cells were treated
with 0.625, 1.25 or 2.5mM ROH as above. Cells were then
harvested, extracted and retinoids analyzed at 0.25, 6
and 24 h after initiation of treatment with the indicated
dose of ROH. Additional experiments which assessed
the ability of citral to inhibit the metabolism of ROH to
RA were initiated as previously described. Once plated,
cells were treated with either 1.25 mM ROH alone,
1.25mM ROH plus 5 mM citral, or the vehicle (DMSO)
alone. Cells were then harvested at the indicated times
as described above.

Retinoid extraction

Cell lysates were sonicated on ice (Vibra Cell Soni-
cator, Sonics and Materials Inc., Danbury, CT) and
a small aliquot was removed for protein quanti®ca-
tion. Protein concentrations were determined using a
bicinchoninic acid (BCA) kit (Pierce, Rockford, IL).
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Following sonication, the internal standard TTNPB was
added to the lysate. Retinoids were then extracted by
sequential additions of 1.5 vol acetonitrile/butanol (1:1
v/v), 0.5 vol hexane/chloroform (2:1 v/v), followed by
0.2 vol saturated K2HPO4, and were mixed vigorously.
Following centrifugation at 13,000g for 10 min, the
organic phase was transferred to an amber tube and
dried in the dark, under a vacuum. The resultant sample
residue was reconstituted in 150ml methanol/acetoni-
trile/isopropanol (3:1:1 v/v) and analyzed using HPLC
for identi®cation and quantitation of retinoids. Cell-
associated retinoids are expressed as picomoles retinoid
per milligram protein. Retinoids from media samples
collected at designated time points were extracted by the
addition of 300 ml of methanol/isopropanol/acetonitrile
(3:1:1 v/v) and were frozen until analyzed. Samples were
thawed, centrifuged at 13,000g for 15 min, and the
supernate was analyzed directly using HPLC.

HPLC analysis

Retinoid analysis and quantitation was performed
using a reverse phase Nova-Pak C18 (8.0 cm� 10.0 cm)
4 mm pore size analytical column (Waters Associates,
Milford, MA). Media ROH samples were eluted under
isocratic conditions (1 ml/min) using an elution solvent
(mobile phase) of methanol/TAI/0.005 M ammonium
acetate (78:10:12 v/v). The TAI solution was comprised
of tetrahydrofuran/acetonitrile/2-propanol (1:3:.02 v/v).
Reconstituted cell extracts were analyzed for retinoids
under isocratic conditions using an elution solvent
mobile phase of methanol/TAI/0.005 M ammonium
acetate (67:10:23 v/v). Retinoids were detected by UV
absorbance at 324 nm for the media samples, and at
350 nm for the cell extracts. Under these conditions, the
system has a lower limit of detection for RA of
approximately 1.3 pmoles at a signal to noise ratio of
2.5; detection limits for ROH are approximately
3.1 pmoles. Retinyl esters were eluted using a nonaqu-
eous mobile phase of acetonitrile/dichloromethane
(80:20 v/v) (Furr et al., 1986).

For initial calibrations, pure retinoid standards were
made in methanol and their concentrations were deter-
mined by UV absorbance using published maximal
absorbance wavelengths and corresponding molar exti-
nction coef®cients (Furr et al., 1994). The elution posi-
tion of matching retinoid standards was used to identify
speci®c retinoid peaks which were then quanti®ed by
computer integration of the areas under the respective
peaks. Accuracy of the method and calibration condi-
tions were further veri®ed using authenticated samples
containing known quantities of retinoids (National
Bureau of Standards). The purity of the retinoids
(retinol and retinoic acid isomers) was veri®ed by deter-
mining the absorption spectra of isolated peaks. Purity
was also assessed on selected samples by evaluation of
absorption spectra using photodiode array detection.

