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

malignancy-associated death in women worldwide. Estrogens are the main sex hormones in 

women. They are essential for the development and function of normal breast mammary 

glands; however, prolonged exposure to estrogens increases the risk of breast cancer 

development and progression. Approximately two-thirds of all breast cancer patients are 

positive for estrogen receptor (ER), but only 50% of those cases can benefit from anti-

estrogen therapy. 

In this thesis we investigated the effects of estrogen, diet modification, and anti-estrogen 

drugs on several immune modulators in normal human breast tissue. We used the 

microdialysis technique to sample the immune modulators in situ in normal human breast 

tissue, in malignant breast tissue, and in tumor tissue from both the immune competent 

mice with murine breast cancer and immune deficient mice bearing human breast tumors. 

Furthermore, we also used ex vivo culture of normal breast tissue and in vitro cell culture of 

breast cancer cell lines. A combined cell culture (co-culture) of breast cancer cell lines, 

together with the primary mature adipocytes, was also used in this thesis.    

In Paper I and Paper II, our results suggested that estrogen exerted both proinflammatory 

and pro-tumorigenic effects in normal human breast tissue. Estradiol increased extracellular 

interleukin-1β (IL-1β) and leptin levels and decreased IL-1Ra and adiponectin levels in 

normal human breast tissue. In contrast, tamoxifen decreased IL-1β and leptin levels and 

increased IL-1Ra and adiponectin levels, shifting the environment towards an anti-

inflammatory and antitumorigenic state. Diet modification with flaxseed for 30 days also 

increased IL-1Ra levels, creating an anti-inflammatory environment in normal breast tissue.  

In the breast cancer tissue, we found that extracellular IL-1β levels and leptin levels were 

significantly higher, whereas adiponectin levels were significantly lower, compared with 

normal adjacent breast tissue, which suggested a more proinflammatory state.   

In the third paper, our in vivo investigation of normal breast tissue revealed significant 

correlations between vascular endothelial growth factor (VEGF) and leptin, IL-1β and leptin, 

and between VEGF and IL-1β. No correlations were found in the abdominal subcutaneous 

(s.c.) fat tissue. Our in vitro inhibition experiments suggested that VEGF was a potent 

regulator of leptin, but that leptin was not a potent regulator of VEGF. Co-culture per se 

altered the release of VEGF and leptin and enhanced the effects of estradiol, compared with 

monocultures of the included cell types.  

In conclusion, the results presented in this thesis will increase the overall understanding of 

the role of estrogens in breast cancer, which may be useful in future treatment studies. 
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Populärvetenskaplig sammanfattning 
Bröstcancer är den vanligaste cancerformen hos kvinnor. I Sverige diagnosticeras drygt 8000 

nya fall varje år vilket betyder att en av nio kvinnor löper risk för att drabbas av bröstcancer 

under sin livstid. Trots stora framgångar i utvecklingen av diagnostik och 

behandlingsmetoder, är bröstcancer idag den näst vanligaste dödsorsaken för kvinnor i 

västvärlden. Bara i Sverige dör omkring 1400 kvinnor av bröstcancer varje år. 

Orsakerna till bröstcancer är inte helt klarlagda men mycket talar för att omgivningsfaktorer 

såväl som livsstilsmönster ökar risken att drabbas då bara 5−10 procent av fallen kan påvisa 

en ärftlig faktor. Livsstilsfaktorer innefattar bland annat hormonella faktorer så som tidig 

pubertet, sent klimakterium, hög ålder vid första graviditet, barnlöshet och användning av 

hormonella mediciner, men även övervikt och alkoholkonsumtion ökar risken för 

bröstcancer. Upp till 80 % av alla bröstcancer uttrycker östrogenreceptorn och är således 

beroende av det kvinnliga könshormonet östrogen för sin tillväxt. Patienter med sådana 

tumörer kan därför ha nytta av anti-östrogen behandling. Trots att exponering för östrogen 

är en sådan viktig faktor både för utveckling och fortsatt tillväxt av bröstcancer är de exakta 

mekanismerna för detta samband inte helt klarlagda. 

Syftet med denna avhandling var att studera östrogenets roll i reglering av proteiner (IL-1, 

adipokiner och VEGF) som är viktiga för immunförsvaret och kärlnybildning i normal 

bröstvävnad och i bröstcancer.  

I det första och andra delarbetet, fann vi att östrogen ökar utsöndringen av IL-1β och leptin 

och minskar utsöndringen av IL-1Ra och adiponectin i normal bröstvävnad. Anti-östrogenet 

tamoxifen omvänder förhållandet genom att öka utsöndringen av IL-1Ra och adiponectin 

och minska utsöndringen av IL-1β och leptin. En ökning i IL-1β och leptin medför en pro-

inflammatorisk mikromiljö i bröstvävnaden. Höga nivåer av leptin och IL-1β detekterades i 

bröstcancer hos kvinnor jämfört med nivåerna i normal näraliggande bröstvävnad. Dessa 

resultat har validerats i en odlingsmodell av humana bröstvävnadsbiopsier i delarbete 1 och 

2 och med djurförsök i delarbete 2.   

I delarbete tre fann vi signifikanta korrelationer mellan VEGF och leptin, IL-1β och leptin 

samt VEGF och IL-1β i normal bröstvävnad. In vitro neutraliseringsexperiment med 

antikroppar mot VEGF och leptin, indikerade att VEGF reglerar leptin och inte tvärtom.  

Bröstcancerceller som odlades tillsammans med mogna fettceller (adipocyter) ökade 

produktionen av VEGF och leptin samt ökade östrogenets effekt på båda dessa modulatorer.  

Sammanfattningsvis visar avhandlingen att östrogen påverkar utsöndringen av flera viktiga 

proteiner (IL-1, leptin och adiponectin) i normal bröstvävnad och att viktiga interaktioner 

förekommer mellan dessa proteiner i bröstvävnadens mikromiljö. Avhandlingens resultat 

bidrar till den grundläggande förståelsen för hormonberoende förändringar i bröstet. Detta 

är viktigt för framtagandet av metoder som kan minska risken för utveckling och fortsatt 

tillväxt av bröstcancer. 
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Introduction 
Cancer is an uncontrolled growth of cells. Transformation from a normal cell to an abnormal 

cancer cell was characterized by distinctive biological capacities, as summarized by Hanahan 

and Weinberg (1). Cancer initiation is the first step of this complex multistep process, where 

alterations in the genetic and epigenetic materials occur spontaneously or by cancerous 

agents such as chemicals, radiation, or pathogenic agents (2). Genetic alteration may lead to 

the abnormal proliferation of a single cell and further expansion of this population. Cancer 

progression continues when mutations or alterations in expression of some key genes, such 

as oncogenes and tumor suppressor genes, arise from an uncontrolled proliferation (3). 

