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Abstract. Susceptibility to 7,12-dimethylbenz(a)anthracene 
(DMBA)-induced mammary carcinogenesis was investigated 
in lean Zucker (+/fa) rats carrying one mutated leptin receptor 
gene and wild-type controls (+/+). Rats with both genotypes 
were given a single DMBA administration and divided into two 
groups, one group was fed on basal diet mixed with 10% corn 
oil and the other was fed on basal diet alone. The minimum 
latency period of palpable carcinomas in +/fa rats of both 
groups was 8 weeks following DMBA treatment, in contrast 
to the 11-12 weeks in +/+. The incidence and multiplicity of 
carcinomas increased or showed a tendency for increase in 
the early stages in +/fa rats of both groups as compared to 
the +/+ counterparts. The volumes of carcinomas showed a 
tendency to increase in the corn oil diet groups of both geno-
types. The major histopathological phenotype of carcinomas 
in all groups was well-differentiated without distinct atypia 
(multiplicity, 0.69-1.09/rat), but moderately/poorly differenti-
ated carcinomas with atypia were also found, predominantly 
in +/fa rats (0.09-0.21). These latter tumors were characterized 
by elevated ERK activity but not estrogen receptor expression. 
Serum leptin concentrations in +/fa rats at 7 weeks of age were 
higher than those in +/+ and were elevated by the corn oil 
diet; however, no obvious change was detected in other serum 
parameters examined. In conclusion, +/fa rats proved more 
susceptible to DMBA-induced mammary carcinogenesis than 
+/+ controls, and hyperleptinemia was suggested to contribute 
to tumor growth as well as to susceptibility to tumorigenesis 
and more aggressive phenotypes in Zucker lean rats.

Introduction

A relationship between obesity and breast cancer risk has been 
proposed based on epidemiological data, a positive associa-
tion with increasing body mass index being found particularly 
in postmenopausal women  (1-4). Although the underlying 
mechanisms have yet to be fully clarified, increased concen-
trations of circulating sex hormones are likely to contribute at 
least in part (5). In addition, circulating levels of an adipokine 
leptin, which is secreted mainly from adipose tissue and limits 
food intake and increases energy expenditure (6), was recently 
suggested to have a role independent of obesity indices in 
breast tumorigenesis (7). In estrogen receptor (ER)-positive 
breast cancer cells, leptin has been demonstrated to stimu-
late aromatase expression and cell proliferation, and both in 
ER-positive and -negative breast cancer cells, leptin induced 
transactivation of ErbB tyrosine kinase receptors, such as the 
epidermal growth factor receptor (EGFR) and ErbB-2 (HER2/
Neu), resulting in the induction of cell proliferation and 
increased survival (8-10).

To investigate the effects of obesity on mammary carci-
nogenesis, a number of animal models, featuring inherited 
obesity or feeding of a high fat/calorie diet, were employed. 
Fatty Zucker ( fa/fa) rats, which have autosomal recessive muta-
tion in the leptin receptor gene (11), develop hyperinsulinemia, 
but blood glucose remains at normal levels (12). In addition, 
they demonstrate significantly increased serum triglyceride, 
total cholesterol and leptin levels (12,13). Lean Zucker (+/fa 
and +/+) rats, by contrast, exhibit normal appearing metabolic 
functions and have been utilized as controls in chemically-
induced mammary carcinogenesis investigations (14-17). In 
a previous study, the latency period and/or the incidence of 
mammary carcinomas were reported to be shorter and greater, 
respectively, in female fa/fa than +/fa and +/+ rats treated with 
7,12-dimethylbenz(a)anthracene (DMBA) (15,17). However, in 
another study, female Zucker ( fa/fa) rats treated with N-methyl-
N-nitrosourea (MNU) showed a lower incidence of mammary 
carcinomas compared to lean Zucker controls (+/fa and +/+) (14). 
A number of factors may contribute to the discrepancy between 
the DMBA- and MNU-treated rats, and it remains unclear 
which obesity-associated internal parameters, such as hyperin-
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sulinemia, hyperleptinemia or hyperlipidemia, fundamentally 
affect mammary carcinogenesis.

We recently compared serum biochemical parameters 
between lean Zucker (+/fa) and (+/+) rats in combination with 
or without an obesity-inducing 10% corn oil diet, to clarify 
whether lean Zucker (+/fa) rats might also be more sensitive 
to the high fat diet than the +/+ controls (18). Serum leptin 
concentrations were higher in the (+/fa) case at 7 weeks of age 
(~140 pg/ml as compared to ~80 pg/ml in +/+; P<0.01), although 
the difference was significantly smaller at 12 weeks of age, and 
serum concentrations of other parameters including insulin, 
triglycerides and total cholesterol were similar between the 
two genotypes. In addition, both +/fa and +/+ rats fed basal 
diet mixed with 10% corn oil showed higher serum leptin 
levels than those fed basal diet alone, but no other parameters 
examined were altered by the obesity-inducing diet.