Retinoid effects on cell number

To assess the effects of retinoids on total cell number,
HMECs were seeded in 24-well culture dishes at
1.5� 103 cells/well and allowed to attach and grow over-
night. Fresh media containing varying concentrations
(1 nM±10 mM) of either ROH, tRA, or DMSO was then
added to the cells. In separate experiments, cells were

treated with 13cRA, 9cRA or retinyl palmitate (0.01,
0.10 or 1.0 mM) as described above. To assess the effect of
the metabolic inhibitor citral on cell number, HMECs
were seeded as described above and were grown in
media containing either 1.25 mM ROH alone, 5 mM citral
alone, or 1.25mM ROH plus 5 mM citral, and compared to
cells treated with vehicle (DMSO) only as controls. Cell
dishes were light protected for the duration of the
experiment. Cells were treated once with no refeeding.
The effect of the retinoids on cell number was assessed
on days 3, 6, and 9, using a dye-binding assay (Serrano
et al., 1997), based on the method initially described by
Kueng et al. (1989). At designated times, the media was
aspirated and the adherent monolayer was rinsed with
PBS and ®xed using a 1/10 volume of gluteraldehyde
(11%) for 20 min. Fixed cells were rinsed thoroughly, air-
dried and stained for 20 min in a 0.1% crystal violet
solution in fresh 2 mM boric acid. Unbound dye was
rinsed off, and the stain was solubilized in acetic acid
and quanti®ed on an ELISA plate reader (EAR 400 AT,
SLT Lab Instruments, Austria) at 590 nm. Sample
values were compared to those obtained from cells
grown in media containing vehicle alone (0.1% DMSO).
Four or ®ve wells were used per treatment/time point.
Since the cells are primary cultures from different
donors with subtle, inherent differences in growth rates,
and the dye used is made up fresh each time, there are
slight, but measurable differences in actual OD readings
between experiments. Thus, the data are presented as
the mean � standard deviation (SD) as a percent of
controls to facilitate the use of values from at least three
independent, replicate experiments.

Transfection of HMECs and luciferase assays

Transient transfection studies using a luciferase-
reporter construct were performed to assess RA-speci®c
gene activation. The plasmid pGudLuc7rare (provided
by Dr. Michael Denison and Jane Rogers), contains two
tandem copies of the RA-response element sequence
from the human RARb gene ligated upstream of a
minimal MMTV promoter and the ®re¯y luciferase
gene. The pGudLuc7rare plasmid, a carrier plasmid
(PGL3.2; Promega Corp., Madison, WI) and renilla-
reporter plasmid (pRL-CMVRenilla; Promega Corp.,
Madison, WI) containing the anthozoan coelenterate
renilla reniformis gene, were introduced into HMECs
by transient transfection using calcium-phosphate
(Sambrook et al., 1989). Transfections were conducted
in HMECs plated in 6-well tissue culture plates in media
and were approximately 75% con¯uent at the time of
transfection. Twenty-four hours after transfection,
fresh media containing retinoids (tRA or ROH as
indicated) either alone or in combination with citral, or
DMSO vehicle alone, was then added. Following incu-
bation for the indicated times (24, 72, 96 or 144 h.), cells
were harvested and assayed for luciferase and renilla
activity using the luciferase-renilla dual reporter assay
kit (Promega Corp.). Luciferase-renilla reporter gene
activities were determined using a luminometer
(Turner Designs, Sunnyvale, CA). Treatments were
conducted in duplicate or triplicate per experiment.
Luciferase activity is presented following normalization
to renilla-luciferase activity to account for variations in
transfection ef®ciency. Each experiment was conducted
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twice; data are presented as mean�SD luciferase
activity in arbitrary units.

Statistical analysis

One-way analysis of variance (ANOVA) with subse-
quent post-hoc comparisons by Scheffe, were performed
using Statview (Brainpower Inc., Calabazas, CA). A
P value of 0.05 was considered statistically signi®cant.
Values are presented as the mean� standard deviation
(SD) unless otherwise indicated.