Some of these mutations have survival advantages and consequently become dominant and 

clonally selective within the tumor population (4). Without growth stimulation of new blood 

vessels, known as angiogenesis, the accumulation of abnormal clonal cells in their normal 

place (in situ) may stagnate for extended periods of time (benign tumors). Angiogenesis is 

essential for tumor growth and development, because the blood provides tumors with 

nutrients and oxygen. Some cancers are invasive, with the ability to destroy and invade the 

surrounding organs, whereas metastatic tumors spread to distant organs by entering the 

bloodstream or lymphatic system.  

There are over 200 different types of cancer, with extensive heterogeneity of different 

characteristics within each type. Cancers are categorized depending upon the cell types 

from which they originated.  

Breast cancer 
In 2012, 14.1 million cancer cases were reported worldwide. Each year, 25% (1.7 million) of 

all newly diagnosed cancers in women involve breast cancer, which makes this disease the 

most common form of cancer in women. Despite major improvements in diagnoses and 

treatments, breast cancer is still the second leading cause of cancer-related death among 

women after lung cancer (5, 6). In Sweden, more than 8,000 women are diagnosed with 

breast cancer every year, which means that one in every nine women will be diagnosed with 

breast cancer during her lifetime. Although the mortality rate of breast cancer in Sweden 

has slowly decreased likely due to the improved treatment strategies, approximately 1,400 

women still die from breast cancer every year.  

Breast cancer begins as an uncontrolled cell growth in breast tissue. The cancer usually 

starts in the epithelial cells of the milk ducts, where it is classified as ductal carcinoma, or in 

the milk producing glands (lobules), where it is classified as lobular carcinoma. Breast cancer 

may also originate from other cell types in the breast, such as stromal, vascular, and fat 

cells, but the originations from these types of cells are extremely rare (Fig. 1). Breast cancer 

is usually divided into noninvasive carcinoma in situ, or invasive breast cancer, depending on 

the ability of the cancer cells to cross the basement membrane and invade the surrounding 

tissues, or metastasize to the other parts of the body. The most common form of breast 

cancer is invasive ductal breast cancer, which accounts for 70−80% of all cancer cases, while 

the invasive lobular breast cancer accounts for only 5−15% of all cases (7).  
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Figure 1. A schematic picture illustrating the breast anatomy.  

Etiology and risk factors  
The exact etiology of breast cancer is still unknown, but several risk factors are recognized 

for their associations with this disease. The incidence of breast cancer varies in different 

regions of the world, with the highest incident rate in the Western world. Studies of 

migrants moving from the low risk countries to high risk countries have shown an increase 

in breast cancer rates, indicating that environmental factors may have a significant influence 

(8). Age, gender, and personal lifestyle, such as alcohol consumption and obesity, are 

strongly correlated with breast cancer incidence. Epidemiological studies have also linked 

long-term hormone exposure, in early menarche before 12 years of age, late menopause 

after 55 years of age, and hormone replacement therapy with the increased risk of breast 

cancer (9, 10). Furthermore, early parity showed protective effects against the development 

of breast cancer, and these effects increased with multiparity (11, 12). Only 5−10% of all 

breast cancers were associated with inherited genetic factors, even though 20−30% of all 

breast cancer patients have a family history of this disease, or other cancer forms such as 

ovarian, uterine, or colon cancer. The most well-known genetic factors include germline 

mutations in the BRCA1, BRCA2, and TP53 genes (13). 

Diagnosis and treatment   
Breast cancer is typically detected by the discovery of a lump in the breast or by a screening 

examination, but definitive diagnosis is based on the so-called “triple diagnostics”, which 

include an examination, radiological screening (mammography and ultrasound), and 

biopsies (fine needle aspiration biopsy, core biopsy, and surgical biopsy) (14). Different 

treatments are available for breast cancer patients, but the specific treatment depends on 

several prognostic and predictive factors. Prognostic factors, including aggressive tumor 

growth, high proliferation, and histological grade, suggest the patient’s prognosis without 

treatment (15), while the predictive factors, including the presence of estrogen receptor 
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(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 

(HER2/neu), predict the most effective treatment(s) (16, 17). Other factors such as age, the 

general health of the patient, the spread of the tumor, and classification using the tumor 

node metastasis (TNM) system, are also considered before starting therapy (18, 19).  

Surgery, radiation, chemotherapy, hormone therapy, and targeted therapy are all possible 

treatments used for breast cancer (18). Surgery, for complete removal of the malignant 

tissue, is often followed by radiation to destroy local residual tumor tissue (20-23). Adjuvant 

therapies, including chemotherapy, hormone therapy (such as tamoxifen and aromatase 

inhibitors), targeted therapy (anti-HER2), and radiotherapy are used alone or in combination 

to reduce the risk of local and distant metastases in other parts of the body (24-27). 

Neoadjuvant therapy is another type of treatment used to shrink the tumor before the 

surgery.  

The breast  
The development of the female breast starts during early embryonic stages and achieves full 

differentiation and maturation by the end of first full-term pregnancy (28). Before birth, the 

first structures of the mammary glands are present, and a primitive ductal system develops. 