In the present study, to clarify the effects of hereditary and 
dietary hyperleptinemia on mammary carcinogenesis, lean 
Zucker (+/fa) rats with and without 10% corn oil feeding were 
utilized in a DMBA-induced mammary carcinogenesis model 
along with control lean Zucker (+/+) rats. In the present study, 
latency period and growth rates of mammary carcinomas 
were assessed by regular palpation, and at the termination, 
histopathological, immunohistochemical and western blot 
analyses were performed to determine expression profiles of 
estrogen- and intracellular signaling cascade-related proteins 
in the mammary carcinomas, as well as serum biochemistry 
for obesity-associated parameters. The data demonstrated 
+/fa rats to indeed be more susceptible to DMBA-induced 
mammary carcinogenesis than +/+ controls, with hyperlepti-
nemia appearing to be partly associated with tumor growth as 
well as with susceptibility to tumorigenesis and a more aggres-
sive phenotype in an estrogen-independent manner.

Materials and methods

Chemicals and animals. DMBA was purchased from Sigma 
Chemical (St. Louis, MO, USA) and dissolved in sesame oil at 
10 mg/ml prior to administration. A total of 100 female Zucker 
rats (lean phenotype) at 5 weeks of age were purchased from 
Charles River Japan (Kanagawa, Japan) and acclimated for 
1 week prior to genotyping by the method of Phillips et al (19). 
Throughout the acclimatization and experimental periods, the 
animals were housed at a maximum of 3 or 4 per plastic cage 
with white wood chips (Sankyo Laboratory Service, Tokyo, 
Japan) for bedding and transferred to clean cages with fresh 
bedding twice a week in a standard air-conditioned animal 
room (24±1˚C, 55±5% relative humidity, 12 h light and dark 
cycle). All animals had free access to basal diet (CRF-1; 
Oriental Yeast Co., Tokyo, Japan) and tap water until the start 
of the experiment.

Experimental protocol. Sixty-six +/fa and 32 +/+ rats at 
7 weeks of age received an intragastric administration of 
DMBA (50 mg/kg body weight) by gavage, and the animals 
of each genotype were then divided into basal diet (CRF-1; 
357 kcal/100 g) and 10% corn oil diet (CRF-1-based, Oriental 
Yeast; 414  kcal/100  g) groups. The present dose level of 
DMBA at 50 mg/kg body weight was selected based on our 
previous experiments, in which palpable mammary tumors 

were induced at adequate incidences for detection of endog-
enous and exogenous tumor promoting and/or inhibitory 
factors in Sprague-Dawley (20) and F344 rats (21). The dietary 
concentration of corn oil at 10% was selected based on the 
previously reported effective concentrations of linoleic acid for 
promotion of rat mammary tumor development (22). General 
conditions and mortality were checked daily and body weight 
was measured once a week during the experimental period. 
The amounts of supplied and residual diet were weighted 
weekly in order to calculate the average daily food intake per 
week. Following DMBA administration, a veterinary scien-
tist (T.I.) palpated cervix, thorax and abdomen of awake rats 
to detect mammary tumors once weekly. The length, width 
and height of each tumor were measured using a caliper and 
tumor volumes were calculated as follows: Volume = (length) 
x (width) x (height) x π/6.

For endpoints for this study, the rats were sacrificed when 
demonstrating over 20% decrease in body weight excluding 
total tumor weight and/or when symptoms of poor physical 
condition, such as decrease in locomotor activity, were found. 
Volume of mammary tumors was not considered important in 
this regard, since change in tumor volume was a key item for 
evaluation of the effects of rat genotype and corn oil diet. All 
remaining rats were sacrificed at 32 weeks following DMBA 
administration. The present study design was approved by 
the Animal Care and Utilization Committee of the National 
Institute of Health Sciences.

Necropsy and histopathology. At the end of the experimental 
period, blood samples were collected from the abdominal aorta 
of all surviving animals under ether anesthesia. Serum was 
separated and maintained at -80˚C until use. Following eutha-
nasia by exsanguination under ether anesthesia, animals were 
subjected to necropsy. Whole skins with mammary glands and 
tumors were removed, and the sizes of all mammary tumors 
were recorded. Tumor volumes were calculated in the same 
manner as for palpable tumors. Sections of frozen tissue of 
randomly selected mammary tumors of rats in all groups were 
prepared with liquid nitrogen and stored at -80˚C until use. 
The remaining tumor and mammary tissues were fixed in 10% 
neutral buffered formalin, processed routinely to paraffin-
embedded sections at 4-5 µm, and stained with hematoxylin 
and eosin (H&E) for histopathological analysis. Animals 
that died or that were sacrificed on becoming moribund were 
similarly necropsied and included for the sequential palpable 
tumor and postmortem analyses.