RESULTS
Effects of ROH and tRA on cell number

Treatment of HMEC cultures with either ROH or tRA
resulted in fewer cells and this response was both time-
and dose-dependent (Fig. 1A and 1B). The effect of these
retinoids on cell number was not apparent until after
day 3, except at the highest dose tested (10mM), for
which signi®cantly fewer cells were observed on day 3.
That the effects on total cell number were not apparent
until >3 days of exposure is not unexpected, given that
the average doubling time of control HMECs was
40.24� 4.3 h. HMECs exhibited greater sensitivity to
the anti-proliferative effects of tRA in comparison to its
physiological substrate, ROH. Based on day 9 values, all
doses of tRA >0.001 mM resulted in at least 25% fewer
cells, while only doses of ROH exceeding 1.0 mM achie-
ved this same extent of change in cell number. These and
other data (not shown) indicate that an ROH concentra-
tion of �1.25mM was necessary for a 50% reduction in
the total number of cells by day 9. In subsequent studies,
cells were treated with the tRA isomers 13cRA and
9cRA. In comparison to an equivalent (1 mM) concentra-
tion of tRA, the isomer 9cRA was only about 28% as
potent as tRA, while the 13-cis isomer was only about
22% as potent (data not shown). Retinyl palmitate, a
prominent retinyl ester produced from incubation with
retinol, did not effect cell numbers at the concentrations
tested (data not shown). Thus, tRA was the dominant
anti-proliferative retinoid.

Cellular ROH uptake and metabolism

HMECs treated with 2.5 mM ROH exhibited rapid and
substantial uptake of ROH. The extent of cell uptake is
re¯ected in the marked decrease in the media ROH
concentration which declined to 20% of that in dishes
without cells by 24 h (Fig. 2). Media ROH levels then
remained relatively constant through 72 h in HMEC-
containing dishes. ROH disappearance from media in
dishes without cells occurred at a fairly constant, slow
rate (�0.008 mM ROH/h) through the 72-h time-course
of the study. The rate of media ROH disappearance in
the presence of HMECs was approximately 10 times
faster (0.079 mM ROH/h) during the ®rst 24 h of treat-
ment. No other retinoids were detected in the media at
any time.

Determination of cell-associated ROH concentrations
substantiated the rapid and marked uptake pattern by
the media analysis. HMECs contained a small quantity
of endogenous ROH (�36 pmoles/mg protein). Incuba-
tion in media containing 2.5 mM ROH resulted in a rapid
accumulation of ROH by 0.2 h, reaching a peak
concentration at 2 h (�820 pmoles/mg protein) (Fig. 3A).

Cell-associated ROH concentrations then decreased
rapidly by 6 h before exhibiting a more gradual decline
over the remaining incubation period. Even with this
progressive decline, cell-associated ROH levels were
still slightly greater at 72 h when compared to basal,
pretreatment values.

Endogenous tRA was present in HMECs at low
concentrations (�3.5 pmoles/mg protein). Upon ROH
treatment, cell-associated levels of tRA increased by
0.2 h (�10 pmoles/mg protein), and continued to increase,
reaching a peak concentration by 6 h (�43 pmoles/mg
protein) (Fig. 3B). Thereafter, cellular tRA concentra-
tions declined gradually. Even at 72 h, cellular tRA levels
were still more than four-fold higher than the initial,

Fig. 1. Dose and time-dependent changes in relative cell number of
HMECs treated on day 1 with (A) retinol at: 0.001 mM (! ), 0.01mM
(^), 0.1 mM (&), 1.0 mM (*) or 10 mM (~) or (B) all-trans retinoic acid
at: 0.001 mM (! ), 0.01mM (^), 0.1 mM (&), 1.0 mM (*) or 10 mM (~).
Each symbol represents the mean�SD cell number as a percent of the
corresponding experiment time-point control from at least two
independent experiments. Control cells exhibited a doubling time
(mean�SD) of 40.24� 4.6 h. *Signi®cantly different than control
(P � :05); **Signi®cantly different than control (P � :01) by one-way
ANOVA test.
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pretreatment value. Levels of tRA in DMSO treated cells
did not change over the 72-h time-course (data not
shown). While tRA was the predominant polar metabo-
lite produced from ROH, both 13cRA and 9cRA were also
detected. The temporal appearance of 13cRA was
similar to that of tRA with a peak of �6.5 pmoles/mg
protein; 9cRA appearance, however, exhibited no dis-
cernable temporal pattern and never exceeded �2.5
pmoles/mg protein (data not shown). Based on the
temporal appearance of 13cRA and subsequent tests
evaluating isomerization during sample preparation
(data not shown), it is likely that a substantial propor-
tion of the 13cRA is a result of nonenzymatic isomeriza-
tion. Although it is less clear whether 9cRA was the
product of similar events, it is likely that it is generated
in part via nonenzymatic isomerization.