The mammary glands are surrounded by connective tissue, which contains fibroblasts, 

immune cells, and fat cells, and is infiltrated by blood and lymph vessels. Hormones 

secreted by the ovaries and pituitary, including estrogen, progesterone, and several growth 

factors, initiate breast development by affecting both the epithelial cells and the stromal 

cells (29). At puberty, the simple ductal system starts to grow and divide into terminal end 

buds in response to the hormonal changes. The maturation of the branching structures 

continues to form smaller ducts, ending in a cluster of alveoli, and creating the simplest 

lobule form, Lob 1 (28). The epithelial cells in Lob 1 express relatively high levels of estrogen 

receptor (ER) and progesterone receptor (PR), and are highly proliferative, making them 

sensitive to cancerous agents and susceptible to malignant transformation (30). During 

pregnancy, the lobule changes to type 2 (Lob 2) and type 3 (Lob3), which are more mature 

and complex then Lob 1. Transformation of lobules reaches its full differentiation as Lob 4, 

with mature glands producing and secreting milk during lactation. Lob 3 and 4 are thought 

to be protective against neoplastic transformation, because they were shown to have the 

lowest proliferative activity and lowest rate of carcinogen binding to DNA (30). However, 

the mammary system regresses back to Lob 3 after lactation. This regression will continue 

during and after menopause, and primarily returns to Lob 1 for both parous women and 

nulliparous women. The cellular differentiation obtained from early pregnancy in parous 

women may explain the protection gained against the development of breast cancer, 

although similar structural changes of the mammary system occur in all women after 

menopause (31, 32).    
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Sex steroids  
Steroid hormones, such as estrogens, androgens and progesterone, are generally recognized 

for their role in normal reproductive tissue development, but in recent years their 

involvement in other functions such as metabolism, immune responses, inflammation, and 

salt and water balance has been reported (33). Estrogens are the main sex hormones in 

women. In addition to the ovaries, which are the primary producers of estrogens, other 

organs such as the liver, adrenal gland, adipose tissue (predominantly in postmenopausal 

women), and breast tissue also produce estrogens, but to a lesser extent (34). Estrogens are 

synthesized from androgens, with cholesterol being the starting molecule (35). Cholesterol 

is converted to androstenedione and testosterone, which are then catalyzed by aromatase 

enzymes to estrone (E1) and estradiol (E2), respectively. E1 and E2, together with estriol 

(E3), represent the three natural forms of estrogens. E2 is the most important hormone for 

nonpregnant women during the period from menarche until the menopause. E1 is the main 

sex hormone in postmenopausal women, while E3 is abundant in pregnant women.  

  

Figure 2. Sex steroid biosynthetic pathways. Conversion of cholesterol into estrogens. 

Estrogens, as all other steroid hormones, can passively diffuse across the cell membrane 

into all cells of the body, but only activate cells containing the estrogen receptor (ER). 

However, some estrogen receptors expressed on the cell surface, called membrane 

estrogen receptors (mER), can also be activated by estrogen (36-38). Two different forms of 

ER exist, ERα and ERβ. The ERs are coded by different genes, but have similar affinities for 

E2. Studies of knockout mice lacking ERα, ERβ, or both ERs have shown both overlapping 

and distinctive roles for these receptors in estrogen action (39). The estrogen receptors 

undergo conformation changes during activation, forming dimers that translocate into the 

nucleus to regulate the activity of many genes by binding to DNA (Fig. 3). Expression of ER is 

very low in normal breast epithelium, and enhanced ER expression positively correlated 

with increased risk of breast cancer (40). 
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Estrogen and breast cancer  
Estrogens are necessary for the growth, development, and functioning of normal mammary 

glands in the breast, whereas increased levels of estrogen are associated with higher cancer 

risk (9, 41-43). As early as 1896, George Beatson reported in Lancet, that surgical removal of 

the ovaries reduced tumor size and improved the outcome in premenopausal breast cancer 

patients (44). Epidemiological, clinical, and preclinical studies indicated that the increased 

risk for breast cancer was dependent on long-term hormone exposure, such as early 

menarche, late menopause, parity, and hormone replacement therapy (9, 10, 45). In blood, 

elevated levels of estrogen were associated with the increased risk for breast cancer in both 

pre- and postmenopausal women (46, 47). Furthermore, higher concentrations of estrogen 

were found in breast tumor tissue compared to normal breast tissue (48-50). Approximately 

two-thirds of all breast cancer patients were positive for ER, and could benefit from 

hormone therapy, but up to 50% of these cases had either de novo resistance or developed 

resistance during treatment (51, 52). Hormone therapy or endocrine therapy, including anti-

estrogen, aromatase inhibitors, luteinizing hormone-releasing hormone (LH-RH) agonists, 

and selective estrogen receptor modulators (SERMs), interfere with the production and/or 

the action of estrogen and its receptors (53, 54). Tamoxifen has been the standard 

endocrine treatment in both pre- and postmenopausal breast cancer patients, although 

aromatase inhibitors are the preferred option in postmenopausal patients, because 

aromatase enzymes catalyze estrogen production in adipose tissue, liver, muscle, and 

adrenal glands after menopause (55, 56).  

Tamoxifen 
Tamoxifen is a selective estrogen receptor modulator (SERM), which act via its metabolites 

such as 4-hydroxytamoxifen (4-OHTAM) and 4-hydroxy-N-desmethyltamoxifen (endoxifen) 

(57, 58), as both an antagonist for ERα in breast tissue, and as an agonist in other tissues 

such as the endometrium and bone (59). Treatment of estrogen-dependent breast cancer 

with tamoxifen therefore increased the risk of developing endometrial cancer (59-61). In the 

breast, tamoxifen competes with estrogen for the binding site, and binds and inactivates the 

estrogen receptor. 

This anti-hormone drug is currently used for treatment in both pre- and postmenopausal 

women diagnosed with early, advanced, and metastatic ER positive breast cancer, although 

aromatase inhibitors are more frequently used in the postmenopausal group (62). In 

adjuvant therapy, tamoxifen has been used to prevent the recurrence of the original tumor 

and the development of new tumors in the breast (63). During a period of five years, 

adjuvant tamoxifen therapy showed decreased recurrence rates and improved survival for 

both pre- and postmenopausal breast cancer patients, compared with short treatments for 

two years (26, 64, 65). Recently, a better outcome has been reported for 10 years of 

tamoxifen treatment (25).   
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Fulvestrant  
Fulvestrant (faslodex) is an ER antagonist that down-regulates the ER (66). It competes with 

estrogen and binds to the ER with high affinity. In addition to the down-regulation of ER, 

binding also leads to inhibition of cellular aromatase, inhibition of the insulin growth factor 

(IGF) signaling pathway, and to antagonizing the activity of progestin (67).  