Immunohistochemistry. Primary antisera for the leptin 
receptor (goat polyclonal; Neuromics Antibodies, Edina, 
MN, USA; 1:1,000 dilution), smooth muscle actin (mouse 
clone 1A4; Dako, Glostrup, Denmark; 1:200), leptin (rabbit 
polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA, USA; 
1:200), ER α (mouse clone 6F11; Novocastra, Newcastle, UK; 
1:50 or 1:500), ER β (rabbit polyclonal; Affinity BioReagents, 
Rockford, IL, USA; 1:100) and aromatase (rabbit polyclonal; 
Abcam, Cambridge, MA, USA; 1:500), were utilized for 
immunohistochemistry. Analyzed mammary tumors were 
selected from all groups, on the basis of the genotype, diet 
and phenotypes. Paraffin sections 5, 5, 10 and 10 carcinomas 
from the +/+-basal diet, +/+-corn oil diet, +/fa-basal diet and 
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+/fa-corn oil diet groups, respectively, were used for leptin 
receptor, leptin, smooth muscle actin and ER α, and frozen 
sections of 3, 4, 4 and 5 each were for ER β and aromatase. 
Antigen retrieval for paraffin sections was carried out in an 
autoclave for 10 min at 121˚C in 10 mM citrate buffer (pH 6.0) 
for leptin receptor, smooth muscle actin and ER α. The strepta-
vidin-biotin-peroxidase complex method (StreptABComplex/
HRP; Dako) was used to determine the expression and 
localization of each antigen, and sections were lightly coun-
terstained with hematoxylin for microscopic examination. 
Negative controls without primary antibody reactions were set 
for each antigen using serial sections. The positivities for ER α 
in over 1,000 mammary adenocarcinoma cells were assessed 
on each paraffin section to give percentage values.

Western blot analysis. Twelve mammary tumors and four 
normal mammary tissue samples of the +/+-basal diet, 
+/+-corn oil diet and +/fa-basal diet groups were homogenized 
in extraction buffer (50 mM Tris-HCl pH 7.4, 3 mM EDTA, 
100 mM NaCl, 1% Tween-20, 10 mM sodium orthovanadate, 
1 mM PMSF, 10 µg/ml leupeptin, 20 µg/ml aprotinin) and 
centrifuged at 14,000 g for 20 min. Equal amounts of protein 
samples (50 µg) from collected supernatants were subjected 
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 
5-20% gradient acrylamide gels (ATTO, Tokyo, Japan), and the 
separated proteins were transferred to polyvinylidene difluoride 
membranes (Whatman, Sanford, ME, USA). Immunoblotting 
was performed using rabbit polyclonal antibodies against 
ER  β (Affinity BioReagents), aromatase (Abcam), signal 
transducer and activator of transcription (STAT)3 and phospho-
STAT3 (Thy705) (Cell Signaling Technology, Danvers, MA, 
USA), extracellular signal-regulated kinase (ERK)1/2 and 
phospho-ERK1/2 (R&D Systems, Minneapolis, MN, USA) or 
monoclonal antibodies against β-actin (mouse clone AC-15; 
Sigma), followed by exposure to peroxidase-labeled anti-rabbit 
or mouse polyclonal goat antibodies (Dako) and development 
of signals with TMB 3,3',5,5' tetramethylbenzidine (ATTO). 
Semi-quantitative analyses were performed using Scion Image 
(alpha4.0.3.0; Scion, Frederick, MD, USA).

Serum biochemistry. Concentrations of serum leptin, adipo-
nectin, insulin and insulin-like growth factor (IGF)-I were 
determined for randomly selected almost half and one third 
of samples from +/+- and +/fa-groups, respectively, using 
rat/mouse enzyme immunoassay kits from Yanaihara Institute 
(Shizuoka, Japan), Adipogen (Incheon, Korea), Mercodia 
(Uppsala, Sweden) and R&D Systems, respectively. Other 
serum biochemical parameters including triglyceride, total 
cholesterol and glucose were measured for all samples except 
for those lost due to sampling error at SRL (Tokyo, Japan).

