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Breast cancer is the most common cancer and the second leading cause of cancer 

deaths among women in the United States. Alcohol consumption increases breast cancer 

risk in women. It is unclear whether the effects of alcohol on mammary tumorigenesis are 

modified by body weight or exogenous estrogen. To determine if the effects of alcohol on 

mammary tumors are modified by body weight, mice of different body weights (lean, 

overweight, obese) consuming water or alcohol were injected subcutaneously with 

mammary cancer cells. To determine if the effects of alcohol on mammary tumors are 

modified by estrogen, pellets delivering estrogen were implanted into female mice, 
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followed by subcutaneous mammary cancer cell injections. Results show that alcohol-

consuming mice were more insulin sensitive and developed larger tumors sooner than 

water-consuming mice (p<0.05). Our data show obese mice developed larger tumors than 

lean mice. Exogenous estrogen triggered the loss of body fat, induced insulin sensitivity, 

and suppressed tumor growth. Obese mice had higher levels of insulin, IGF-1, leptin, and 

VEGF. The only mammary tumor growth factors increased by alcohol consumption were 

leptin and VEGF (p<0.05). In addition, activation of the PI3K/Akt signaling pathway was 

induced by alcohol and obesity in mammary tumors. Furthermore, alcohol increased the 

invasiveness of breast cancer cells in a dose-dependent manner, but also decreased a 

metastasis suppressor gene Nm23. Collectively, my dissertation suggests that alcohol 

consumption, obesity, and estrogen treatment regulate mammary tumorigenesis through 

hormones associated with adipose tissues and the PI3K/Akt signaling. 
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Chapter 1: Introduction 

 

1.1 Breast Cancer and Background 

Cancer is a disease that arises from gene mutations and abnormal cell growth.  

Most cancers begin as tumors in a multitude of organs and are consequently named 

according to their tissue of origin, such as breast cancer [1]. Breast cancer begins in the 

lobules and ducts of the breast [1]. Breast cancer is the most common cancer and the 

second leading cause of death among women in the United States (after lung cancer) [1].  

In 2010, approximately 192,000 women will be diagnosed with malignant breast cancer 

[1]. Breast cancer cells that obtain a malignant phenotype break through the duct or 

glandular walls and, in response to tissue-specific chemoattractants, migrate, proliferate, 

and colonize distant tissues, such as the lungs [1, 2]. The spread of breast cancer cells 

from the mammary gland to secondary sites such as the lungs is called metastasis. More 

often than not, it is the metastases—breast cancer cells that have spread from primary 

tumors to secondary sites—that kill cancer patients.   

The American Cancer Society expects that approximately 40,000 women will die 

from breast cancer in 2010 [1]. Risk factors for breast cancer can be divided into non-

modifiable and modifiable factors [1]. Non-modifiable factors are certain conditions a 

woman cannot change or modify. Non-modifiable factors include: 1) gender: women are 

100 times more likely to have breast cancer than men; and 2) age: approximately 80% of 

breast cancers occur in women older than 50. On the other hand, modifiable risk factors 

are conditions a woman can modify.  Modifiable factors include: 1) alcohol consumption: 
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women who consume 4-5 drinks daily have about a 50% higher risk than women who do 

not drink; and 2) excess weight: obesity is linked to a higher risk of breast cancer [1]. 

 

1.2  Alcohol and Breast Cancer  

1.2.1  Evidence from Epidemiological Studies 

Alcohol consumption is a modifiable risk factor for breast cancer [3]. Alcohol 

consumption contributes to a 3.6% increase in all types of cancer [4]. In women, breast  

cancer accounts for approximately 60% of alcohol-related cancers [4]. Epidemiological 

studies have consistently reported a positive association between alcohol consumption 

and breast cancer risk [5]. Alcohol is estimated to be responsible for about 4% of breast 

cancer cases in developed countries [6]. Alcohol consumption increases breast cancer risk 

in a dose-dependent manner: 10% for every drink consumed per day, 20% for two drinks, 

30% for three and 50% for four or more drinks per day [6, 7]. A drink is defined as 12 

ounces of beer or 5 ounces of wine. The alcohol-related breast cancer risk remains the 

same regardless of the type of alcoholic beverage consumed [3]. In a case control study, 

heavy alcohol consumption (approximately 14 or more drinks/week) was associated with 

a 2.5 fold increase of in breast cancer diagnosis when compared to non-drinkers [8].  

Similarly, frequent alcohol drinkers had about a 1.45 fold increase in breast cancer risk 

compared to infrequent drinkers [9]. Alcohol consumption is also likely to be associated 

with the prognosis of a more aggressive cancer phenotype [3, 9]. For example, a study 

reported that alcohol drinkers who consumed about 30-60g/day had a 41% increased 
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likelihood of developing invasive breast cancer compared to abstainers [3].  However, the 

physiological role alcohol has on breast cancer development in postmenopausal women is 

not fully understood. Also, it is not clear if the effects of alcohol are different in lean, 

overweight, and obese women, or if the effects of alcohol are modified by exogenous 

estrogen use (e.g., estrogen replacement therapy). 

 

1.2.2  Evidence from Experimental Studies  

Animal models can be used to study the effects of alcohol consumption on breast 

cancer progression. Available mouse models of breast cancer include: 1) chemically 

induced cancer models (e.g., methylnitrosourea-induced model of mammary cancer), 2) 

tumor xenograft models in which breast cancer cells are injected into immunodefincient 

or syngeneic mice, and 3) transgenic mice in which tumors develop due to a genetic 

disruption or mutations of key genes associated with cell growth or differentiation.  Each 

model has strengths and weaknesses. Regarding the first model, breast cancers can be 

divided into estrogen-responsive and estrogen-unresponsive cancers; however, to the best 

of our knowledge, there are no chemicals capable of inducing both estrogen-responsive 

and estrogen-unresponsive breast cancers. Thus, the chemically induced approach would 

not be a good model to determine whether the estrogen responsiveness of the cancer cells 

influences their response to alcohol exposure. In the tumor xenograft model, the cancer is 

already present; therefore, if alcohol affects cancer initiation and/or promotion, it would 

be overlooked because cancer is already established. One of the best models available is 
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the transgenic model. Certain transgenic mice can be used to determine the effects of 

alcohol on the entire carcinogenesis process (e.g. initiation, promotion) in the absence of 

ovarian hormones, which mimics the postmenopausal phase in women. Some transgenic 

mouse models of breast cancer can be used to determine if the estrogen responsiveness of 

the tumor cells influences their response to alcohol exposure.  

Using the above models, numerous studies have shown the deleterious effects of 

alcohol on mammary cancer. For example, to determine the effects of alcohol on 

mammary tumor metastasis, Yirmiya et al. implanted mammary cancer cells into the 

mammary glands of rats and then fed them water or alcohol; his results showed that 

alcohol consumption promoted mammary adenocarcinoma metastasis [10]. Using DMBA 

(7, 12-dimethylbenz(a)antracene) to induce mammary cancer, Singletary et al. reported 

that alcohol consumption promotes mammary tumor development by affecting both the 

initiation and promotion stages of mammary cancer development [10, 11]. Using DMBA 

in their studies, Hilakivi-Clarke et al. reported that alcohol may promote mammary 

tumorigenesis in rats by modulating mammary gland morphology and ER-α expression 

[12].   

However, not all studies have reported deleterious effects of alcohol on mammary 

tumor development. Some animal studies report no effect [13] while others show a 

negative effect [14] and still others show a positive effect [15]. One of the reasons for 

these inconsistencies may relate to the study design or the manner in which alcohol was 

provided to the animals. In many cases, alcohol was provided to the animals in a liquid 
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diet containing high levels of lipids (e.g., Lieber DeCarli diet). It is clear that 

consumption of high-fat diets can lead to obesity [16], which increases breast cancer risk.  

Therefore, high levels of lipids in the diet can become a confounding factor in the study 

of the effects of alcohol on mammary cancer development. In addition, 75-80% of breast 

cancers occur in women after menopause [1], yet most animal studies focusing on the 

effects of alcohol on breast cancer were performed in animals with intact ovaries (pre-

menopausal phase). 

 

1.2.3  Alcohol Metabolism and Breast Cancer  

Figure 1.1 shows an overview of alcohol metabolism in the human body.  

Following consumption, alcohol is absorbed through the gastrointestinal tract; 20% is 

absorbed in the stomach and 80% is absorbed as it passes into the small intestines [17].  

Approximately 2-10% of alcohol is lost through respiration, perspiration, and urination, 

while approximately 90% is metabolized by the liver into acetaldehyde before being 

converted into acetate and subsequently acetyl-CoA to enter the citric acid cycle.  

In the chemical reaction in which alcohol is metabolized in the liver into 

acetaldehyde, NAD+ is reduced to NADH. Acetaldehyde is toxic and can lead to 

oxidative stress and DNA damage [10]. Accumulated acetaldehyde and NADH may 

increase the activities of the enzymes xanthine oxidoreductase (XOR) and aldehyde 

oxidase (AOX), which have the ability to produce high levels of reactive oxygen species 

(ROS) [18].  In the second step of alcohol metabolism, acetaldehyde is converted to 
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acetate by aldehyde dehydrogenase (ALDH); this reaction does not generate ROS [18].  

Another alcohol-metabolizing enzyme is cytochrome P450 2E1 (CYP2E1), which is 

found in liver microsomes. Metabolism of alcohol by CYP2E1 can produce high levels of 

ROS, causing oxidative stress and inflammation [19]. Moreover, alcohol-activated 

CYP2E1 can lead to the generation of lipid peroxidation products, possibly leading to 

DNA damage [1]. 

 

 

Figure 1.1: Alcohol metabolism.  Approximately 20% of the alcohol consumed is 
absorbed in the stomach and about 80% in the small intestine.  Most of the alcohol is 
metabolized by the liver (~90%), while 2-10% is excreted through breathing, urinating, 
and sweating.  In the liver, alcohol is metabolized by the enzymes alcohol dehydrogenase 
(ADH), cytochrome P4502E1 (CYP2E1), and acetaldehyde dehydrogenase (ALDH).  
Alcohol can also be metabolized in the mammary gland since ADH and ALDH are 
expressed in mammary epithelial cells as well. 
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Several hypotheses have been proposed to explain the positive relationship 

between alcohol consumption and breast cancer risk, including: 1) alcohol induces DNA 

damage through the production of ROS and acetaldehyde [20] and 2) alcohol increases 

the production of growth hormones (e.g., estrogen, insulin, leptin) that can promote 

tumor growth and metastases [20]. However, these hypotheses have not been proven.  In 

our view, the most likely hypothesis is that alcohol affects breast cancer through growth 

factors such as estrogen, insulin, and leptin. Many studies have shown that factors such as 

estrogen and leptin can positively affect breast cancer cells [21, 22]; thus, it is 

conceivable for alcohol to impact breast cancer through these growth factors. 

 

1.3  Alcohol, Obesity, and Breast Cancer  

1.3.1  Evidence from Epidemiological Studies 

In the United States, the population of obese women has increased by 

approximately 2 fold since the 1960s, according to the Centers for Disease Control and 

Prevention (CDC) [23]. Approximately two-thirds of the American population is either 

overweight or obese. In postmenopausal women, obesity increases the risk of morbidity 

and mortality from breast cancer [24-26]. The risk of breast cancer is about 50% higher in 

obese postmenopausal women compared to their lean counterparts [26]. Approximately 

30-50% of breast cancer deaths may be attributed to excess body weight (overweight and 

obese), which translates to about 11,000-18,000 deaths per year [27]. The dramatic 

increase in obesity, combined with the fact that over 75% of new breast cancer cases 
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occur in postmenopausal women [28], increases the likelihood that the harmful impact of 

obesity on breast cancer will continue to rise. Adipose tissue is capable of producing 

multiple factors, such as estrogen, leptin, adiponectin, insulin-like growth factor-1 

(IGF-1), and cytokines, many of which have been shown to influence various processes 

involved in carcinogenesis [25, 29-31]. In particular, obesity increases bio-available 

insulin and IGF-1 in the blood due to a reduction of IGF-1 binding protein levels. The 

elevated insulin levels stimulate phosphorylation of the insulin receptor (IR) and IGF-1R 

which may transduce intracellular signaling through the PI3K pathway in mammary 

gland and breast tumor tissues [32]. Although obesity increases the risk of morbidity and 

mortality from breast cancer in postmenopausal women, it is not well known if the effects 

of alcohol on breast cancer are modified by body weight. 

 

1.3.2  Evidence from Experimental Studies 

Review of the animal literature in scientific databases such as PubMed 

(pubmed.gov), Highwire (highwire.stanford.edu), Toxnet (toxnet.nlm.nih.gov), and 

Sciencedirect (sciencedirect.com) revealed that the majority of animal studies designed to 

investigate the obesity-breast cancer relationship were not designed to mimic 

epidemiological findings. Specifically, most previous studies do not address the finding 

that obesity increases breast cancer risk only in postmenopausal women (i.e., in the 

absence of ovarian hormones). Instead, previous studies have used animals with normal 

ovarian function. Because the majority of breast cancer cases occur in postmenopausal 
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women [1], and because obesity affects breast cancer risk only after menopause [26], 

models of obesity and breast cancer in animals with functional ovaries may not reflect the 

relevant biology in humans. Thus, there is a gap in the existing animal literature 

regarding the obesity-breast cancer link. Our objective is to use the knowledge we obtain 

from these studies to prevent and/or treat breast cancer. Naturally, in order for animal 

studies to be relevant to postmenopausal women, it is essential that their design mimic as 

closely as possible the human conditions in which breast cancer develops. To our 

knowledge, no studies have been published determining whether body weight modifies 

the effects of alcohol consumption on breast cancer development in animal studies.    

 

1.4  Alcohol, Estrogen, and Breast Cancer 

1.4.1  Evidence from Epidemiological Studies 

Estrogen is a naturally occurring steroid hormone that comes in three forms, 

estrone (E1), estradiol (E2), and estriol (E3) (Figure 1.2). Estradiol is the predominant 

form and is produced mostly by the ovaries in premenopausal women. However, after 

menopause, estrogen, which is mostly present in the form of 17β-estradiol (E2), is 

produced in peripheral tissues (e.g. adipose tissue) by the aromatization of androgen to 

estrogen by the enzyme aromatase [22]. Aromatase is a cytochrome P-450 enzyme that 

catalyzes the rate-limiting step in the synthesis of estrogen from androgens [33].  

Aromatase is found in estrogen-producing cells such as the adrenal glands and white 

adipose tissue [34]. Women with higher amounts of fat have higher levels of aromatase; 
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thus, obese postmenopausal women have higher estrogen levels than lean 

postmenopausal women [29]. Moreover, postmenopausal women who consume alcohol 

have higher circulating estrogen levels than non-drinkers [10]. Some studies report that 

alcohol increases blood estrogen levels by as much as 22% in women [35]. In women, 

alcohol consumption influences estrogen levels as well as breast cancer risk. Smith-

Warner et al. estimated that drinking alcohol (30g/day) increases breast cancer risk about 

30-40% compared to not drinking alcohol [3]. Because of these observations, it has been 

suggested that alcohol increases systemic estrogen levels by increasing the activity of 

aromatase in white adipose tissue [10]. Therefore, some have suggested that alcohol 

increases breast cancer risk via estrogen. Multiple studies have shown that women who 

drink alcohol do indeed have higher blood estrogen levels than non-drinkers [36].  

Furthermore, there is also evidence suggesting that alcohol may modify the response of 

breast cancer cells to the effects of estrogen.  

 

 

Figure 1.2: The structure of estrogen.  Estrone is the least abundant estrogen form and 
is only present before menopause.  Estradiol is the most abundant hormone found in 
females.  Estriol is mostly produced during pregnancy. 
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After menopause, estrogen replacement therapy (ERT) is used to protect women 

from hypo-estrogenic problems such as loss of bone mineral density (BMD).  

Postmenopausal women who drink alcohol and undergo ERT show about a 3 fold 

increase in blood estrogen levels in contrast to premenopausal women [37]. The increase 

in blood estrogen levels increases breast cancer. However, alcohol has a larger effect on 

breast cancer risk in postmenopausal women who use ERT compared to women who do 

not use ERT [35]. For example, one study showed the relative risk of developing breast 

cancer in women abstaining from alcohol was 1.0, those consuming alcohol 1.28, those 

on estrogen therapy 1.45, and those both consuming alcohol and on estrogen 2.08 [38].  

Elevated endogenous or exogenous estrogen in the blood is correlated with increased 

breast cancer risk in most studies [39-42]. However, recently, a few studies reported 

unique findings that estrogen treatment inhibited tumor growth [43-45]. An observation 

from the Woman’s Health Initiative indicated that women had a reduced risk of breast 

cancer when estrogen supplementation was initiated five or more years after menopause 

[44]. Studies also showed that estrogen supplementation can inhibit breast cancer 

development in women who have been long-term estrogen-deprived or have received 

anti-estrogen treatment [46-51]. Moreover, the various stages of carcinogenesis may be 

affected by estrogen. For example, estrogen may inhibit tumor growth but encourage 

invasion and metastasis. However, it is still unclear how estrogen treatment affects breast 

cancer development. 
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1.4.2  Evidence from Experimental Studies 

A review of the animal literature in scientific databases revealed many studies 

which conclude that elevated levels of estrogen in the blood cause breast cancer cells to 

develop enhanced sensitivity to the proliferative effects of estrogen. Additionally, 

experimental studies reported similar results, in which estrogen promotes proliferation 

and survival of cancer cells in both normal and transformed epithelial cells in mammary 

glands [22, 52]. Estrogen supplementation stimulates mammary tumor growth in animal 

models [53-55]. Interestingly, the action of estrogen to breast cancer appears to be 

different since exogenous estrogen inhibits tumor growth in mice [52]. Several biological 

evidences have been proposed to explain the capacity of estrogen treatment to inhibit 

primary tumor growth in animal models. Specifically, most previous animal studies do 

not consider that some postmenopausal women receive estrogen replacement therapy a 

few years after menopause. In other studies, animals were treated with estrogen right 

after ovariectomy, so the effect of long-term estrogen deprivation was ignored in these 

studies. However, some cell culture studies supported the condition that long-term 

estrogen deprivation inhibits cell growth. For example, long-term estrogen-deprived 

MCF-7 breast cancer cells paradoxically inhibited cell growth and induced apoptosis [48, 

49]. Another study showed that long-term estrogen-deprived cells expressed more 

sensitivity to estrogen concentration that is three logs lower to stimulate proliferation of 

these cells than wild-type cells [50]. In addition, Banka et al. demonstrated that estrogen 

supplementation resulted in increased spontaneous metastasis in ovariectomized mice by 

suppressing primary tumor growth [43]. It is also possible that estrogen may inhibit 
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tumor growth but encourage invasion and metastasis. We know of no study to determine 

the effect of exogenous estrogen on breast cancer modulated by alcohol. Thus, our goal is 

to analyze the effect of estrogen supplementation and alcohol consumption on breast 

cancer in ovariectomized mouse models to mimic postmenopausal status. 

 

1.5  Insulin, Leptin, Breast Cancer, and Alcohol Consumption 

1.5.1  Insulin and Breast Cancer 

As previously stated, alcohol increases the production of growth hormones (e.g., 

insulin, leptin) which may promote tumor growth and metastases [20]. Insulin is a 

hormone secreted by the pancreas that regulates glucose uptake in skeletal muscle and 

adipose tissue. Insulin binds the insulin receptor (IR) and activates a signaling cascade 

leading to the translocation of glucose transporter-4 (GLUT-4) to the cell membrane, 

where GLUT-4 mediates the diffusion of glucose molecules into the cell [56].  Binding of 

insulin and activation of the IR leads to increased levels of PI3K/Akt, which may 

increase breast cancer progression (see Figure 1.3). Insulin resistance is the state of 

reduced sensitivity and responsiveness of cells to the effects of insulin, leading to 

increased blood insulin levels or hyperinsulinemia, and is positively associated with type 

2 diabetes. Interestingly, alcohol can overcome insulin resistance [57], thus decreasing 

type 2 diabetes risk yet increasing breast cancer risk [58].  We have shown that alcohol 

increases insulin sensitivity [59]. However, if alcohol sensitizes breast cancer cells to 
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insulin or other growth factors, then the tumors of alcohol-consuming mice may grow at 

a faster rate or may obtain a more aggressive metastatic phenotype [3]. 

