——r—

uman MDR1

moto, T., and
gen-activated
. Natl. Acad.

ns, P. D. The
1. Cell. Biol.,

Regulation of
etinoblastoma

S. Activating
5'-monophos-
) cAMP. Mol.

r ATF cDNA
ectively form

Leiden, J. M.
actor that can
c. Natl. Acad.

nal character-
otein. Nucleic

, Dowjat, K,
silences gene
ew model for

and Nutritional

ty, uptake, and
ealth Perspect.,

kel oxides and
anine phospho-

icals including
tat. Res., 261:

ewbold, N. F.
ionizing radia-
, 1995.

in nickel-trans-
6038, 1989.
xpression of the

onal factor 1 in
5683, 1995.

", P. Oncogenic
na gene. Nature

C., and Haugen,
s after exposure

{CANCER RESEARCH 57, 5067-5072, November 15, 1997]

Morphological and Biochemical Status of the Mammary Gland as Influenced by
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ABSTRACT

Previous research showed that treatment with conjugated linoleic acid
(CLA) during the period of active mammary gland morphogenesis was
sufficient to confer a lasting protection against subsequent mammary
fumorigenesis induced by methylnitrosourea. The present study was de-
signed to characterize certain morphological and biochemical changes of
the mammary gland that might potentially render it less susceptible to
cancer induction. Female Sprague Dawley rats were fed a 1% CLA diet
from weaning until about 50 days of age. The mammary gland parameters
under investigation included (a) the deposition of neutral lipid, (») the
identification and quantification of CLA and its metabolites, (c) the den-
sity of the epithelium, and (d) the proliferative activity of various struc-
tural components. OQur results showed that CLA treatment did not affect
total fat deposition in the mammary tissue nor the extent of epithelial
invasion into the surrounding fat pad but was able to cause a 20%
reduction in the density of the ductal-lobular tree as determined by
digitized image analysis of the whole mounts, This was accompanied by a
suppression of bromodeoxyuridine labeling in the terminal end buds and
lobuloalveolar buds. The recovery of desaturation and elongation prod-
ucts of CLA in the mammary gland confirmed our prior suggestion that
the metabolism of CLA might be critical to risk modulation. The signifi-
cance of the above findings was investigated in a mammary carcinogenesis
bioassay with the use of the dimethylbenz[a]anthracene model. When
CLA was started at weaning and continued for 6 months until the end of
the experiment, this schedule of supplementation produced essentially the
same magnitude of mammary tumor inhibition in the dimethylbenz[a]an-
thracene model as that produced by 1 month of CLA feeding from
weaning. The observation is consistent with the hypothesis that exposure
to CLA during the time of mammary gland maturation may modify the
developmental potential of a subset of target cells that are normally
susceptible to carcinogen-induced transformation.

INTRODUCTION

Past research showed that CLA® has powerful cancer protective
activity in a number of animal tumor models (1-6). With respect to
mammary carcinogenesis in the rat, dietary supplementation of CLA
has been reported to exert a unique inhibitory effect that is not
commonly shared by many anticancer agents. The recent work of Ip
and coworkers (7) demonstrated that CLA exposure limited to the
period of active mammary gland development was sufficient to confer
a lasting protection against subsequent chemically induced tumori-
genesis in the target organ. In that experiment, CLA was fed to the
animals between 21 days (weaning) and 55 days of age, and a single
dose of MNU was administered for mammary tumor induction at day
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56. No CLA was provided in the diet after carcinogen treatment. The
above observation has a very significant implication for cancer pre-
vention and is the subject of additional research reported herein.

The present study was designed to examine certain morphological
and biochemical changes of the mammary gland after 1 month of
CLA supplementation starting from weaning. Specifically, our objec-
tive was to define the degree of morphological development of the
mammary gland as well as alteration in its biochemical constituents
that might potentially render it less susceptible to cancer risk. The end
points under investigation included (a) the total amount of lipid in the
mammary gland, (b) the identification and quantification of CLA and
its metabolites in the mammary tissue, (¢) the density of the mammary
epithelium and the area of the mammary fat pad occupied by the
mammary tree, and (d) the proliferative activity of various mammary
structural components.