Statistical analysis. The survival rates and incidence of 
palpable or histopathologically defined mammary tumors 
were analyzed for inter-group differences by the Fisher's 
exact probability test. Data for body weights and multiplicity, 
volume and latency of mammary tumors, ER α-positivity in 
mammary adenocarcinoma sections, serum biochemistry and 
western blot analysis data were examined with the Student's 
or the Welch's t-test following the F-test. Significance was 
inferred at the 5, 1 and 0.1% levels.

Results

Survival rates, body weights and food intake. At the end of 
the experiment, survival rates were 94% (15/16), 81% (13/16), 
85% (28/33) and 85% (28/33) in the +/+-basal diet, +/+-corn 
oil diet, +/fa-basal diet and +/fa-corn oil diet groups, respec-
tively, with no significant variation among the groups. Body 
weight curves of each group are shown in Fig. 1. Values of 
the +/+-corn oil diet group were higher than those of the 
+/+-basal diet group from week 4 to the end of the experi-
ment. In addition, the body weights of the +/fa-corn oil diet 
group were higher than those of the +/fa-basal diet group 
from week 8 to 20. The differences between +/+ and +/fa of 
both the basal and the corn oil diet groups were markedly 
smaller than those between the basal diet and corn oil diet 
groups in each genotype. Average food intake of the +/+-basal 
diet, +/+-corn oil diet, +/fa-basal diet and +/fa-corn oil diet 
groups were 11.8‑14.2, 9.2-12.8, 11.4-14.3 and 9.7-12.6 g/rat/
day, respectively, and those of the corn oil groups showed a 
tendency for decrease as compared to those of the basal diet 
groups in both genotypes.

Sequential changes in palpable mammary carcinomas. The 
minimum latency periods of palpable mammary carcinomas, 
which were histopathologically defined postmortem, were 
8  weeks following DMBA administration in both the +/
fa-basal and +/fa-corn oil diet groups, considerably shorter 
than the 11-12 weeks in the +/+-basal and +/+-corn oil diet 
groups (Fig.  2A). Incidence and multiplicity of palpable 
mammary carcinomas were increased or showed a tendency 
for increase in the early stages in +/fa-basal and +/fa-corn oil 
diet groups as compared to their +/+-counterparts, whereas 
their volume showed a tendency for increase in the corn oil 
diet groups of both +/+ and +/fa as compared to the basal diet 
groups (Fig. 2B and C).

Figure 1. Body weight curves. Open circles, +/+-basal diet; open triangles, 
+/+-10% corn oil diet; closed circles, +/fa-basal diet; closed triangles, 
+/fa-10% corn oil diet. *P<0.05 vs. +/+-basal diet (difference with the geno-
type basis); #P<0.05, ##P<0.01 vs. +/+-basal diet or +/fa-basal diet (difference 
with the diet basis).
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Final incidence, multiplicity and volume of mammary tumors. 
Incidence, multiplicity and volume findings for histopathologi-
cally defined mammary tumors are summarized in Table I. 
Histopathologically, mammary tumors could be classified 
as adenocarcinomas and benign lesions, such as adenomas, 
fibroadenomas and fibromas. Incidence and multiplicity 

of mammary carcinomas showed a tendency for increase 
(~1.5‑fold) in the +/fa-basal diet group as compared with 
+/+-controls, but no influence on the genotype was noted 
in the corn oil diet groups. Furthermore, the corn oil diet 
showed no apparent effect on the incidence and multiplicity of 
mammary carcinomas in each genotype. Incidence and multi-

Figure 2. Sequential changes in palpable mammary carcinomas. (A) Cumulative incidence of rats with carcinomas; (B) cumulative mean number of carcinomas 
per rat (multiplicity); (C) cumulative mean volume of nodule/mass of carcinomas. Open circles, +/+-basal diet; open triangles, +/+-10% corn oil diet; closed 
circles, +/fa-basal diet; closed triangles, +/fa-10% corn oil diet. *P<0.05, **P<0.01 vs. +/+-basal diet (difference with the genotype basis); #P<0.05 vs. +/fa-basal 
diet (difference with the diet basis).

Table I. Final incidence and multiplicity data for mammary tumors.