 

1.5.2  Leptin and Breast Cancer 

Leptin, which is synthesized by fat cells, acts on the hypothalamus to decrease 

food intake and increase energy expenditure [60]. With respect to breast cancer, evidence 

suggests that leptin may positively affect breast cancer development. Cell culture studies 

have shown that leptin stimulates the growth of cancer cells and increases their invasive 

phenotype [21]. Because leptin increases aromatase activity, it is suggested that leptin 

may promote breast cancer development indirectly through increased estrogen production 

[21]. Interestingly, alcohol consumption is associated with high circulating leptin levels 

[61]; women who consume alcohol have significantly higher serum leptin levels 

compared to abstainers [38].   
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Figure 1.3: PI3K/Akt signaling pathway in insulin sensitivity and breast cancer.  In the fed 
state, insulin is secreted by the pancreas and binds the insulin receptor to activate insulin 
signaling and to enhance the uptake of blood glucose by GLUT4. The activated PI3K/Akt 
signaling may induce breast cancer progression.  Alcohol consumption may sensitize insulin and 
estrogen signaling pathways to enhance insulin sensitivity and promote breast cancer progression. 

 

1.6  The Link between Alcohol and Metastatic Breast Cancer 

1.6.1  Alcohol and Metastatic Breast Cancer 

More often than not, it is not the primary tumor that leads to the death of breast 

cancer patients. It is often the metastases, where breast cancer cells spread from the 

primary tumor site to secondary sites such as the lungs by invading through the basement 

membranes and connective tissues, that kill cancer patients [2]. Epidemiological and 
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animal studies suggest that alcohol increases the invasive and metastatic phenotype of 

breast cancer cells [9, 15]. For example, Vaeth et al. showed that frequent alcohol 

drinkers were 1.45 times more likely than infrequent drinkers to be diagnosed with later 

stage breast cancer [9]. On the same note, animal studies suggest that alcohol 

consumption (9-12g/kg of body weight/day) may increase the incidence of lung 

metastasis [62]. Some researchers have suggested that alcohol may decrease tumor 

immune surveillance by decreasing the amount of cells capable of killing cancer cells, 

such as natural killer cells (NK cells). Studies have proposed that alcohol decreases the 

number of NK cells and T-lymphocytes in the body, mainly through destruction in the 

spleen, resulting in increased tumor growth and metastasis [62, 63]. Alternatively, 

alcohol may influence metastasis by increasing the production of inflammation factors 

known to affect breast cancer progression, such as interleukin-1 (IL-1), interleukin-6 (IL-

6), matrix metalloproteases (MMPs), and vascular endothelial growth factors [64-66]. 

 

1.6.2  Nm23 and ITGA5 

Studies show that alcohol increases the invasive and metastatic phenotype of 

breast cancer cells [9, 15], but the mechanism by which alcohol mediates these effects is 

not well known. Metastasis suppressor genes encode proteins that can slow down or 

prevent the invasiveness of cancer cells, thereby inhibiting the establishment of 

metastasis [2]. Metastasis suppressor genes inhibit the metastatic process without 

affecting primary tumor growth. Nm23 is the most widely validated metastasis 

suppressor gene.  Nm23 has been localized to chromosome 17q21 and plays an important 
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role in inhibiting multiple cancer-related metastases. There are currently eight isoforms of 

Nm23 in the human genome, two of which have been shown to be involved in metastasis 

suppression, Nm23-H2 (NME2) and Nm23-H1 (NME1 or Nm23) [2].  

NME2 is a transcription factor involved in DNA cleavage [67-69]. Nm23 

functions as a histidine kinase, nucleoside diphosphate (NDP) kinase, and an exonuclease.  

Nm23 utilizes its histidine kinase activity to stimulate the degradation of the kinase 

suppressor of Ras 1 (KSR1) via a histidine-dependent pathway [2, 70]. KSR1 has an 

important role as a scaffolding protein for the mitogen-activated protein kinase (MAPK) 

pathway [71]. Therefore, the degradation of KSR1 results in reduced MAPK signaling 

and a subsequent decrease in cancer cell proliferation, survival, and migration [2, 70].  

Nm23 also serves as an NDP kinase which is a housekeeping enzyme used to maintain 

nucleotide pools [72]. Finally, Nm23 is involved in DNA cleavage and DNA repair as a 

3'-5' exonuclease [73]. Mutants that disrupt the NDP kinase and exonuclease activity of 

Nm23 suppress metastasis to varying degrees, suggesting complex and overlapping roles 

in metastatic regulation [74].  

Nm23 inhibits multiple metastatic-related processes. Overexpression of Nm23 in 

tumor cells reduces tumor cell motility and invasion, promotes cellular differentiation, 

and inhibits anchorage-independent growth and adhesion to fibronectin, laminin, and 

vascular endothelial cells [75, 76]. Integrins, also key players in the metastatic process, 

are transmembrane glycoproteins that help cells attach to extracellular matrix proteins 

and other cells. Integrins are composed of an α-subunit and a β-subunit that dimerize at 
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the cell surface [77]. Integrins may facilitate the attachment of cells to endothelial cells 

found within the blood vessels of organs, such as the lungs [78]. Specifically, integrin 

α5β1 (fibronectin receptor, ITGA5) selectively binds to fibronectin and consequently 

induces motility in response to growth factors in an anchorage-independent manner [79].  

Similarly, the interaction of ITGA5 with mammary cancer cells facilitates invasion and 

migration [79]. In addition, treatment of immune compromised mice with exogenous 

fibronectin promotes human breast cancer cell metastasis [80].  

Integrins can also activate intra-cellular signaling pathways which mediate 

cytoskeletal organization, adhesiveness, and survival. For example, integrin-associated 

pathways can mediate the phosphorylation of focal adhesion kinase (FAK), interaction 

with adaptor proteins, stimulation of small GTPases, and subsequent activation of 

downstream signaling proteins to induce cell invasion and migration [77]. Hence, 

integrins are essential for cancer cell invasion and migration due to their ability to modify 

tissue adhesiveness and activate intra-cellular signaling cascades to regulate metastatic 

processes [77]. However, to our knowledge, there is no study to characterize the effect of 

Nm23 and ITGA5 on alcohol-induced invasive breast cancer. Thus, our goal is to 

examine the effects of alcohol and Nm23 overexpression on the expression levels of 

extracellular matrix and adhesion proteins.  
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1.7  The Dichotomy of Alcohol: Insulin Sensitivity and Breast Cancer  

Alcohol consumption has both a beneficial effect, in that it increases insulin 

sensitivity, and a deleterious effect, in that it promotes breast cancer development. In our 

studies, we show that alcohol consumption sensitizes mice to insulin; this is reflected by 

faster glucose clearance in alcohol-consuming mice after insulin injection (Figure 1.3).  

Also, Figure 1.3 shows that activation of the insulin pathway is beneficial for glucose 

uptake; activation of this pathway leads to the translocation of GLUT-4 to the cell 

membrane [56]. In the cell membrane, GLUT-4 behaves as a channel, allowing glucose 

to enter the cell from the blood [56]. For glucose regulation, alcohol may increase insulin 

sensitivity in tissues that regulate glucose metabolism, such as skeletal muscle and 

adipose tissue [81-83]. In this tissue, insulin activates the PI3K/Akt pathway, which 

consequently activates translocation of GLUT-4 to the cell membrane; thus, activation of 

this pathway is beneficial for glucose uptake. However, in the context of breast cancer, 

elevated PI3K/Akt activity may not be beneficial for breast cancer. In fact, activation of 

this signaling pathway is associated with increased breast cancer development [84].  

Other investigators have shown that proteins such as PI3K and Akt are commonly altered 

in human breast cancers [85]. Activation of PI3K/Akt proteins in breast cancer cells leads 

to increased cell growth, increased survival, increased metastasis, and a more aggressive 

breast cancer phenotype [85]. If indeed alcohol sensitizes breast cancer cells to insulin or 

other growth factors such as leptin, then the tumors of alcohol-consuming mice may grow 

at a faster rate, or may obtain a more aggressive metastatic phenotype [15, 86, 87]. In fact, 

our data show that mammary tumor growth rate is accelerated in alcohol-consuming mice, 
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and in cell culture studies, alcohol increased the invasive ability of breast cancer cells in a 

dose-dependent manner [59]. Furthermore, mice consuming alcohol have higher levels of 

leptin [59]; thus, it is conceivable that alcohol consumption increases the production of 

these growth factors by adipose tissue and simultaneously increases the sensitivity of 

breast cancer cells to these hormones. However, these effects have not been shown 

concurrently in an animal model of breast cancer. Therefore, our objective is to identify a 

mouse model of breast cancer whereby alcohol increases insulin sensitivity and promotes 

mammary tumorigenesis. 

 

1.8  Summary 

Alcohol consumption contributes to increased breast cancer, the second leading 

cause of cancer deaths among women in the United States. Postmenopausal women who 

consume alcohol come in all shapes and sizes, including overweight and obese; some of 

these women may also take estrogen to prevent the side effects of menopause. It is 

unclear whether the effects of alcohol on breast cancer development are modified by 

body weight or exogenous estrogen. In this dissertation, we will determine if the effects 

of alcohol on breast cancer are modified by body weight and exogenous estrogen using 

an animal model. This novel mouse model will be advantageous for future experiments 

designed to further characterize the alcohol-breast cancer relationship, along with obesity 

and estrogen, and to develop better prevention and treatment strategies to target breast 

cancer. 
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Chapter 2 will determine the effects of alcohol consumption and body weight on insulin 

sensitivity. 

Chapter 3 will investigate the effects of alcohol on insulin sensitivity and on breast cancer 

in cell culture and animal studies.  

Chapter 4 will determine if the effects of alcohol on mammary cancer are modified by 

body weight and estrogen supplementation. 

Chapter 5 will determine the effects of alcohol consumption, obesity, and exogenous 

estrogen on mammary cancer development.  

Chapter 6 will attempt to determine the molecular mechanisms by which alcohol 

increases the invasive ability of breast cancer cells.  

Chapter 7 provides a summary and directions for future research. 
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Chapter 2: Alcohol consumption promotes insulin sensitivity without affecting body 

fat levels. 

 

Abstract  

Alcohol consumption promotes insulin sensitivity. In obesity, a decrease in body 

fat levels decreases the risk of developing insulin resistance; therefore, it is possible that 

alcohol improves insulin sensitivity by negatively affecting body fat. The aim of this 

study was to determine whether alcohol consumption promotes insulin sensitivity by 

reducing body fat levels in C57BL/6 male mice. We examined the effects of alcohol 

consumption on insulin sensitivity in male mice with three different body weight (BW) 

phenotypes. The BWs were induced by feeding the mice a 30% calorie-restricted (CR) 

regimen, a low-fat (LF) diet and a high-fat (HF) diet. The mice had free access to water 

or 20% ethanol in the drinking water. To determine the effects of the three different BW 

phenotypes and of alcohol on glucose regulation and insulin sensitivity, we performed the 

insulin tolerance test (ITT) and glucose tolerance test (GTT) on the mice. The effects of 

the diets and alcohol on body composition, percent body fat (% BF), percent lean mass 

and bone mineral density (BMD) were determined by dual-energy X-ray absorptiometry 

(DXA). Data show that mice with the highest body fat levels (HF) were insulin resistant 

and glucose intolerant. In contrast, mice with the lowest body fat levels (CR) were the 

most insulin sensitive and cleared the injected endogenous glucose the fastest. Results 

show that alcohol did not affect GTT in any of the BW phenotypes. However, alcohol 
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consumption promoted insulin sensitivity in mice consuming both the LF and HF diets. 

Alcohol consumption increased insulin sensitivity without affecting body fat levels, as 

body fat levels were similar in mice consuming the LF or HF diets and drinking either 

water or alcohol. In conclusion, alcohol consumption promotes insulin sensitivity without 

affecting body fat levels in mice consuming LF and HF diets. 

 

Introduction  

Obesity has reached epidemic proportions in the United States, as nearly two-

thirds of U.S. adults are either overweight or obese [88-90]. Following this trend, about 

three-fourths of the population could be overweight or obese by 2015 [88]. Obesity is 

associated with insulin resistance, which is a state of reduced responsiveness of tissues to 

the physiological actions of insulin, consequently resulting in the development of 

diabetes [90, 91]. Alcohol consumption decreases the risk of becoming insulin resistant 

and developing diabetes [92-97]. The mechanism(s) of how alcohol consumption 

improves insulin sensitivity is not known.  However, it is well known that a decrease in 

body weight or body fat levels decreases the risk of developing insulin resistance; 

therefore, it is possible that alcohol improves insulin sensitivity by negatively affecting 

weight gain or body fat levels. 

In humans, insulin resistance is proportionally associated with Body Mass Index 

(BMI) [91, 98, 99]. That is, individuals with a high BMI have a high risk of developing 

insulin resistance as compared to individuals with a lower BMI [99-103]. In the present 
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studies, we determined the effects of alcohol consumption on insulin sensitivity in lean, 

overweight, and obese mice.  For this purpose, overweight mice were generated by 

feeding them a low-fat (5%) diet ad libitum; lean mice were generated by feeding them 

30% fewer calories per day than overweight mice; and obese mice were generated by 

feeding them a high-fat (35%) diet ad libitum. Mice had free access to either plain water 

or drinking water with alcohol. The objective of this study was to determine if alcohol 

consumption improves insulin sensitivity by decreasing body weight or body fat levels.  

Results show that alcohol consumption promotes insulin sensitivity; however, the insulin-

sensitizing effects of alcohol are not due to a decrease in body weight or a decrease in 

body fat levels in alcohol-consuming mice. 

 

Materials and methods 

Animals 

A total of 90 specific pathogen-free male mice were obtained from Charles River 

Laboratories (Wilmington, MA) at 6 weeks of age and housed according to NIH 

guidelines (National Research Council, 1996) in the Animal Resource Center at the 

University of Texas at Austin.  The animal protocol was approved by the Animal Care 

and Use Committee at UT-Austin. Mice were singly housed in a 22 to 24ºC room and 

kept on a 12-hr light/dark cycle. Following one week of acclimation, the mice were 

randomized and put into six treatment groups defined by diet composition and liquid 

intake.  The average weight of the mice upon initiating the study was 20 ± 0.07g.  Mice 
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were placed in one of the following six diet treatments (15 mice per group) for 20 weeks:  

mice consuming water—1) calorie-restricted regimen, 2) low-fat diet, 3) high-fat diet; 

mice consuming alcohol—4) calorie-restricted regimen, 5) low-fat diet, and 6) high-fat 

diet.   

All diets were obtained from Research Diets Inc (New Brunswick, NJ).  Mice in 

the calorie-restricted regimen were 30% calorie restricted (30% CR). The low-fat diet 

was composed of 19% protein, 67% carbohydrate, 5% fat (Research Diet #D12450B), 

and the high-fat diet was composed of 26% protein, 26% carbohydrate, and 35% fat 

(Research Diet #D12492). The diet fed to the 30% CR mice was a modified version of 

the overweight formulated diet, such that the daily aliquots of food they received 

provided 70% of the mean daily caloric portions but 100% of the vitamins, minerals, fatty 

acids, and amino acids of the respective overweight groups. The CR diet was composed 

of 27% protein, 54% carbohydrate, and 6% fat (Research Diet #D03020702). All mice 

consumed either water or 20% w/v alcohol ad libitum throughout the study. Body 

weights, food consumption, and liquid consumption were measured weekly. 

Glucose tolerance test (GTT) and insulin tolerance test (ITT)  

To determine the effects of alcohol consumption on glucose regulation and insulin 

sensitivity, the insulin-tolerance test and glucose-tolerance test was performed in the 

animals. The ITT was performed after food depriving the mice for 6 hours at which point 

they were given an intra-peritoneal (i.p.) injection of insulin (0.75 U/kg). The GTT was 

performed after an overnight fasting of 12 hours, by injecting 20% glucose i.p. (2 g/kg) in 
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the mice. In both the ITT and GTT, blood glucose was measured using a Glucometer 

Elite (Bayer, Elkhart, IN) [104]. Approximately half a drop of blood was drawn from the 

tail of each mouse.  Blood glucose levels were recorded at 0, 15, 30, 60, and 120 minutes.  

GTT and ITT were examined at 18 weeks on the study.  

Body composition analyses in mice 

Body composition in the mice was calculated with DXA using a GE Lunar 

Piximus II densitometer (Madison, WI), as previously described [103]. Using this method, 

we determined percent body fat, lean mass, and bone mineral density (BMD).   

Statistical analysis 

To calculate statistics for these experiments we used a nonparametric test, an 

independent t-test, analyses of variance (ANOVA) with the Scheffe post hoc, and 

correlation and regression using Statistical Package for Social Studies (SPSS 15) 

software. All presented data are illustrated by mean ± standard error of the mean (S.E.M.). 

In this study significance was considered p<0.05.  

 

Results  

Induction of lean, overweight, and obese body weight phenotypes in mice 

The body weight phenotypes were induced by three different diets: 30% calorie 

restricted (CR), 5% low fat (LF), and 35% high fat (HF). The baseline mean body weight 
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for all the groups was 20g. Figure 2.1 shows that 30% CR mice had the lowest body 

weight (lean), mice consuming the low-fat diet (5%) had an intermediate body weight 

(overweight), and mice consuming the high-fat (35%) diet had the highest body weight 

(obese). There was no statistical difference in body weights between obese mice 

consuming water and obese mice consuming alcohol (p>0.05). However, 30% CR mice 

consuming alcohol had a statistically higher body weight than 30% CR mice consuming 

water (p<0.01).  Moreover, LF mice consuming alcohol had lower body weights than LF 

mice consuming water (p<0.05).   

Calorie consumption  

Average calories consumed from food and alcohol among the various groups is 

presented in Table 2.1. Among water-consuming mice, the CR mice consumed 8.3 ± 0.03 

calories, LF mice 12.8 ± 0.10 calories, and HF mice 15.1 ± 0.14 calories. Among alcohol-

consuming mice, the CR mice consumed 12.3 ± 0.03 calories (4 ± 0.03 from alcohol), LF 

mice 14.7 ± 0.16 calories (3.7 ± 0.05 from alcohol) and HF mice 16.9 ± 0.13 calories (3 ± 

0.03 from alcohol). Overall, the alcohol-consuming mice consumed more total calories 

than mice consuming water. Alcohol-consuming mice consumed about 18 to 35% of total 

calories from alcohol. 

Effects of alcohol consumption on body composition  

The body composition of mice carcasses was measured to determine percent body 

fat, percent lean body mass, and bone mineral density (Table 2.2). Table 2.2 shows the 

final body weight (BW) of the mice the day they were sacrificed, body weight gained 
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over the course of the study (BWG), percent body fat (% BF), percent lean body mass (% 

Lean), and bone mineral density (BMD). All factors of body composition were 

significantly different among all different diet groups (CR, LF, and HF) (p<0.001). 

However, percent BF, percent lean, and BMD were not significantly different between 

water-consuming and alcohol-consuming mice (p>0.05). The CR mice showed the lowest 

percent body fat and BMD but the highest percent lean body mass, while the HF mice 

showed the highest percent body fat and BMD, but the lowest percent lean body mass.  

Effects of alcohol consumption on glucose-tolerance and insulin-tolerance tests 

To determine the effects of the body weight phenotypes and alcohol on glucose 

regulation and insulin sensitivity, we performed the glucose-tolerance test (GTT) and 

insulin-tolerance test (ITT) on the mice.  The GTT reflects not only insulin sensitivity but 

also ß-cell function.  Results show that CR mice were glucose tolerant (Figure 2.2); that 

is, they cleared the injected glucose more rapidly than the LF and HF mice. The obese 

mice consuming the HF diet cleared the endogenous glucose at the slowest rate. Alcohol 

consumption did not affect the GTT of the mice in any of the weight categories (CR, LF, 

and HF). Thus, the HF mice glucose tolerance was significantly impaired compared with 

CR and LF mice consuming either water or alcohol. The ITT, which reflects whole body 

insulin sensitivity, was impaired in the HF mice compared to the LF mice. Alcohol 

consumption overcame some of the insulin resistance in the HF mice, and in fact, alcohol 

consumption increased insulin sensitivity in both the LF and HF mice (Figure 2.3). 

Among the groups, the blood glucose levels at each time point was significantly lower 



- 29 - 
 

(p<0.05) in the alcohol-consuming mice than water-consuming mice in the same diet 

category. Insulin tolerance was not tested in lean mice because an additional decrease of 

preexisting low blood glucose levels causes severe hypoglycemia.  