Different carcinogens are known to cause specific mutations that
may contribute to the process of oncogenesis (8). As indicated earlier,
our initial study regarding the protective effect of CLA following
short-term supplementation (instituted at an early age and prior to
carcinogen treatment) was done using the MNU model. To rule out
that this phenomenon of risk reduction is not an occurrence that is
only characteristic of MNU-induced oncomutations, we repeated the
tumor experiment with the DMBA model in the study reported here.
Additionally, we also evaluated the relative efficacy of the timing of
CLA supplementation by comparing the magnitude of mammary
cancer inhibition in rats that were fed CLA from weaning to 50 days
of age versus those that were given CLA from weaning to the end of
the experiment, i.e., including the entire period of tumor promotion
and progression. This kind of information is important not only for
formulating prevention strategies but also for targeting future research
directions.

MATERIALS AND METHODS

Animals and CLA Supplementation. Pathogen-free female Sprague
Dawley rats were purchased from Charles River Breeding Laboratories at
weaning. They were fed the basal AIN-76A diet with or without supplemen-
tation with 1% CLA (Nu-Chek, Elysian, MN). For the studies that were
designed to examine the morphological and biochemical changes of the mam-
mary gland, the animals were sacrificed after 1 month on either the control or
the CLA diet. The number of rats used in each type of analysis is indicated in
the “Results” section. For the mammary carcinogenesis experiment, a total of
120 rats were divided equally into four groups according to the following
dietary treatment: group A, control diet from weaning to termination of the
experiment (see below); group B, 1% CLA diet from weaning to 50 days of age
followed by a switch to the control diet; group C, 1% CLA diet from 55 days
of age to termination of the experiment; and group D, 1% CLA diet from
weaning to termination of the experiment.

Lipid Extraction. Total lipid was extracted from frozen pulverized mam-
mary tissue by the method of Folch et al. (9). Neutral lipid and phosphdlipid
were separated with the use of a Sep-Pak silica cartridge, as described in an
earlier publication (5). The amount of lipid recovered in each of these fractions
was measured.
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Quantification of Conjugated Diene Polyunsaturated Fatty Acids. For
the determination of conjugated diene polyunsaturated fatty acids, total lipid
extracted from the abdominal-inguinal mammary glands (without separation
into neutral lipid and phospholipid) was used as the starting material. Free fatty
acids were obtained by a mild saponification procedure as described by Banni
et al. (10) and collected in n-hexane. After solvent evaporation, the residue was
redissolved in CH,CN/0.14% CH,COOH (v/v) for injection into the high-
performance liquid chromatography system. Separation of unsaturated fatty
acids was carried out with a Hewlett-Packard 1050 liquid chromatograph
equipped with a diode array detector 1040M (Hewlett-Packard, Palo Alto,
CA). A C-18 Alltech Adsorbosphere column, 5-um particle size, 250 X 4.6
mm, was used with a mobile phase of CH,CN/H,0/CH,COOH (70/30/0.12,
v/viv) at a flow rate of 1.5 ml/min. Nonconjugated diene unsaturated fatty
acids were detected at 200 nm, and conjugated diene unsaturated fatty acids
were detected at 234 nm. Spectra (195-315 nm) of the eluate were obtained
every 1.3 s and were stored electronically. Second-derivative UV spectra of the
conjugated diene fatty acids were generated using the Phoenix 3D HP Chem-
station software. These spectra were taken to confirm the identification of the
high-performance liquid chromatography peaks. Details of the methodology
regarding the characterization of conjugated diene fatty acids in both reference
and biological samples have recently been published by Banni and coworkers
(11).

Preparation of Mammary Gland Whole Mount and Analysis of Epi-
thelial Density. The abdominal-inguinal mammary gland chain was excised
in one piece and stretched onto a 75 X 50 mm microscope slide. The whole
mount was fixed in 10% buffered formalin for 12-18 h and rinsed in distilled
water. It was then dehydrated using a series of ethanol solutions (70, 95, and
100%) for 1 h each and cleared with two changes of toluene for 1 h each. The
tissue was rehydrated with water and immersed in alum carmine stain for 5-7
days. Once staining was complete, the whole mount was dehydrated using
ethanol as described above and cleared with one change of xylene for 2 h. Each
whole mount was then placed in a 4 X 6-inch heat-sealable pouch and filled
with 20 ml of methyl salicylate. Methyl salicylate was chosen as the clearing
agent, because its refractory index is very close to that of tissue. This resulted
in superior photographic resolution with a clean background. The pouch was
left overnight, and on the next day, it was pressed flat to remove excess methyl
salicylate and air. All whole mounts were photographed using a Nikon 55 mm
camera equipped with a digital camera back. The digitized images were
analyzed by scanning densitometry.