Incubation with 2.5 mM ROH also resulted in the pro-
duction and accumulation of retinyl esters in HMECs.
While initial concentrations of retinyl esters were
negligible, they reached peak concentrations at 6 h
(�370 pmoles/mg protein) and remained constant for
the duration of the study (Fig. 3C). Retinyl oleate
and palmitate were the predominant esters followed
by linoleate, heptadecanoate, and stearate (data not
shown). The relative proportions of these individual
retinyl ester forms did not change during the experi-
ment. Total retinyl ester concentrations remained
unchanged in untreated cells over the time-course of
the experiment (data not shown).

Dose dependent ROH metabolism

Studies evaluating the response of HMECs to varying
concentrations of ROH indicated both dose- and time-
dependence for ROH uptake and tRA synthesis. As
shown in Figure 4A, peak levels of cell-associated ROH
were proportional to the concentration of ROH in the
media. Each dose of ROH resulted in a similar temporal
pattern of cellular ROH accumulation. Cell-associated

levels of tRA were also proportional to the concentration
of ROH in the cells (Fig. 4B). Quantitatively, tRA was a
relatively minor metabolite. The peak concentration of
tRA was only 5.5% of the peak level of ROH. By 24 h,
however, cell-associated tRA as a proportion of the
corresponding dose of ROH had increased to an average
of 13%.

Luciferase activity in HMECs treated
with ROH or tRA

In HMECs transiently transfected with a RARE-
luciferase reporter plasmid, treatment with either ROH
or tRA resulted in a marked increase in luciferase
activity, indicating RA-speci®c transcriptional induc-
tion of the reporter gene. As depicted in Figure 5,
treatment with tRA resulted in a dose-dependent
increase in luciferase activity at 24 h, with 1 mM tRA
resulting in luciferase activity > 30-fold higher than
vehicle only treated controls. The level of luciferase
activity in response to lower concentrations of tRA was
similar (between 8.5- and 10.6-fold higher than control)
for both 0.01 and 0.10 mM tRA. Luciferase activity in
response to 3 mM ROH was intermediate between that
observed for the two lower doses of tRA.

Effects of citral on ROH metabolism
and cell number

To further examine the relationship between ROH
conversion to tRA and the biological activity of ROH,
studies were conducted using citral, an inhibitor of RA
synthesis. In preliminary studies (data not shown),
citral concentrations of �12 mM resulted in cytotoxicity
with exposure longer than 6 days. Thus, in these exp-
eriments a lower, nontoxic citral dose was used. To
further aid in comparisons, a dose of 1.25 mM ROH (the
concentration resulting in a 50% reduction in cell
number) was used in all experiments.

Treatment of HMECs with citral resulted in marked
inhibition of tRA synthesis and an attenuation of bio-
logical responses to retinol. As shown in Figure 6, simul-
taneous treatment of HMECs with 1.25 mM ROH plus
5 mM citral resulted in 2.5 to 3.1-fold less cell-associated
tRA at 4 and 6 h, respectively, compared to cells treated
with only 1.25 mM ROH. As depicted in Figure 7, this
citral inhibition of tRA synthesis markedly affected the
ability of ROH to induce RA-speci®c luciferase reporter
activity. Simultaneous treatment of reporter gene
transfected HMECs with 1.25mM ROH and 5 mM citral,
resulted in a >80% attenuation of luciferase activity at
24 h compared to cells treated with 1.25mM ROH alone.
This effect persisted through 72 h, at which point luce-
ferase activity was still>65% lower in cells treated with
ROH plus citral compared to cells treated with ROH
alone. A similar level of attenuation of retinol-induced
luciferase activity by citral was observed up to 144 h
(data not shown). Citral also attenuated the extent of the
ROH-mediated reduction in HMEC number. As shown
in Figure 8, incubation with 1.25 mM ROH resulted in
36% and 55% fewer cells on days 6 and 9, respectively,
compared to controls. The combination of 5mM citral and
1.25 mM ROH together, resulted in a >31% attenuation
of the anti-proliferative effects observed with ROH
alone. Citral alone (5 mM) did not affect cell number at
any time.