 

Discussion 

The objective of this study was to determine whether alcohol intake improves 

insulin sensitivity by reducing body fat levels.  Epidemiological studies show that obesity 

increases the risk of diabetes [99-102]. High fat diets and excessive food consumption 

increase the amount of body fat and promote insulin resistance in humans and mice [105, 

106]. Our studies show findings similar to other published results:  obese mice 

consuming a high-fat diet (HF) gained high levels of body fat and became insulin 

resistant when compared to mice consuming a low-fat diet (LF) or a calorie-restricted 

regimen (CR).  Results also show that alcohol-consuming mice had lower fasting blood 

glucose levels compared to water-consuming mice. Alcohol consumption did not affect 

the GTT in any of the weight categories (CR, LF and HF diet groups). However, alcohol-

consuming mice were significantly more sensitive to insulin compared to the water-

drinking mice at each time point after injection of insulin (p<0.05); see Figures 2.3. Our 

studies show results similar to those of Fueki et al. who found that obese and non-obese 

Japanese men who consume alcohol daily were more insulin sensitive [57].   

Obesity is one of the most important risk factors of diabetes [88, 99, 106]. A 

positive association exists between body mass index (BMI=kg/m2) and risk of diabetes 
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[107]. In people, body weight categories are defined as lean (individuals having a BMI 

less than 25), overweight (BMI between 25 and 30), and obese (BMI greater than 30) 

[16].  Previously, we determined that mice on the CR regimen had body fat levels similar 

to individuals with a BMI of 25 or less; mice on the LF diet had body fat levels similar to 

individuals with a BMI between 25 and 30; and mice on the HF diet had body fat levels 

similar to obese people, having a BMI of 30 or greater [16]. With these in mind, we set 

out to determine whether alcohol consumption affected insulin sensitivity in lean (CR), 

overweight (LF), and obese (HF) mice by affecting body fat levels. Results show that CR 

mice had the lowest percent body fat and were the most insulin sensitive, and that HF 

mice had the highest percent body fat and were the most insulin resistant (Table 2.2 and 

Figure 2.3).  Others have shown similar findings—that body fat is strongly and positively 

correlated with insulin resistance [88, 91, 108]. We repeated these findings in our studies.   

Epidemiological studies on the link between alcohol consumption and body 

weight are conflicting; some studies show a positive relationship, in which increased 

alcohol intake is associated with higher body weight [97, 109, 110], while others show a 

negative relationship, in which increased alcohol intake is associated with lower body 

weight [111];    still others show no relationship [112]. The lack of a clear trend in these 

studies is likely due to the large number of confounders associated with human studies. In 

epidemiological studies, it is difficult to determine a person’s body composition when 

they first started consuming alcohol, or to determine to what degree alcohol consumption 

affects their body weight relative to other factors such as concomitant food intake or 

patterns of physical activity.  Furthermore, factors such as frequency and duration of 
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alcohol consumption are hard to control in humans. In animal studies, however, many of 

these confounders can be eliminated, since experimental subjects can be closely 

monitored throughout the study, and exact amounts of alcohol and non-alcohol calories 

the animals consume can be documented. Our animal studies show that alcohol-

consuming animals tended to have a lower body weight and a lower percent of body fat; 

however, the trend was not significant (Table 2.2). Furthermore, alcohol-consuming mice 

were more sensitive to insulin and they cleared their blood glucose levels more quickly as 

a response to exogenous insulin injections compared to water-consuming mice. Thus, our 

data show that alcohol consumption increases insulin sensitivity without altering body fat 

levels.  Our results are in agreement with those of Dixon et al. which show that moderate 

alcohol intake increased insulin sensitivity and decreased risk of diabetes in extremely 

obese men [113]. Our studies show that alcohol consumption increased insulin sensitivity 

in both mice consuming a low-fat diet (overweight mice) and mice consuming a high-fat 

diet (obese mice).  Gigleux et al. also showed that alcohol consumption decreased the risk 

of obese individuals (BMI over 30) developing diabetes [92].   

Studies by other researchers show a negative association between insulin 

resistance and alcohol consumption [57, 96, 98, 114-117]. For example, studies by Kang 

et al. and Wannamethee et al. show that glucose metabolism was disrupted with heavy 

alcohol consumption; they also show that insulin resistance associated with alcohol 

consumption was linked with a disruption in the Akt signaling pathway [115, 118]. In 

their studies, however, rats consumed an ethanol-containing liquid diet; which contained 

high levels of fat [116, 118]. Our results (Fig 2.3A) and those of others [105, 119] show 
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that a high-fat diet can induce insulin resistance. Therefore, it is possible that the 

combination of alcohol and high lipid content in the liquid diet can lead to insulin 

resistance. Our view is that in order to mimic human conditions (where lean, overweight, 

and obese individuals consume alcohol), the effects of body weight, alcohol consumption, 

and their interaction must be studied separately. The unique aspect of our studies is that 

we studied the effects of body phenotypes (lean, overweight, and obese) and alcohol 

consumption separately. Therefore, we show that obesity induces insulin resistance and 

that alcohol consumption decreases the insulin resistance induced by obesity. Hence, we 

show an animal model where we can determine how alcohol consumption influences the 

insulin signaling pathway in order to promote insulin sensitivity. The mechanism by 

which alcohol improves insulin sensitivity is not known. A proposed hypothesis to 

explain the means by which alcohol consumption improves insulin sensitivity suggests 

that alcohol mediates these effects by: 1) inhibiting gluconeogenesis (production of 

glucose by the liver); 2) decreasing inflammation, 3) increasing the production of factors 

that improved insulin sensitivity, such as adiponectin; and 4) increasing the production of 

insulin by the pancreas. Alcohol may inhibit gluconeogenesis in the liver by increasing 

the NADH/NAD ratio (NAD--nicotinamide adenine dinucleotide) and the 

lactate/pyruvate ratio, which may lead to a reduction of blood glucose levels [120]. In the 

liver, alcohol is metabolized to acetaldehyde and acetate by the enzymes alcohol 

dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH), this process leads to the 

production of NADH from NAD [120].  High levels of NADH can inhibit the activity of 

the citric acid cycle, and thus inhibition of gluconeogenesis. In fact, gluconeogenesis is 
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inhibited by as much as 45%, in individuals consuming alcohol [120]. However, in our 

studies we did not measured the levels of NADH from NAD in the liver, their levels will 

be measured in future studies. Alternatively, alcohol consumption may stimulate insulin 

sensitivity by decreasing inflammation [121]. Inflammation is one of the main culprits in 

obesity-induced insulin resistance. In a model of arthritis Jonsson et al. showed that 

ethanol decreased inflammation, which was associated with amelioration of arthritis in 

alcohol consuming mice [121]. Therefore, it is possible that alcohol improves insulin 

sensitivity by decreasing inflammation in tissues that regulate glucose metabolism, such 

as adipose tissue and skeletal muscle. However, the effects of alcohol on inflammation 

markers in these tissues have not been studied in detail. Then again, alcohol may affect 

adipose and skeletal muscle indirectly by inducing the production of adiponectin [114]. 

Adiponectin is an adipokine that is produced by fat cells, which stimulates insulin 

sensitivity in muscle and fat cells [122]. On the other hand, alcohol may stimulate insulin 

sensitivity by increasing the secretion of insulin. In an acute model of alcohol treatment, 

Huang et al. showed that alcohol promoted secretion of insulin by the pancreas, and that 

the increased in insulin secretion was linked to increased insulin sensitivity in alcohol 

consuming animals [123]. However, these effects of alcohol need to be verified in a 

chronic model of alcohol consumption, such as ours. Conversely, alcohol consumption 

may promote insulin sensitivity by affecting all of the discussed parameters 

simultaneously.   

In conclusion, we show that obesity induces insulin resistance, and that alcohol 

consumption, to some extent, overcomes the obesity-induced insulin resistance.  
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Furthermore, alcohol consumption increased insulin sensitivity without affecting body fat 

levels, since body fat levels were similar in mice consuming the low- and high-fat diet 

and drinking either water or alcohol.     
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Figure 2.1: Different body weights induced by three different diets in water-
consuming and alcohol-consuming mice.  Male mice were provided three different 
diets (calorie restricted, low fat, and high fat) to induce different body-weight phenotypes.  
Their body weights were recorded once a week for 16 weeks.  Body weights are shown 
for (a) the water-consuming mice groups and (b) the alcohol-consuming mice groups.  
These two groups were not significantly different (p>0.05).  Abbreviations: 30% calorie-
restricted diet (CR), 5% low-fat diet (LF), 35% high-fat diet (HF). 
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Figure 2.2: GTT in water-consuming and alcohol-consuming mice. 10 mice per group 
were fasted overnight for GTT at 16th study week.  One drop of blood was collected from 
the tail of each mouse in (a) water and (b) alcohol groups to measure blood glucose levels 
at the indicated time points.  * and ** represent significant different values between CR 
vs. LF, and LF vs. HF groups respectively (p<0.005) 
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Figure 2.3: ITT in water-consuming and alcohol-consuming mice. (a) ITT on water-
consuming and alcohol consuming LF mice. (b) ITT on water-consuming and alcohol 
consuming HF mice. *The values are significantly different between water-consuming 
and alcohol-consuming LF groups (p<0.05). **The values are significantly different 
between water-consuming and alcohol-consuming mice in HF groups (p<0.05). 
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Table 2.1: Total consumed calories in male mice.  Food and alcohol consumed by the 
mice are shown.  Results were measured once a week for 16 weeks.  Total energy intake 
was the sum of calories from food and alcohol, and values are expressed as the mean ± 
S.E.M.  The p values are compared among CR, LF, and HF groups. 

 

 

 

 

 

 

 

 

 

 

 

 

CR LF HF CR LF HF p value

Food (kcal) 8.3 ± 0.03 12.8 ± 0.10 15.1 ± 0.14 8.3 ± 0.03 11.0 ± 0.12 14.0 ± 0.10 p<0.001

Alcohol (kcal) 4.0 ± 0.03 3.7 ± 0.05 2.9 ± 0.03 p<0.001

Total (kcal) 8.3 ± 0.03 12.8 ± 0.10 15.1 ± 0.14 12.3 ± 0.03 14.7 ± 0.16 16.9 ± 0.13 p<0.001

Water Group Alcohol Group
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Table 2.2: Body composition of mice consuming water and alcohol.  The body 
composition of mice carcasses was measured to observe percent body fat, percent lean 
body mass, and bone mineral density.  All factors of body composition were significantly 
different among all different diet groups (CR, LF, and HF).  However, percent BF, 
percent lean, and BMD were not significantly different between water-consuming and 
alcohol-consuming mice (p>0.05).  The p values are compared among CR, LF, and HF 
groups.  Abbreviations: BW=body weight; BWG=body weight gain; % BF=percent body 
fat; BMD=bone mineral density; % Lean=percent lean body mass.  Values are expressed 
as the mean ± S.E.M. 

 

 

 

 

 

 

 

 

CR LF HF CR LF HF p value

BW (g) 20 ± 0.2 35 ± 0.8 46 ± 1.0 25 ± 0.3 32 ± 0.7 45 ± 0.7 p<0.001

BWG (g) 1 ± 0.73 14 ± 0.71 25 ± 0.81 5 ± 0.26 10 ± 0.84 23 ± 0.76 p<0.001

% BF 29 ± 1.1 43 ± 1.1 56 ± 1.5 27 ± 1.4 37 ± 1.5 55 ± 1.0 p<0.001

% Lean 73 ± 1.0 59 ± 1.9 42 ± 1.6 73 ± 1.1 63 ± 1.4 44 ± 1.1 p<0.001

BMD 0.0480 ± 0.0520 ± 0.0530 ± 0.0474 ± 0.0500 ± 0.0520 ± p<0.001

(g/cm²) 0.00015 0.00015 0.00018 0.00013 0.00013 0.00015

Water Group Alcohol Group
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Chapter 3: Alcohol consumption promotes mammary tumor growth and insulin 

sensitivity. 

 

Abstract 

Epidemiological data show that in women, alcohol has a beneficial effect by 

increasing insulin sensitivity but also a deleterious effect by increasing breast cancer risk. 

These effects have not been shown concurrently in an animal model of breast cancer. Our 

objective is to identify a mouse model of breast cancer whereby alcohol increases insulin 

sensitivity and promotes mammary tumorigenesis. Our results from the glucose tolerance 

test and the homeostasis model assessment show that alcohol consumption improved 

insulin sensitivity. However, alcohol-consuming mice developed larger mammary tumors 

and developed them earlier than water-consuming mice. In vitro results showed that 

alcohol exposure increased the invasiveness of breast cancer cells in a dose-dependent 

manner. Thus, this animal model, an in vitro model of breast cancer, may be used to 

elucidate the mechanism(s) by which alcohol affects breast cancer. 

 

Introduction 

Breast cancer is the most common malignancy affecting women and the second 

leading cause of death among women in the United States [1]. The American Cancer 

Society estimates that in 2009 there will be approximately 180,000 new cases of invasive 
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breast cancer, and about 40,000 women will die from the disease [1]. Epidemiological 

studies reveal that alcohol consumption increases breast cancer risk in a dose-dependent 

manner [1, 10]. In women, breast cancer accounts for approximately 60% of alcohol-

related cancers [4]. Studies indicate that breast cancer risk increases by approximately 10% 

per drink consumed per day [1, 10]. A drink is defined as 12 ounces of beer or 5 ounces 

of wine. Women who consume 4-5 drinks per day have about a 50% higher probability of 

developing breast cancer than those who abstain [3]. Others have suggested that alcohol 

is a tumor promoter [10]. Additionally, epidemiological studies suggest that alcohol 

intake may increase the aggressiveness of breast cancer cells to invade and metastasize [8, 

86].  Alcohol consumption may also promote the growth of existing breast tumors [9]. 

Studies by others support the notion that alcohol increases the invasiveness of breast 

cancer cells through a direct mechanism [64, 124]. Specifically, alcohol may increase the 

invasiveness of breast cancer cells via the human epidermal growth factor Receptor 2 

also known as ErbB2 [124]. However, it is not clear if the in vitro effects of alcohol on 

cancer cells are similar to or different from those observed in an animal model of breast 

cancer.   

The role of alcohol consumption in disease is contradictory. It has both a 

deleterious effect, in that it promotes breast cancer development, but also a beneficial 

effect, in that it increases insulin sensitivity. A meta-analysis study reported that daily 

consumption of 6-48g of alcohol (compared to non-consumption) decreased the risk of 

type 2 diabetes by approximately 15-30% [96].  A randomized control trial study showed 

that women who drank 30g of alcohol per day for 8 weeks had an improved response to 



- 42 - 
 

exogenous insulin, thus showing that alcohol consumption promotes insulin sensitivity 

[58]. Alcohol may increase insulin sensitivity and breast cancer by a similar mechanism. 

Alcohol consumption may increase insulin sensitivity by enhancing systemic hormones, 

such as insulin, estrogen, and leptin [38, 81, 123]. By increasing the levels of these 

hormones alcohol may prevent insulin resistance; however, high levels of these hormones 

may also promote breast cancer development [21, 125-128]. Our notion is that by 

understanding both the beneficial and the deleterious effects of alcohol simultaneously in 

the same animal, we will be able to determine how alcohol affects breast cancer 

progression. Thus, our objective is to identify a mouse model of breast cancer whereby 

alcohol increases insulin sensitivity and promotes mammary tumorigenesis.   

Our results show that alcohol consumption sensitizes mice to insulin. Thus, it is 

feasible that alcohol decreases the risk of type 2 diabetes by ameliorating insulin 

resistance in tissues regulating glucose metabolism such as skeletal muscle, adipose 

tissue, or the liver. However, if alcohol sensitizes mammary cancer cells to insulin or 

other growth factors such as estrogen, then the tumors of alcohol-consuming mice may 

grow at a faster rate, or breast cancer cells may obtain a more aggressive metastatic 

phenotype when they encounter alcohol. In fact, our data show that mammary tumor 

growth rate is accelerated in alcohol-consuming mice, and in cell culture studies, alcohol 

increased the invasive ability of breast cancer cells in a dose-dependent manner. 

Furthermore, the combination of estrogen and alcohol magnified the invasive ability of 

breast cancer at a higher level than either one alone. Also, mice consuming alcohol have 

higher levels of estrogen and leptin; thus, it is conceivable that alcohol consumption 
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increases the production of these growth factors by adipose tissue and simultaneously 

increases the sensitivity of breast cancer cells to these hormones.  Thus, our studies 

suggest that by understanding both the beneficial and the deleterious effects of alcohol 

simultaneously in an animal model of breast cancer, the mechanism by which alcohol 

affects breast cancer may be elucidated. 

 

Materials and Methods 

Animals, alcohol, and diet  

A total of 65 specific pathogen-free female mice were obtained from the Jackson 

Laboratory (Bar Harbor, ME) at 6 weeks of age and housed in the Animal Resources 

Center at the University of Texas at Austin (UT). Animal care was provided in 

accordance with the procedures outlined in “Guide for the Care and Use of Laboratory 

Animals” (NIH Publication No. 86-23, 1985).  All animal procedures were approved by 

UT’s Institutional Animal Care and Use Committee.  Mice were singly housed in a 22-

24ºC room and maintained on a 12-hr light/dark cycle. Following two weeks of 

acclimation, mice were randomized into one of two treatment groups defined by the 

liquid provided: 30 mice on water and 35 mice on alcohol.  Mice were fed a chow diet as 

described previously [129]. Mice consumed either water or 20% w/v alcohol in the 

drinking water ad libitum throughout the study. Insulin sensitivity was measured after 16 

weeks, and mice were injected with mammary cancer cells after 18 weeks. Body weights, 

food consumption, and liquid consumption were measured weekly. Serum was collected 
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at the end of the study to determine systemic levels of insulin, leptin, IGF-1, estradiol, 

and blood alcohol levels.   

Glucose clearance and insulin sensitivity  

To determine the effects of alcohol consumption on glucose regulation and insulin 

sensitivity, we performed a glucose tolerance test (GTT) as previously described[129].  

As an indicator of insulin sensitivity, we used the homeostasis model assessment (HOMA) 

[115]. For this purpose, we measured fasting insulin and glucose levels, which were used 

to calculate HOMA values using the formula below:  

 

Mouse serum was collected from blood obtained through the retro-orbital vein. Insulin 

levels were measured using an insulin ELISA kit (Mercodia; Winston-Salem, NC), and 

glucose levels were measured with a Glucometer Elite (Bayer; Elkhart, IN). 

Cancer cell line and tumor growth 

Mice were injected with Met-1 mouse mammary cancer cells [130]. These breast 

cancer cells were originally derived from mammary tumors dissected from polyomavirus 

middle T antigen transgenic mice (PyMT) [130]. They were kindly provided by Jeffrey P. 

Gregg (Department of Pathology, School of Medicine, University of California-Davis, 

Sacramento, California, USA). Syngeneic female FVB/N mice were injected 

subcutaneously in the lower back with 25,000 Met-1 cells.  Once tumors were detected, 

tumor volume was measured three times a week with calipers.   
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Body composition 

Final body composition was calculated using Dual energy X-ray Absorptiometry 

(DXA) with a GE Lunar Piximus II densitometer (Madison, WI). Using this method, we 

determined percent body fat, lean mass, and bone mineral density (BMD).   

Immunoassay and blood alcohol concentration 

Serum leptin and insulin levels were measured using a LINCOplex kit (LINCO 

Research; St. Charles, MO). Serum estrogen (E2) and IGF-1 levels were measured using 

a 17 β-estradiol ELISA (IBL-America; Minneapolis, MN) and a mouse IGF-1 

immunoassay kit (R&D Systems; Minneapolis, MN).  Blood alcohol levels were 

measured using an NADH kit (Sigma-Aldrich; St. Louis, MO).  Manufacturer 

instructions were followed for all kits. 

Invasion assay 

T47D human breast cancer cells were grown in 75-cm3 tissue culture flasks 

(Falcon Labware, BD; Franklin Lakes, NJ) to 80% confluence. Cancer cells were serum-

starved overnight in DMEM and harvested with 0.25% Trypsin (Sigma-Aldrich; St. 

Louis, MO).  Cells (5 x 104) were seeded on the upper chamber of a Boyden chamber in 

DMEM treated or untreated with 0, 0.1, 0.2, or 0.5% alcohol and/or 20nM estrogen 

(Sigma-Aldrich; St. Louis, MO) and 0.01% bovine serum albumin. The lower chamber 

contained DMEM and 10% FBS as a chemoattractant, and 0, 0.1, 0.2, or 0.5% alcohol 

and/or 20nM estrogen.  After 24-hour incubation at 37°C and 5% CO2, cells remaining 
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on the upper membrane surface were removed with a cotton swab. Cells on the lower 

surface of the filter were fixed and stained with Diff-Quik (Dade-Behring; Newark, DE).  

