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Abstract. Tocopherols and tocotrienols represent the two subclasses within the vit-
amin E family of compounds. However, tocotrienols are significantly more potent than
tocopherols in suppressing epidermal growth factor (EGF)-dependent normal mam-
mary epithelial cell growth. EGF is a potent mitogen for normal mammary epithelial
cells and an initial event in EGF-receptor mitogenic-signalling is protein kinase C
(PKC) activation. Studies were conducted to determine if the antiproliferative effects
of specific tocopherol and tocotrienol isoforms are associated with a reduction in
EGF-receptor mitogenic signalling and/or PKC activation. Normal mammary epithe-
lial cells isolated from midpregnant BALB/c mice were grown in primary culture, and
maintained on serum-free media containing 10 ng/mL EGF as a mitogen, and treated
with various doses (0-250 um) of d-, y-, or d-tocopherol or a-, y-, or d-tocotrienol.
Treatment with growth inhibitory doses of &-tocopherol (100 um), a-tocotrienol
(50 pm), or y- or d-tocotrienol (10 um) did not affect EGF-receptor levels, EGF-
induced EGF-receptor tyrosine kinase activity, or total intracellular levels of PKCa.
However, these treatments were found to inhibit EGF-induced PKCa activation as
determined by its translocation from the cytosolic to membrane fraction. Treatment
with 250 UM a- or y-tocopherol had no affect on EGF-receptor mitogenic signalling or
cell growth. These findings demonstrate that the inhibitory effects of specific tocoph-
erol and tocotrienol isoforms on EGF-dependent normal mammary epithelial cell
mitogenesis occurs downstream from the EGF-receptor and appears to be mediated,
at least in part, by a reduction in PKCa activation.

INTRODUCTION

Vitamin E compounds are recognized as important antioxidants that regulate peroxidation reac-
tions and control free-radical production within the body (Packer 1991). However, these
compounds have also been shown to inhibit normal and neoplastic mammary epithelial cell
proliferation (Nesaretnam et al. 1998; Yu et al. 1999; Mclntyre ef al. 2000a,b). Tocopherols and
tocotrienols represent the two subclasses in the vitamin E family of compounds. Tocopherols are
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commonly found in high concentrations in a wide variety of foods, whereas tocotrienols are
relatively rare and found in appreciable levels only in a few specific vegetable fats, such as
palm oil (Cottrell 1991). Tocopherols and tocotrienols have the same basic chemical structure
characterized by a long phytyl tail attached to a chromane ring. However, tocopherols have a
saturated, whereas tocotrienols have an unsaturated phytyl tail, and individual isoforms of
tocopherols and tocotrienols differ form each other based on the degree of methylation of the
chromane ring. Studies have shown that individual tocopherol and tocotrienol isoforms display
differential potencies in suppressing normal mammary epithelial cell growth that can be char-
acterized as O-tocotrienol = y-tocotrienol > a-tocotrienol > d-tocopherol > y- and a-tocopherol
(Mclntyre et al. 2000a).

At present, the exact intracellular mechanism(s) mediating the antiproliferative effects of
tocopherols and tocotrienols is unknown. However, EGF is a potent mitogen for normal
mammary epithelial cells (Imagawa ef al. 1990; Sylvester ef al. 1994; Mclntyre et al. 1995)
and specific tocopherol and tocotrienol isoforms have been shown to inhibit EGF-dependent
mammary epithelial cell proliferation (Mclntyre et al. 2000a,b). The mitogenic actions of EGF are
mediated through specific membrane-bound tyrosine kinase receptors (Ullrich & Schlessinger
1990). Furthermore, EGF-dependent mitogenesis in normal mammary epithelial cells is asso-
ciated with the activation of phospholipid-dependent PKC, and treatments that enhance PKC
activation stimulate, whereas treatments that inhibit PKC activation inhibit, EGF-induced
mammary epithelial cell proliferation (Imagawa et al. 1990; Sylvester et al. 1994; Birkenfeld
et al. 1996a,b). Therefore, studies were conducted to determine if the antiproliferative effects of
specific tocopherol and tocotrienol isoforms results from an inhibition in EGF-receptor
mitogenic signalling and/or PKC activation in normal mouse mammary epithelial cells grown
in primary culture.