	 +/+ genotype	 +/fa genotype
	 -----------------------------------------------------------------------------------------------------	 ----------------------------------------------------------------------------------------------------
	 Basal diet (n=16)	 Corn oil diet (n=16)	 Basal diet (n=33)	 Corn oil diet (33)
	 -----------------------------------------------	 ------------------------------------------------	 -----------------------------------------------	 ----------------------------------------------
	 Incidence	 Multiplicity	 Incidence	 Multiplicity	 Incidence	 Multiplicity	 Incidence	 Multiplicity
	 (%)	 (No./rat)	 (%)	 (No./rat)	 (%)	 (No./rat)	 (%)	 (No./rat)

Carcinoma	 7 (44)	 0.88±1.41a	 8 (50)	 0.69±0.79	 20 (61)	 1.30±1.49	 19 (58)	 0.94±1.27
Adenoma	 1 (6)	 0.06±0.25	 1 (6)	 0.06±0.25	 0	 -	 1 (3)	 0.03±0.17
Fibroadenoma	 4 (25)	 0.25±0.45	 3 (19)	 0.25±0.58	 7 (21)	 0.30±0.64	 5 (15)	 0.24±0.61
Fibroma	 0	 -	 0	 -	 2 (6)	 0.06±0.24	 0	 -

aMeans ± SDs.

Table II. Final volumes of mammary tumors.

	 +/+ genotype	 +/fa genotype
	 ------------------------------------------------------------------------------------------------	 ---------------------------------------------------------------------------------------------------
	 Basal diet (n=16)	 Corn oil diet (n=16)	 Basal diet (n=33)	 Corn oil diet (n=33)
	 -------------------------------------------	 ---------------------------------------------	 -----------------------------------------------	 ---------------------------------------------
	 No. of	 Volume	 No. of	 Volume	 No. of	 Volume	 No. of	 Volume
	 tumors	 (cm3/tumor)	 tumors	 (cm3/tumor)	 tumors	 (cm3/tumor)	 tumors	 (cm3/tumor)

Carcinoma	 14	 2.06±4.14	 11	 6.72±8.89	 43	 2.92±6.29	 31	 6.86±12.14
Adenoma	 1	 0.01	 1	 0.21	 0	 -	 1	 0.11
Fibroadenoma	 4	 0.26±0.23	 4	 18.80±31.95	 10	 1.49±2.54	 8	 4.97±13.34
Fibroma	 0	 -	 0	 -	 2	 35.56±50.21	 0	 -

Values are means ± SDs.
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plicity of adenomas, fibroadenomas and fibromas were similar 
among the groups. On the other hand, volume of mammary 
carcinomas as well as fibroadenomas showed a tendency for 
increase by the corn oil diet with both +/+ and +/fa genotypes 
(Table II).

Histopathology, immunohistochemistry and western blot 
analysis of mammary carcinomas. Mammary adenocarci-
nomas found in the present experiment were mainly well 
differentiated without distinct nuclear atypia; however, some 
carcinomas showed moderately/poorly differentiated pheno-
types with nuclear atypia (Fig. 3A and E). Well differentiated 
carcinomas showed papillotubular structures with cribriform 
patterns, and the tubules were generally well demarcated with α 
smooth muscle actin-positive myoepithelial cells (Fig. 3B). On 
the other hand, moderately/poorly differentiated carcinomas 
showed distinct invasion with small cord/glandular or scat-
tering patterns mainly in the peripheral portion, and interstitial 
cell proliferation was prominent (Fig. 3F). The distribution 

of the sub-classified mammary carcinomas based on the 
morphological phenotypes among the groups is summarized 
in Table III. Incidence and multiplicity of moderately/poorly 
differentiated carcinomas with atypia showed a tendency for 
increase in the +/fa-basal diet and+/fa-corn oil diet groups as 
compared with their +/+-counterparts (Table III). The latency 
period of moderately/poorly differentiated carcinomas with 
atypia was shorter than that of well differentiated carcinomas 
without distinct atypia in the +/fa-basal diet group (Fig. 4).

To clarify expression profiles of leptin- and estrogen-
related proteins in the well differentiated carcinomas 
without distinct atypia and moderately/poorly differentiated 
carcinomas with atypia, immunohistochemical and immu-
noblot analyses were performed. Mammary carcinomas of 
both phenotypes showed various expression intensities for 
leptin receptors (Fig. 3C and G) and leptin (data not shown), 
whereas the cases with atypia showed lower ER α-positivities 
than those without distinct atypia in the +/fa-basal diet and 
+/fa-corn oil diet groups (Table IV, Fig. 3D and H). For ER 

Figure 3. Histopathology and immunohistochemistry of mammary carcinomas. (A-D) A well differentiated carcinoma without distinct atypia in a +/+ rat fed basal 
diet; (E-H) a moderately/poorly differentiated carcinoma with atypia in a +/fa rat fed basal diet. (A and E) H&E. Immunohistochemistry for (B and F) α smooth 
muscle actin, showing cytoplasmic positivity for myoepithelial cells; (C and G) leptin receptor membranous positivity in carcinoma cells; (D  and H) estrogen 
receptor α nuclear positivity in carcinoma cells. Original magnification, x360.

Table III. Distribution of sub-classified mammary carcinomas based on the morphological phenotypes among the groups.