Five fields of adherent cells were randomly counted in each well with a Nikon Diaphot-

TMD inverted microscope at 20x magnification. 

Statistical analysis 

Body composition (body weight, body fat, and BMD), calorie consumption, 

serum analysis (estrogen, IGF-1, insulin, and leptin), GTT, and HOMA were analyzed by 

an independent t-test.  Mann-Whitney U test and log transformation were used to analyze 

the tumor data due to the skewed nature of the data.  Invasion assays were examined by 

one-way analyses of variance (ANOVA) with post-hoc comparison of the means using 

Tukey`s Honestly Significant Difference. SPSS version 15.0 for Windows (SPSS Inc., 

Chicago, IL) was used for all statistical comparisons. To detect statistical significance, p 

value was set at 0.05, and data are presented as the mean ± standard error of the mean 

(SEM). 

 

Results  

Body weight and body composition 

Mean baseline body weight values were similar between water-consuming (17.3 ± 

0.2g) and alcohol-consuming (17.4 ± 0.2g) mice (p>0.05).  Furthermore, body weights 

between water- and alcohol-consuming mice were similar throughout the study (Table 
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3.1). At the end of the study, there was no significant difference in percent body fat and 

lean mass between the two groups.  However, alcohol-consuming mice had significantly 

lower bone mineral density values compared to water-consuming mice (Table 3.1, 

p<0.05). 

Calorie consumption and blood alcohol levels  

Alcohol-consuming mice tended to eat fewer calories from food, yet the mean 

values were not statistically different compared to water-consuming control mice (Table 

3.1).  Total calorie consumption (calories from food and alcohol) were higher in alcohol-

consuming mice, which consumed an average of 5.4 ± 0.22 kcal per day from alcohol. 

Alcohol-consuming mice had blood alcohol levels of approximately 80 mg/dL (Table 

3.2).  

Alcohol consumption and insulin sensitivity 

To determine the effect of alcohol consumption on insulin sensitivity, we 

evaluated GTT and HOMA on mice. The GTT results show that mice consuming alcohol 

cleared injected glucose more rapidly than mice consuming water (Figure 3.1A). We 

fasted water- and alcohol-consuming mice overnight and measured serum glucose and 

insulin levels, which were used to determine HOMA values. As shown in Figure 1B, 

alcohol-consuming mice exhibited lower HOMA values compared to mice drinking water, 

indicating that alcohol increased insulin sensitivity. Collectively, the GTT and HOMA 

values showed that alcohol consumption promoted insulin sensitivity. 
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Alcohol consumption and mammary tumor growth 

A greater number of alcohol-consuming mice developed palpable tumors earlier 

than water-consuming mice (Figure 3.2A). Alcohol ingestion, in contrast to water 

ingestion, also resulted in the development of larger tumors (Figure 3.2B, p<0.05). At 

most time points, the average tumor volume was significantly higher in the alcohol-

consuming mice (p<0.05). 

Alcohol intake and hormones 

To determine the relationship between blood hormone levels and improved 

insulin sensitivity, tumor progression, and alcohol consumption, we measured insulin, 

leptin, estrogen, and IGF-1 in our mice (Table 3.2). Results show that serum leptin and 

estrogen levels were significantly elevated in alcohol-consuming mice compared to 

water-consuming mice (p<0.05). IGF-1 and insulin levels were not statistically different 

between the two groups (p>0.05). 

Effect of alcohol and estrogen on cancer cell invasiveness 

To determine if alcohol affects the metastatic ability of breast cancer cells, we 

measured the effects of alcohol on human T47D breast cancer cell invasiveness. Results 

show that alcohol exposure increased the invasiveness of T47D cancer cells in a dose-

dependent manner (Figure 3.3A, p<0.01). Using the invasion assay, we also show that 

estrogen at 20nM increased the invasiveness of T47D cancer cells (p<0.05); however, the 
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combination of alcohol and estrogen intensified the ability of the cancer cells to invade 

significantly more than either treatment alone (p<0.01) (Figure 3.3B).  

 

Discussion 

Alcohol consumption has a negative effect by increasing breast cancer risk [10] 

but also a positive effect by increasing insulin sensitivity [115]. The mechanism by which 

alcohol increases both breast cancer risk and insulin sensitivity is unclear; thus, we 

devised a mouse model to simultaneously show the effects of alcohol on breast cancer 

and insulin sensitivity. We show that alcohol consumption increased insulin sensitivity 

(Figure 3.1) and promoted tumor growth (Figure 3.2) in the same animals.  

The effects of alcohol on insulin sensitivity and breast cancer are not due to 

negative or positive effects of alcohol on body weight and body fat levels. Body weight 

and percent body fat levels were similar in alcohol- and water-consuming mice (Table 

3.1). Some epidemiological studies show that alcohol consumption leads to weight loss in 

women [111, 131, 132] while others, conversely, report weight gain [97, 133]. On the 

other hand, work by Shah et al. showed that alcohol consumption did not affect either 

body weight or body fat in women [112]. These conflicting results may be due to the lack 

of control for confounding factors that can affect body weight, such as caloric 

consumption and initial body weight at the beginning of the study. An advantage of our 

study is that we measured calorie consumption and body composition throughout the 

study. In fact, total calorie consumption, body weight, and percent body fat levels 



- 50 - 
 

between water- and alcohol-consuming mice were similar at the beginning and the end of 

the study. The only factor affected by alcohol was bone mineral density (BMD); alcohol-

consuming mice had lower BMD than water-consuming mice (Table 3.1).  

Epidemiological data show that alcohol clearly increases breast cancer risk in 

women when 3-4 drinks or 30-40 grams of alcohol are consumed per day [1]. If a 140-

pound woman consumes 3-4 drinks daily, it would lead to about a 0.08% blood alcohol 

level (www.dot.wisconsin.gov/safety/docs/08law.pdf). In women, 3-4 drinks of alcohol 

increases breast cancer risk by about 40% [3]. Our results show that mice consuming 20% 

alcohol had 80 mg/dL alcohol levels in their blood (Table 3.1). This translates to about a 

0.08% blood alcohol level in humans, a level that would classify an adult woman as 

legally intoxicated. Thus, feeding 20% alcohol to mice allowed us to determine the 

effects of alcohol on insulin sensitivity and mammary cancer at high levels yet 

physiological levels found in women.  

Previously, we showed that alcohol consumption promoted insulin sensitivity in 

male mice without affecting body weight and body fat levels [129]. Our GTT and HOMA 

results showed that alcohol also increased insulin sensitivity in female mice without 

affecting body weight or body fat levels (Figure 3.1A). Our current results showed that 

the injected glucose was cleared faster in female mice consuming alcohol than those 

consuming water. Also, the lower HOMA values in alcohol-consuming mice indicated 

that alcohol increased insulin sensitivity (Figure 3.1B). Insulin sensitivity is oftentimes 

proportional to body fat levels; however, in our studies, alcohol consumption enhanced 
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insulin sensitivity without affecting body fat levels (Table 3.1). Moreover, alcohol-

consuming mice had higher serum levels of estrogen and leptin (Table 3.2). Studies by 

others show that estrogen and leptin, which are involved in energy homeostasis, are 

capable of affecting insulin sensitivity [134, 135]. Estrogen and leptin are positively 

associated with PI3K/Akt signaling pathway [134, 135]. It is possible that alcohol 

increases estrogen and/or leptin levels which activate the insulin signaling pathway, 

specifically PI3K/Akt, to initiate glucose uptake. Activation of this pathway leads to the 

translocation of glucose transporter-4 (GLUT-4) to the cell membrane, where it acts as a 

channel allowing glucose to enter the cell from the blood [56]. Feng et al. reported that 

ethanol-consuming rats had enhanced GLUT-4 expression in adipose tissue [136]. 

Regarding breast cancer, activation of the PI3K/Akt signaling pathway is associated with 

increased breast cancer development [84].  Activation of PI3K/Akt in breast cancer cells 

leads to increased cell growth, increased survival, increased metastasis, and a more 

aggressive breast cancer phenotype [85]. Thus, it is possible that alcohol affects breast 

cancer by increasing the sensitivity of the cancer cells to hormones such as insulin or 

estrogen.   

It is unclear how alcohol consumption promotes breast cancer progression, 

although it has been suggested that alcohol may affect breast cancer risk by: 1) inducing 

DNA damage through reactive oxygen species (ROS) and acetaldehyde, a toxic ethanol 

metabolite [87], or 2) increasing the production of hormones such as estrogen, which can 

promote tumor growth and metastases [10, 137, 138]. Our hypothesis is that alcohol 

affects breast cancer progression by increasing systemic hormone levels (e.g., estrogen, 
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leptin) and increasing the sensitivity of breast cancer cells to the effects of these 

hormones. Our results support the hypothesis in that alcohol consumption sensitizes mice 

to insulin; this is reflected by faster glucose clearance in alcohol-consuming mice after 

insulin injection [129]. Sensitizing tissues such as adipose tissue to the effects of insulin 

by alcohol is beneficial to prevent insulin resistance and eventual type-2 diabetes. 

However, if alcohol sensitizes mammary cancer cells to growth factors (e.g., estrogen, 

insulin), then the tumors of alcohol-consuming mice will grow at a faster rate. In fact, our 

results showed that alcohol-consuming mice developed larger mammary tumors earlier 

than water-consuming mice. 

Alcohol may influence breast cancer progression by way of estrogen, leptin, 

insulin, or IGF-1, which are known growth factors of breast cancer [139]. Hormones such 

as estrogen and leptin have been found to influence the growth of breast cancer cells 

during in vitro studies [140].  Moreover, alcohol consumption has been shown to increase 

the systemic levels of estrogen and leptin, further implicating them in the modulation of 

breast cancer risk [3, 139]. In our studies, alcohol consumption significantly increased 

systemic estrogen and leptin levels. Elevated estrogen levels are considered to be a risk 

factor for breast cancer [22]. Therefore, it is possible that alcohol increases breast cancer 

risk by increasing the production of estrogen. Also, others have shown that leptin 

increases the growth and invasiveness of breast cancer cells [21] [141].  Leptin can also 

affect breast cancer cells through an indirect mechanism by up-regulating aromatase 

activity and promoting breast cancer development through increased estrogen levels in 

the mammary gland [38]. It is feasible that alcohol increases the production of estrogen 
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and leptin and, at the same time, sensitizes breast cancer cells to the effects of these 

hormones. Our in vitro results support this notion. Alcohol increased the aggressiveness 

of breast cancer cells to invade in a dose-dependent manner, and estrogen treatment 

slightly increased the invasiveness of the cancer cells; however, the combination of 

alcohol and estrogen intensified the ability of the cancer cells to invade more than either 

treatment alone. In future experiments, we will test the hypothesis that alcohol promotes 

breast cancer development by sensitizing breast cancer cells to hormones such as 

estrogen and leptin. 

In summary, we propose that by investigating the beneficial and deleterious 

effects of alcohol simultaneously, the mechanism by which alcohol affects breast cancer 

may be elucidated.  We showed that alcohol has a beneficial effect, in that it increased 

insulin sensitivity, and a deleterious effect, in that it promoted tumor growth. We also 

showed that alcohol consumption increased serum levels of leptin and estrogen. In vitro 

experiments showed alcohol increased the invasive ability of breast cancer cells in a 

dose-dependent manner. Moreover, the combination of alcohol and estrogen intensified 

the ability of the cancer cells to invade more than either treatment alone. 
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Figure 3.1: Insulin sensitivity in water- and alcohol-consuming mice. (A) Glucose 
tolerance test (GTT) of mice consuming either water or 20% alcohol at week 16 (10 
mice/group).  The graph portrays blood glucose levels at baseline, 15, 30, 60, and 120 
minutes after glucose injection.  Water-consuming mice are represented by closed 
diamonds; alcohol-consuming mice by open squares.  (B) HOMA values.  *Indicates a 
significant difference between water- and alcohol-consuming mice (p<0.05). 
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Figure 3.2: Tumor development in water-consuming and alcohol-consuming mice.  
Mice were injected with Met-1 mammary cancer cells subcutaneously.  (A) Percent 
palpable tumors were calculated every 2 or 4 days after cancer cell injection.  (B) Tumor 
volume was determined every 2 or 4 days beginning 2 weeks after cancer cell injection. 
*Significant difference between water- and alcohol-consuming mice (p<0.05). 
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Figure 3.3: Ethanol treatment and invasion assay in vitro. (A) In vitro, alcohol 
consumption increases the invasive phenotype of T47D human breast cancer cells in a 
dose-dependent manner (0%, 0.1%, 0.2%, or 0.5% ethanol).  *Significant difference from 
control (p<0.05) and **significant difference from other groups (p<0.05).  (B) Estrogen 
increases the invasiveness of T47D cells; however, the alcohol-estrogen combination 
increases the invasive ability more than either treatment alone.  *Significant difference 
from control (p<0.05) and **significant difference from control and from 20nM E2 
treatment (p<0.05).  The images shown are pictures of cells that invaded during the 24-hr 
assay; images were captured at 20x magnification after staining. 
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Table 3.1: Final body composition and total calorie consumption in water or alcohol consuming 
mice  

Group 

Water Alcohol p value 

Body weight (g) 22 ± 0.6 23 ± 0.5 P>0.05 
Body fat (%) 24 ± 0.5 24 ± 0.4 P>0.05 
Lean mass (%) 76 ± 0.5 76 ± 0.5 P>0.05 
BMD (g/cm²) 0.0725 ± 0.00196 0.0513 ± 0.00046 P<0.05 
Food (kcal) 12.8 ± 0.46 11.5 ± 0.42 P>0.05 
Alcohol (kcal) 5.4 ± 0.22 
Total energy intake (kcal) 12.8 ± 0.46 16.9 ± 0.43 P<0.05 

 

Values represent the mean of 30 mice in the water and 35 mice in the alcohol group (± SEM). 

Values determined at the end of the study. 
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Table 3.2: Hormone levels and blood alcohol concentration in water or alcohol 
consuming mice 

  Group   
  Water Alcohol p value 

HOMA 26.4 ± 2.69 13.8 ± 1.15 P<0.05 
Glucose (mg/dl) 202 ± 13.5 135 ± 9.5 P<0.05 
Insulin (ng/ml) 19.7 ± 1.25 16.0 ± 1.03 P>0.05 
Leptin (pg/ml) 1521 ± 210 2326 ± 256 P<0.05 
IGF-1 (pg/ml) 760 ± 29.8 685 ± 35.2 P>0.05 
Estradiol (pg/ml) 14.1 ± 0.50 34.6 ± 6.48 P<0.05 
Blood alcohol (mg/dl) 0.0 ± 0.00 79.5 ± 7.81 P<0.01 

 

 

Values represent the mean of 15 mice in each group (± SEM). 

Values determined at the end of the study. 
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Chapter 4. Alcohol Consumption, Obesity, Estrogen Treatment and Breast Cancer. 

 

Abstract 

Alcohol consumption increases breast cancer risk in postmenopausal women in a 

dose-dependent manner. The objective of the present study was to determine if the effect 

of alcohol on mammary cancer is modified by body weight and exogenous estrogen.  

Ovariectomized mice of various body weights, receiving estrogen or placebo 

supplementation, and consuming water or alcohol were injected with Met-1 mammary 

cancer cells. Alcohol intake resulted in insulin sensitivity and increased tumor growth in 

obese mice. Exogenous estrogen alone inhibits tumor growth. The combination of 

estrogen and alcohol overcame the inhibitory effects of estrogen on tumor growth in 

obese mice. Alcohol consumption increased the circulating estrogen and leptin levels. In 

conclusion, alcohol and estrogen treatment can modify mammary tumor growth, possibly 

through the regulation of estrogen and leptin, especially in obese mice. 

 

Introduction  

Breast cancer is the most prevalent cancer among American women and leads to 

the second highest number of cancer-related deaths after lung cancer [142]. The 

American Cancer Society projected that about 180,000 women would be diagnosed with 

malignant breast cancer by the end of 2009; of those, 40,000 would succumb to the 
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disease [142]. Numerous epidemiological studies have established a positive association 

between alcohol consumption and breast cancer risk [10]. In developed countries, 

approximately 4% of breast cancer cases are estimated to be associated with alcohol 

consumption [19]. Alcohol consumption increases breast cancer risk in women in a dose-

dependent manner; the risk increases by approximately 10% for every drink consumed 

per day, 20% for two drinks, 30% for three, and 50% for four or more drinks per day [3]. 

Even though alcohol consumption is harmful for breast cancer, it has a beneficial effect 

on type 2 diabetes in that it decreases insulin resistance; alcohol improves the 

responsiveness of tissues to the physiological actions of insulin [96]. In fact, alcohol  

consumption can reduce the risk of developing type 2 diabetes by as much as 30% [96]. 

In contrast, obesity is coupled to increased insulin resistance [143]. Interestingly, alcohol 

can overcome obesity-dependent insulin resistance, as obese alcohol drinkers had lower 

homeostasis model assessment (HOMA) values (a measure of insulin resistance) than 

obese abstainers [57]. Moreover, diabetes risk diminished, secondary to increased insulin 

sensitivity, in extremely obese men who consumed alcohol [113]. Obese postmenopausal 

women also showed insulin sensitivity after alcohol consumption [57]. It is unclear 

exactly how the effects of alcohol on insulin sensitivity relate to breast cancer 

development. 

In addition to increasing breast cancer risk, alcohol consumption, obesity and 

exogenous estrogen also influence the hormonal status in postmenopausal women. 

Postmenopausal women who drink alcohol exhibit an increase in circulating blood 

estrogen levels compared to non-drinkers.  Blood estrogen levels can increase by as much 
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as 22% after alcohol consumption [35]. Studies have suggested that the alcohol-mediated 

elevation of serum estrogen is positively associated with breast cancer [10, 29]. Moreover, 

alcohol consumption has a greater impact on breast cancer risk in postmenopausal 

women who use estrogen replacement therapy (ERT) compared to those who do not. 

Evidence has suggested that alcohol may increase breast cancer by increasing the stability 

of estrogen in the blood, increasing estrogen production or increasing the sensitivity of 

breast cancer cells to the effects of estrogen.  In one study, alcohol intake in conjunction 

with ERT significantly elevated blood estrogen levels to a greater extent than either 

alcohol or ERT alone [35]. Moreover, the combination of alcohol consumption and ERT 

increased breast cancer risk to a higher level than either risk factor alone [37].  The 

mechanisms of how alcohol, obesity, and estrogen influence breast cancer development 

are not well understood.  

The objective of the present study was to determine if the effects of alcohol on 

breast cancer are modified by body weight and estrogen given that obesity increases 

breast cancer risk, estrogen is a risk factor for breast cancer, and all three factors increase 

estrogen levels. There is a gap in the existing animal literature regarding the alcohol-

obesity-breast cancer association. Most animal studies examining the effects of 

modifiable risk factors on breast cancer progression have been limited to one-tiered 

experiments analyzing only the effects of alcohol consumption, obesity or ERT on 

tumorigenesis. In the present study, the effects of alcohol, body weight, exogenous 

estrogen, and their combined effects on mammary tumor growth were determined.    
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Materials and Methods 

Mouse husbandry and diets  

A total of 240 specific pathogen-free ovariectomized Friend Virus B (FVB) 

female mice were purchased from the Jackson Laboratory (Bar Harbor, MA, USA) at 6 

weeks of age. They were housed according to National Institutes of Health (NIH) 

guidelines and animal procedures were performed following Institutional Animal Care 

and Use Committee approval. Animals were maintained on a 12-hour light/12-hour dark 

cycle at 24ºC. Following two weeks of acclimatization, the mice were randomized into 

placebo and estrogen pellet groups; within these groups, the mice were subdivided into 

water and alcohol groups and further subdivided into 30% calorie restricted (CR), low fat 

(LF) and high fat (HF) diet groups. The CR diet was modified so that the mice received 

70% of the mean daily caloric consumption but 100% of the vitamins and minerals of the 

low fat diet group.  All the diets were as described previously [144]. All the mice were 

given either water or 20% weight per volume (w/v) alcohol in water ad libitum 

throughout the study.  Body weight, food consumption and liquid consumption were 

measured weekly.   

Pellet implantation  

Estrogen or placebo pellets were implanted into the dorsal area between the neck 

and shoulder of mice at week 19 after the start of the alcohol and diets. The estrogen 

pellets were manufactured to deliver estrogen (17 β-estradiol) for 90 days at a rate of 

0.72mg (Innovative Research of America, Sarasota, FL, USA).  
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Glucose tolerance test and insulin tolerance test 

To evaluate insulin sensitivity, the glucose tolerance test (GTT) and insulin 

tolerance test (ITT) were performed on ten animals per group as previously described 

[144].  