Generally, fulvestrant has been used as a second-line treatment for postmenopausal 

women with advanced and metastatic ER positive breast cancer who have relapsed, or who 

suffer from a more progressive disease after/during first-line or adjuvant endocrine therapy 

(68).  

 

Figure 3. The action of estrogen, tamoxifen, and fulvestrant. Estrogen activates the estrogen 

receptor, which will go through a conformation change to form dimers that translocate into the 

nucleus to regulate the activity of many genes by binding to the DNA. The estrogen receptor 

undergoes dimerization and translocation into the nucleus but no activation upon binding to 

tamoxifen.  Fulvestrant binds the estrogen receptor and triggers the degradation event.   
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Tumor microenvironment  

To fully characterize how cancer cells arise, develop, progress, and invade, it is necessary to 

understand how tumor cells interact with their surrounding microenvironment. This tumor 

microenvironment has included a number of different cell types, soluble mediators, 

signaling factors, and extracellular matrices which interact closely with cancer cells (69). 

Epithelial cells, fibroblast cells, adipocytes, and immune cells are some of the cells found in 

the tumor microenvironment. Their interactions with cancer cells have been thought to 

contribute to tumor heterogeneity, tumor development, tumor progression, metastasis, and 

drug resistance (70), which explains their useful role as possible prognostic markers for 

cancer (71). Cytokines are one of the most important components of the tumor 

microenvironment. They consist of interleukins, chemokines, interferons, lymphokines, and 

tumor necrosis factors. A broad range of cells releases these small proteins, and they affect 

all cells that express their receptors. They may act in an autocrine manner if they affect the 

producing cells, in a paracrine manner when affecting neighboring cells, or in an endocrine 

manner when affecting cells in distant organs.  

Due to its structural and cellular composition, a unique microenvironment is present in the 

breast, consisting of epithelial cells, stromal cells, and immune cells surrounded by adipose 

tissue, known as both an hormonal and inflammatory organ (72). The breast 

microenvironment is continually influenced and remodeled by changes of hormonal signals 

during its maturation process, which include menstruation, pregnancy, and lactation. This 

dynamic environment makes the breast susceptible to carcinogenesis.  

Inflammation  
In 2011, inflammation was proposed by Hanahan and Weinberg as the seventh hallmark of 

cancer (1). Inflammation is the body’s physiological response against dangerous stimuli such 

as microbial infections, injury, or chemical irritation (73). This physiological event is initiated 

when immune cells such as macrophages, dendritic cells, Kupffer cells, and mast cells 

recognize the expressed molecules by their pattern recognition receptors (PRRs) on foreign 

microbes or damaged tissue. This recognition event activates cells to release inflammatory 

factors such as growth factors, cytokines, and chemokines. The inflammatory factors act by 

increasing several biological processes, including the dilation of blood vessels (increases in 

the blood flow, which cause redness and heat) and increasing sensitivity to pain and 

subsequent loss of function. The inflammatory factors also increase the permeability of 

blood vessels, therefore plasma proteins and fluids (causing swelling) leak into the tissue. In 

addition, immune cells such as neutrophils can migrate towards the harmful stimuli by 

following the chemotactic gradient of these factors.  

The body tightly regulates inflammation by eliminating and killing the harmful stimuli and 

then initiating the healing process (acute inflammation), however, sometimes this process 

becomes destructive and chronic even though the harmful stimuli are removed. This chronic 

inflammation has been linked to an increased risk of many cancers including breast cancer 

(73, 74).  
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Epidemiological studies have shown that chronic inflammation initiates several types of 

cancers, and that treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) reduces 

the incidences and the mortalities caused by certain cancers (75). Some cancers are linked 

to microbial infections, such as infection with Helicobacter pylori, which is associated with 

gastric cancer and gastric mucosal lymphoma. In other cases, a relation to autoimmune 

diseases has been found, such as the association between inflammatory bowel disease and 

colon cancer (76, 77). In addition, the presence of inflammatory cells, chemokines, and 

cytokines has been well established in the microenvironment of most tumors (74, 78-80).   

Inflammation and breast cancer  
Infiltration of leukocytes has been reported in most cancers including breast cancer. This 

cellular infiltration includes several immune cells such as lymphoid cells, macrophages, 

granulocytes, mast cells, dendritic cells, and natural killer cells. Several studies have 

reported that approximately 50% of the breast tumor mass comprised of macrophages (81-

83). Macrophages have also been implicated in promoting tumor initiation, progression, 

invasion, and metastases (84, 85). Importantly, targeting tumor-associated macrophages 

using a vaccine-based approach has reduced tumor growth, tumor angiogenesis, and 

metastasis in many cancers, including breast cancer (86, 87).  

In addition to the immune cells, the expression of many inflammatory mediators, such as 

cytokines, chemokines, and enzymes, has an important function in carcinogenesis.  

Cytokines, expressed by both tumor and stroma cells, are thought to have dual functions in 

malignances (88). They can be involved in almost all aspects of tumor biology, including 

initiation, tumor growth, invasion, and metastasis through proinflammatory cytokines, but 

can also trigger the immune effector mechanisms and inhibit cancer proliferation and 

invasion through the anti-inflammatory cytokines.  

A variety of cytokines has been detected in breast cancer, including tumor necrosis factor-α 

(TNF-α), interleukin-1 (IL-1), IL-2, IL-6, IL-10, and interferon (IFN)-α, β and γ (89-91). IL-1 is 

one of the most potent proinflammatory cytokines, implicated in the induction of 

expression of numerous cytokines, including IL-8, vascular endothelial growth factor (VEGF), 

and IL-6 (92). It may therefore be involved in angiogenesis, tumor proliferation, and tumor 

invasion (92).  
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The interleukin-1 family 
The IL-1 family is one of the central regulators of immune and inflammatory responses. It is 

comprised of both activators and suppressors of inflammation at both receptor and nuclear 

levels (93). IL-1s are involved in carcinogenesis, angiogenesis, and invasion, but in contrast, 

they also activate immune mechanisms, which inhibit tumor growth (94). Eleven 

proinflammatory cytokines belong to this family, but the most studied members are IL-1α, 

IL-1β, and the IL-1 receptor antagonist (IL-1Ra) (95).  