	 +/+ genotype	 +/fa genotype
	 --------------------------------------------------------------------------------------------------	 -----------------------------------------------------------------------------------------------
	 Basal diet (n=16)	 Corn oil diet (n=16)	 Basal diet (n=33)	 Corn oil diet (n=33)
	 -----------------------------------------------	 -----------------------------------------------	 ----------------------------------------------	 ---------------------------------------------
	 Incidence	 Multiplicity	 Incidence	 Multiplicity	 Incidence	 Multiplicity	 Incidence	 Multiplicity
	 (%)	 (No./rat)	 (%)	 (No./rat)	 (%)	 (No./rat)	 (%)	 (No./rat)

Moderately/poorly	  1   (6)	 0.06±0.25a	 0	 -	 6 (18)	 0.21±0.48	   3   (9)	 0.09±0.29
differentiated
carcinoma
with atypia
Well-differentiated	 7 (44)	 0.81±1.22	 8 (50)	 0.69±0.79	 16 (48)	 1.09±1.49	 17 (52)	 0.85±1.28
carcinoma without
distinct atypia

aMeans ± SDs.
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β- and aromatase-immunohistochemistry, frozen sections 
of 1, 0, 3 and 3 moderately/poorly differentiated carcinomas 
from the +/+-basal diet, +/+-corn oil diet, +/fa-basal diet and 
+/fa-corn oil diet groups, respectively, and 2, 4, 1 and 2 well 
differentiated carcinomas each were used (Fig. 5A and B). 
Although no apparent differences in the positive intensities 
or positive cell ratio for ER β and aromatase were found 
among the combinations with two phenotypes and two diets 
in the immunohistochemistry, immunoblot analyses revealed 
a decrease in ER β expression levels in moderately/poorly 
differentiated carcinomas (Fig. 5C and D) and decreased 
expression levels of aromatase in mammary carcinomas 
regardless of their phenotypes and diets as compared to the 
normal mammary tissue (Fig. 5C and E).

To examine the relation of intracellular signaling cascades 
responsive to extracellular stimuli, such as growth factors 
or cytokines, with the mammary carcinoma phenotypes, 
immunoblot analyses for phosphorylation levels of ERK1/2 

Figure 4. Latency of sub-classified mammary carcinomas based on the 
morphological phenotypes. Gray   bars, moderately/poorly differentiated 
carcinoma with atypia; open bars, well-differentiated carcinoma without 
distinct atypia. **P<0.05.

Table IV. Estrogen receptor (ER) α-positivity in sub-classified mammary carcinomas based on the morphological phenotypes.

	 +/+ genotype	 +/fa genotype
	 ------------------------------------------------------------------------------------------------	 -------------------------------------------------------------------------------------------------
	 Basal diet	 Corn oil diet	 Basal diet	 Corn oil diet
	 ----------------------------------------------	 --------------------------------------------	 -----------------------------------------------	 ----------------------------------------------
	 No. of	 ER α-	 No. of	 ER α-	 No. of	 ER α-	 No. of	 ER α-
	 carcinomas	 positivity	 carcinomas	 positivity	 carcinomas	 positivity	 carcinomas	 positivity
	 examined	 (%)	 examined	 (%)	 examined	 (%)	 examined	 (%)

Moderately/poorly	 1	 1.0	 0	 -	 7	 8.9±3.9b	 3	 14.1±11.2
differentiated
carcinoma
with atypia
Well-differentiated	 5	 28.2±16.6a	 6	 24.2±14.2	 6	 36.4±15.0	 10	 28.9±11.4
carcinoma without
distinct atypia

aMeans ± SDs; bP<0.01 vs. well-differentiated carcinoma without distinct atypia.

Table V. Serum biochemistry data at terminal sacrifice.

	 +/+ genotype	 +/fa genotype
	 ------------------------------------------------------------------------------------------	 ---------------------------------------------------------------------------------------------
	 Basal diet	 Corn oil diet	 Basal diet	 Corn oil diet
	 -------------------------------------------	 ------------------------------------------	 --------------------------------------------	 --------------------------------------------
	 No. of	 Serum	 No. of	 Serum	 No. of	 Serum	 No. of	 Serum
	 samples	 levels	 samples	 levels	 samples	 levels	 samples	 levels

Triglycerides (mg/dl)	 16	 340.8±138.7	 15	 311.5±221.5	 31	 392.3±312.6	 31	 279.6±146.5
Total cholesterol (mg/dl)	 16	 119.7±22.9	 15	 108.3±25.4	 31	 125.0±38.5	 31	 105.7±17.5b