Cancer cell line  

Invasive, estrogen receptor negative Met-1 mouse mammary cancer cells were 

grown in Dulbecco Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 2mM penicillin–streptomycin (Invitrogen, Carlsbad, CA, USA). 

The cells were grown at 37ºC with 5% CO2 and harvested when they were 70-80% 

confluent. The mice were injected subcutaneously with 5×104 cells/50µl of serum free 

DMEM four weeks after the start of the estrogen treatment. After cancer cell injection, 

tumor size was measured every two or three days with calipers. 

Body composition and uterine weight  

Bone mineral density (BMD) and lean body mass (%) were analyzed by dual 

energy x-ray absorptiometry (DXA) using a GE Lunar Piximus II densitometer (Madison, 

WI, USA) after the death of the animals. Magnetic resonance imaging or Echo MRI 

(Echo Medical System, Houston, TX, USA) were also used to determine body 

composition on un-anesthetized animals. The mouse uteri were removed from the 

carcasses and weighed at the end of the study. 
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Serum analysis  

Mouse serum samples were collected at the time of sacrifice, week 30. Serum 

estrogen (pg/ml) and insulin-like growth factor-1 (IGF-1) (pg/ml) were analyzed using a 

17 β-estradiol ELISA (IBL-America, Minneapolis, MN, USA) and IGF-1 immunoassay 

kits (R&D System, Minneapolis, MN, USA). Serum leptin (pg/ml) and insulin (pg/ml) 

levels were measured using a mouse bone panel Lincoplex kit (Linc Research, St Louis, 

MO, USA). Blood alcohol (mg/dl) levels were determined using a Nicotinamide adenine 

dinucleotide(NAD)/reduced form of NAD (NADH) kit (Sigma, St Louis, MO, USA). 

The procedures recommended by the manufacturer of the kits were followed.  

Statistical analysis  

Body composition (body weight, body fat, BMD), uterine weight, tumor volume, 

and serum analysis (estrogen, IGF-1, insulin, and leptin) were analyzed by multivariate 

analysis of variance and post hoc comparison of the means using Tukey`s Honestly 

Significant Difference. All the results are presented as the mean ± standard error of the 

mean (SEM). SPSS version 15.0 for Windows (SPSS Inc., Chicago, IL, USA) was used 

for all the statistical comparisons. P-values ≤ 0.05 were considered statistically 

significant. 
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Results 

Effect of body weight, alcohol consumption, and estrogen on body composition  

The baseline body weight and body fat levels were similar between all the groups 

at the start of the experiment (p>0.05). Figure 4.1 portrays the effect on body weight of 

feeding the CR, LF, and HF diets. The CR mice had the lowest body weight, LF mice had 

an intermediate body weight and HF mice had the highest body weight. The water and 

alcohol consuming LF and HF groups (p<0.01), but not the CR group (p>0.05), 

underwent a significant reduction in body weight after estrogen treatment. As shown in 

Table 4.1, food consumption in both the water and alcohol consuming mice was similar 

(p>0.05), however, the mice on alcohol consumed additional calories from alcohol which 

provided 1.42kcal/g. Even though the alcohol consuming the LF and HF mice consumed 

more calories their body weights were not statistically different from LF and HF mice 

consuming water (p>0.05). The only statistically significant body weight difference was 

observed between the CR water and alcohol groups of mice (p<0.05). The blood alcohol 

concentrations of the mice consuming 20% alcohol ranged from 40-52 mg/dl regardless 

of the experimental group (Table 4.2). Figure 4.2 shows the effect of diet on body fat 

levels. No differences in body weight and body fat levels were observed between the 

water and alcohol consuming mice (p>0.05). After 18 weeks on the study, the body 

weight and body fat levels in the water and alcohol plus placebo groups were similar to 

those found in the mice of the water and alcohol plus estrogen groups (p>0.05); however, 

after estrogen treatment a dramatic decrease in body weight and fat levels (p<0.05) 
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compared to placebo was noted. Also a significant increase in BMD and uterine weight 

(p<0.05) was seen in the mice receiving exogenous estrogen (Table 4.1).  

Effect of body weight, alcohol consumption, and estrogen on insulin sensitivity 

The GTT showed that the CR mice were glucose tolerant as depicted in Figure 

4.3A, that is, they cleared the injected glucose more rapidly resulting in lower blood 

glucose levels compared to the LF and HF groups of mice (p<0.05). Also obesity (HF fed 

mice) resulted in slower glucose clearance, indicative of insulin resistance. However, the 

alcohol consuming HF mice cleared blood glucose faster than the water consuming HF 

mice. Estrogen treatment resulted in a trend toward improved glucose clearance. The ITT 

showed that obesity (HF diet) induced insulin resistance as seen in Figure 4.3B (p<0.05). 

Nonetheless, the alcohol consuming HF mice also cleared blood glucose much faster than 

the water consuming mice in response to exogenous insulin (p<0.05). Estrogen 

supplementation induced insulin sensitivity in the LF and HF groups of mice (p<0.01), 

but alcohol consumption did not modify this effect (p>0.05).  

Effect of body weight, alcohol consumption, and estrogen on tumor growth 

Figure 4.4 shows that tumor growth was affected by body weight. The CR mice 

developed the smallest tumors while the obese mice (HF diet) developed the largest 

tumors. The CR and HF mice consuming alcohol tended to develop significantly larger 

tumors than the water consuming mice (p<0.05); however, the LF mice consuming 

alcohol and water developed similar sized tumors (p>0.05). Estrogen treatment 

dramatically inhibited the tumor growth rate in all of the water consuming groups 
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regardless of body weight (CR, LF, HF; p<0.05). On the other hand, the combination of 

alcohol, obesity and estrogen treatment clearly affected tumor growth rate. The CR, LF 

and HF mice receiving estrogen treatment and consuming alcohol had varying tumor 

growth rates: slow, intermediate, and rapid, respectively.  

Hormones:  insulin, IGF-1 and leptin  

The mice receiving estrogen supplementation exhibited an increase in circulating 

blood estrogen (17 β-estradiol) levels compared to the placebo groups (Table 4.2). 

Moreover, the serum leptin levels increased proportionately to the body fat levels. 

However, alcohol consumption significantly enhanced the leptin levels without affecting 

body fat levels in the placebo group (p<0.05). After estrogen treatment, the leptin levels 

drastically decreased in all the body weight groups in conjunction with body fat levels 

when compared to the placebo group (p<0.05); but the leptin levels were still consistently 

higher for the mice on alcohol. The serum insulin and IGF-1 levels were elevated with 

increasing body fat levels for all the groups (p<0.05). The estrogen treated mice on water 

and alcohol displayed reduced insulin and IGF-1 levels in contrast to the placebo group 

(p<0.05).    

 

Discussion  

This study established, for the first time, a stratified mouse model to evaluate the 

effect of three risk factors for breast cancer concurrently. Specifically, the effects of 
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alcohol on mammary tumor growth were successfully shown to be modified by body 

weight, estrogen and a combination of the two. Alcohol consumption induced insulin 

sensitivity and enhanced tumor growth in overweight and obese mice. Body weight 

influenced mammary tumor growth; that is the mice with a lean phenotype developed the 

smallest tumors and the obese mice the largest tumors. Supplemental estrogen triggered 

the loss of body fat and induced insulin sensitivity. Finally tumor growth was suppressed 

by exogenous estrogen, but, in conjunction with alcohol consumption the inhibitory 

effect of estrogen on the tumor growth rate in the overweight and obese mice was 

overcome.    

Epidemiological studies have shown that obesity increases the risk of morbidity 

and mortality from breast cancer, but only in postmenopausal women [24, 25]. For 

instance, for every one unit increase in body mass index (BMI) there is about a 3% 

increased risk of developing breast cancer [29]. The excess body fat is also associated 

with insulin resistance, which consequently results in a compensatory rise in plasma 

insulin [145]. The present mouse model effectively modeled the epidemiology data in 

that lean, overweight and obese mice displayed an adipose tissue dose-dependent increase 

in tumor growth along with decreasing insulin sensitivity. An increase in serum insulin, 

leptin, IGF-1 and estrogen levels was also observed in proportion to body weight. This 

suggested that hormones and/or insulin resistance may be responsible for the increased 

tumor growth in obese mice as they have been shown to influence various processes 

involved in breast cancer development [146].   
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In addition to obesity, alcohol consumption enhanced tumor development. 

Interestingly, alcohol also had a contradictory role and increased the ability of the body to 

respond to insulin, resulting in insulin sensitivity. It is unclear how alcohol can have both 

a deleterious and beneficial effect. Possibly alcohol increases the ability of insulin 

responsive tissues, such as skeletal muscle and adipose tissue, to respond to hormones (i.e. 

insulin, estrogen, leptin) and thereby prevent insulin resistance and eventual type-2 

diabetes; however, at the same time also sensitizing mammary cancer cells to hormones 

and consequential primary tumor growth and/or a more metastatic phenotype. In fact, 

alcohol accelerated the mammary tumor growth rate in mice [147] and increased the 

metastatic potential of breast cancer cells in a dose-dependent manner in vitro [15, 148]. 

In the present study, alcohol consumption resulted in elevated serum estrogen and leptin 

levels mechanistically implicating these hormones in tumor development. Alternatively, 

alcohol could affect adipose tissue and skeletal muscle indirectly by inducing adiponectin 

production [114], which stimulates insulin sensitivity in muscle and fat cells [122]. On 

the other hand, alcohol intake could potentially stimulate insulin sensitivity by increasing 

the secretion of insulin [123]. Experiments by Huang and Sjoholm [123] showed that 

alcohol promoted secretion of insulin by the pancreas, and that the increased insulin 

secretion was linked to increased insulin sensitivity in alcohol consuming animals.  

A synergistic increase in the serum leptin levels was also observed in the obese 

mice consuming alcohol. Both alcohol consumption and obesity are associated with high 

levels of circulating leptin and are linked to breast cancer development [3, 21, 26, 38]. In 

cell culture studies, leptin has been shown to induce the growth and invasiveness of 
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breast cancer cells [21, 141]. Leptin also has the ability to up-regulate the activity of 

aromatase, thereby promoting breast cancer development through increased estrogen 

levels in the mammary gland where the breast cancer cells are located [38]. 

Estrogen is a steroid hormone that is produced primarily by the ovaries in 

premenopausal women. However, after menopause, estrogen is produced in peripheral 

tissues (e.g. adipose tissue) by the aromatization of androgen to estrogen by aromatase 

[22]. Aromatase is found in estrogen-producing cells such as white adipose tissue [34]. 

Women with higher amounts of fat have higher levels of aromatase; thus, obese 

postmenopausal women have higher estrogen levels than lean postmenopausal women 

[29]. Elevated estrogen levels are considered to be a risk factor for breast cancer [22]. 

Interestingly, in the present study estrogen treatment actually ameliorated tumor growth 

in the mice consuming water, irrespective of body weight. The present data challenge 

much of the existing literature; however, more and more studies are beginning to 

elucidate the importance of estrogen for tumor suppression. Nkhata et al. found 

chemically-induced obese mice injected with T47-D human breast cancer cells exhibited 

reduced tumor growth after estrogen pellet implantation compared to placebo [45]. It is 

possible that the effects of estrogen on tumor growth depend on the timing of estrogen 

supplementation. An observation from the Woman’s Health Initiative indicated that 

women had a reduced risk of breast cancer when estrogen therapy was initiated five or 

more years after menopause [44]. Moreover, the various stages of carcinogenesis may be 

affected differently by estrogen. For example, estrogen may inhibit tumor growth, but 

encourage invasion and metastasis. In the present study, only tumor growth was assessed, 
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but lung metastases were observed upon necropsy (JH and NPN unpublished 

observation). Future experiments will analyze the effects of alcohol, obesity and estrogen 

on breast cancer metastasis.   

When alcohol was consumed by mice with different body weights receiving 

estrogen treatment, a body weight-dependent increase in tumor volume was noted. This 

suggested that the combination of estrogen and alcohol overcame the inhibitory effects of 

estrogen alone on tumor growth rate. Moreover, enhanced insulin sensitivity was 

observed, most likely the result of estrogen and alcohol together sensitizing the tissues to 

the effects of insulin. However, no such cooperative effect was seen on the hormones 

assayed, notably, estrogen and leptin. This was because the body weight and body fat 

levels drastically decreased after estrogen supplementation. As a result, a decrease in 

estrogen and leptin production was seen. This does not rule out these hormones as players 

in tumor development. In fact, estrogen is an ideal candidate. Postmenopausal women 

who consume alcohol have higher circulating estrogen levels compared to non-drinkers 

[10]. In addition, the literature suggests alcohol may impede estrogen clearance from the 

blood, once again increasing estrogen levels [149, 150]. After  menopause, many women 

use ERT to prevent hypo-estrogenic problems thus, further increasing blood estrogen 

levels [151]. Moreover, adipose tissue enhances the levels of circulating estrogen [29]. 

Due to the high levels of estrogen in obese postmenopausal women drinking alcohol, 

their cells are continuously surrounded and influenced by estrogen. We propose that 

alcohol consumption sensitizes tissues to the positive effects of hormones thereby 
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promoting insulin sensitivity and sensitizes mammary cancer cells to the negative effects 

of estrogen, which results in the promotion of breast carcinogenesis. 
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Figure 4.1: Effect of diet, alcohol consumption and estrogen treatment on body 
weight.  HF: high fat, LF: low fat, CR: calorie restricted. Closed arrows indicate the time 
of pellet implantation at week 19. Open arrows represent the time of Met-1 cell injection 
at week 23. The body weights were measured once a week as indicated in the methods, 
however, the graph depicts measurements recorded every 5 weeks. 
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Figure 4.2: Effect of diet, alcohol consumption and estrogen treatment on body fat 
levels. HF: high fat, LF: low fat, CR: calorie restricted. *Significantly different from 
estrogen group (within same diet and liquid categories) 
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Figure 4.3: Effect of body weight, alcohol and estrogen on insulin sensitivity. (A) 
GTT; 10 mice per group. HF: high fat, LF: low fat, CR: calorie restricted. *Significant 
difference between CR and HF (within same liquid and pellet categories), ** Significant 
difference between CR and LF and between CR and HF (within same liquid and pellet 
categories) (B) ITT; 10 mice per group. *Significant difference between water and 
alcohol consuming mice (within same diet and pellet categories). 
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Figure 4.4:  Effect of body weight, alcohol and estrogen on mammary tumor growth. 
HF: high fat, LF: low fat, CR: calorie restricted. *Significantly different from estrogen 
group (within same diet and liquid categories). Tumors were measured every 2-3 days as 
indicated in the methods; however, the graph depicts measurements recorded every 5 
days. 
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Table 4.1: Final body composition and calorie consumption in the different alcohol, diet 
and estrogen groups. 

 

Values are expressed as the mean ± SEM for eighteen mice per group. a Significantly 
different from estrogen group (within same diet and liquid categories). 
 

 

 

 

 

 

 

 

 

 

 

 

Placebo pellet Estrogen pellet 

Water Alcohol Water Alcohol 

CR LF HF CR LF HF CR LF HF CR LF HF

Diet (kcal) 7.8 ± 0.1 11.0 ± 0.0 12.3 ± 0.0 7.8 ± 0.1 9.7 ± 0.0 11.3 ± 0.0 7.8 ± 0.1 10.6 ± 0.0 11.6 ± 0.0 7.8 ± 0.1 9.3 ± 0.0 10.8 ± 0.0 

Alcohol (kcal)    4.4 ± 0.2 3.4 ± 0.1 2.8 ± 0.1      4.1 ± 0.2 3.3 ± 0.2 2.6 ± 0.1 

Total energy intake 
(kcal) 7.8 ± 0.1 11.0 ± 0.0 12.3 ± 0.0  12.2 ± 0.8 13.0 ± 0.1 15.1 ± 0.1  7.8 ± 0.1 10.6 ± 0.0 11.6 ± 0.0  11.9 ± 0.2 12.6 ± 0.2 13.4 ± 0.2 

BMD (g/cm2) 
0.0464 ± 0.0496 ± 0.0493 ±  0.0465 ± 0.0501 ± 0.0503 ± 0.0559 ± 0.0635 ± 0.0629 ± 0.0593 ± 0.0608 ± 0.0583 ± 
0.0007a 0.0005a 0.0007a  0.0006a 0.0006a 0.0007a  0.001 0.0007 0.0007  0.0007 0.0007 0.0014 

Uterine weight (mg) 8.3 ± 1.0a 7.8 ± 0.8a 6.4 ± 0.8a  6.9 ± 0.8a 8.6 ± 1.4a 7.5 ± 0.8a 32.9 ± 3.3 44.6 ± 2.2 42.3 ± 1.9 35.7 ± 1.9 36 ± 2.2 29.9 ± 1.9 
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Table 4.2: Serum analysis of mice treated with alcohol, diet-induced obesity and 
estrogen.  
 

 

Values are expressed as the mean ± SEM for eighteen mice per group. * Significantly 
different from CR and HF (within same liquid category). ** Significantly different from 
CR (within same liquid category). a Significantly different from estrogen group (within 
same diet and liquid categories). BAC: blood alcohol concentration. 

 

 

 

 

 

 

 

 

 

 

CR LF HF CR LF HF CR LF HF CR LF HF

Insulin (pg/ml) 1881 ± 146 3613 ± 286 3780 ± 350 2592 ± 403 3057 ± 278 3491 ± 338 884 ± 71 1640 ± 239 1615 ± 100 1289 ± 75 1627 ± 170 1634 ± 120

Leptin (pg/ml) 2025 ± 198a 3927 ± 353*a 6452 ± 753a 2821 ± 216a 4042 ± 190*a 7059 ± 357a 984 ± 48 1609 ± 229** 1677 ± 97 1335 ± 109 1672 ± 112* 2607 ± 207

IGF-1 (pg/ml) 333 ± 55 766 ± 52 909 ± 69 590 ± 17 682 ± 30 888 ± 52 256 ± 21 499 ± 47 535 ± 26 408 ± 49 453 ± 20 636 ± 55

Estradiol (pg/ml) 1.47 ± 0.22a 1.95 ± 0.55a 2.06 ± 0.64a 1.89 ± 0.30a 2.29 ± 0.21a 2.30 ± 0.32a 22.14 ± 4.45 38.36 ± 8.63 32.54 ± 7.52 34.70 ± 4.47 49.27 ± 5.90 38.40 ± 5.20

BAC (mg/dl) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 51.8 ± 3.8 42.8 ± 0.4 44.7 ± 3.8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 42.3 ± 1.9 40.3 ± 0.8 41.3 ± 0.8

Placebo pellet

Water Alcohol

Estrogen pellet

Water Alcohol
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Chapter 5: Alcohol, Obesity and Estrogen Regulate Mammary Tumor Growth 

through Adiposity and PI3K/Akt Signaling Pathway 

 

Abstract 

Alcohol consumption increases breast cancer risk in women. Postmenopausal 

women who consume alcohol come in all shapes and sizes, including overweight and 

obese women; some of whom may also take estrogen to prevent the side effects of 

menopause. It is unclear whether the effects of alcohol on breast cancer development are 

modified by body fat or exogenous estrogen. Thus, the objective of the present study is to 

determine if the effects of alcohol on mammary tumorigenesis are modified by obesity 

and estrogen supplementation. Ovariectomized female mice were fed diets to induce 

overweight and obese phenotypes while simultaneously provided water or 20% alcohol. 

Mice were implanted with a placebo pellet or pellet delivering a low (0.18mg) or high 

dose (0.72mg) of estrogen. Subsequently mice were subcutaneously injected with Met-1 

mouse mammary cancer cells. Outcomes measured in this study were: body composition, 

glucose and insulin tolerance, mammary tumor growth, serum hormones (e.g., estrogen), 

liver pathology and levels of PI3K (p85α), Akt and caspase-3 proteins. Results show that 

alcohol-consuming mice were more insulin sensitive and developed larger tumors earlier 

than water-consuming mice (p<0.05). Our data show that obese mice developed slightly 

larger tumors compared to control mice (p>0.05). Alcohol consumption and high fat diet 

increased growth factors and hepatic steatosis, induced the activation of Akt, and 
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inhibited the caspase-3 cascade. Estrogen treatment triggered the loss of body fat, 

induced insulin sensitivity and suppressed tumor growth (p<0.05). Additionally, estrogen 

treatment dramatically reduced growth factors, such as leptin and VEGF, and improved 

hepatic steatosis. Taken together, the results suggest a possible mechanism in which 

alcohol induces mammary tumorigenesis through activation of Akt and growth factors 

associated with adiposity modified by obesity and estrogen.   