As previously mentioned, the release of IL-1 into the tumor microenvironment can increase 

the production of several cytokines such as IL-6, the pro-angiogenic factors VEGF and IL-8, 

adhesion molecules and several transcriptional factors including nuclear factor-κB (NF-κB), 

AP-1, JNK, and p38 MAPK thereby also contributing to breast carcinogenesis (96). All 

cytokines function by binding to their specific membrane receptors expressed on the 

surface of nearly all cell types. IL-1s bind to two receptors called the IL-1 receptor type I (IL-

1R1) and IL-1 receptor type II (IL-1RII), both belonging to the IL-1 receptor cytokine family. In 

addition to IL-1RI and IL-1RII, this cytokine family includes eight other members regulating 

the activity of IL-1 ligands (97). The receptors in the IL-1 receptor cytokine family generally 

consist of one cytoplasmic Toll/IL-1 receptor domain (TIR) and three extracellular 

immunoglobulin domains (98). IL-1α or IL-1β binding to IL-1RI leads to an activation event, 

while binding to IL-1RII, a decoy receptor, results in the neutralization of IL-1 effects, 

because the receptor lacks the transmembrane domain that transmits the signal through 

the membrane. Upon the activation of IL-1RI by IL-1α or IL-1β, a third protein, IL-1 receptor 

accessory protein (IL-1RAcP), is recruited to form the receptor complex, which activates 

several signaling pathways in the cells. The second molecule that negatively regulates the 

signaling pathways of IL-1 is the IL-1 receptor antagonist (IL-1Ra), which binds to IL-1R1s, but 

prevents binding to the IL-1 receptor accessory protein (IL-1RAcP), and thereby inhibits the 

activation signal (Fig. 4) (99).  

 

 

Figure 4. A schematic 

picture illustrating the 

interaction between IL-

1 cytokine family (IL-1α, 

IL-1β and IL-1Ra) and 

IL-1 receptor family (IL-

1RI, IL-1RII, and the 

accessory protein (IL-

1RAcP)). 
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IL-1α, IL-1β, and IL-1Ra   

IL-1α and IL-1β are the most well-known proinflammatory cytokines in the IL-1 family. These 

cytokines are produced not only by several immune cells, including macrophages and 

monocytes, but also by epithelial cells and endothelial cells, which suggests that they can 

also be produced by cancer cells themselves (93, 100). Both IL-1α and IL-1β are synthesized 

as 31 kDa precursor proteins and translated in the cytosol. The mature form of IL-1α is 

generated through the proteolytic cleavage by the Ca2+-activated cysteine protease calpain, 

while mature IL-1β is activated by the enzyme caspase-1, which is included in the 

inflammasome (93, 101). In contrast to pro-IL-1β, the IL-1α precursor (Pro-IL-1α) is 

biologically active and has a nuclear localization sequence (NLS) at amino acids 79−86 for 

translocation from the cytoplasm to the nucleus (102). 

Mature IL-1α and IL-1β bind and activate the IL-1 receptor type I (IL-1RI) on target cells, by 

triggering the recruitment and binding of IL-1 receptor accessory protein (IL-1RAcP). This 

binding activates several signaling pathways, including the activation of NF-κB and mitogen 

activated protein kinase (MAPK) pathways (96). 

IL-1Ra is, a natural inhibitor of IL-1 signaling, produced by many different cells such as 

immune cells, epithelial cells, and adipocytes. It inhibits the function of IL-1α and IL-1β, by 

binding IL-1RI and preventing the signal transduction. Thus, IL-1Ra levels have been studied 

in many diseases such as autoimmune diseases, metabolic diseases, sepsis, and cancer 

(103). Recombinant IL-1Ra, also named anakinra, has been successively used as a 

therapeutic agent in rheumatoid arthritis and in clinical trials for other diseases such as 

sepsis and graft versus host disease (104). Furthermore, it has been proposed for treatment 

of type 2 diabetes and cancer (105, 106).   

The role of the IL-1 cytokine family in cancer has been demonstrated in vivo in IL-1 knockout 

mice, where it reduced both tumor growth and angiogenesis (94). The expression of IL-1α, 

IL-1β, and IL-1Ra has been well-characterized in the circulation of breast cancer patients, 

breast cancer homogenates, and breast cancer cell lines. For example, elevated levels of IL-

1β have been correlated with higher tumor grade and more aggressive and invasive breast 

cancers (107). Furthermore, the activation of IL-1 receptors on breast cancer cells via 

autocrine and/or paracrine mechanisms induced the secretion of other cytokines, 

chemokines, adhesion molecules, and receptors, which contributed to tumor cell growth, 

angiogenesis, and tumor invasion (108). Normal human mammary epithelial cells and breast 

cancer cells both expressed IL-1RI and IL-1RII (109).  
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Adipokines 
In the breast, the adipocytes are the most abundant cell type surrounding epithelial cells 

and mammary cancer cells. Besides their energy storage and regulation functions, these 

active endocrine cells produce and secrete several bioactive molecules called adipokines 

(110, 111). These adipokines include hormones, growth factors, angiogenic factors, and 

proinflammatory cytokines (110-112). Generally, adipokines have local biological effects, 

but they are also found in the circulation where they influence multiple physiological and 

pathological processes. Adipokines refer often to leptin and adiponectin, but other factors 

such as resistin, visfatin, apelin, omentin, IL-6, and TNF-α are also produced by adipocytes 

(113, 114).  

Leptin and the leptin receptor  
Leptin is a 16 kDa protein coded by the obese (Ob) gene, and mainly secreted by adipocytes. 

It shares structural homology with growth hormone, leukemia inhibitory factor, IL-6 and 

granulocyte colony stimulating factor (G-CSF) (115). Leptin plays an important role in several 

biological processes including food intake, body weight, energy balance, fetal development, 

angiogenesis, sex mutation, and immune responses (116-123). Leptin exerts its function by 

binding to its membrane-associated receptor, the leptin receptor (Ob-R). This receptor 

exists in six isoforms produced by alternative mRNA splicing, but only the longest isoform 

(Ob-Rb) has the full signaling capacity (124, 125). The Ob-R isoforms differ in the length of 

their intracellular domains, but they share identical transmembrane and extracellular 

domains, consisting of two homologous cytokine receptor domains (CRH1 and CRH2), a 

conserved immunoglobulin (Ig) domain, and two fibronectin type 3 domains (126). Leptin 

binding to Ob-R triggers conformational changes and promotes the dimerization of Ob-R, 

which initiates the activation of several downstream signaling pathways such as the Janus 

tyrosine kinase 2 (JAK2)/signal transducer and activator of transcription 3 (STAT3), MAPK, 

and the phosphatidylinositol 3-kinase-protein kinase B (PI3K-AKT) pathways, which all have 

different physiological consequences (125, 127).           

