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Abstract

Epidemiological evidence indicates that physical activity between menarche and first pregnancy is 

associated with a lower risk of breast cancer among women with at least 20 years between these 

reproductive events. The mechanism by which physical activity during this interval confers 

protection is unknown. This study used a novel animal model to assess potentially protective 

effects of physical activity on tumor development in delayed parity. Thirty-six female Sprague 

Dawley rats received an i.p. injection of 50 mg/kg N-methyl-N-nitrosourea (MNU) at 5 weeks of 

age. Estrogen and progesterone pellets were implanted subcutaneously 1 week (early parity, EP, n 
= 8) or 4 weeks (delayed parity, DP, n = 11) following MNU injection. An additional group of DP 

rats were progressively exercise trained (Ex + DP, n = 9) on a treadmill following MNU injection 

for 7 weeks (up to 20 m/min at 15% incline for 30 min). We observed the greatest tumor latency 

and smallest tumor burden in Ex + DP animals. Ductal hyperplasia and inflammation of non-

tumor bearing mammary glands were only found in DP, and we detected a significant increase in 

collagen for DP and Ex + DP compared to EP. Exercise induced differential gene expression of 

cyclin-dependent kinase-inhibitor 1C (Cdkn1c) and urokinase-plasminogen activator (Plau) in 

mammary tissue of Ex + DP animals compared to DP alone. While there are delayed parity-

induced changes in mammary gland collagen and gene expression levels, Ex + DP animals had 

longer tumor latency, smaller tumor burden, and glandular tissue resistant to ductal hyperplasia. 

Exercise may induce protection through beneficial regulation of gene expression profiles.
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1. Introduction

Breast cancer is the most common malignancy among women in the United States [1]. 

Reproductive factors such as earlier age at menarche, later age at first pregnancy, and a 

longer interval between these two reproductive events are consistently associated with higher 

risk of breast cancer [2–4]. Available global evidence indicates the menarche to first 

pregnancy interval has lengthened in recent years [5], supporting a need to identify lifestyle 

interventions to mitigate this accumulating excess risk. There is convincing epidemiological 

evidence that moderate-to-vigorous intensity physical activity is associated with a 10–25% 

lower risk of breast cancer, compared to inactivity [6]. Pregnancy- and exercise-induced 

protections against breast cancer are also well-established in female rats using carcinogen-

induced breast cancer models [7–10]. Also consistent with human data, delayed parity in rats 

increases breast cancer risk compared to rats with pregnancy induced earlier in life [11].

We have recently shown in epidemiological data that the influence of leisure-time physical 

activity between menarche and first pregnancy on future breast cancer risk varies by the 

length of the interval between menarche and first pregnancy [12]. Physical activity was 

significantly associated with a 27% lower breast cancer risk for high risk women with the 

longest time between menarche and first pregnancy (≥20 years). This was not observed 

among women with a shorter time between menarche and first pregnancy. Here, a parallel 

pre-clinical rat model was devised to examine potential mechanisms concerning the role of 

physical activity in mammary gland tumorigenesis associated with delayed parity. We 

investigated the role of exercise not only on breast cancer incidence, but latency, mammary 

gland morphology, and pertinent gene expression levels.

Many cellular adaptations occur in response to exercise and there are marked differences 

between mammary tissue of animals with early parity and with delayed parity. We 

hypothesized several pathways would be modified by our intervention. Preliminary data 

indicated the gene Cdkn1c was differentially regulated by exercise. Cdkn1c encodes for the 

protein cyclin dependent kinase 1c, which is an inhibitor of several G1 cyclin/CDK 

complexes and a negative regulator of the cell cycle at the G1 checkpoint [13]. Decreased 

mRNA levels of CDKN1C are associated with multiple cancer types [14–18], and several 

observations implicate a role for CDKN1C in breast tumorigenesis. Decreased CDKN1C 
expression occurs during human mammary epithelial cell immortalization [19]. 