Fig. 2. Comparison of the retinol concentration of media following
treatment with 2.5 mM retinol in either the presence or absence of
cells. Each symbol represents the mean�SD from two independent
experiments each utilizing duplicate dishes per time point.
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DISCUSSION

Retinoic acid is a potent modulator of cell growth and
differentiation. In our studies, we show that both all-
trans retinoic acid (tRA), and its metabolic precursor
retinol (ROH), exhibit anti-proliferative effects and that
the lesser number of HMECs in response to ROH is
mediated by the conversion to RA. In our normal HMEC
model system, ROH reduced the number of cells with
doses at or exceeding 1 mM, and resulted in 50% fewer
cells at �1.25mM. Studies using melanoma (Lotan,
1979), mammary carcinoma (Halter et al., 1990), and
airway epithelial cells (Rutten et al., 1988; Chopra et al.,
1989; Halter et al., 1990) have demonstrated a similar
effect on cell number with corresponding doses of ROH.
Circulating levels of ROH in humans are approximately
2 mM (Rogers et al., 1993; Nierenberg et al., 1997),
suggesting that ROH could regulate mammary epithe-
lial cell growth in vivo. In comparison, tRA was much
more potent, exhibiting a �25% reduction in total cell
number at doses exceeding 0.001mM and mediating a
50% decrease in cell number at �0.05mM. The extent of
HMEC sensitivity with respect to decreases in total cell
numbers in response to tRA is consistent with previous
reports using both normal (Lee et al., 1995; Chen et al.,
1997; Seewaldt et al., 1999a) and cancer-derived mamm-
ary cells (Takatsuka et al., 1996; Fontana et al., 1988;
Chen et al., 1997; Cho et al., 1997; Agadir et al., 1999).
Overall, our ®ndings in HMECs are consistent with
previous comparative studies demonstrating a greater
biological potency of RA compared to ROH or other
metabolic RA precursor retinoids (Lacroix and Lippman,
1980; Lotan et al., 1980; Ueda et al., 1980). Given that
ROH serves as the metabolic precursor of tRA, these
observations suggest that ROH-mediated decreases in
cell number could be a result of the metabolic conversion
of ROH to RA by the HMECs.

The manner by which tRA exerts its anti-proliferative
effects is unknown. Although apoptosis was not assessed
directly in our studies, visual observations did not
indicate cell death (not shown). Recent studies using
similar mammary cells have provided evidence that tRA
inhibition of cell growth is irreversible and is a conse-
quence of cell cycle arrest, not apoptosis (Seewaldt et al.,
1997, 1999a,b) and that dysregulation of cyclin D1 may
be a factor (Seewaldt et al., 1999b).

Examination of ROH metabolism by intact HMECs
demonstrated that these cells have the capacity to take-
up ROH and metabolically generate RA. Uptake of ROH
by HMECs was rapid and substantial, occurring largely
within 2 h of treatment. The introduction of a physiolo-
gical dose of ROH into the media in an unbound state
likely contributed to the observed rapidity of cell uptake.
Although the kinetics of cellular ROH uptake are
affected by its mode of delivery, the ratio of product to
substrate has been shown to remain constant, irrespec-
tive of whether the ROH is presented in a free or protein-
bound form (Hodam and Creek, 1998). Although the
cellular ROH concentrations declined substantially by
6 h, they were still within physiologically relevant
concentrations through 72 h.