MATERIALS AND METHODS

Isolation and culture of mammary epithelial cells

Normal mouse mammary epithelial cells were isolated and prepared for primary culture as
previously described (Sylvester ef al. 1994). All materials were purchased from Sigma Chemical
Company (St. Louis, MO), unless otherwise stated. Briefly, mammary glands from midpregnant
BALB/c mice were removed, minced, and subjected to collagenase followed by pronase E diges-
tion. Mammary epithelial cells isolated from midpregnant mice were selected for experimenta-
tion because these cells are highly responsive to EGF-induced mitogenesis (Imagawa et al.
1990). Mammary epithelial cell organoids were then isolated by a series of filtrations through
sterile filters, plated within rat tail collagen gels, and fed growth media (Dulbecco’s modified
Eagle’s minimal essential medium; DMEM/F,, 1: 1, insulin 10 pg/mL, penicillin 100 U/mL,
streptomycin 100 pg/mL, 10% bovine calf serum (Hyclone, Logan, UT). Plates were then placed
in a humidified incubator at 37 °C in an environment of 95% air and 5% CO,. After a 2-day
incubation period, mammary epithelial cell organoids were again isolated by collagenase diges-
tion and filtration. This double isolation procedure provides isolated mammary epithelial cell
organoids ready for experimentation that are devoid of fibroblast and adipocyte contaminants
(Jones et al. 1983). Mammary epithelial cells were then plated within collagen gels at a density
of 2 x 10 cells/0.5 mL collagen in 24-well tissue culture plates (growth studies) or 1 x 107 cells/
8 mL collagen in 100 mm culture plates (Western blot experiments). In growth studies, cells
were divided into different treatment groups and fed serum-free control or treatment media
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consisting of DMEM/F12 containing 5 mg/mL bovine serum albumin (BSA), 10 pg/mL trans-
ferrin, 100 U/mL soybean trypsin inhibitor, 100 U/mL penicillin, 0.1 mg/mL streptomycin,
10 ng/mL EGF, and 10 pg/mL insulin, and 0—250 um -, y- or d-tocopherol or -, y- or &
tocotrienol. In order to dissolve the highly lipophilic vitamin E compounds in aqueous culture
media, these compounds were conjugated to BSA as previously described (McIntyre et al.
2000a,b). Measurement of viable cell number was determined in 24-well culture plates (6—8
wells/group) by the 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) colori-
metric assay as described previously (Sylvester et al. 1994). In studies assaying cellular levels
of EGF-receptor or total PKCa, cells were grown in control or treatment medium for 5 days,
then isolated from their collagen gels with collagenase, and whole cell lysates were prepared for
Western blot analysis of EGF-receptor and PKCa as describe previously (Mclntyre et al. 1995;
Birkenfeld ef al. 1996a,b). In studies assaying EGF-induced EGF-receptor tyrosine kinase activ-
ity or PKCa activation, cells were grown is control or treatment media for 5 days, isolated from
collagen gels, and then resuspended in their corresponding EGF-free control or treatment media
for a 3-h period to restore intracellular protein phosphotyrosine intensity (Mclntyre et al. 1998;
Mclntyre & Sylvester (1998) and cytosolic and membrane PKCa concentrations (Sylvester
et al. 1994, Birkenfeld et al. 1996a,b) to basal levels. Afterwards, cells were stimulated with
100 ng/mL EGF for 0—60 min, and then whole cell lysates were prepared for Western blot ana-
lysis of EGF-induced intracellular protein phosphotyrosine intensity or subjected to subcellular
fractionation followed by Western blot analysis of EGF-induced PKCa translocation from the
cytosolic to membrane (Sylvester et al. 1994; Birkenfeld et al. 1996a,b).