 

Introduction  

Breast cancer is the second leading cause of death from cancer among women in 

the United States [1]. Alcohol is a known risk factor for breast cancer. Epidemiological 

studies show that alcohol induces breast cancer risk in a dose-dependent manner [3]. 

Moreover, alcohol consumption increases the invasive and metastatic potential of breast 

cancer [9, 15]. In fact, women who ingested alcohol were found to have a higher 

probability of developing more advanced breast cancer [9]. In a second and similar study, 

frequent drinkers were approximately 1.4 times more likely to be diagnosed with a later 

stage of breast cancer compared to non-drinkers [9]. Evidence also suggests alcohol may 

affect tumor growth; epidemiological and animal studies report a positive connection of 

alcohol with mammary tumor cell proliferation [10, 15, 64, 152]. In addition to the 

negative effect of alcohol on breast cancer, alcohol consumption has a beneficial effect 

and promotes insulin sensitivity [96]. About one or two drinks of alcohol per day increase 

insulin sensitivity and decrease the development of hyperinsulinemia in postmenopausal 
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women with type-2 diabetes [26, 153, 154]. Obesity is positively associated with 

increased hyperinsulinemia, insulin resistance and breast cancer risk [25, 155]. Adipose 

tissue is an important source of various growth factors, such as estrogen, leptin and 

cytokines, which influence many processes involved in carcinogenesis [29, 30]. However, 

alcohol intake can overcome the insulin resistance induced by obesity in postmenopausal 

women [57].  

Data suggests alcohol consumption increases systemic estrogen levels in women. 

A cross-sectional study reported that premenopausal women who drink alcohol have 

elevated circulating levels of estrogen, and specifically women who drink more than one 

drink per day have a 20% increase in serum estrogen levels compared to abstainers [36]. 

Alcohol may also affect the response of breast cancer cells to the effects of hormones, 

such as estrogen. After menopause, estrogen replacement therapy (ERT) is used to 

protect women from hypo-estrogenic problems, for instance loss of bone mineral density 

(BMD). Data in the literature shows alcohol has a greater effect on breast cancer risk in 

postmenopausal women who use ERT than women who do not [35]. For example, one 

study showed the relative risk of developing breast cancer in women abstaining from 

alcohol was 1.0, consuming alcohol was 1.28, receiving estrogen therapy was 1.45 and 

consuming both alcohol plus estrogen was 2.08 [38].   

Hormones like estrogen stimulate the phosphoinositide 3-kinase (PI3K)/Akt 

signaling pathway; a pathway that plays an important role in breast cancer progression 

[156]. Upon insulin binding to the receptor, phosphatidylinositol-4,5-bisphosphate (PIP2) 
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is phosphorylated and becomes phosphatidylinositol-3,4,5-trisphosphate (PIP3).  PIP3 

binds the pleckstrin homology (PH) domain of Akt [157] and induces the 

phosphorylation of Akt [157]. Abnormal activation of Akt and PIP3 has been observed in 

cancer patients [158-160].  Evidence suggests that alcohol consumption leads to 

activation of the PI3K/Akt signaling pathway [156, 161]. Due to the fact that alcohol 

increases systemic estrogen levels and both alcohol and estrogen induce PI3K/Akt 

signaling it is conceivable alcohol may increase mammary tumorigenesis and metastasis 

of breast cancer through estrogen via the PI3K/Akt signaling pathway.  

In the present study, we determine the effects of alcohol consumption, obesity and 

exogenous estrogen on mammary tumor development. Our results suggest these three risk 

factors of breast cancer may modulate mammary tumorigenesis through hormones 

associated with adipose tissue and the activation of Akt. 

 

Materials and Methods 

Animals and diets 

We purchased 135 ovariectomized FVB/N female mice that were 6 weeks old 

from the Jackson Laboratory (Bar Harbor, MA, USA). The animals were singly housed in 

pathogen-free cages according to National Institutes of Health (NIH) guidelines. All 

procedures were approved by the Institutional Animal Care and Use Committee of the 

University of Texas at Austin. Mice were randomized to receive either a low fat (LF; 10% 
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kcal from fat) or high fat (HF; 60% kcal from fat) diet.  Mice had free access to either 

water or 20% alcohol in the drinking water.  All procedures were performed as 

previously described [61].  

Estrogen treatment 

Mice received either estrogen or placebo pellets after 19 weeks on the study.  The 

pellets provided 0.0 mg (placebo), 0.18 mg or 0.72 mg of 17 β-estradiol (E2) over a 90 

day period. We purchased these pellets from Innovative Research of America (Sarasota, 

FL, USA).  

Glucose and insulin tolerance tests 

We examined insulin sensitivity in mice using the glucose tolerance test (GTT) 

and insulin tolerance test (ITT) as previously described [129].  

Cancer cells and tumor measurement 

Estrogen receptor (ER) negative Met-1 mouse mammary cancer cells were 

cultured in Dulbecco Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS) and 2mM penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA). 

Met-1 cells were harvested when 70-80% confluent. 5×104 cells in 50µl of DMEM were 

administered subcutaneously into the lower back of the mice. Tumors were measured two 

or three times per week. Tumor size (mm3) was determined by measuring height, width 

and length of the tumors.   
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Body composition 

We analyzed final body composition (body fat (%), lean body mass (%) and BMD) 

by dual energy x-ray absorptiometry (DXA) using a GE Lunar Piximus ΙΙ densitometer 

(Madison, WI, USA). Body fat levels (%) of living animals were measured using an Echo 

magnetic resonance imaging system (MRI; Echo Medical System, Houston, TX, USA).  

Hormone analysis and blood chemistry 

We measured hormone levels and ALT using the following ELISA kits; 17 β-

estradiol (IBL-America, Minneapolis, MN, USA), insulin-like growth factor 1 (IGF-1; 

R&D Systems, Minneapolis, MN, USA), vascular endothelial growth factor (VEGF; 

R&D Systems, Minneapolis, MN, USA) and alanine transaminase (ALT; Bioo Scientific, 

Austin, TX, USA).  Mouse serum Insulin and leptin levels were analyzed using a mouse 

adipokine Lincoplex kit (Linco Research, St Louis, MO, USA). Alcohol concentration in 

the blood was detected using a NAD/NADH kit (Sigma, St. Louis, MO, USA). All 

experiments were performed following the manufacturer’s directions. 

Western Blot 

Whole-cell lysates were prepared from tumor tissue. Tissues were collected and 

snap-frozen in liquid N2. Frozen tissues were ground into a powder using a mortar and 

pestle, suspended in RIPA buffer (Sigma, St. Louis, MO, USA) containing protease and 

phosphatase inhibitors (Pierce, Rockford, IL) and homogenized.  Tissue extracts were 

clarified by centrifugation (10 min at 10,000 x g). Protein concentrations were measured 
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using Protein Assay Reagent (Bio-Rad, Hercules, CA, USA). Lysates were resolved 

(50µg) on 10% Tris-Acetate gels and proteins were detected by Western blot with 

antibodies: PI3K (p85α), p-AktSer473, Akt, β-actin, cleaved caspase-3 (Cell Signaling, 

Beverly, MA, USA) and PCNA (Santa Cruz Biotechnology, Santa Cruz, CA, USA). 

Blots were analyzed by densitometry and quantitated with ImageJ software (NIH, 

http://rsb.info.nih.gov/ij/).   

Histology 

Mouse tumor and liver tissues were harvested, fixed in 10% formalin for 24 hours 

and then transferred into 70% ethanol indefinitely. The samples were paraffin embedded, 

sectioned and H & E stained by the Histology and Tissue Core at the University of Texas 

M. D. Anderson Cancer Center (Smithville, TX, USA). 

qPCR 

Tumor necrosis factor alpha (TNF-α) was measured in the liver. Total RNA was 

extracted from liver tissue using a RNeasy Mini Kit (Qiagen, Hilden, Germany).  The 

cDNA was synthesized from 2 µg of total RNA using the High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA).  Real-time PCR was performed 

on a Mastercycler ep Realplex Real-time PCR thermocycler (Eppendorf, Hauppauge, NY, 

USA). A SYBR GreeER qPCR Kit (Invitrogen, Carlsbad, CA) was used in a 20-µl total 

volume. All samples were done in triplicate. The relative expression levels of TNF-α 

were normalized to the average of the endogenous control gene, 18S ribosomal RNA. 

The difference was calculated using melting curve analysis. We used the following 
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primers pairs:  18S forward 5'- GAG CTC ACC GGG TTG GTT TTG-3' and 18S reverse 

5'- TAC CTG GTT GAT CCT GCC AG -3', TNF-α forward 5'-CTC TTC AAG GGA 

CAA GGC TG- 3' and TNF-α reverse 5'-CGG ACT CCG CAA AGT CTA AG- 3'. 

Statistical analysis 

We analyzed all data (body composition, calorie intake, GTT, ITT, tumor growth, 

hormone levels and qRT) by multivariate analysis of the variance and post hoc 

comparison of the means using Tukey’s Honestly Significant Difference. The results are 

shown as the mean ± the standard error of the mean (SEM). We considered statistical 

significance at p≤0.05.  We used SPSS software package version 15.0 for Windows 

(SPSS Inc., Chicago, IL, USA) to make statistical comparisons.  

 

Results 

Alcohol, obesity, and estrogen affect body composition 

All mice had similar body weights (17.6 ± 0.1g) and body fat levels (16.9 ± 0.2%) 

at the beginning of the study showing the randomization worked (p>0.05; Figure 5.1A 

and 5.1B). However, by the end of the study, HF mice had a higher average final body 

weight and body fat compared to LF mice, as portrayed in Table 5.1 (p<0.05). Alcohol 

consumption did not alter either body weight or body fat in mice (p>0.05). Mice 

consuming alcohol ingested slightly less food than water consuming mice (p>0.05) 

because they received extra calories from the alcohol. Consumption of 20% alcohol 
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provided 1.42kcal/g and elevated blood alcohol levels to 38-54 mg/dl (Table 5.1); levels 

equivalent to physiological levels seen in women. The only statistically significant 

difference in body weight and body fat occurred after estrogen treatment (week 18 on the 

study), regardless of diet and alcohol consumption (p<0.01). Both doses of estrogen 

caused a significant decrease in body weight and fat compared to placebo groups.  

Estrogen also increased BMD in both low and high E2 treatment groups (p<0.05; Figure 

5.1C). Collectively, the decrease in body weight and increase in BMD indicated the 

estrogen treatment was successful. No difference in body composition was observed 

between the low and high E2 treatment groups.  

Alcohol, obesity, and estrogen modulate insulin sensitivity  

As expected, results from the GTT indicated that obese (HF) animals, in both the 

water and alcohol consuming groups, were more insulin resistant than control animals 

(LF), as shown in Figure 5.2A (p<0.05). However, the alcohol consuming mice cleared 

blood glucose faster than mice consuming water (p<0.05). Both doses of estrogen also 

improved glucose clearance, especially in HF fed mice (p<0.05). There was no difference 

between low and high E2 groups (p>0.05). In Figure 5.2B, results from the ITT 

illustrated that HF fed mice responded to exogenous insulin more slowly than LF fed 

mice (p<0.05); indicating insulin resistance. However, alcohol promoted glucose 

clearance in HF mice compared to those on water (p<0.05). Insulin sensitivity was 

induced in animals receiving low and high E2 treatment (p<0.05); this effect was not 

altered by alcohol consumption or different doses of E2 (p>0.05). 
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Effect of alcohol, obesity, and estrogen on mammary tumorigenesis  

Mice consuming the HF diet developed larger tumors than LF fed mice, as 

depicted in Figure 5.3A. Alcohol ingestion increased the final tumor volume by 

approximately 1.6 fold compared to water consumption, especially in HF mice (p<0.05). 

Estrogen treatment suppressed tumor growth regardless of diet intake, alcohol 

consumption and dose of estrogen (low and high E2) given compared to placebo (p<0.05). 

Despite the estrogen-induced tumor suppression, mice receiving the high E2 treatment 

tended to have slightly larger tumors than mice treated with the low dose of E2 (p>0.05).  

Similarly, mice consuming alcohol and receiving the high E2 supplement had somewhat 

larger tumors than the water group (p>0.05).   

PI3K/Akt signaling pathway in response to alcohol, obesity, and estrogen  

The regulatory subunit of PI3K (p85α) was not affected by obesity (HF), alcohol 

or estrogen treatment, as depicted in Figure 5.3B. Obesity and alcohol consumption 

resulted in increased expression of phosphorylated Akt at Serine 473, which is positively 

associated with cell proliferation, survival, and invasion [162]. However, estrogen 

supplementation reduced Akt phosphorylation induced by both HF diet and alcohol 

consumption. Figure 5.3B shows the expression level of cleaved caspase-3, a key factor 

of apoptosis. Cleaved caspase-3 levels were decreased with obesity and alcohol 

consumption alone. However, a synergistic decrease in apoptosis levels was observed in 

obese mice receiving alcohol. Cell proliferation was not altered by body weight, alcohol, 

or estrogen as measured by PCNA expression. 
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Alteration of growth factors by alcohol, obesity, and estrogen  

As anticipated, exogenous estrogen supplementation dramatically elevated 

circulating estrogen levels in mice compared to pre-E2 treatment, as portrayed in Figure 

5.4A (p<0.001). In addition, mice receiving the high dose of E2 had higher serum 

estrogen levels than mice receiving the low E2 supplement (p<0.05). The expression of 

leptin was directly proportional to body fat levels as shown in Figure 5.4B for both pre 

and post-E2 groups (p<0.05). This was also reflected after estrogen treatment as a drastic 

reduction in body fat levels occurred, along with a corresponding decrease in serum 

leptin levels.  Both doses of estrogen resulted in a significant reduction in leptin levels 

(p<0.001). Compared to the water group, alcohol simulated leptin expression in obese 

mice.  Similar to leptin, expression of the pro-angiogenic factor VEGF was induced by 

both obesity and alcohol consumption for placebo and estrogen treatment groups (Figure 

5.4C). Moreover, exogenous estrogen reduced serum VEGF levels compared to placebo 

(p<0.05). Serum insulin and IGF-1 levels were increased in the obese phenotype and 

greatly decreased after estrogen treatment (Figure 5.4D and E; p<0.05). Alcohol had no 

effect on the expression of serum insulin and IGF-1. 

Alcohol, obesity, and estrogen regulate liver histopathology  

Figure 5.5A depicts changes in liver pathology after alcohol consumption, obesity 

and estrogen supplementation. Both obesity and alcohol are well known to induce hepatic 

steatosis [163]. Our data is consistent with the literature. Obesity induced hepatic 

steatosis as shown by H & E staining. Alcohol consumption also promoted this effect. 
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However, hepatic steatosis, especially in mice receiving alcohol, was reduced by estrogen 

treatment regardless of the dose. Even obese mice consuming alcohol with extreme 

steatosis showed a dramatic decrease after receiving either dose of estrogen. ALT and 

TNF-α are hepatic inflammatory factors known to be involved in hepatic steatosis and 

therefore we measured their expression levels. The results are portrayed in Figures 5.5B 

and 5.5C. Alcohol consumption slightly increased ALT and TNF-α expression compared 

to the control, but the difference was not significant (p>0.05). Neither dose of estrogen 

supplementation had a significant effect on TNF-α nor ALT levels in either the water or 

alcohol groups (p>0.05). Moreover, the expression was not affected by body weight.  

 

Discussion  

Here we examine the contribution of alcohol, obesity and estrogen on mammary 

tumor growth via the PI3K/Akt signaling pathway and adiposity in mice.  This is the first 

mouse model to directly compare the effect of different doses of estrogen 

supplementation on mammary tumorigenesis, in conjunction with alcohol and obesity. 

Specifically, alcohol elicited a dichotomy between an advantageous physiological 

response, increased insulin sensitivity, and a deleterious pathology, enhanced 

tumorigenesis. The effects of alcohol were modified by body weight and estrogen 

administration. Obese mice developed the largest tumors and were more insulin resistant 

than overweight mice with the smallest tumors and insulin sensitivity. Alcohol 

consumption further increased tumor size for both overweight and obese mice. In contrast, 
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both doses of supplemental estrogen suppressed tumor growth, triggered insulin 

sensitivity and induced loss of body fat in obese and overweight mice. Interestingly, 

levels of phosphorylated Akt were increased in the tumors of obese and alcohol 

consuming mice.  Treating obese mice with estrogen reversed this effect and levels of 

phosphorylated Akt decreased. What is more, apoptosis was diminished by adiposity and 

alcohol, consistent with mice in these groups having larger tumors. To our knowledge, 

this is the first study to demonstrate how alcohol and adiposity trigger signaling via the 

PI3K/Akt pathway and apoptosis to influence mammary tumorigenesis in the mouse. 

Numerous epidemiological studies show that obesity increases the risk of 

developing and dying from breast cancer in post-menopausal women but not in pre-

menopausal women [24-26]. Obesity in post-menopausal women can lead to multiple 

physiological alterations, which can influence breast cancer susceptibility. For example, 

insulin resistance associated with excess body fat and the resultant increase in plasma 

insulin levels [145]. Here, we successfully mimic epidemiology data with our mouse 

model and show an adiposity-dependent increase in tumor growth and decrease in insulin 

sensitivity. Observed increases in serum insulin, IGF-1, leptin, and VEGF were also 

directly proportional to body weight. Hormones, insulin resistance and angiogenesis have 

all been shown to be involved in breast tumorigenesis, mechanistically implicating these 

hormones in tumor development [146, 164].   

Alcohol consumption, in addition to obesity, also enhanced tumor development.  

At the same time, however, alcohol had a beneficial effect and induced insulin sensitivity. 
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We questioned how alcohol can have a paradoxical effect. Alcohol has been shown to 

accelerate mammary tumor growth rate in mice [147] and to dose-dependently increase 

the metastatic potential of breast cancer cells in vitro [15, 148]. Therefore, we reasoned 

alcohol could make the mammary cancer cells more susceptible to influence from 

hormones, resulting in primary tumor growth and/or metastasis, while simultaneously 

increasing the hormone responsiveness of tissues and prevention of insulin resistance and 

type-2 diabetes. Similar to obesity, alcohol treatment amplified serum leptin and VEGF 

levels, suggesting they may be responsible for increased tumor growth seen in mice 

consuming alcohol. Alternatively, alcohol may increase insulin secretion and thereby 

stimulate insulin sensitivity [123]. Huang et al. showed just this in alcohol consuming 

animals; alcohol triggered the pancreas to secrete insulin resulting in increased insulin 

sensitivity [123]. Our studies also support this idea as we noted an increase in serum 

insulin levels in mice drinking alcohol compared to water, although this difference was 

not statistically significant.  

Not only was leptin increased by adiposity, as well as alcohol consumption, but a 

synergistic increase was noted in the presence of both factors. A high level of circulating 

leptin is associated with breast cancer development and research has shown an alcohol 

and obesity-dependent increase in leptin [3, 21, 26, 38]. Moreover, leptin has been shown 

to enhance the growth and invasive potential of breast cancer cells in tissue culture [21, 

141]. Leptin may also promote breast carcinogenesis by regulating aromatase activity and 

in so doing increase estrogen levels where breast cancer cells are located in the mammary 

gland [38]. Similar to leptin, adiposity, alcohol and a cooperation of the two factors 
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increased VEGF levels. VEGF is a key factor in angiogenesis, a physiological process 

essential for tumor growth and metastasis [165, 166]. Although obesity and alcohol 

increased the serum levels of insulin and IGF-1, no such cooperative effect between 

alcohol and obesity was observed on these hormones. As a result, we focused on leptin 

and VEGF as contributing to the tumor growth seen in obese mice, mice on alcohol and 

obese mice on alcohol. Our results were further supported after estrogen administration; 

tumor growth was decreased, as were serum levels of leptin and VEGF. This is unusual 

as estrogen has been shown to increase serum levels of leptin and VEGF [55, 167]. This 

is most likely due to the fact that body weight and body fat levels drastically decreased 

after estrogen supplementation. Mice in all groups consumed similar total kilocalories 

showing this effect was due to estrogen and not calorie consumption. We conclude that 

calorie consumption did not play a role in tumor development.  This does not rule out 

leptin and VEGF as players in tumor development, but places more focus on estrogen as 

the dominant player. In fact, estrogen is an ideal candidate. For example, postmenopausal 

women have more circulating estrogen than premenopausal women because they have 

more adipose tissue [29]. In addition, estrogen levels further increase after menopause 

when women use estrogen replacement therapy to relieve the symptoms of menopause 

[151]. An additional estrogen increase occurs when postmenopausal women consume 

alcohol compared to non-drinkers [10]. Therefore, the cells of obese postmenopausal 

women drinking alcohol are constantly influenced by the estrogen that surrounds them 

and subjects them to the negative effects of estrogen and subsequent breast cancer 

promotion. 
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To take this one step further, estrogen may be directly influencing the PI3K/Akt 

signaling pathway to promote survival of the cancer cells. There are numerous pro-

survival pathways estrogen has been shown to influence [168-171]. One such pathway is 

apoptosis.  Estrogen increases the expression of numerous pro-apoptotic proteins [170]. 