Additionally, decreased CDKN1C gene expression is seen in the large majority of human 

breast cancers and is associated with poor prognosis [20,21]. No study to-date has 

investigated potential mechanisms underlying the role of physical activity in preventing 

increased mammary gland tumorigenesis associated with delayed parity. Therefore, we seek 

to identify candidate genes associated with breast cancer which may be beneficially 

modulated by exercise during the menarche-to-first-pregnancy interval.
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2. Methods

2.1. Animals and experimental protocol

The paradigm of the study is presented in Fig. 1A. Five-week old female Sprague Dawley 

rats (Harlan Laboratories) were randomly divided into four cohorts as described below. Of 

note, thirty-five days of age is the approximate age of reproductive maturity for female 

Sprague Dawley rats [9]. All rats (n = 38) were injected (week 0) intraperitoneally with 50 

mg/kg N-methyl-N-nitrosourea (MNU) in sterile 0.85% NaCl solution at pH 5.0 as an 

accepted model of mammary tumor induction [11]. Pregnancy was mimicked by estrogen 

(35 mg) and progesterone (35 mg) 21 day release hormone pellets (Innovative Research of 

America, FL, USA) implanted subcutaneously (anesthesia: (60 mg/kg) ketamine/(7.5 

mg/kg) xylazine/(1.0 mg/kg) on alternate sides of the scruff of the neck [22]. Our early 

parity (EP, n = 9), group was implanted with hormone pellets 1 week following MNU 

injection as it has been shown that inducing pregnancy 1 week following the administration 

of MNU confers protection against mammary gland tumor development [8]. In contrast, the 

delayed parity (DP, n = 11) group was implanted with hormone pellets 4 weeks following 

MNU injection. Others have observed tumor development as early as 5 weeks following 

MNU administration in female Sprague Dawley rats administered MNU at 5 weeks of age 

[23]. Therefore, a 4 week time frame was chosen for delayed parity.

Rats were acclimated to the treadmill for 3 days at 10 m/min for 10 min prior to starting the 

exercise training protocol. During week 4 animals did not run the day of surgery for 

subcutaneous hormone pellet implantation, and the following day animals were exercise at a 

reduced intensity of 20 m/min and 5% incline for 30 min. Duration indicated in the table 

does not include a 5 min warm up and 5 min cool down on the treadmill.

The exercise plus DP (Ex + DP, n = 9) group was progressively exercise trained (Table 1) 

during this menarche to first pregnancy interval and throughout the 21 day hormone release 

from the pellets (total 7 weeks exercise training). Ex + DP animals then remained under 

standard cage conditions for weeks 8–20. A positive control of nulliparous animals (NP, n = 

9) was also included which received neither exercise nor hormone pellet implantation. 

Animals in the NP, EP, and DP groups remained in standard cage conditions throughout the 

study and all animals were euthanized by decapitation at either humane tumor endpoint 

criteria or the end of the study (week 20). Animals were housed under 12-hour light/12-hour 

dark cycles with access to food and water ad libitum. All animal experiments were approved 

by the Institutional Animal Care and Use Committee of The University of Pennsylvania, and 

all animals received humane care in compliance with National Institutes of Health standards.

2.2. Physical characteristics

Rats were palpated twice weekly for tumors. Animals were skinned at euthanasia and 

examined for any tumor not detected via palpation. If tumors were discovered, the tissue was 

visualized, measured, and weighed. Body weight was recorded once weekly throughout the 

experiment and body fat was assessed at study end in a sub-set of animals (n = 25) via 

underwater weighing to estimate body composition using established methods [24]. Briefly, 

animals were skinned, weighed, and a surgical suture was tied to the tip of the tail. The 
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carcass was submerged in water, palpated to remove air from lungs, gastrointestinal tract, 

and from remaining hair. The silk suture was then attached to a spring scale mounted over a 

bucket of water (24 °C). Submerged water weight (g) was recorded. The weighing procedure 

was repeated 3 times and averaged. Specific gravity was calculated and a regression formula 

((−394.498 * specific gravity) + 431.35) was used to determine body fat as previously 

published [24].