In breast cancer, leptin has been shown to have a role in increasing the proliferation of 

several breast cancer cell lines, in increasing expression of aromatase, and in enhancing 

angiogenesis by increasing the expression of VEGF (128-130). Circulating levels of leptin 

have been shown to increase the risk of breast cancer in postmenopausal women (131, 

132), but not in premenopausal women (133). Both leptin and Ob-R are overexpressed in 

human breast cancer tumors compared to normal breast tissue, and this expression is 

associated with distant metastasis (134, 135). Furthermore, in vivo studies of leptin and Ob-

R deficient animal models showed that leptin and its receptor were involved in the 

development of breast cancer (136, 137).  

Adiponectin and the adiponectin receptors 
Adiponectin is the most abundant adipokine produced by adipocytes. It has a significant role 

in a number of metabolic processes including glucose regulation, fatty acid oxidation, and 

vascular regulation (138). In the plasma, adiponectin exists as multimers in two adiponectin 

forms, the globular form of adiponectin and the full-length form of adiponectin. Like all 

other cytokines, adiponectin functions through interaction with membrane-associated 
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receptors, in this case, mainly through two G-protein-coupled receptors named the 

adiponectin receptor 1 (AdipoR1) and the adiponectin receptor 2 (AdipoR2) (139). However, 

a third receptor, T-cadherin (CDH13), has been reported to be a receptor for higher-order 

multimers of adiponectin (140). Each of these receptors has a specific tissue distribution and 

different affinities to different adiponectin forms (139). Adiponectin binding to either 

AdipoR1 or AdipoR2 promotes homo- or heterodimerization (141) to activate several 

intracellular pathways such as adenosine monophosphate-activated protein kinase (AMPK), 

peroxisome proliferator-activated receptor-α (PPARα), and JAK-STAT (142-145).  

Adiponectin plays a key role in carcinogenesis. Several studies have shown the negative 

effect of adiponectin on the proliferation of several cancer cell lines (144, 146). 

Epidemiological studies, using serum adiponectin level as a measure of tissue exposure, 

suggested that adiponectin was a protective factor against breast cancer (147-151). In vitro 

studies have demonstrated that adiponectin induced apoptosis and inhibited migration and 

invasion of breast cancer cells (152, 153). Furthermore, adiponectin suppressed the growth 

of the cancer in experimental breast cancer xenografts (146). Both AdipoR1 and AdipoR2 

were detected in breast cancer tissue (154-156) and in breast cancer cell lines (157). 

Knockdown of AdipoR1 by siRNA stopped the inhibitory effects of adiponectin on breast 

cancer (158). However, T-cadherin was not expressed in tumors, but the introduction of this 

receptor decreased the malignant growth of breast cancer (159) .  

Leptin/adiponectin ratio 
As previously mentioned, an opposite relationship has been described for leptin and 

adiponectin in many disease conditions such as breast cancer (160). For example, 

adiponectin antagonized leptin activities in several breast cancer cell lines and in animal 

models (161, 162). Thus, several investigators suggested that the ratio of these two 

adipokines, rather than their individual 

concentrations, should be measured 

and used as a clinical marker (160, 163). 

Consistent with this suggestion, many 

studies have shown an association 

between high leptin:adiponectin ratios  

and increased risk of breast cancer 

(164, 165).  

 

 

Figure 5. A graphic picture elucidating the 

leptin:adiponectin ratio in breast cancer. 
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Angiogenesis 
A network of blood vessels maintains all cell and tissue homeostasis, by furnishing nutrition 

and oxygen and removing toxins and waste products produced in the body. Vasculogenesis 

promotes the first primitive vascular network during embryogenesis, while angiogenesis is 

the physiological process of creating new capillary blood vessels from the existing 

vasculature. Angiogenesis is important both in healthy and diseased tissue. Under normal 

physiological condition, it is necessary for embryonic development, in the repair of 

wounded tissue, and in the formation of the placenta during pregnancy. Several “on” and 

“off” molecules strictly regulate angiogenesis. The body initiates the formation of new 

vessels by increasing the amount of “on” switchers, also called angiogenesis-stimulating 

growth factors, compared to the amount of “off” molecules, called angiogenesis inhibitors. 

To prevent angiogenesis, inhibitors are favored over growth factors. When this balance is 

disturbed, the body loses its normal control, and pathological angiogenesis occurs. This 

pathological angiogenesis can either be excessive, such as in cancer, in rheumatoid arthritis, 

and in psoriasis; pathological angiogenesis can also be insufficient and lead to tissue death, 

such as in coronary artery disease, stroke, or in a chronic wound (166, 167)   

Angiogenesis is very important in all steps of cancer development, including its initiation, 

progression, invasion, and metastasis (168, 169). The newly-formed blood vessels carry the 

nutrients necessary to feed and sustain the tumor, while at the same time allowing the 

cancer cells to leave their original site and spread to distant organs (170). According to 

autopsy reports, 15−30% of all women have been found to have in situ breast cancer, but 

only 1% were diagnosed with breast cancer among women in the same age group (171). A 

potential explanation, based upon, clinical and experimental studies, involves the possibility 

that human tumors remain as dormant tumors in situ for a long periods of time before 

becoming clinically relevant tumors when angiogenesis occurs (172, 173).  

There are many well-known endogenous angiogenesis-stimulating growth factors, including 

interleukin-8 (IL-8), leptin, tumor necrosis factor-α (TNF-α), granulocyte colony stimulating 

factor (G-CSF), and vascular endothelial growth factor (VEGF) (174). VEGF is thought to be 

the major stimulator of angiogenesis. Endostatin, angiostatin, tumstatin, thrombospondin-1 

(TSP-1) and -2, and transforming growth factor-beta (TGF-b) are additional inhibitors of 

angiogenesis (175, 176).      