Breast cancer cells that have been long term deprived of estrogen can undergo apoptosis 

after estrogen treatment [172, 173]. Enhanced signaling of the PI3K/Akt pathway has 

been implicated in breast carcinogenesis [174-176]. It has been reported that Akt can 

phosphorylate and inactivate pro-apoptotic factors, such as Bad [177, 178]. Zhang et al. 

demonstrated that PI3K/Akt signaling could be inhibited by estrogen and induce 

apoptosis of cancer cells [168]. Not only does estrogen influence PI3K/Akt signaling, but 

obesity and alcohol are also involved. A multitude of hormones/cytokines (insulin, leptin, 

IL-6) increased in obesity have been implicated in activating the PI3K/Akt signaling 

pathway in colon cancer [179]. Similarly, moderate alcohol consumption increased Akt 

expression to mediate cardioprotection in mice [161]. In the present study, we 

demonstrated increased PI3K/Akt signaling via enhanced Akt (S473) phosphorylation in 

obese mice, which was further increased after alcohol treatment. Decreased cleaved 

caspase-3 was noted in mice fed the HF diet (obese) and the addition of alcohol 

consumption synergistically decreased cleaved caspase-3 expression, indicating reduced 

apoptosis. The alternate was also true after implantation of estrogen;   phospho-Akt levels 

were reduced after estrogen treatment in obese mice. We propose a model in which 

obesity and/or alcohol induce pro-survival signals via the PI3K/Akt signaling pathway in 

cancer cells. In the event these mice are treated with estrogen, estrogen would induce pro-
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apoptotic factors to inhibit tumor growth through apoptosis. Unfortunately, we did not 

see an increase in apoptosis after estrogen treatment despite the decreased phospho-Akt 

expression. Therefore, PI3K/Akt may be signaling in an apoptosis-independent manner. 

In premenopausal women, estrogen, a steroid hormone, is generated primarily by 

the ovaries. After menopause, however, peripheral tissues (adipose tissue) produce 

estrogen when aromatase converts androgen to estrogen [22]. Aromatase is found in 

white adipose tissue [34] and therefore, obese postmenopausal women have higher levels 

of estrogen than lean premenopausal women as they have a higher amount of fat [29]. 

Elevated estrogen levels are considered to be a risk factor for breast cancer [22]. 

Intriguingly, we show two different doses of estrogen actually had a negative effect on 

tumor growth. Tumorigenesis was decreased by estrogen regardless of adiposity and 

whether the mice were consuming alcohol or water. Tumor growth in mice receiving the 

high estrogen treatment was not quite as inhibited as the low estrogen supplement; 

however, this difference was not significant. Data from the current study disputes the 

present dogma regarding the role of estrogen in promoting tumorigenesis.  Importantly, 

however, our study is in agreement with more and more emerging research high-lighting 

the significance of estrogen for tumor suppression.  In support, Nkhata et al. exemplified 

this idea by observing reduced tumor growth in chemically-induced obese mice injected 

with T47-D human breast cancer cells after estrogen pellet implantation compared to 

placebo [45]. It is possible the effects of estrogen on tumor growth are due to differences 

between exogenous and endogenous estrogen for our study. Sham ovariectomized mice 

developed significantly larger tumors than mice receiving exogenous estrogen (data not 
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shown). However, this is unlikely as both endogenous and exogenous estrogen have been 

shown to be risk factors for breast cancer [180-182].  This is supported by numerous 

epidemiology studies showing the positive association between hormone replacement 

therapy and breast cancer [183, 184]. Additionally, the negative effect of estrogen on 

tumor development may be due to the timing of estrogen treatment. The Woman’s Health 

Initiative found hormone therapy should be initiated five or more years after menopause 

in order to reduce breast cancer risk [44]. It would be interesting to increase the time 

between estrogen implantation and cancer cell injections in future experiments. Moreover, 

it would be important to evaluate the effect of estrogen on secondary metastasis since no 

effect was observed on primary tumor growth. For example, estrogen may inhibit tumor 

growth, but support increased invasion and metastasis. In fact, our lab has shown 

increased invasion of T47-D human breast cancer cells after estrogen treatment [59]. 
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Figure 5.1:  Body composition. A. Summary of body weight changes.  OVX mice 
consuming water or 20% alcohol were provided either the LF or HF diet.  At week 19, 
they randomly received either placebo or estrogen supplementation (low and high).  
Arrow represents the time when pellets were implanted. * Significantly different between 
LF and HF (p<0.05).  B. Body fat comparison between baseline and the final time point.  
Graph shows the effects of diet, liquid and estrogen treatment. * Significantly different 
from estrogen groups within same diet and liquid groups (p<0.05), ** significantly 
different between LF and HF fed mice (p<0.05).  C. BMD changes after estrogen 
supplementation. * Significantly different from estrogen treated mice (p<0.05).  Each 
treatment group had 10 mice. 
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Figure 5.2:  Alcohol and estrogen induced insulin sensitivity.  A. GTT. Alcohol and 
estrogen groups responded to the injected glucose more quickly than the water placebo 
group.  The Graph to the right depicts the AUC. B. ITT. Alcohol consumption and 
estrogen supplementation inhibited HF induced insulin resistance as represented by the 
graph on the right as AUC.  The results portrayed for both GTT and ITT included 8 mice 
per group.  # and ** significantly different between water and alcohol groups (p<0.05), * 
significantly different from estrogen treated mice within same diet and liquid (p<0.05). 
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Figure 5.3:  Influence of alcohol, obesity and estrogen on mammary tumor growth.  
A. Tumor volume was increased in alcohol consuming mice compared to control mice.  
Estrogen treatment (low and high) inhibited tumor growth (n=10/group).  Tumor size was 
recorded every two to three days.  Graph displays tumor growth every five days.  * 
Significantly different from estrogen treated mice within the same diet and liquid groups 
(p<0.05).  B. Survival Signaling.  Alcohol and HF diet induced Akt phosphorylation and 
reduced cleaved casepase-3 expression. Graphs along the bottom depict the quantitation 
of the Western blots.  These blots are representative for 3 mice per group. 
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Figure 5.4:  Alcohol, obesity and estrogen altered hormone levels.  Circulating 
hormone levels were measured in serum from pre- (week 18) and post-estrogen treatment 
(week 30).  A. Estrogen mice had low estrogen levels pre-E2 treatment.  Estrogen levels 
were significantly increased after estrogen pellets (low and high) were implanted as seen 
in the post-E2 groups.  B. The HF mice had higher leptin levels than LF mice pre-E2 
treatment.  Estrogen treatment dramatically reduced leptin levels in both LF and HF fed 
mice.  C. Pro-angiogenic factor, VEGF, was induced by alcohol consumption but reduced 
by estrogen.  D. Serum insulin levels were increased after HF diet and alcohol but were 
lower after estrogen treatment.  E. IGF-1, a growth hormone, levels were decreased by 
estrogen treatment and increased by obesity.  We used 7 mice per group for all assays.  * 
Significantly different from placebo within same diet and liquid groups (p<0.05), ** 
significantly different from placebo and Low E2 treatment within same diet and liquid 
groups in post-E2 treatment (p<0.05), # significantly different between water and alcohol 
consuming mice in HF fed mice (p<0.05). 
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Figure 5.5:  Liver Histopathology.  A. The liver H&E data showed that alcohol and HF 
diet increased hepatic steatosis while estrogen treatment decreased this effect. The results 
are representative of 5 mice per group.   The images were captured at 20x magnification.  
Arrow indicates the hepatic fat.  Abbreviation: CV, central vein.  B. Real-time PCR of 
liver tissue (n=3/group) and ELISA of serum (n=7/group). Estrogen had no effect on   
TNF-α and ALT levels (p>0.05). 
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Table 5.1: Comparison of final calorie intake and blood alcohol concentration (BAC) in 
mice. 

 

Values are represented as the mean ± SEM for ten mice per group. * represent 
significantly different between water and alcohol group in the same diet (LF or HF) and 
treatment (E2 or placebo) categories. 
 

 

 

 

 

 

 

 

 

 

 

                 

Placebo Low E2 High E2 
Water Alcohol Water Alcohol Water Alcohol 

  LF HF   LF HF   LF HF   LF HF   LF HF   LF HF 

Food (kcal) 9.6 ± 0.4 11.2 ± 0.9 7.9 ± 0.7 10.5 ± 1.0 10.4 ± 0.8 9.4 ± 0.2 8.2 ± 0.3 8.3 ± 0.5 10.4 ± 0.8 9.5 ± 0.4 7.4 ± 0.2 9.8 ± 1.8 

Alcohol (kcal) - - 2.5 ± 0.1 2.3 ± 0.2 - - 2.2 ± 0.1 2.1 ± 0.2 - - 2.3 ± 0.1 2.0 ± 0.2 

Total (kcal) 9.6 ± 0.4 11.2 ± 0.9 10.4 ± 0.4 12.9 ± 1.0 10.4 ± 0.8 9.4 ± 0.2 10.4 ± 0.4 10.8 ± 0.6 10.4 ± 0.8 9.5 ± 0.4 9.7 ± 0.2 11.8 ± 1.8 

BAC (mg/dl)* 0.0 ± 0.0 0.0 ± 0.0   37.9 ± 0.3 54.4 ± 4.8   0.0 ± 0.0 0.1 ± 0.0   38.4 ± 0.4 42.1 ± 2.0   0.0 ± 0.0 0.1 ± 0.0   38.6 ± 0.3 39.0 ± 0.2 
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Chapter 6: Alcohol promotes breast cancer cell invasion by regulating the Nm23-

ITGA5 pathway 

 

Abstract 

Alcohol consumption increases breast cancer risk in women. Additionally, 

alcohol increases the metastatic ability of cancer cells. Metastasis suppressor genes 

encode proteins that have the ability to slow down or prevent the invasiveness of cancer 

cells, thus inhibiting the establishment of metastases. The objective of the present study 

was to determine the role the metastasis suppressor gene Nm23 has on the increased 

invasive ability breast cancer cells obtain in the presence of alcohol. The invasiveness, or 

metastatic ability, of breast cancer cells was determined using the Boyden assay. To 

determine if alcohol increases the invasion of breast cancer cells via the Nm23 gene, we 

overexpressed or downregulated Nm23 expression using siRNA-mediated knockdown; 

subsequently, we determined the effects of alcohol on the invasiveness of these cancer 

cells. Results show that alcohol increased breast cancer cell invasion in a dose-dependent 

manner.  Alcohol significantly decreased the expression levels of Nm23. Overexpression 

of Nm23 in breast cancer cells suppressed the effects of alcohol on the invasive ability of 

the cancer cells. Also, exposure of cancer cells to alcohol led to an increase in the 

expression level of the fibronectin receptor subunit ITGA5, and overexpression of Nm23 

blocked the effects of alcohol.  Further, the invasiveness of the breast cancer cells was 

inhibited when ITGA5 was knocked down by siRNA, and alcohol was unable to increase 
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the invasiveness of the cancer cells when ITGA5 was knocked down. Results suggest that 

alcohol increases the invasive ability of breast cancer cells by down-regulating the 

metastatic suppressor Nm23 gene, which leads to increased expression of ITGA5.  

Consequently, up-regulated ITGA5 may increase the invasive ability of the cancer cells.   

 

 Introduction 

Epidemiologic studies show that alcohol consumption increases breast cancer risk 

[3, 20].  In vitro studies show that ethanol increases the ability of breast cancer cells to 

invade [185].  In most cancers, the metastases, not the primary tumors, comprise the most 

significant contributors to cancer-associated morbidity and mortality [186].  In the first 

steps of metastasis, cancer cells invade and migrate through tumor stroma, followed by 

intravasation into the vasculature [187].  Eventually, tumor cells break through the layers 

of the vessel wall and, in response to tissue-specific chemotractants, migrate, proliferate, 

and colonize distant tissues such as the lungs [188].  Key alterations within the cancer 

cells that affect their ability to metastasize are: 1) adhesion properties, such as alterations 

in cell surface molecules (e.g., cadherins, integrins, and selectins) that allow cancer cells 

to acquire a more motile or invasive phenotype [189], 2) matrix metalloproteinases 

(MMPs), which are proteolytic enzymes that degrade the extracellular matrix, allowing 

cancer cells to invade surrounding tissue [190], and 3) metastasis suppressor proteins that 

have the ability to decrease or inhibit metastasis [191].    
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Metastasis suppressor genes encode proteins that have the ability to slow down or 

prevent the establishment of metastases [191].  These genes are characterized by their 

ability to inhibit metastasis without blocking the growth of the primary tumor.  Nm23 is a 

protein that has been identified as a metastasis suppressor [191].  The two human Nm23 

genes (Nm23-h1 and Nm23-h2) have been localized to chromosome 17q21. These genes 

encode 17 kDa proteins which have nucleoside diphosphate (NDP) kinase [192], histidine 

kinase [193], and exonuclease activities [73].  Mutants that disrupt the NDP kinase and 

exonuclease functions of Nm23 still suppress metastasis to varying degrees, suggesting 

complex and overlapping roles in metastasis regulation [74].  Nm23-H1 inhibits multiple 

metastatic-related processes.  Overexpression of Nm23-H1 in tumor cells largely reduces 

tumor cell motility and invasion, promotes cellular differentiation, and inhibits 

anchorage-independent growth and adhesion to fibronectin, laminin, and vascular 

endothelial cells [75, 76].   

Our current results show that alcohol exposure increases the invasive ability of 

breast cancer cells.  Moreover, we show that overexpression of the metastatic suppressor 

gene Nm23 suppresses the effects of alcohol.  Additionally, alcohol exposure increased 

the expression levels of the fibronectin receptor subunit ITGA5; this effect was blocked 

by overexpression of Nm23.  Furthermore, the effect of alcohol on the cancer cells was 

inhibited when ITGA5 was knocked down by siRNA. Thus, results suggest that the up-

regulated ITGA5 increases the ability of breast cancer cells to invade. Our results indicate 

that alcohol increases the invasive ability of breast cancer cells by down-regulating Nm23, 
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which leads to increased expression of ITGA5. Consequently, up-regulated ITGA5 

increases the invasive ability of the cancer cells.   

 

Materials and Methods 

Cell culture, transfection, and siRNA 

T47D breast cancer cells were purchased from American Type Culture Collection 

(#HTB-133, Manassas, VA). Cells were cultured at 37°C, 5% CO2, on 75-cm3 tissue 

culture flasks (Falcon Labware, BD; Franklin Lakes, NJ) in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% inactivated fetal bovine serum (FBS) and 1% 

penicillin-streptomycin (Gibco, St. Louis, MO).  The Nm23 siRNA, ITGA5 siRNA, and 

negative controls were purchased from Invitrogen (Carlsbad, CA). pcDNA3-Nm23–

H1cDNA and the control vector were kindly provided by Dr. Patricia Steeg (National 

Cancer Institute, Bethesda, MD).  T47D cells were transfected with the above vectors and 

siRNAs using Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions.  

After cells were transfected, alcohol was added to the medium at concentrations of 0.1%, 

0.2%, or 0.5%. RNA and proteins were collected from the cells two days post alcohol 

treatment. 

Invasion assay 

The in vitro invasion studies were performed using the BD Bio-Coat Matrigel 

invasion assay system (Becton Dickinson Labware, Franklin Lakes, NJ).  This assay is 
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also known as the Boyden assay. To measure the ability of alcohol to affect the invasive 

ability of breast cancer cells, 2 x 105 cancer cells were suspended in serum-free DMEM 

medium containing 0.1% bovine serum albumin (BSA) and placed in the upper chamber. 

The bottom chamber was filled with DMEM containing 10% FBS. The FBS attracted the 

cancer cells and triggered their migration to the underside of the membrane.  Breast 

cancer cells that have the ability to invade secrete factors which allow them to degrade 

the matrigel (e.g., Matrix Metalloproteinases) and migrate through the 8-µm pores to the 

underside of the membrane.  After a 24- to 48-hour incubation, the membrane of the 

upper chamber was cleaned with cotton swabs to remove Matrigel and any cancer cells 

that did not migrate. The membrane was fixed and stained using Diff-Quik stain set 

(Dade-Behring; Newark, DE). Staining the cells allows their visualization and 

quantitation using a light microscope. Five fields of adherent cells were randomly 

counted in each well with a Nikon Diaphot-TMD inverted microscope at 20x 

magnification. 

Real-time reverse transcription PCR analysis 

Total RNA was extracted using a RNeasy Mini Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions.  Reverse transcription was performed with 

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, 

CA), using 2 μg of RNA for each reaction. Primer pairs were designed using Primer 3 

software [194], and are shown in Table 1. Real-time PCR was performed with a SYBR 

GreenER qPCR kit (Invitrogen, Carlsbad, CA) in a Mastercycler ep Realplex Real-time 
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PCR thermocycler (Eppendorf, Wesseling-Berzdorf, Germany). The relative expression 

levels of target genes were normalized to the housekeeping gene 18s rRNA. 

Amplification specificity was confirmed by melting curve analysis.   

Western blot analysis 

Cells were lysed using RIPA buffer containing 50 mM Tris (pH 7.6), 150mM 

NaCl, 2mM EDTA, 20mM MgCl2, 1% Nonidet P40 containing protease inhibitors 

(1μg/ml PMSF, 1μg/ml aprotinin and 1μg/ml Pepstatin).  Samples were incubated for one 

hour on ice with agitation and centrifuged at 12,000 x g for 20 min. Protein samples were 

subjected to electrophoresis on 4-12% SDS-polyacrylamide gradient gels and transferred 

to a PVDF membrane.  Membranes were probed with anti-Nm23-H1 (BD Biosciences, 

San Jose, CA) and anti-actin (Oncogene, Cambridge, MA) antibodies. Protein-antibody 

complexes were detected with horseradish peroxidase-conjugated secondary antibodies 

(Cell Signaling Technology, Danvers, MA) followed by enhanced chemiluminescence 

reaction.  

Real-time quantitative PCR array of 84 human extracellular matrix and adhesion 

molecules 

Total RNA was extracted using an RNeasy Mini Kit. The cDNA was prepared by 

reverse transcription using the RT2 PCR Array First Strand kit (SA Biosciences, 

Frederick, MD) as recommended by manufacturer’s instructions.  PCR array analysis of 

84 genes related to cell-cell and cell-matrix interactions as well as human extracellular 
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matrix and adhesion molecules (RT2 Profiler™ PCR array, PAHS-013A-1, SA 

Biosciences, Frederick, MD) was performed using the Mastercycler ep Realplex real-time 

PCR thermocycler.  Briefly, 25 μl of PCR mixture, which contained cDNA equivalent to 

1 µg RNA in SuperArray RT2 qPCR Master Mix solution, was loaded in each well of the 

PCR array plate.  PCR amplification of cDNA was performed under the following 

conditions: 10 minutes at 95°C for one cycle, 15 seconds at 95°C, followed by 1 minute 

at 60°C for 40 cycles. All mRNA Ct values for each sample [Ct (sample)] were 

normalized to glyceraldehyde-3-phosphate dehydrogenase [Ct (GAPDH)] in the same 

sample. The relative mRNA level was expressed as the value of 2-∆∆Ct (sample). 

Statistics 

One-way analysis of variance (ANOVA) was used to test the statistical 

significance of the qPCR and invasion assay results (SPSS 12.0 student edition, SPSS Inc. 

Chicago, IL). To detect statistical significance, p value was set at 0.05, and data are 

presented as the mean ± standard error of the mean (SEM). 

 

Results  

Alcohol increases the invasive ability of breast cancer cells in a dose-dependent 

manner 

To determine the effects of alcohol on the invasive ability of T47D breast cancer 

cells, we used the Boyden assay.  Results show that alcohol exposure increased the 
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invasive ability of T47D cancer cells in a dose-dependent manner when compared to 

control cells not treated with alcohol.  0.1%, 0.2%, and 0.5% alcohol treatments increased 

the invasiveness by approximately two-, four-, and six-fold, respectively (p≤ 0.05; Figure 

6.1).      