2.3. Histological analysis

Inguinal mammary glands were dissected post-mortem from the skin starting from the 

proximal area close to the nipple and working towards the distal end of the gland. The gland 

was immediately spread onto a glass slide and allowed to sit at room temperature for 

adherence. The slide was then placed in 10% formalin overnight and subsequently washed in 

70% and 95% ethanol. Whole mounted glands were paraffin embedded, sectioned, and 

stained with H&E or Masson’s trichrome. Photographs of mammary gland cross sections 

were taken with a mounted digital camera (DP25, Olympus, Tokyo, Japan) and light 

microscope (BX53 Olympus, Tokyo, Japan). A blinded veterinary pathologist classified 

collagen, lobuloalveolar hyperplasia, ductal hyperplasia, and inflammation by grading: 0 = 

not present, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe and 5 = marked.

2.4. Gene array and RT-PCR

As a hypothesis generating tool, we conducted a gene array associated with breast cancer to 

explore differences in gene expression of the mammary gland between groups. Total RNA 

was extracted from snap frozen abdominal mammary glands using the RNeasy kit (Qiagen, 

CA, USA). Sixty nanograms of RNA was equally pooled from 3 animals for reverse 

transcription into cDNA using RT2 PreAMP cDNA Synthesis Kit (Qiagen, CA, USA). RT-

PCR was performed on the rat breast cancer array (PARN-131Z, Qiagen, CA, USA) using 

the RT2 SYBR Green qPCR mastermix (Qiagen, CA, USA) with an ABI 7300 instrument. 

Analysis of mRNA expression level was subsequently performed for collagen 1a (Col1a1) 

(PPR42922A, Qiagen, CA, USA), collagen 5a (Col5a1) (PPR42270A, Qiagen, CA, USA), 

(cyclin dependent kinase inhibitor 1C (Cdkn1c) (PPR06692C, Qiagen, CA, USA) and 

urokinase-plasminogen activator (Plau) (PPR43507E, Qiagen, CA, USA). Expression of the 

target genes were normalized to the level of the housekeeping gene Actin (PPR06570, 

Qiagen, CA, USA).

2.5. Statistical analysis

Tumor burden and histology values are reported as mean ± SEM, gene expression is 

reported as fold change (relative to EP) ± SD. Differences in physiological, histological, and 

PCR experiments were analyzed by a global F-test and subsequently assessed by Student’s t-
test to examine two null hypotheses: 1) parity timing does not affect physiological, 

histological, or gene expression levels (EP vs. DP) and 2) exercise training does not affect 

physiological, histological, or gene expression levels (DP vs. Ex + DP). To minimize 

multiple hypothesis testing, genes from the gene array were only assessed if both DP and Ex 

+ DP groups had standard deviations of fold change <4.0, had detectable levels for all 9 

arrays, and were not housekeeping genes. This excluded 40 genes from analysis. A post-hoc 

Benjamini and Hochbert false discovery rate correction was applied to all genes analyzed. 
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All statistical testing was carried out by STATA 12.1 (College Station, Texas). An alpha level 

of <0.05 was deemed significant.

3. Results

3.1. Exercise training increased tumor latency and decreased tumor burden

Exercise training did not alter body weight, (Fig. 1B), nor did exercise training result in a 

change in body fat (data not shown). The NP control group had significantly more tumor-

bearing animals than any other group, with only 22% tumor-free throughout the duration of 

the experiment (Fig. 1C, p < 0.05). EP animals demonstrated 87% tumor-free survival. The 

Ex + DP group had the greatest tumor latency (+15 weeks post-MNU) compared to DP at 6 

weeks and EP at 10 weeks post-MNU. Post-hoc tests revealed that NP animals had the 

largest tumors, and this group was significantly different from the Ex + DP group which had 

the smallest tumors (Fig. 1D, p < 0.05).

3.2. Delayed parity increased collagen levels independent of exercise training

Histological examination of tumor-free mammary glands revealed significantly lower 

collagen levels in EP animals compared to both DP and Ex + DP (Fig. 2A: global F-test p < 

0.01). No differences were seen in lobuloalveolar hyperplasia between groups (p = 0.73) 

(Fig. 2B), and while not statistically significant, ductal hyperplasia (p = 0.21) and 

inflammation (p = 0.24) were only observed in DP animals (Fig. 2C and D, respectively). 