Electrophoresis and Western blot analysis

Whole cell lysates and subcellular fractions obtained from the different treatment groups were
dissolved in Laemmli buffer (Laemmli 1970) and protein concentrations in each sample was
determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) according to the manu-
facturer’s directions. Equal amounts of protein from each sample (25-50 pg/lane) in a given
experiment were loaded on polyacrylamide minigels and electrophoresed through a 7.5% resolv-
ing gel. Proteins were transblotted (25 V for 12—-16 h) to PVDF membranes (Dupont, Boston,
MA) according to the methods of Towbin (Towbin ez al. 1979). Membranes were blocked with
2% BSA in 10 mm Tris—HCI containing 50 mm NaCl and 0.1% Tween 20, pH 7.4 (TBST) and
then incubated with either antiphosphotyrosine monoclonal antibody (PY20, Transduction
Laboratories, Lexington, KY), anti-EGF-receptor rabbit polyclonal antibody (1005:sc-03, Santa
Cruz Biotech, Santa Cruz, CA) or anti-PKCa monoclonal antibody (P16520, Transduction
Laboratories, Lexington, KY) in TBST with 2% BSA for 2 h. Membranes were then rinsed 5
times with TBST and then incubated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse or goat anti-rabbit second antibody (Transduction Laboratories, Lexington, KY) in
TBST with 2% BSA for 1 h. Afterwards, blots were rinsed five times with TBST and protein
bands were visualized by chemiluminescence according to the manufacture’s instructions (Pierce,
Rockford, IL). In each experiment, blots from each treatment group were exposed on the same
piece of film (Kodak X-OMAT AR, Rochester, NY). Images were acquired with a Microtek
9600XL scanner (Microtek Lab Inc., Redondo Beach, CA) and analysed with Scion software
(Scion, Frederick, MD).

Statistical analysis

Differences among the various treatment groups were determined by analysis of variance
followed by Duncan’s multiple range test. A difference of P < 0.05 was considered to be significant,
as compared to controls or as defined in the figure legends.
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Figure 1. Effects of specific tocopherol (a) and tocotrienol (b) isoforms on EGF-induced normal mammary epithelial
cell growth in primary culture. Vertical bars represent mean cell count/well + SEM of six to eight wells in each treat-
ment group at the end of the 5-day culture period. *P < 0.05, as compared to controls within each respective treatment
group.

RESULTS

Treatment effects of specific tocopherol and tocotrienol isoforms on EGF-dependent normal
mammary epithelial cell growth in primary culture are shown in Fig. 1. Treatment doses for
specific tocopherol and tocotrienol isoforms were selected to induced approximately 50%
growth inhibition as compared to controls based on previously published dose-response studies
(Mclntyre et al. 2000a). Although treatment with up to 250 uMm a- or y-tocopherol has not been
shown to inhibit EGF-induced normal mammary epithelial cell growth (Mclntyre et al. 2000a),
these treatments were included in the present study to serve as negative controls. Cells grown
in serum-free control media displayed approximately a 3-fold increase in viable cell number
over the 5-day culture period (Fig. 1a,b). In agreement with previous findings, supplementation
of culture medium with 250 pum o or y-tocopherol had no effect (Fig. 1a), whereas treatment
with 100 um d-tocopherol (Fig. 1a), or 50 um a-tocotrienol, 10 pm Y-, or d-tocotrienol (Fig. 1b)
inhibited EGF-induced normal mammary epithelial cell growth by approximately 50% as
compared to controls.
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Figure 2. Effects of growth inhibitory or maximum tested doses of individual tocopherol and tocotrienol isoforms on
EGF-receptor levels in normal mammary epithelial cells grown in primary culture. Cells were grown in primary culture
for 5 days in serum-free control or treatment media containing 10 ng/mL EGF. Treatments included the following:
Controls (C); 250 pm O-tocopherol (a-T); 250 pum y-tocopherol (y-T); 100 pm d-tocopherol (8-T); 50 UM O-tocotrienol
(0-T3); 10 um y-tocotrienol (y-T3); or 10 pum S-tocotrienol (8-T3). Whole cell lysates (25 pg/lane) from the different
treatment groups were fractionated by SDS-PAGE and then subjected to Western blot analysis for EGF-receptor. Scan-
ning densitometric analysis of EGF-receptor levels visualized in Western blots displayed in (a) is shown in (b). Vertical
bars represent the integrated optical density of bands visualized in each lane.