Vascular endothelial growth factor (VEGF) 
VEGF is a pro-angiogenic and vasculogenic growth factor involved in many physiological 

functions such as bone formation, hematopoiesis, and wound healing (177, 178). 

Furthermore, its association with tumor growth and vascular disease is well documented 

(166, 179, 180). VEGF belongs to the platelet-derived growth factor family, which in addition 

to VEGF (also known as VEGF-A), includes VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and 

placental growth Factor (PlGF) (181).  

Elevated levels of VEGF are found in many cancer types, including breast cancer (182, 183), 

but because most VEGF in the serum is secreted by activated platelets (184, 185), the 

interpretation of these studies has been very challenging. However, the use of plasma VEGF 
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levels is recommended for the study of circulating VEGF (184). The overexpression of VEGF 

in many solid tumors has been correlated with the progression, invasion, and metastasis of 

the tumors (179). In breast cancer, high tumor levels of VEGF are associated with poor 

prognosis and worse outcome in both node-positive and node-negative patients (186, 187). 

The in situ levels of extracellular VEGF were significantly higher in human breast tumors 

compared to normal breast tissue (188). Moreover, extracellular VEGF levels were increased 

in human breast tissue in vivo during the luteal phase of the menstrual cycle (189). In 

addition, both VEGF and VEGFRs were expressed in breast cancer cell lines (190).  

Nutrition and breast cancer 
Migration studies, involving women who moved from countries with the low incidence rates 

to countries with high incidence rates, have revealed a significant contribution of 

environmental factors in increasing the risk of breast cancer (191, 192). In the Western 

countries, with high fat, meat-based, and low fiber diets, the incidence rates of breast 

cancer are the highest in the world. Asian countries, with a more plant-based diet, have 

shown significantly lower incidence rates (193). The plant-based diet includes fruits, 

vegetables, whole grains, berries, and beans, which contain high levels of phytoestrogens, 

substances that have a structure similar to estrogens and can bind weakly to ERs. The 

phytoestrogens have agonistic or antagonistic effects on ER activation, depending on the 

structure, metabolism and concentration in relation to the endogenous estrogen.  

There three major classes of phytoestrogens are isoflavones, lignans and coumestans. 

Soybeans, soy products, and other legumes are high in isoflavones, while vegetables such as 

broccoli and sprouts are high in coumestans. Lignans are found in seeds, berries, fruit, 

vegetables, and nuts, and are the main source of phytoestrogens in the Western diet (194, 

195). The highest amounts of lignans are found in flaxseed (195, 196). Flaxseed contains 

secoisolariciresinol diglycoside (SDG), which is converted by the colonic bacteria to 

enterodiol and then to enterolactone, which are the two main mammalian lignans (197, 

198). Overall, conflicting results have been reported regarding the association between 

dietary intake of lignans and breast cancer. Some prospective cohort studies found no 

association (199, 200), while other studies reported that consumption of lignan 

phytoestrogens were associated with a decreased risk of breast cancer (201, 202). SDG has 

also been reported to inhibit the formation of mammary breast tumors in rats (203). 

Conflicting results have been reported regarding the connection between eating soy 

products and breast cancer risk. No connection has been found between coumestans and 

breast cancer risk (8, 204, 205).  
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Aims of this thesis 
 

Paper I and Paper II: 

 

 Determine the presence of IL-1 cytokines (Paper I) and adipokines (Paper II) in the 

extracellular space of breast tissue in vivo 

 

 Determine whether these immune modulators are up-regulated or down-regulated 

in breast cancer tumors in vivo 

 

 Investigate the effects of sex steroids and nutrition on IL-1 levels (Paper I) and on 

adipokine levels (Paper II) in normal breast tissue in vivo 

 

 

Paper III: 

 

 Investigate if there are any relationships between IL-1, leptin, adiponectin, and/or 

VEGF in the extracellular space of normal breast tissue in vivo 

 

 Determine the role of estradiol in the regulation of these factors using co-cultures of 

human adipocytes and estrogen receptor positive breast cancer cells 
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Comments on methods 
In this section, a brief description, with comments, for each method is presented to provide 

a better understanding of the methodological procedures. Further details about the 

different experimental protocols can be found in the material and method sections of each 

paper.    

Cancer cell lines  
Cell lines are widely used by many biochemical studies, especially in cancer research (206). 

The abilities of cell lines to obtain reproducible results, to provide unlimited sources of 

material, and to avoid interference problems related with primary cells, make them very 

important tools in cancer research. In addition, the use of cell lines does not require ethical 

permission. However, there are some limiting factors when using cell lines, such as genomic 

instability, which may develop when cells have been used for a long time. Also, cross 

contamination between cell lines and mycoplasma infections needs to be regularly 

controlled (207-209). 

In this thesis, the MCF7 cell line is used. MCF7 is a breast adenocarcinoma cell line 

established in 1973 at the Michigan Cancer Foundation from a pleural effusion removed 

from a women with metastatic breast cancer (210). This cell line is suitable for the 

experiments with hormone treatments because it expresses both the estrogen receptor and 

the progesterone receptor as in a manner similar to the majority of breast cancer tumors 

(211). In addition, this cell line has the ability to maintain its hormone sensitivity over a long 

period of cell culture (90). All the experiments described in this thesis were carried out with 

MCF7 cells, obtained from the American Type Culture Collection (ATCC). The cells were 

mycoplasma free and the risk for cross contamination and genomic instability were avoided 

by always starting with a frozen MCF7 stock from an early passage, and by limiting the 

amount of passages during each experiment.  

Human primary cells    
Primary cells are a superior model compared to cell lines, because they closely resemble the 

physiological state of in vivo cells. They are generally used in many studies such as cell 

differentiation and combination culture (co-culture) studies. Although primary cells provide 

more biologically relevant material, several aspects need to be considered when choosing 

them for studies. Generally, primary cells are heterogeneous, not reproducible, and are not 

as well characterized as cell lines. Also, because they are derived from different individuals, 

their behavior in culture may differ, even when they are identically treated. Other 

characteristics such as a limited amount and very short lifespan are also typical for these 

cells (212).  