All images were presented as an array of pixels. The manipulation of images
and all calculations of the parameters were performed on an MPC 200
workstation running the UN-SCAN-IT software (Silk Scientific, Inc., Orem,
UT). For each mammary gland chain, the same anatomical region was as-
sessed. This assessment was restricted to the abdominal inguinal mammary
gland chain and specifically to the region cephalic to the anterior-most lymph
node located in the fourth mammary gland. This lymph node served as an
anatomical landmark from which a line perpendicular to the cephalocaudal
axis of the animal was projected across the image of the mammary gland. The
gland cephalic to this line was cut into image segments, including only the area
occupied by the mammary epithelium. The absorbance of each segment and
the total area of each segment were then quantified and saved to disk. The
density and area of all segments were then summed and averaged. An inter-
active density thresholding technique was used to select the pixel intensity
value (gray value) above which pixels were discriminated from the remainder
of the gland as mammary epithelium. This was done for all images by one
observer. Preliminary studies (data not shown) indicated that the use of
absorbance per unit area is capable of detecting differences in the maturity of
the mammary gland that occurs in young rats as well as the remarkable
differences in gland development observed between the virgin and pregnant
states. The above approach is based on previous work in rats and mice in which
a scoring system for assessing mammary gland maturity was described (12)
and on studies in humans in which digitized mammographic images were
evaluated for breast density (13).

Assessment of Mammary Epithelial Proliferation by BrdUrd Labeling.
Rats were injected i.p. twice a day for 3 consecutive days with 50 mg/kg of
BrdUrd dissolved in saline. After excision, the abdominal-inguinal mammary
glands were fixed in methacarn, processed in an autotechnicon, and embedded
in paraffin blocks. Tissues were cut into 5-um sections and placed onto
3-aminopropyl-triethoxysilane-prepared slides. The sections were then heat
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immobilized, deparaffinized in xylene, rehydrated in descending grades of
ethanol, and rinsed in deionized water. The proportion of labeled cells was
detected by immunohistochemical staining as described by Eldridge ez al. (14).
Endogenous peroxidase activity was quenched by incubating in 3% H,0,
Mouse anti-BrdUrd (Becton Dickinson) was then applied at a dilution of 1:40
for 60 min; this was followed by treatment with biotinylated rabbit antimous:
antibody (DAKO Corp.) and streptavidin horseradish peroxidase. The slides
were counterstained with hematoxylin, rinsed, dehydrated, and mounted with
Permount. Cells that incorporated BrdUrd were identified by brown granules
over the nuclei. One thousand nuclei in each of different mammary compart
ments (i.e., duct, terminal end bud, and lobuloalveolar bud) were counted, and
the number that stained positive was noted.

Mammary Tumor Induction and Determination of Proliferative Activ-
ity and Apoptosis in Mammary Tumors. Mammary tumors were induced by
the intragastric intubation of 10 mg of DMBA at 50 days of age. Animals were
palpated weekly, and the time of appearance and location of tumors in the
mammary gland were recorded. The experiment was terminated 21 weeks after
DMBA treatment. By that time, the development of palpable tumors had
plateaued for several weeks across all groups. Only histologically confirmed
adenocarcinomas are reported in “Results.” Tumor incidences at the final time
point were compared by x* analysis, and the total tumor yield between the
control and CLA-treated groups was compared by frequency distribution
analysis, as described previously (15).

Proliferative activity in the mammary tumors was determined by BrdUnd
labeling, as described in an earlier section. Apoptosis in paraffin-embedded
tumor sections was evaluated following the procedure supplied with the
ApopTag 228 kit, which was purchased from Oncor (Gaithersburg, MD). In
brief, the principle of the assay is based on the addition of digoxigenin-labeled
nucleotides to the 3’-hydroxyl ends of double- or single-stranded DNA, cata-
lyzed by the terminal deoxynucleotidyl transferase enzyme. An antidigoxige-
nin antibody conjugated to peroxidase and a chromogenic substrate (diamine-
benzidine) are then used to detect incorporated digoxigenin nucleotides in
cells.