The effects of 250 pm a- or y-tocopherol, 100 um &-tocopherol, 50 uM O-tocotrienol, or
10 UM y-, or d-tocotrienol on EGF-receptor levels in normal mammary epithelial cells grown
for 5 days in primary culture are shown in Fig. 2. Whole cell lysates obtained from the various
tocopherol and tocotrienol treatment groups showed little or no differences in relative levels of
EGF-receptor as compared to controls (Fig. 2a). Scanning densitometric analysis of the EGF-
receptor protein bands displayed in Fig. 2a are shown in Fig. 2b.

The effects of 250 pm - or y-tocopherol, 100 um &-tocopherol, 50 uM O-tocotrienol, or
10 pM y- or &-tocotrienol on EGF-induced intracellular protein phosphotyrosine intensity in
normal mammary epithelial cells grown for 5 days in primary culture are shown in Fig. 3.
Following a 3-h period in EGF-free media, basal levels of intracellular protein phosphotyrosine
intensity showed no differences between control and individual tocopherol treatment groups
(Fig. 3a). Following a 5-min exposure to 100 ng/mL EGE, there was a large increase in intra-
cellular protein phosphotyrosine intensity and this increase was similar in all treatment groups
(Fig. 3a). Likewise, basal levels of intracellular protein phosphotyrosine intensity in EGF-free
media was similar in control and individual tocotrienol treatment groups, and following a 5-min
exposure to 100 ng/mL EGF there was a similar increase in intracellular protein phosphotyro-
sine intensity among these treatment groups (Fig. 3b).

The effects of 250 pm a- or y-tocopherol, 100 um &-tocopherol, 50 UM O-tocotrienol, or
10 UM y- or d-tocotrienol on total PKCa levels in normal mammary epithelial cells grown for
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Figure 3. Effects of growth inhibitory or maximum tested doses of individual tocopherol and tocotrienol isoforms
on basal (— EGF) and EGF-induced (+ EGF) intracellular protein phosphotyrosine intensity in normal mammary
epithelial cells grown in primary culture. Cells were grown in primary culture for 5 days in serum-free control or
treatment media containing 10 ng/mL EGF. Treatments included the following: Controls (C); 250 pm a-tocopherol
(0-T); 250 pm y-tocopherol (y-T); 100 pm 8-tocopherol (8-T); 50 pum a-tocotrienol (a-T3); 10 pm y-tocotrienol (y-T3);
or 10 pum 8-tocotrienol (8-T3). Afterwards, cells were isolated from collagen gels and resuspended in their respective
EGF-free treatment media. After a 3-h incubation period, cells were exposed to 0 or 100 ng/mL EGF for 5 min and
then lysed. Whole cell lysates (25 pg/lane) from the different treatment groups were fractionated by SDS-PAGE
and then subjected to Western blot analysis for phosphotyrosine intensity. Treatment effects are shown for individual
tocopherols (a) and tocotrienols (b).

5 days in primary culture are shown in Fig. 4. Whole cell lysates obtained from the different
treatment groups showed that total intracellular levels of PKCa was slightly lower in y- and o-
tocotrienol treated cells as compared to the other treatment groups. However, this reduction was
relatively minor and did not show a consistent correlation with individual treatment group
effects on mammary epithelial cell proliferation (Fig. 4a). Scanning densitometric analysis of
the PKCa protein bands displayed in Fig. 4a are shown in Fig. 4b.