While not significant, Col1a1 was 37% elevated in DP animals, and Col5a1 was 35% and 

36% elevated in DP and Ex + DP animals respectively compared to EP.

3.3. Gene array and expression levels

Table 2 depicts results from the gene array with standard deviations in both the DP and Ex + 

DP groups of <4.0, and demonstrated a significant difference between experimental groups 

following post-hoc correction, or were significant or near significant on the global F-test. We 

observed a pattern of delayed parity-induced increases in gene expression levels of genes 

associated with breast cancer (ataxia telangiectasia mutated (Atm), forkhead box A1 

(Foxa1), keratin 18 (Krt18), keratin 8 (Krt8), and matrix metallopeptidase 2 (Mmp2)). The 

delayed parity-induced increase in these genes was not altered by exercise training. 

However, we did see exercise-induced changes as Cdkn1c expression was significantly 

enhanced with exercise training (global F-test, p < 0.05) and there was a trend for reduced 

expression of Plau (global F-test, p = 0.06). The exercise-induced changes in gene 

expression of Cdkn1c and Plau were confirmed via RT-PCR (Fig. 3). We observed 

significantly increased Cdkn1c expression levels in the Ex + DP group compared to DP 

(global F-test, p < 0.001). We also observed significantly higher levels of Plau gene 

expression in DP, compared to EP and Ex + DP (global F-test, p < 0.01).

4. Discussion

Overall, this study provides evidence for exercise-induced protection against breast cancer in 

the context of a delayed parity model in the rat. We observed significantly elevated 

mammary collagen levels with delayed parity that was independent of exercise as well as 
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both exercise independent and dependent changes in gene expression levels for genes known 

to be associated with breast cancer. Cdkn1c and Plau expression in mammary glands was 

significantly enhanced or decreased with exercise, respectively; suggesting that exercise 

training may decrease tumorigenesis via multiple points of regulation. These findings are 

novel in that for the first time they implicate exercise training in the beneficial improvement 

of these genes in breast cancer risk.

Previous studies of breast cancer in animal models have utilized intraperitoneal injection of 

MNU to reliably induce mammary tumors similar in hormone responsiveness and histology 

to those of human mammary carcinomas [9]. Further, previous studies indicate that 

pregnancy, or pregnancy mimicking hormone pellets, 1 week following administration of 

MNU confers protection against mammary gland tumor development [8,25]. Models of 

delayed parity in rats also demonstrate increased incidence of breast cancer [11]. In 

concurrence, we observed earlier onset of tumor incidence and greater tumor number in DP 

animals compared to EP animals.

Exercise-induced protection against breast cancer has been observed previously. In an 

adolescent rodent model, Westerlind et al. utilized an eight week treadmill based exercise 

training intervention of 30 min per day, with a moderate intensity of 20 m/min and 15% 

grade [26]. This protocol has also demonstrated prevention of breast cancers among older 

animals [10]. Further, this exercise level in rats is equivalent to exercise levels associated 

with positive health benefits in humans [27,28]. Using the same protocol, we saw protection 

against breast cancer with exercise in a delayed parity model. Animals in the Ex + DP group 

had the greatest tumor latency and smallest tumor burden.

Histological examination of mammary tissue revealed lower collagen levels in EP animals 

compared to both DP and Ex + DP. Collagen is the primary stromal protein of the mammary 

gland and animal models have causally linked increased stromal collagen to mammary 

tumor formation [29]. In humans, denser breasts are associated with an increased risk for 

breast cancer and El-Bastawissi et al. observed greater breast density with later age at first 

birth in humans [30]. With regard to exercise and breast density, previous research has been 

inconclusive. Recently, Azam et al. found no association between physical activity and 

breast density after adjusting for other risk factors [31]. While collagen levels may not be 

altered by exercise, inflammation and ductal hyperplasia may be modulated by lifestyle 

choices such as early parity or exercise. We observed the presence of inflammation and 

ductal hyperplasia only in the mammary tissue of DP animals.