RESULTS

Effect of CLA Feeding on Lipid Content of the Mammary
Gland. Recent studies indicated that mice and chickens fed a 0.5%
CLA diet showed a 50% reduction in body fat (16). Because deposi-
tion of mammary fat is known to regulate epithelial growth in this
tissue, we decided to first examine the effect of CLA on the concen
tration of fat in the mammary gland. Table 1 summarizes the lipid
content in the mammary fat pad of rats fed either the control or 1%
CLA diet. Both diets were given starting at weaning and continuing
for 1 month before the animals were sacrificed. There was no differ-
ence in the amounts of total lipid, neutral lipid, and phospholipid that
were extractable from the mammary tissue between the two groups.
Neutral lipid represented a predominant constituent of total lipid. This
is consistent with the fact that triglyceride-containing adipocytes area
major component of the mammary tissue. On the other hand, phos
pholipid is present at a concentration that is about 100 X less.
Epithelial cells are the primary source of phospholipid in the mam-
mary gland. The low phospholipid level is reflective of the incomplete
differentiation state of the mammary epithelium seen in a nonpregnan
and nonlactating animal. The method used for separating the neutrd
lipid and phospholipid fractions recovered approximately 90% of tota
lipid. It is possible that more polar lipids might be left on the column.
Our immediate plan is to investigate this in greater detail and t

Table 1 Lipid content in mammary fat pad of rats fed either control or 1% CLA diel’

Neutral lipid

Diet” Total lipid (mg/g of tissue wet wt) Phospholipid
Control 266 * 25 230 + 20 22%03
1% CLA 260 = 16 227 £ 24 21%x03

“ Values are expressed as mean + SE (n = 6).
® Diets were fed from weaning to 50 days of age.
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Table 2 Conjugated diene polyunsaturated fatty acids (CD-PUFAs) in mammary tissue
of rats fed control or 1% CLA dief”

CD-PUFA® (nmol/mg of lipid)

Diet CD 18:2 CD 18:3 CD 20:3
Control 27x02 04 £0.1 04 *£0.1
1% CLA 176.9 + 6.0° 24 03¢ 5.6 = 0.3°

9 Values are expressed as mean * SE (n = 6).

® The type of polyunsaturated fatty acid is designated by the length of the carbon chain
(18 or 20) and the number of double bonds (2 or 3).

¢ P < 0.001.

determine any potential changes in phospholipid composition due to
CLA feeding.

Although our previous studies have hinted that the metabolism of
CLA may represent a vital step in cancer protection, the character-
ization of various conjugated diene polyunsaturated fatty acids in the
mammary gland of CLA-fed rats has not been delineated. Because the
composition of individual saturated and unsaturated fatty acids in the
mammary tissue of CLA-supplemented rats under various dietary
conditions has been described in our earlier publication (5), the results
shown here will focus only on CLA and its metabolites. Banni et al.
(11) have recently published detailed analytical methodologies re-
garding the identification of various conjugated diene polyunsaturated
fatty acids; the same method was used to quantify these derivatives in
the mammary gland of control and CLA-fed rats. As shown in Table
2, in addition to CLA (CD 18:2), two other conjugated diene poly-
unsaturated fatty acids were detected, an 18-carbon triene fatty acid
(CD 18:3) and a 20-carbon triene fatty acid (CD 20:3). All three
conjugated diene polyunsaturated fatty acids were present at very low
levels in the mammary tissue of control rats. Their concentrations
were elevated to different degrees upon supplementation with 1%
CLA in the diet: 65-fold with CD 18:2, 6-fold with CD 18:3, and
14-fold with CD 20:3. The above finding suggests that CLA could be
desaturated further (from a diene to a triene) and elongated (from an
18-carbon to a 20-carbon fatty acid) while still maintaining the con-
jugated diene structure.

Effect of CLA on Morphology and Density of the Mammary
Epithelium. It is possible that CLA may reduce mammary cancer
fisk by directly or indirectly inhibiting the expansion and proliferation
of mammary epithelial cells. If this were the case, one might expect to
observe a less complex mammary ductal-lobular tree and a reduction
in proliferative index associated with the growing epithelium (termi-
nal end buds and/or alveolar buds as opposed to the more stable
subtending ducts). Fig. 1 shows representative mammary gland whole
mounts from control rats or rats fed 1% CLA. A total of 10 mammary
glands were examined from each group. Overall, we could not detect
any significant differences in the area of the mammary fat pad
occupied by the mammary epithelium as a result of dietary treatment.
The density of the mammary epithelium was evaluated by densito-
metric analysis of the digitized images as described in “Materials and
Methods.” The data in Table 3 are expressed as absorbance per mm?,
giving the mean * SE as well as the 95% confidence interval of the
two groups. Our analysis indicated that there was a 21% reduction in
the density of the mammary epithelium in the CLA-treated rats. This
decrease was statistically significant (P = 0.009).