Temporally, the peak concentration of cell-associated
tRA coincided with the precipitous decline in cell-
associated ROH. The cellular RA concentrations ob-

Fig. 3. Concentration of HMEC-associated retinoids over time
following treatment with 2.5 mM retinol. Panel A shows the pattern
of HMEC-associated retinol. Panel B shows the pattern of HMEC-
associated all-trans RA. Panel C shows the pattern of HMEC-asso-
ciated retinyl esters. Each bar represents the mean�SD from two
independent experiments each utilizing duplicate dishes per time
point.
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served in our studies at 6 h following ROH treatment are
similar in magnitude to those obtained using keratino-
cytes (Randolph and Simon, 1993; Kurlandsky et al.,
1994). While tRA was the predominant polar metabolite

produced from the conversion of ROH to RA, both 13cRA
and 9cRA were also detected. Although the temporal
pattern of 13cRA was similar to that of tRA, cell-
associated levels of the 13-cis isomer never exceeded
17% of that for tRA (data not shown). 9cRA, however,
exhibited no speci®c temporal pattern. Although trace
quantities of 9cRA were detected at 1 h, cell-associated
levels of this isomer remained at �6% of that for tRA
(data not shown). In other systems, evidence has been
presented for both enzymatic and nonenzymatic gen-
eration of 13-cis and 9-cis RA (Shih et al., 1986, 1997;
Urbach and Rando, 1994; Mertz et al., 1997; Lanvers
et al., 1998; Romert et al., 1998). Although we cannot
rule out the possibility of enzymatic 13-cis RA synthesis,
a major proportion is likely the result of nonenzymatic
oxidation. However, given that tRA can isomerize to
13cRA and 9cRA, these metabolites may be contributing
to the cellular pool of tRA. Thus, the values reported
herein for tRA would be even greater if the contribution
of all isomers to cellular RA levels is considered.

It should be noted that these HMECs contained a
small quantity of endogenous ROH and a minute quan-
tity of tRA. Since these cells are primary cultures used at
early passages, the levels of endogenous retinoids likely
re¯ect stores remaining from exposure to circulating
levels in vivo, and thus would also correspond to some
degree with the dietary intake of the individual donors.
Since the 0.5% serum in the culture media results in a
concentration of�0.015mM ROH (unpublished observa-
tions), the growth media would likely make a negligible
contribution to endogenous ROH levels.

Metabolic dose-response studies demonstrate that
tRA production is dependent on the pool of cellular ROH,
which in turn is proportional to the concentration of

Fig. 5. Comparison of luciferase activity in transfected HMECs
treated with either retionol or all-trans retinoic acid. Cells were
transfected with an RA-speci®c reporter plasmid containing two
tandom copies of the RA-response element from the human RARb gene
ligated upstream of the gene for luciferase, the plasmid pRL-CMV-
Renilla, and carrier plasmid (pGL3.2) as described in the Methods.
Twenty-four hours after transfection, cells were treated with fresh
media containing the indicated retinoids or vehicle (DMSO) alone as a
control. Following a 24-h treatment period, cells were assayed for
luciferase and renilla activity as described in the Methods. Experi-
ments were carried out twice, each using 2 lines±3 wells/treatment.
Each bar represents the mean�SD of renilla-normalized luciferase
activity from triplicate dishes per time point from a representative
experiment.

Fig. 4. Comparison of retinol uptake and retinoic acid synthesis by
HMECs in response to varying media retinol concentrations. Cells
were treated with media containing either 0.625, 1.25 or 2.50 mM
retinol. At the indicated times following initiation of treatment, cells
were harvested, extracted and retinoids analyzed and quantitated by