Glucose (mg/dl)	 16	 134.6±15.9	 15	 145.3±15.4	 31	 133.7±13.3	 31	 141.9±17.5b

Leptin (pg/ml)	 8	 314.4±96.4	 7	 691.9±540.1	 13	 191.6±123.1	 12	 506.4±439.3b

Adiponectin (µg/ml)	 8	 6.7±1.4	 7	 7.1±3.8	 12	 4.0±1.0a	 12	 6.5±1.4c

Insulin (ng/ml)	 8	 2.1±0.8	 7	 1.5±1.0	 14	 1.3±0.9	 13	 1.5±1.1
IGF-I (ng/ml)	 8	 612.7±85.7	 7	 476.4±79.3a	 12	 609.6±178.4	 12	 535.3±96.6

Values are means ± SDs. aP<0.01 vs. +/+-basal diet group. bP<0.05, cP<0.01 vs. +/fa-basal diet group.
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and STAT3 were performed, and activation of the ERK1/2 
signaling pathway but not STAT3 was demonstrated in 
moderately/poorly differentiated carcinomas with atypia as 
compared to normal mammary tissue and well differentiated 
carcinomas without distinct atypia (Fig. 6). No influence of 
corn oil diet was found with regard to either ERK1/2 or STAT3 
activation (Fig. 6).

Serum biochemistry. Data for serum levels of triglycerides, 
total cholesterol and glucose at terminal sacrifice are summa-

rized in Table V. Although triglyceride and total cholesterol 
levels declined or showed a tendency for decline and glucose 
levels were elevated by the corn oil diet in the +/fa genotype, 
no apparent change in these three parameters was observed 
in +/+ controls. No obvious differences in these parameters 
were found between the genotypes. Serum leptin levels in the 
+/fa-basal diet and the +/fa-corn oil diet groups were compa-
rable to those in the +/+-counterparts, whereas corn oil diet 
elevated serum leptin levels in the +/fa genotype with a similar 
tendency for elevation in the +/+ genotype (Table V). Serum 
adiponectin levels in the +/fa-basal diet group were lower than 
in the +/+-basal diet group, and corn oil diet caused elevation 
only in the +/fa case. Serum IGF-I levels were lower in the 
+/+-corn oil diet than +/+-basal diet groups, but no change was 
observed with the +/fa genotype. There was no evident varia-
tion noted in serum insulin levels among the groups.

Figure 5. Expression of estrogen receptor (ER) β and aromatase in mam-
mary carcinomas. Immunohistochemistry for (A) ER β, showing nuclear 
positivity in carcinoma cells of a well differentiated carcinoma in a +/+ rat 
fed basal diet; (B) aromatase, showing cytoplasmic positivity in presumed 
myoepithelial and/or mesenchymal cells of a moderately/poorly differenti-
ated carcinoma in a +/fa rat fed basal diet. Western blotting for ER β and 
aromatase (C), and semi-quantitative optical density of ER-β (D) and aroma-
tase (E). a*P<0.05, b*P<0.01 vs. normal mammary tissue.

Figure 6. Phosphorylation levels of extracellular signal-regulated kinase 
(ERK)1/2 and signal transducer and activator of transcription (STAT)3 in 
mammary carcinomas. Western blotting for phospho-ERK1/2, ERK1/2, 
phospho-STAT3 and STAT3 (A) and semi-quantitative optical density of 
phospho-ERK1/2 (B) and phospho-STAT3 (C) compared to those of ERK1/2 
and STAT3, respectively. a*P<0.05 vs. well differentiated carcinomas in +/+ 
rats fed basal diet, and b*P<0.01 vs. normal mammary tissue in +/+ rats fed 
basal or corn oil diet and well-differentiated carcinomas in +/+ rats fed corn 
oil diet.
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Discussion

The present DMBA-induced mammary carcinogenesis study 
using heterozygous (+/fa) and wild-type (+/+) lean Zucker rats 
revealed higher susceptibility of +/fa rats to DMBA induction 
of mammary tumors than +/+ rats, and also differences in 
histopathological phenotypes of the induced carcinomas. In 
particular, the latency periods of mammary carcinoma devel-
opment in +/fa rats fed basal or corn oil diet appeared shorter 
than those in +/+ rats and the incidences and multiplicities of 
mammary carcinomas were increased or showed a tendency 
for increase in the early stages, with a greater percentage of 
more advanced cancer at the termination.