Table 4 reports the effect of CLA feeding on proliferative activity
of the mammary epithelium as measured by BrdUrd labeling. No
change was detected in the cells lining the ducts. However, DNA
synthesis in the terminal end buds and lobuloalveolar buds was
inhibited by about 30% (P < 0.05) as a result of CLA supplementa-
tion. The multiple BrdUrd dosing method over a 3-day period (see
“Materials and Methods™) increases the sensitivity of the technique by
allowing more cells to be labeled and also provides the advantage of

being able to mirror steady-state rather than snapshot information.
Additionally, this method evens out the slight variations in prolifer-
ative activity of the mammary epithelial cells due to estrous cycle
hormonal surges.

Effect of Timing of CLA Supplementation on DMBA-induced
Mammary Carcinogenesis. What is the implication of the above
morphological and biochemical changes in relation to mammary
cancer risk reduction? This question was addressed by the carcino-
genesis bioassay. Our primary objective was to determine whether
continuous feeding with CLA for 6 months would be more effective
in cancer prevention when compared to the 1-month CLA feeding
protocol administered during the period of mammary gland morpho-
genesis. The results of this experiment are shown in Table 5. As
indicated in “Materials and Methods,” three different schedules of
CLA supplementation were instituted: from weaning to 50 days of age
(group B), from 55 days of age to the end of the experiment (group C),
and from weaning to the end of the experiment (group D). In all three
CLA-supplemented groups as well as in the control group, DMBA
was administered to the animals at 50 days of age. At this point, it is
important to clarify that our previous work has demonstrated that
CLA intake did not affect DMBA binding to mammary DNA (3).
Additionally, as will be discussed below, CLA has no effect on phase
1 and phase II enzymes that are involved in the metabolism of DMBA.

Regardless of whether CLA was given according to the protocol of
group B or group C, it reduced the total number of tumors by about
50% (P < 0.05). These observations are consistent with that described
in our previous reports (5, 7). Interestingly, when CLA was started at
weaning and continued to the end of the experiment (Group D), this
schedule of supplementation produced essentially a magnitude of
tumor inhibition (57%) comparable to that seen in groups B or C. In
terms of the timing and length of CLA exposure, group D was
representative of the sum of groups B and C. Thus, it might have been
predicted that the effects at each stage would have been additive; i.e.,
the magnitude of tumor inhibition in group D would be in the range
of 75% [50% inhibition from feeding CLA prior to DMBA, plus an
additional 25% (50% of 50%) inhibition from feeding CLA after
DMBA]. The fact that the additive effect was not observed suggests
that different mechanisms may be operative depending on whether
CLA exposure is coincidental with the period of active mammary
gland morphogenesis and development (group B) or occurs during the
period of tumor progression after the mature gland is exposed to a
carcinogen (group C).

Given the somewhat unexpected result obtained in group D, the
above mammary carcinogenesis study was repeated to confirm the
reproducibility of the findings. When the data were evaluated at week
15 post-DMBA in the second experiment, the same pattern was found
to emerge as that reported in Table 5. Specifically, the magnitude of
tumor inhibition was again not statistically different between groups B
and D; the total number of palpable tumors was reduced by 45% in
group B and 50% in group D. Usually, this type of experiment is
maintained for 20 weeks or longer after carcinogen treatment to
achieve a plateauing of tumor appearance. In this duplicate experi-
ment, we decided to terminate it at week 15 post-DMBA treatment, so
that we could harvest a reasonable number of tumors that would be
suitable for the BrdUrd labeling and apoptosis assays. A total of 10
tumors were obtained from group A (control), and 10 tumors were
obtained from group D (continuous CLA supplementation). These
tumors were chosen based on the criterion that they all showed a fairly
uniform growth rate as determined by weekly caliper measurements.
Our intention was to avoid the abnormally large tumors (which are
frequently necrotic) and the very small tumors (which have a tendency
to remain static).

Both the BrdUrd labeling and apoptosis results are reported as a
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