HPLC as described in Methods. Shown are the levels of HMEC-
associated retinol (panel A) and all-trans RA (panel B). Each bar
represents the mean�SD from two independent experiments each
utilizing duplicate dishes per time point.
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ROH in the media. Peak-to-peak comparisons of sub-
strate (ROH) and product (tRA) indicate that the same
proportion of tRA was formed from ROH, irrespective of
the concentration of ROH in the media. At any con-
centration, however, only a relatively small proportion
of the administered ROH appears to be converted to tRA,
(between 5% and 14%, depending on the time-point); a
®nding consistent with other reports of ratios of ROH to
RA production (Wang et al., 1993; Kurlandsky et al.,
1994; Napoli, 1999). Metabolically, the majority of ROH
taken-up by HMECs was converted to retinyl esters.
Unlike tRA, the pattern of retinyl ester synthesis
remained relatively constant from 6 h following treat-
ment, at which time retinyl esters were the predominant
cell-associated retinoid. Similar results have been
reported both in vivo and in vitro (Randolph and Simon,
1993; Chen et al., 1997; Yost et al., 1988). Retinyl oleate
was the predominant ester in HMECs, with retinyl
linoleate, palmitate and others also contributing to the
total retinyl ester pool (data not shown). Retinyl oleate
and palmitate were the predominant forms of esters in
studies using human keratinocytes (Randolph and
Simon, 1993; Kurlandsky et al., 1994). Although similar
to the pattern of retinyl esters in keratinocytes, the
predominance of retinyl oleate observed in HMECs is
different from that observed in liver tissue and isolated
hepatocytes wherein retinyl palmitate is the predomi-
nant retinyl ester (Furr et al., 1986; Furr, 1990). While
retinyl palmitate can be the predominant ester form
in milk, the composition of milk retinyl esters as well
as that of milk fat, is determined by both the type of
fatty acids in the diet and from diet-related differences
in de novo synthesis of fatty acids within the mammary

gland (Ross et al., 1985). In addition, the retinyl ester
content of human milk has been shown to change over
the course of the post-partum period (Chappell et al.,
1985).

To further ascertain the biological signi®cance of the
production of tRA from ROH, a speci®c, RA-responsive
(bRARE-luciferase) reporter gene construct was trans-
fected into HMECs to assess whether RA-dependent
transcriptional activation could occur in response to
ROH treatment. Compared to controls, treatment of
transfected cells with 3 mM ROH resulted in a 12-fold
increase in luciferase activity. The magnitude of this
response to ROH was intermediate between those ob-
tained with 0.01 and 0.10mM tRA, a concentration of
tRA similar to that generated by HMECs in metabolism
studies. Thus, the synthesis of tRA by HMECs from a
physiological dose of ROH would likely affect endogen-
ous expression of RA-responsive genes.

To determine if tRA is directly responsible for the
reductions in total cell number, citral, an aldehyde
dehydrogenase inhibitor previously shown to prevent
the production of RA from ROH and retinal (Connor and
Smit, 1987; Kurlandsky et al., 1994; Tanaka et al., 1996;
Kikonyogo et al., 1999), was introduced into the cell
system. Treatment of HMECs with 5 mM citral resulted
in a 31% attenuation of the reduction in cell number
compared to treatment with ROH alone. While studies
using citral in other systems have demonstrated greater
reductions in biological activity than we observed here,
this is likely due to the use of higher doses of citral (as
high as 100mM) and/or a shorter experimental time-
course (Connor, 1988; Schuh et al., 1993; Tanaka et al.,
1996; Kurlandsky et al., 1994). In our 9-day time-course

Fig. 6. Effect of citral on retinoic acid synthesis from retinol in
HMECs. Cells were plated in standard MEBM. After 2 days (�80%
con¯uency), media was replaced with fresh media containing either
1.25 mM retinol alone, 1.25 mM retinol together with 5 mM citral, or
vehicle (DMSO) alone. At the indicated times cells were harvested,
extracted and retinoids analyzed and quantitated by HPLC as des-
cribed in Methods. Each bar represents the mean�SD of HMEC-
associated all-trans RA from two independent experiments each
utilizing duplicate dishes/treatment/time point.

Fig. 7. Effect of citral treatment on retinol-induced luciferase
activity in transfected HMECs. Cells were transfected with an RA-
speci®c reporter plasmid (pGudLuc4RARE), the plasmid pRL-
CMVRenilla, and a carrier plasmid (pGL3.2) as described in the
Methods. At 24 h after transfection, cells were treated with fresh
media containing either 1.25 mM retinol alone, 1.25 mM retinol
together with 5 mM citral, or vehicle (DMSO) alone. Cells were then
assayed for luciferase and renilla activity at the indicated times
following effector addition as described in the Methods. Experiments
were carried out twice, each using 2±3 wells/treatment. Each bar
represents the mean SD of renilla-normalized luciferase activity from
triplicate dishes per time point from a representative experiment.
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HMEC system, doses of citral exceeding 12 mM were
cytotoxic.