The effects of 250 um a- or y-tocopherol, 100 pm &-tocopherol, 50 um O-tocotrienol, or
10 pm y- or &-tocotrienol on EGF-induced PKCa activation in normal mammary epithelial cells
after 5 days in primary culture are shown in Fig. 5. Following a 3-h period in EGF-free media,
exposure to 100 ng/mL EGF resulted in the translocation of PKCa from the cytosolic to mem-
brane fraction in controls, and this effect was not altered by treatment with 250 um Q- or
y-tocopherol (Fig. 5). In contrast, treatment with growth inhibitory doses of d-tocopherol, or O-, y-
or O-tocotrienol blocked EGF-induced PKCa translocation from the cytosolic to the membrane
fraction (Fig. 5). Scanning densitometric analysis of the cytosolic and membrane PKCa protein
bands displayed in Fig. 5 is shown in Fig. 6.
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Figure 4. Effects of growth inhibitory or maximum tested doses of individual tocopherol and tocotrienol isoforms
on total cellular levels of PKCa in normal mammary epithelial cells grown in primary culture. Cells were grown in
primary culture for 5 days in serum-free control or treatment media containing 10 ng/mL EGF. Treatments included
the following: Controls (C); 250 pum a-tocopherol (a-T); 250 pum y-tocopherol (y-T); 100 pum d-tocopherol (8-T); 50 pum
a-tocotrienol (a-T3); 10 UM y-tocotrienol (y-T3); or 10 pm S-tocotrienol (8-T3). Whole cell lysates (25 pg/lane) from
the different treatment groups were fractionated by SDS—-PAGE and then subjected to Western blot analysis for PKCa.
Scanning densitometric analysis of PKCa levels visualized in Western blots displayed in (a) is shown in (b). Vertical
bars represent the integrated optical density of bands visualized in each lane.

DISCUSSION

Results demonstrate that tocopherol and tocotrienol inhibition of EGF-dependent normal mouse
mammary epithelial cell growth does not result from a decrease in EGF-receptor levels or EGF-
induced EGF-receptor tyrosine kinase activity. Rather, it appears that the inhibitory effects of
specific vitamin E isoforms on EGF-dependent mitogenic signalling in these cells occur down-
stream from the EGF-receptor. Previous investigations have shown that PKCa activation is
an early event in EGF-induced mammary epithelial cell mitogenesis (Sylvester et al. 1994;
Birkenfeld et al. 1996a,b). The present study shows that although treatment with growth
inhibitory doses of &-tocopherol, or a-, y- or d-tocotrienol did not alter total intracellular levels
of PKCa, these treatments were found to inhibit EGF-dependent PKCa translocation from the
cytosolic to membrane fraction. These finding suggest that the antiproliferative effects of specific
tocopherol and tocotrienol isoforms on mammary epithelial cells are mediated, at least in part,
by a reduction in PKC activation.

Recent studies showed that individual tocotrienols are significantly more potent than toco-
pherols in regard to their antiproliferative activity in normal, preneoplastic and neoplastic
mammary epithelial cells (Mclntyre ef al. 2000a,b). Although the exact mechanism mediating
tocopherol and tocotrienol suppression of EGF-dependent cell growth is unknown, the
mitogenic actions of EGF are mediated through specific membrane-bound EGF-receptors that
contain a cytoplasmic tyrosine kinase domain (Ullrich & Schlessinger 1990). EGF stimulation
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Figure 5. Effects of growth inhibitory or maximum tested doses of individual tocopherol and tocotrienol isoforms on
EGF-induced PKCa translocation from the cytosolic to membrane fraction in normal mammary epithelial cells grown
in primary culture. Cells were grown in primary culture for 5 days in serum-free control or treatment media containing
10 ng/mL EGE Treatments included the following: Controls (C); 250 pum a-tocopherol (O-T); 250 pum y-tocopherol (y-
T); 100 pum 3-tocopherol (3-T); 50 UM O-tocotrienol (a-T3); 10 um Yy-tocotrienol (y-T3); or 10 pum &-tocotrienol (3-T7).
Afterwards, cells were isolated from collagen gels and resuspended in their respective EGF-free treatment media. After
a 3-h incubation period, cells were exposed to 100 ng/mL EGF for 0—60 min. At various time periods after EGF expo-
sure, aliquots of cells from each treatment group were prepared for cytosolic and membrane fractionation. Cytosolic
fractions (25 pg/lane) and membrane fraction (50 pg/lane) from each treatment group were fractionated by SDS-PAGE
and then subjected to Western blot analysis for PKCa.