 Alcohol increases the expression levels of MMPs 

To investigate the effect of alcohol matrix metalloproteinases (MMPs), we 

measured their expression levels on alcohol-treated cells.  Results show that treatment of 

T47D breast cancer cells with 0.5% alcohol significantly up-regulated MMP-1,-2,-9 and -

13 mRNA levels between four- and seven-fold (p≤ 0.05; Figure 6.2A).   

Alcohol increases breast cancer cell invasiveness by suppressing Nm23 expression  

To further investigate the mechanism of alcohol-induced cell invasion, we 

measured the effects of alcohol on known metastasis suppressor genes.  We measured the 

effects of 0.5% alcohol on the expression levels of KISS1, Mkk4, RRM1, Nm23, KAI1, 

and BRMS1 metastasis suppressor genes (Figure 6.2B). Alcohol exposure significantly 

suppressed the expression of Nm23 by about 50% (p≤ 0.05). To determine if the effects 

of alcohol on the invasive ability of T47D cells can be blocked via Nm23, we 

overexpressed Nm23-H1 in these cells and measured their invasiveness after alcohol 

treatment. Treatment of control T47D cells (transfected with the empty vector) with 0.5% 

alcohol significantly increased their invasive ability (p≤ 0.05); however, 0.5% alcohol 
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was unable to increase the invasive ability of T47D cells overexpressing Nm23-H1 

(Figure 6.2C). Nm23-H1 protein levels are shown in Figure 6.2D.   

Nm23-H1 suppressed the up-regulation of ITGA5 by alcohol 

To examine the effects of alcohol and Nm23 overexpression on the expression 

levels of extracellular matrix and adhesion proteins, we measured the expression of 84 

genes associated with extracellular matrix regulation and adhesion molecules in the 

following groups of breast cancer cells: 1) control T47D cells, 2) T47D cells treated with 

0.5% alcohol, 3) T47D cells overexpressing Nm23 and 4) T47D cells overexpressing 

Nm23 and treated with 0.5% alcohol.  Results are presented in Table 6.2, only the most 

affected genes are shown in Table 6.2. Results show that alcohol increased the expression 

levels of MMP-1, -2, -8, -13, and -16 in T47D cells; however, their expression levels 

were not affected by overexpression of Nm23-H1 (Table 6.2), suggesting that alcohol 

modulates MMPs through an Nm23-independent mechanism. A gene affected by both 

alcohol and Nm23-H1 was fibronectin receptor subunit integrin alpha 5 (ITGA5). 

Alcohol increased the expression of ITGA5 by nine-fold, and this up-regulation was 

eliminated by overexpression of Nm23-H1 (Figure 6.3A). Moreover, in cells 

overexpressing Nm23-H1, alcohol treatment was not able to increase ITGA5 expression. 

The data suggest that the effects of alcohol on ITGA5 were Nm23-dependent.   

 To further determine the relationship between Nm23 and ITGA5 in alcohol-

induced T47D breast cancer cell invasion, we knocked down each gene separately, as 

well as together, using small interfering RNA (siRNA) and subsequently measured cell 
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invasion.  If alcohol increases the invasive ability of T47D cells through down-regulation 

of Nm23, as suggested earlier, then down-regulation of Nm23 should increase the 

invasiveness of T47D cells.  Indeed, results showed that suppression of Nm23 by siRNA 

increased the invasiveness of T47D cells. More importantly, when Nm23 levels were 

knocked down, alcohol exposure was unable to increase the invasive ability of T47D 

cells (Figure 6.3C).  This work is in agreement with results in Figure 6.2 and provides 

further evidence that alcohol increases the invasiveness of T47D cells through Nm23.   

To determine the relationship between alcohol, Nm23, ITGA5 and cell invasion, 

we knocked down ITGA5 with siRNA in T47D cancer cells and measured the ability of 

alcohol to affect the invasive ability of these cells. Results show that knocking down 

ITGA5 significantly inhibited the ability of T47D breast cancer cells to invade (p≤ 0.05; 

Figure 6.3C). Moreover, when ITGA5 was knocked down, alcohol was unable to increase 

the invasion of T47D cancer cells, suggesting that ITGA5 is necessary for alcohol to 

increase the invasive ability of T47D cancer cells. Furthermore, in ITGA5 knockdown 

cells, suppression of Nm23 by siRNA did not rescue their invasive ability (Figure 6.3C). 

Results also show that Nm23 knockdown increased ITGA5 expression; however, 

knockdown of ITGA5 did not affect Nm23 expression (Figure 6.3D), suggesting that 

Nm23 is an upstream factor of ITGA5. Altogether, the above findings suggest that 

alcohol increases the invasive ability of breast cancer cells by down-regulating Nm23, 

which increases ITGA5 expression, and this elevation in ITGA5 increases the ability of 

breast cancer cells to invade. 
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Discussion  

We show that alcohol increases the invasive ability of breast cancer cells. This 

suggests that alcohol may increase the ability of the cancer to spread from the mammary 

gland to other parts of the body (metastasize). Thus, it is important to understand the 

mechanism by which alcohol affects the invasive ability of breast cancer because such 

understanding may provide ways to stop the cancer from spreading or metastasizing. Our 

results suggest that alcohol increases the invasive ability of breast cancer cells via the 

Nm23 metastasis suppressor gene. We show that alcohol decreases the expression of 

Nm23. Results also show that the invasive ability associated with alcohol can be 

augmented or blocked by overexpressing or knocking down Nm23 in T47D cancer cells, 

respectively. Thus, these results suggest that the effects of alcohol on the invasive 

capability of breast cancer cells are Nm23-dependent.   

 The expression of integrins (e.g., ITGA5) in cancer cells may be important in that 

it may allow the cells to attach to endothelial cells found within the blood vessels of 

organs such as the lungs [195]. Thus, the levels of proteins such as ITGA5 may 

determine how aggressively the cancer cells spread to secondary tissues such as the lungs.  

Our results show that alcohol exposure increases the expression of the fibronectin 

receptor subunit ITGA5 in breast cancer cells.  We also show that overexpression of 

Nm23 can block the expression of ITGA5.  Additionally, results show that suppression of 

Nm23 by siRNA increases the expression of ITGA5 in the cancer cells, showing that 

Nm23 can regulate the expression of ITGA5. In fact, results show that the increase in 
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ITGA5 expression induced by alcohol exposure is blocked by overexpressing Nm23.  

Furthermore, invasion results show that knocking down ITGA5 is sufficient to block the 

effects of alcohol on the invasion of T47D cancer cells. This suggests that ITGA5 is 

necessary for alcohol to increase the invasive capability of breast cancer cells. Our results 

indicate that alcohol decreases the expression of Nm23, thereby allowing ITGA5 to be 

expressed, which in turn allows T47D breast cancer cells to obtain a more invasive 

phenotype.   

Our studies also show that alcohol increases the expression of matrix 

metalloproteinases (MMPs). This is in agreement with previous findings showing that 

alcohol increases the expression and activity of MMPs [195]. The manner in which 

alcohol increases MMP expression does not appear to be dependent on Nm23, which 

suggests that alcohol may also affect breast cancer cell invasion by another 

complementary pathway independent of Nm23; we will verify this notion in future 

studies.     

The extracellular matrix (ECM) and adhesion molecules play an important role in 

the invasive phenotype of cancer cells [196]. For example, the binding of integrins to 

ECM proteins stimulates tyrosine phosphorylation of focal adhesion kinase (FAK); this 

activated FAK can activate signaling pathways such as PI-3K, MAPK, and ERK  [197].  

These pathways have been shown to regulate cell adhesion, motility, invasion, and 

metastasis [151].  Integrins are heterodimer cell surface receptors composed of an α and a 

β subunit. The integrin α5 subunit (ITGA5) dimerizes exclusively with the β1 integrin 

(ITGB1) to form the classic fibronectin receptor (α5/β1 or ITGA5B1) [198]. The 
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interaction of the fibronectin receptor (ITGA5B1) with fibronectin (FN) plays an 

important role in the adhesion of cancer cells to the extracellular matrix [78]. Moreover, 

others have shown that interaction of ITGA5B1 with FN promotes activation of the ERK 

and PI-3K signaling pathways, which in turn stimulates cells to invade and produce 

MMPs (e.g., MMP-1 MMP-9) [199]. In our studies, we show that ITGA5B1 expression 

is necessary for alcohol to increase the invasive ability of T47D breast cancer cells.  It is 

possible that alcohol stimulates signaling pathways such as ERK and PI-3K, via 

ITGA5B1, which then increases the invasive phenotype of T47D breast cancer cells.  

We also show that overexpression of Nm23 decreases the invasive ability of 

T47D breast cancer cells; the decreased invasiveness is associated with decreased 

expression of ITGA5. Thus, results suggest that Nm23 may act as a metastases 

suppressor gene by inhibiting the expression of integrins like ITGA5. We propose that 

alcohol stimulates the expression of integrins, such as ITGA5, by suppressing the 

expression of Nm23. Consecutively, activated integrins may facilitate the movement and 

metastasis of breast cancer cells.  In future studies, we will determine if alcohol affects 

signaling pathways such as FAK, ERK, and PI-3K, via ITGA5.   
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Figure 6.1:  Alcohol-induces cell invasion in a dose-dependent manner.  T47D cells 
were treated with 0.1%, 0.2% and 0.5% ethanol for the invasion assay.  A. Average cells 
per field increased with increased alcohol concentration.  B. Diff-Quik staining of the 
lower chamber showing more cells with higher alcohol concentration, * p<0.05. 
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Figure 6.2:  Alcohol-induces cell invasion by suppressing Nm23 and up-regulating 
MMPs.  A. Alcohol treatment increased MMP-1,-2,-9 and -13 mRNA levels.  MMP-14 
levels were also up-regulated but results were not significant.  B. Alcohol treatment 
suppressed Nm23 mRNA expression levels.  Some metastasis suppressors, such as KAI1, 
RRM1 and BRMS1, were not affected by alcohol, while others, such as KISS1 and Mkk4, 
were increased by alcohol.  C.  Overexpression of Nm23-H1 suppressed cell invasion; 
represented by average cells per field.  Alcohol treatment increased the invasiveness of 
the cancer cells transfected with the empty vector; however, alcohol did not increase 
invasion in the cells transfected with Nm23.  D. Western blot confirmed the 
overexpression Nm23 after transfection, * p<0.05. 

 

 

 

 

 



- 123 - 
 

 

Figure 6.3: Nm23 suppresses cell invasion by down-regulating ITGA5 expression.  A. 
Alcohol increased ITGA5 mRNA levels about nine-fold, and this effect was suppressed 
by overexpression of Nm23-H1. B. Expression of Nm23 with or without alcohol 
treatment by Western blot.  Nm23 overexpression is reduced approximately 50% with 
alcohol treatment.  C. The invasion assay showed alcohol and siNm23 knock down 
increased cell invasion.  ITGA5 knock down by siRNA suppressed ETOH and siNm23-
induced cell invasion.  D.  Expression of Nm23 was reduced 62% after siNm23 and 
ITGA5 levels were slightly increased.  ITGA5 levels were knocked down about 65% 
with siITGA5; Nm23 levels were not affected by siITGA5.  Double siRNA of Nm23 and 
ITGA5 suppressed the expression of both to less than 40%. 
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Table 6.1: Primer sequences used in Real-time reverse transcription PCR experiments.  
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Table 6.2: Effects of alcohol and Nm23 overexpression on extracellular matrix and 
adhesion proteins. 

 

 

 

Gene Name 0.5% EtOH Nm23-H1 0.5% EtOH + Nm23-H1
VCAN 4.1125 3.1514 4.359
COL8A1 -18.2522 -18.6875 -8.9755
VCAN 4.1125 3.1514 4.359
CTGF -4.3772 -5.712 -4.1296
CTNNA1 -15.455 -20.1681 -14.5808
CTNNB1 5.6569 5.5251 5.9134
CTNND1 -69.551 -18.9483 -26.4647
CTNND2 16.9123 12.9601 17.9262
ITGA1 -1.7777 -2.3198 -1.6771
ITGA2 -6.4531 -8.421 -6.0881
ITGA4 -5.3889 -7.0323 -5.0841
ITGA5 9.3827 -12.0754 - 9.038
ITGA6 -1.1408 -1.4886 -1.0762
ITGA7 -8.1681 -7.5371 -5.4869
ITGAL -6.3643 -8.3051 -6.0043
ITGAV -2.042 -2.6647 -1.9265
ITGB1 -3.0314 -3.2355 -1.554
ITGB2 -2.3295 -3.0398 -2.1977
ITGB3 -5.2416 -4.8032 -3.8798
ITGB4 -1.021 1.8226 1.6066
ITGB5 -19.4271 -15.3908 -3.62
KAL1 1.454 1.1142 1.5411
LAMA1 1.1096 -1.1761 1.1761
MMP1 4.1487 -1.136 1.2176
MMP10 -12.5533 -11.3451 -5.191
MMP13 24.761 18.9746 26.2455
MMP16 4.1989 4.1583 5.6334
MMP2 3.249 1.7363 2.3685
NCAM1 -3.8106 -4.9726 -3.595
PECAM1 -13.4543 -17.5573 -12.6933
SELE 1.2483 -1.0454 1.3232
SELL 7.0128 5.374 7.4333
SELP -7.1107 -9.2792 -6.7085
SGCE 1.021 -1.2781 1.0822
SPG7 10.4107 6.0043 8.2477
CLEC3B -1.4641 -1.9106 -1.3813
TNC -3.9177 -5.1124 -3.6961
VCAM1 1.0281 1.325 1.0898
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Chapter 7: Summary and Future Direction 

Summary 

In this dissertation, I present several unique findings, one of which is a mouse 

model of breast cancer whereby alcohol has both a beneficial effect, in that it increased 

insulin sensitivity, and a deleterious effect, in that it promoted tumor growth. We showed 

that alcohol consumption increased insulin sensitivity and promoted tumor growth in the 

same animals. This is a significant finding because in postmenopausal women, alcohol 

consumption also increases insulin sensitivity and increases breast cancer risk. We also 

found that alcohol consumption increased serum levels of leptin and estrogen.  This leads 

us to suggest that alcohol may increase mammary tumor growth via these hormones.  

Additionally, it is possible that alcohol also sensitizes breast cancer cells to the effects of 

these hormones, leading to a more aggressive mammary cancer phenotype. In our cell 

culture studies, we show that indeed alcohol sensitizes human breast cancer to the effects 

of alcohol and indeed breast cancer cells became more aggressive at invading.  

In the effort to discover the mechanistic pathway of alcohol on tumors, we 

measured the expression of the PI3K/Akt signaling. As one of the factors that are 

important in cell proliferation and survival, Akt is a downstream target of PI3K, and the 

activation of Akt has been shown to provide a means for tumor development [157, 200].  

We found that both alcohol consumption and obesity stimulated phosphorylation of Akt.  

Taken together, the results suggest a possible mechanism by which alcohol induces 

mammary tumorigenesis via activation of Akt and growth factors produced by fat cells.  
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So far, ovariectomized mouse models have been used in this dissertation to mimic 

the postmenopausal phase in women. These studies are unique, since most other studies 

studying the effects of alcohol on mammary cancer have been in the presence of ovarian 

hormones. Moreover, our inclusion of obesity, estrogen, and alcohol in the same studies 

helped us gain a better understanding of the effects of these three risk factors on 

mammary cancer simultaneously. Specifically, we show that the effects of alcohol on 

mammary tumor growth are modified by body weight and exogenous estrogen in 

ovariectomized female mice. We show that body weight influenced mammary tumor 

growth; that is, the mice with a lean phenotype developed the smallest tumors, while the 

obese mice developed the largest tumors. Moreover, alcohol consumption promoted 

tumor growth in overweight and obese mice. Our results agree with other findings that 

alcohol consumption and obesity promote tumor growth [25, 147, 201].  Interestingly, 

one of our most significant findings was that exogenous estrogen causes a dramatic 

weight loss that was mostly due to the loss of body fat.  The weight loss in animals 

supplemented with estrogen was associated with a suppression of tumor growth. The fact 

that exogenous estrogen inhibited tumor growth is in conflict with previous findings, 

which show that exogenous estrogen promoted tumor growth [34, 202, 203]. The loss of 

body fat as a result of estrogen supplementation was associated with a dramatic decrease 

in growth factors (e.g., leptin and IGF-1) associated with adipose tissue [135, 204]. Thus, 

it is possible that if estrogen induces loss of body fat, it will inhibit tumor growth; 

however, if there is no loss of body fat as a result of estrogen treatment, then estrogen 

may promote tumor growth. One of the major differences between our study and those 
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showing that estrogen promotes tumor growth is that our mice were ovariectomized for a 

long period, approximately 20 weeks, and thus were deprived of endogenous estrogen for 

a significantly longer period of time than mice in most other studies, where estrogen was 

supplemented right after ovariectomy. Moreover, in our studies, by the time estrogen 

pellets were implanted in the mice, ovariectomy had already triggered the mice to 

become obese, and implantation of the estrogen pellets led to a dramatic loss of body fat.  

In fact, the body fat levels in the mice supplemented with estrogen were similar to the 

mice that were 30% calorie restricted, which had the smallest tumors. Thus, it is possible 

that the weight loss induced by estrogen led to inhibition of tumor growth. It will be 

interesting to determine if loss of body fat is necessary for estrogen to inhibit tumor 

growth. It is of interest that in nude mice, where estrogen treatment promotes growth of 

breast cancer cells, the mice have almost undetectable levels of body fat [205].   

Studies suggest that alcohol increases the aggressive metastatic phenotype of 

breast cancer cells [137]. We show that alcohol directly increases the ability of cancer 

cells to invade.  In an effort to determine the molecular mechanism by which alcohol 

increases the aggressiveness of cancer cells to invade, we determined the effects of 

alcohol on metastasis suppressor genes. Results suggest that alcohol increases the 

invasive ability of breast cancer cells by downregulating the metastatic suppressor gene 

Nm23, which leads to increased expression of the fibronectin receptor subunit integrin 

alpha 5 (ITGA5). Consequently, upregulated ITGA5 increases the invasive ability of the 

cancer cells. Therefore, these findings suggest that ITGA5 is necessary for alcohol to 

increase the invasiveness of T47D breast cancer cells.  
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Future Direction 

We demonstrated that alcohol increased the invasiveness of T47D breast cancer 

cells and increased phosphorylated Akt. Figure 7.1 shows that activation of the PI3K/Akt 

pathway is beneficial for glucose uptake; activation of this pathway leads to the 

translocation of GLUT-4 to the cell membrane. However, in breast cancer cells, 

activation of this signaling pathway is associated with increased breast cancer 

progression. We suggest that the effects of alcohol on the ability of breast cancer cells to 

invade can be blocked by inhibiting PI3K/Akt signaling and the estrogen pathway.  

Inhibitors for PI3K include LY294002 (LY), a competitive and reversible inhibitor of the 

ATP binding site of PI3K, and Wortmannin, a fungal metabolite and a potent inhibitor of 

type 1 PI3K. Inhibitors for Akt include inhibitor II (SH-5) and Akt inhibitor III (SH-6) 

which interact with the PH domain to prevent phosphatidylinositol-mediated membrane 

recruitment of Akt. Inhibitors for the estrogen pathway include Tamoxifen and Letrozole.  

Tamoxifen prevents the binding of estrogen to the estrogen receptor on cancer cells; it 

mediates this by binding to the estrogen receptor. Letrozole is a reversible aromatase 

inhibitor; it decreases circulating estrogens by inhibiting aromatase, the rate-limiting 

enzyme in estrogen synthesis. Thus, in future studies, these chemicals can be used to 

determine if blocking the PI3K/Akt pathway and the estrogen pathway will block the 

effects of alcohol on breast cancer. These future studies may provide pharmacological 

interventions to prevent the deleterious effects of alcohol on breast cancer.   
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Figure 7.1: Breast cancer and inhibitors.  Estrogen, a growth factor for breast cancer, 
activates the PI3K/Akt signaling pathway.  PI3K inhibitors (Wortmannin and LY) or Akt 
inhibitors (SH5 and SH6) may reduce breast cancer development by inhibiting growth-
promoting properties. Estrogen inhibitors (Tamoxifen and Letrozole) may decrease breast 
cancer progression by blocking estrogen signaling pathways. 
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