To substantiate that citral attenuation of the decrease
in cell number in response to ROH was a direct result of
altered tRA synthesis, we also examined the production
of tRA in the presence of ROH and citral. Indeed, cells
cultured in the presence of 5 mM citral and 1.25mM ROH
produced at least 53% less tRA than cells cultured with
ROH alone, indicating that citral was signi®cantly inhi-
biting tRA production. Citral inhibition of tRA synthesis
also markedly affected the ability of ROH to induce RA-
speci®c luciferase reporter activity. Simultaneous treat-
ment of transfected HMECs with 1.25mM ROH and
5mM citral, resulted in a>67% attenuation of luciferase
activity at 24 h compared to cells treated with 1.25mM
ROH alone. Of biological importance is the observation
that the citral attenuation of luciferase activity per-
sisted through 72 h.

Citral treatment also resulted in highly consistent
effects on tRA synthesis (60±68% inhibition) and ROH-
induction of RA-speci®c reporter gene activation (� 65%
inhibition). However, citral resulted in a comparatively
lower extent of attenuation of ROH-induced decreases in
cell number (32%). This apparent discrepency may be
related inherent differences in the cell population used
for these particular assays (e.g., biological variability),
the differences in time-points used to evaluated the
effects, and/or be re¯ective of the nature of these bio-
logical endpoints. Measurable effects of citral on both
tRA synthesis and reporter gene activity would likely
occur much more rapidly (within hours) compared to

effects on cell number. These normal cells have an
average doubling time of �40 h. Thus, the effect on cell
number is likely a result of a cascade of events that
would take days to culminate in the relative decrease in
cells. There may also be a threshold level of RA nece-
ssary to cause a change in cell number. This `threshold
effect' could be due to the extent to which tRA is bound to
cellular binding proteins and RA-receptors. Growth
responsiveness of a variety of cell lines to tRA has
been correlated with RARb and/or RARa expression
(Seewaldt et al., 1995; Shao et al., 1996; Nicke et al.,
1999; Qiu et al., 1999; Shang et al., 1999). Although less
tRA was present owing to citral inhibition of its syn-
thesis, disproportionately more of it could be bound to
RA-receptors versus sequestered by binding to cellular
binding proteins, with the end result being a less than
predicted effect on cell number. Metabolic clearance
(catabolism) of tRA may also be a factor contributing to
the biological activity or tRA. Accelerated RA catabolism
can be induced with prolonged exposure to tRA (Martini
and Murray, 1993; Muindi et al., 1994; Howell et al.,
1998). Thus, even with a citral-induced reduction in RA
synthesis, the induction of catabolic pathways could
result in RA breakdown to a proportionally greater
extent, reducing tRA half-life and attenuating longer
term biological responses such as those affecting cell
numbers. It is worth noting that the extent of cell
number reduction observed with 1.25mM ROH plus
5 mM citral, is similar to the extent of cell number
reduction from exogenous 0.001mM tRA alone, and that
in metabolic studies, 1.25mM ROH resulted in�10ÿ9 M
tRA production.

In aggregate, our studies demonstrate that HMECs
have the capacity to take-up extracellular ROH and
ef®ciently metabolize it to both the active and storage
forms, (retinoic acid and retinyl esters), respectively.
These ®ndings are in accordance with studies examin-
ing the metabolism of retinoids in keratinocytes
(Randolph and Simon, 1993; Kurlandsky et al., 1994).
Our observation that concentrations of ROH typically
found in human circulation exert anti-proliferative
effects on normal HMECs, demonstrates the application
of our model system and ®ndings to in vivo conditions. In
addition, we show that in HMECs, the ROH-mediated
reduction in cell number is a direct consequence of the
quantity of RA produced in situ. Thus, perturbations in
the cellular capacity to generate RA from its precursor
ROH may play a prominent role in processes affecting
cell proliferation.
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