Type I collagen is the major structural component of extracellular matrix. We observed that 

Col1a1, a component of type I collagen was elevated only in DP animals. Type V collagen 

only comprises 2–5% of collagen in healthy tissue. However in breast cancer, collagen V 

levels are elevated [32]. While Col5a1gene expression levels were increased over 30% in DP 

and Ex + DP animals compared to EP, there was no significant difference. It is unclear how 

gene expression levels of collagen in adult animals may reflect collagen deposition and 

ultimately breast density of the mammary gland.
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Just as we observed exercise independent and dependent changes to the morphology of 

mammary tissue from rats with delayed parity, we also observed similar patterns in gene 

expression levels. Atm, Krt18, Krt8, and Mmp2 were significantly upregulated in DP 

compared to EP, and there was no difference between DP and Ex + DP. Additionally, Foxa1 

demonstrated increased gene expression levels in DP and Ex + DP.

The above genes, which have increased gene expression with DP and Ex + DP, may point 

towards an enhanced state of, or, response to, stress in the mammary tissue compared to EP. 

Atm is well known to be activated by cellular stress such as double stranded DNA breaks 

[33]. The observed increase in gene expression levels seen with the experimental treatment 

of DP may be a byproduct of carcinogenesis as increased levels of Krt8 and Foxa1 are 

associated with luminal type breast cancers [34,35].

Two genes were differentially regulated by exercise compared to sedentary DP animals. 

Cdkn1c was significantly elevated and there was a trend for decreased levels of Plau. 

Previous studies have shown that these two genes appear to be important in tumorigenesis, 

and we observed that exercise training resulted in beneficial regulation [19,36].

Decreased gene expression levels of CDKN1C are associated with cancer [20,21]. We 

observed an increase in Cdkn1c gene expression levels due to exercise. Other wellness 

interventions have also shown increased Cdkn1c gene expression levels. Chisholm et al. 

observed that Cdkn1c gene expression levels were increased by the green tea polyphenol, 

epigallocatechin-3-gallate (EGCG), which has anti-oxidant effects associated with cancer 

suppression and in particular, breast cancer suppression [37,38].

Higher levels of uPA, the protein encoded by the gene Plau, are associated with breast 

cancer [39,40], and we observed exercise-induced decreases in Plau. In animal models, 

Almholdt et al. utilized the MMTV-PyMT transgenic breast cancer model crossed with uPA 

deficient mice [36] and observed marked reductions in metastasis compared to controls. 

Further, with regard to tumorigenesis, primary tumors of uPA-deficient mice were palpable 

for the first time approximately 4 days later than in wild-type mice. There was a trend (p = 

0.07) for delayed tumor latency in uPA deficient mice. No other studies have reported on the 

possible role of uPA in tumorigenesis, but it appears lower levels of Plau are beneficial.

5. Conclusion

Given the particular susceptibility of breast tissue to exposures and the association between 

the length of time between menarche and first birth with cancer risk, our model focused on 

exercise training during the interval between menarche and first pregnancy. This animal 

model was developed to support epidemiological evidence linking physical activity from 

menarche to first pregnancy with risk of breast cancer among women with delayed parity 

(i.e., >20 years between menarche and first pregnancy) [12]. No previous animal studies 

have investigated the role of exercise in delayed parity. A limitation of our study was the 

observational nature. As exercise training affects multiple systems and many signaling 

pathways, there is much to discovery regarding the molecular pathways involved. Thus, 

there is no single pharmacological treatment or knock-out model available to succinctly 
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examine mechanistic processes. Yet, we demonstrated a phenotype in rats that corresponds 

to epidemiological data from human studies. Also, our study did not assess the effects of 

exercise training on mammary tissue from animals with early parity. Nor did we assess the 

time course of differences in mammary tissue gene expression. Therefore, our future work 

will examine the mechanism of exercise induced protection against breast cancer during the 

reproductive interval of menarche to first birth and its relationship with timing of parity 

through the inclusion of an Ex + EP group in the experimental design.