Although the body weight of +/+ and +/fa rats fed corn 
oil diet were higher than those of the rats fed basal diet, the 
body weight differences between +/+ and +/fa rats fed basal 
diet or corn oil diet were significantly smaller. Therefore, the 
short latency periods and the higher incidence and multiplicity 
of mammary carcinomas in the early stages in +/fa rats were 
considered not to be directly due to body weight change. On the 
other hand, in our preliminary study, serum leptin concentra-
tion at 7 weeks of age was ~140 pg/ml in +/fa, higher (P<0.01) 
than ~80 pg/ml (18). These results indicated that the increased 
susceptibility of +/fa rats to DMBA-induced mammary 
carcinogenesis might be at least partly associated with higher 
leptin levels at the initiation stage. Hyperleptinemia in juvenile 
stages of +/fa rats gradually normalized and no difference in 
serum leptin level was found at the terminal sacrifice between 
the genotypes.

Histopathologically, adenocarcinomas in +/fa rats were more 
likely to present characteristic features such as moderate/poor 
differentiation, nuclear atypia, prominent interstitial cell prolif-
eration and low ER α positivity. Expression levels of aromatase 
were decreased in mammary carcinomas regardless of the 
phenotype as compared to normal mammary tissue. On the 
other hand, leptin receptor and leptin were expressed with 
various intensities and no distinct differences were found 
between carcinomas with and without atypia. Although the 
cause of the lowered ER α protein expression in the moder-
ately/poorly differentiated carcinomas with atypia is not clear, 
one possibility is that mammary epithelial cells of +/fa rats 
were initiated under conditions without estrogen-dependence 
but with close dependence on other growth factors, such as 
leptin or EGFR (10,23). Activation of the mitogen-activated 
protein kinase (MAPK) system has been demonstrated in 
moderately/poorly differentiated carcinomas with atypia. Thus, 
Thordarson et al (24) reported that N-methyl-N-nitrosourea 
(MNU)-induced mammary carcinomas in ovariectomized 
Sprague-Dawley rats showed a more aggressive phenotype 
with a significant increase in MAPK activity (phosphoryla-
tion) as compared to carcinomas in intact rats, suggesting a 
relationship between loss of estrogen-dependence and growth. 
Also, in an estrogen-non-responsive human breast cancer cell 
line, MAPK activity was found to be increased as compared 
to the original estrogen-dependent sample, suggesting that 
increased activity of MAPK may contribute to the estrogen 
non-responsive growth phenotype (25).

Epidemiologically, breast cancer rates among pre-and peri-
menopausal ages are reported to be higher among US-born 
Chinese than those born in foreign countries, and similar find-

ings were found in Filipina women as well, to the extent that 
contemporary rates may equal or exceed those of non-Hispanic 
Whites, indicating that becoming acculturated to the western 
lifestyle might be a breast cancer risk factor to some younger 
Asian women (26). Plasma leptin levels were demonstrated to 
be twice as high in US-born South Asian (India, Bangladesh, 
Sri Lanka) women aged 18-30 years than in European 
women (27), presumably related to the increasing rate of breast 
cancer. In addition, in certain Asian countries, such as India 
and Singapore, breast cancer patients present at a younger age, 
with more advanced stage and fewer estrogen-ER-positive 
tumors, as compared to western countries (28,29). Therefore, 
we propose that the present DMBA-induced mammary carci-
nogenesis in +/fa lean Zucker rats may be a useful model of 
increasing breast cancer in younger Asian women.

A further significant finding of the present DMBA-induced 
mammary carcinogenesis study in +/fa and +/+ rats with and 
without 10% corn oil diet is that elevation of serum leptin level 
may contribute to the growth of mammary tumors. In our 
preliminary study, corn oil diet, similarly prepared as in the 
present study, significantly elevated serum leptin concentra-
tions of 12-week-old +/+ and +/fa rats as compared to basal 
diet, as also confirmed in the present study. These data are 
consistent with the previous reports of overexpression of leptin 
and its receptor in human breast cancer cases (30,31), and in 
in vitro studies revealing that leptin can stimulate breast cancer 
cell proliferation (23,32). From epidemiological studies, it is 
well recognized that obesity increases the risk of breast cancer 
in postmenopausal women, with a suggested association with 
menstrual and reproductive factors (33) or higher circulating 
levels of leptin. However, the mechanisms have yet to be fully 
elucidated (34,35).

In conclusion, +/fa rats in the present study proved more 
susceptible to DMBA-induced mammary carcinogenesis than 
+/+ controls, and this might be at least partly related to the 
higher leptin levels in the early stages. Corn oil diet possibly 
contributed to the growth of mammary tumors via elevated 
serum leptin levels. In addition, an aggressive phenotype of 
carcinoma, in which MAPK cascade but not estrogen signaling 
was activated, was found predominantly in +/fa rats. Further 
studies are required to examine the mechanisms of MAPK 
activation for mammary carcinogenesis in +/fa rats.
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