of the EGF-receptor activates receptor tyrosine kinase activity and induces EGF-receptor auto-
phosphorylation (Ullrich & Schlessinger 1990). EGF-receptor autophosphorylation sites are
required for substrate interaction and tyrosine phosphorylation (Ullrich & Schlessinger 1990).
However, tocopherol and tocotrienol suppression of EGF-dependent mitogenesis was not found
to be associated with a reduction in EGF-receptor levels or tyrosine kinase activity function in
normal mammary epithelial cells. These findings indicate that the antiproliferative effects of
specific tocopherol and tocotrienol isoforms do not result from suppression in EGF-receptor
mitogenic responsiveness.

It is well established that EGF stimulation of the EGF-receptor initiates multiple signal
transduction pathways associated with cell proliferation, including PKC activation (Imagawa
et al. 1990; Sylvester et al. 1994; Birkenfeld ef al. 1996a,b). Treatment with phorbol ester has been
shown to enhance phospholipid-dependent PKC activation and potentiate EGF-dependent
mammary epithelial cell growth, whereas treatment with PKC inhibitors induces the opposite
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Figure 6. Scanning densitometric analysis of Fig. 5 Western blot visualizing the relative levels of PKCa in cytosolic
and membrane fractions at various time points after exposure to 100 ng/mL EGF. Vertical bars represent the integrated
optical density of bands visualized in each lane.

results (Imagawa et al. 1990; Sylvester ef al. 1994; Birkenfeld et al. 1996a,b). PKC consist of
a large family of structurally homologous serine/threonine kinases, which display a wide range
of tissue and cellular distribution and have distinct sensitivities to lipid activation and regulation
(Birkenfeld ef al. 1996b). Previous studies have shown that PKCa is present in the highest
concentrations in normal mammary epithelial cells and the relative levels of this PKC isoform
increases throughout the period of log phase growth (Birkenfeld et al. 1996b).

Growth inhibitory doses of specific tocopherol and tocotrienol isoforms were found to have
little or no effect on total intracellular levels of PKCa in normal mammary epithelial cells grown
in primary culture. However, these same treatments were observed to inhibit EGF-induced
PKCa translocation from the cytosolic to membrane fraction. In contrast, treatment with
relatively high doses (250 um) of a- or y-tocopherol had no effect on EGF-dependent mammary
epithelial cell proliferation or PKCa translocation. Previous investigations in vascular smooth
muscle cells have shown that -tocopherol, but not B-tocopherol, indirectly attenuates PKCa
activation by stimulating protein phosphatases that act to dephosphorylate and diminish PKCa
enzymatic activity (Clement et al. 1997; Ricciarelli ef al. 1998). Although a-tocopherol has not
been shown to inhibit normal mammary epithelial cell growth, it is possible that similar mech-
anisms may be involved in mediating the growth inhibitory effects of other tocopherols and
tocotrienols isoforms in these cells. Additional studies are required to determine if specific toco-
pherol and tocotrienol isoforms stimulate phosphatase activity and/or alter PKCa phosphoryla-
tion levels and enzymatic activity.

It is not completely understood why individual tocopherol and tocotrienol display differ-
ential potencies in regard to their antiproliferative activity in normal mammary epithelial cells
grown in primary culture. Direct comparisons between these two vitamin E subclasses have
shown that tocotrienols are significantly more potent than tocopherols and this is directly related
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to the ease or selectivity with which these compounds accumulate within these cells (Mclntyre
et al. 2000a). It has been suggested that since mammary epithelial cells take up tocotrienols
preferentially over tocopherols, higher concentrations are present at their intracellular sites of
action, and thereby able to induce a greater biological response (Mclntyre ef al. 2000a). Studies
are currently underway to determine whether specific tocopherol and tocotrienol isoforms affect
additional intracellular components associated with EGF-receptor mitogenic signalling, such as
G-protein or phosphatidylinositol-3-kinase activation.
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