Collectively, our data demonstrate patterns of delayed parity induced changes to the breast 

tissue which are both dependent and independent of exercise training completed between 

menarche and first pregnancy. While exercise training was beneficial for tumor latency and 

size, it did not mitigate enhanced collagen levels found in mammary tissue of delayed parity 

animals. Similarly, exercise training did not mitigate enhanced expression levels of several 

genes associated with breast cancer. However, there were exercise-dependent changes in the 

mammary gland. Exercise training prevented the development of inflammation and ductal 

hyperplasia. Exercise training also led to improved directional regulation of gene expression 

levels for Cdkn1c and Plau. Differential gene expression levels of mammary tissue Cdkn1c 
and Plau in animals physically active between menarche and first pregnancy suggest that 

these genes may play a role in exercise-induced protection against breast cancer later in life.
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HIGHLIGHTS

• Patterns of delayed parity induced changes to the breast tissue which are both 

dependent and independent of exercise training completed between menarche 

and first pregnancy.

• While exercise training was beneficial for tumor latency and size, it did not 

mitigate enhanced collagen levels found in mammary tissue of delayed parity 

animals.

• Similarly, exercise training did not mitigate enhanced expression levels of 

several genes associated with breast cancer.

• However, there were exercise-dependent changes in the mammary gland.

• Exercise training prevented the development of inflammation and ductal 

hyperplasia.

• Exercise training also led to improved directional regulation of gene 

expression levels for Cdkn1c and Plau.

• Differential gene expression levels of mammary tissue Cdkn1c and Plau in 

animals physically active between menarche and first pregnancy suggest that 

these genes may play a role in exercise-induced protection against breast 

cancer later in life.
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Fig. 1. 
Experimental paradigm and physical characteristics. Thirty-four to thirty-five day old 

animals were injected with MNU at time 0 (weeks) and followed for 20 weeks. Animals 

were progressively exercise trained (Ex), or remained sedentary, prior to and during 

exposure to hormone (H) pellets (A). Exercise training did not alter body weight (B), but did 

increase tumor latency (C) leading to smaller tumors (D) in exercise trained animals. *p < 

0.05. Nulliparous (NP), early parity (EP), delayed parity (DP).
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Fig. 2. 
Histological assessment of non-tumor mammary glands. Collagen levels (A) (Masson’s 

trichrome stain - 4×) were significantly decreased in rats with early parity (EP) compared to 

delayed parity (DP), independent of exercise (Ex). There were no significant differences in 

lobuloalveolar hyperplasia (B), ductal hyperplasia (C), or inflammation (D). No differences 

were observed for gene expression levels of collagen 1a (Col1a1) (E) or 5a (Col5a1) (F). 

H&E stained images are shot at 10×. *p < 0.01.
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Fig. 3. 
Cdkn1c and Plau gene expression levels. Cdkn1c and Plau demonstrate exercise-induced 

regulation which was confirmed via follow-up using single primers. *p < 0.05.
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Table 1

Exercise training protocol.

Week Day Speed (m/min) Grade (%) Duration (min)

1 1 15 0 10

2 17.5 0 15

3 20 0 20

4 20 0 25

5 20 0 30

2 1 20 5 30

2 20 5 30

3 20 10 30

4 20 10 30

5 20 15 30

3–7 20 15 30
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Table 2

Candidate gene array.

Gene name EP DP a
p-Value Ex + DP b

p-Value
c
F-test

Atm 1.0 ± 0.0 2.2 ± 0.2 <0.01 2.3 ± 1.0 0.81 0.06

Cdkn1c 1.0 ± 0.0 1.8 ± 0.6 0.11 4.0 ± 1.7 0.09 0.03

Foxa1 1.0 ± 0.0 10.5 ± 3.9 0.02 9.1 ± 0.9 0.66 0.01

Krt18 1.0 ± 0.0 1.4 ± 0.1 <0.01 1.4 ± 0.7 0.93 0.46

Krt8 1.0 ± 0.0 1.8 ± 0.1 <0.01 1.7 ± 0.6 0.82 0.05

Mmp2 1.0 ± 0.0 1.6 ± 0.1 0.01 1.7 ± 1.5 0.92 0.62

Plau 1.0 ± 0.0 0.9 ± 0.5 0.87 0.3 ± 0.2 0.11 0.06

A hypothesis generating targeted gene array was run on RNA pooled from 3 animals per reaction (n = 3) mean ± SD.

a
EP vs. DP comparison.

b
DP vs. Ex + DP comparison.

c
Global F-test.
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