In this thesis, primary mature adipocyte cells were isolated from the subcutaneous (s.c.) 

abdominal fat tissue obtained during elective surgery from women at the University 

Hospital in Linköping. We choose to use primary mature adipocytes instead of in vitro 

differentiated preadipocytes because some of substances used to differentiate the 

preadipocytes may have an impact on the secreted adipokines. As an example, 

dexamethasone may inhibit the release of adiponectin (213, 214).   
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The isolated adipocytes were immediately co-cultured with preseeded breast cancer cell 

lines to avoid the characteristic changes, which may occur during subculture. Due to the 

fragility, diversity in size, and the difficulty in distinguishing adipocytes from pure lipid 

droplets, the measurement of mature adipocytes numbers are very problematic. Therefore, 

equal volumes of adipocyte cell suspension were added to each preseeded well containing a 

constant number of MCF7 cells. As control, breast cancer cell lines and adipocytes were also 

cultured alone in culture media used in the co-culture experiments (Fig. 6). In culture, 

mature adipocytes float to the top of the medium in clumps, which will restrict their proper 

access to the nutrients in the medium. This will force the majority of adipocyte to go 

through cell lysis within 72 hours (215). Due to the restricted lifespan of mature adipocytes, 

the co-culture was only carried out for two days. All the culture combinations were 

performed on cells isolated from a single volunteer, while the repeated experiments were 

carried out with cells from another volunteer but under the same experimental conditions.   

 

Figure 6. A schematic picture for the co-culture study. Breast cancer cell lines and adipocytes cultured 

for 2 days alone in co-culture media to function as controls. Fresh isolated primary mature adipocyte 

cells were co-cultured with preseeded breast cancer cell lines for 2 days in the presence or absence of 

different treatment conditions such as estradiol. ELISA was used to analyze the supernatant.   

Human tissue in culture 
Tissue culture technology has been used since 1885, when Wilhelm Roux performed the 

first tissue culture experiment by keeping a section from an embryonic chicken in solution 

for days (216, 217). The small tissue pieces used with this technique contained all the cell 

types in the specific tissue, and were left in their surrounding extracellular matrix, providing 

a three-dimensional tissue model without the use of an artificial matrix. Therefore, in vitro 

culture of these pieces mimicked the in vivo environment of the studied tissue (218). 

Individual differences may occur in this model when using tissue from different donors. In 

addition, the percentage of each cell type represented in the tissue was not identical in all 

tissue biopsies, which may affect the treatment results. To overcome this problem, several 

biopsies from the same donor were treated with in the same manner.    

In this thesis, a biopsy punch was used to cut 8 mm biopsies of normal human breast tissue, 

obtained from premenopausal women undergoing routine reduction mammoplasty. The 

small biopsies contained several types of breast cells, such as epithelium cells, stromal cells, 

and adipose tissue. The biopsies were placed in a 12-well plate and cultured for seven days 

in the presence or absence of different hormone/anti-hormone conditions to evaluate their 

effects. The treatment was carried out for seven days because Garvin et al (2006) reported 

preserved morphology and structural integrity in breast tissue cultured for one week (218). 

All sex steroids or anti-estrogen drugs were used in physiologically relevant concentrations 
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and because the half-life of estradiol is approximately 13-17 hours, the media were changed 

every day. After the treatment period, the medium and the biopsies, were analyzed by ELISA 

and immunohistochemistry, respectively (Fig. 7). All treatments involved tissue from one 

single donor, while the repeated 

experiments were performed on tissues 

from another donor, to overcome the 

problem with intraindividual differences, 

which may have occurred in the biological 

response studies.   

 

 

Figure 7. A schematic picture for the tissue 

culture technique used in this thesis. A biopsy 

punch is used to produce small tissue biopsies 

from normal breast tissue obtain from 

premenopausal women undergoing routine 

reduction mammoplasty. The biopsies are 

placed in a 12-well plate and culture in different 

treatment conditions for seven days. ELISA and 

immunohistochemistry analyze the medium and 

the biopsies respectively, after the hormone 

treatment.  

 

Microdialysis  
Since the early 1960s, microdialysis has been used to study brain biochemistry in rodents, 

but the use of microdialysis in humans has gradually increased, specifically for monitoring 

free unbound drug concentrations in diverse tissues (219-222). Microdialysis is an in vivo 

sampling technique used for constant collection of small biochemical molecules from the 

extracellular fluid of different tissues or organs (219). By mimicking the function of a 

capillary blood vessel, the microdialysis catheter (called a probe in animals) with its 

semipermeable membrane, is able to either collect endogenous molecules, or disperse 

exogenous compounds (retrodialysis) in any tissue of interest. The microdialysis catheter is 

inserted into a specific tissue and connected to a pump, so that the catheter is continuously 

perfused with an aqueous solution (perfusate) with a similar ionic content as the 

extracellular fluid. The perfusate will flow through the inner tube, passing by the 

semipermeable membrane where the extracellular molecule will enter the perfusate by 

passive diffusion, and then continue out through the outgoing tubing system to be collected 

in plastic microvials (Fig. 8) (220).   
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Figure 8. A schematic 

picture for the 

microdialysis technique. 

The microdalysis catheter 

mimics the function of a 

capillary blood vessel, 

allowing the collection of 

various biochemical 

substances from the 

extracellular fluid. The 

collected dialysate passes 

through the 

semipermeable membrane 

by passive diffusion, to be 

carried out by a continuous 

flow of the perfusion fluid 

through the outgoing 

tubing system to a plastic 

microvial.  

 

 

Due to passive diffusion, which is a spontaneous process where molecules will transfer 

between two fluids to establish concentration equivalence, small endogenous molecules 

such as cytokines, adipokines, neurotransmitters, and hormones can cross the 

semipermeable membrane and be collected at certain time intervals from the extracellular 

milieu. Several factors will contribute to the extraction efficiency of each collected analyte in 

this system. These factors include the length and the molecular weight cut-off of the 

semipermeable membrane, the flow rate of the perfusate, the perfusate composition, and 

the ability of the analyte to freely enter the membrane. In addition, in vivo factors such as 

temperature, blood flow, and intestinal pressure can also affects the recovery of different 

analytes (219, 220).  

Even though microdialysis is an excellent in vivo sampling technique, there are some 

potential problems that should be mentioned. Air bubbles may get trapped in the system 

and block the semipermeable membrane pores, resulting in a lower recovery rate. Another 

potential problem involves implantation traumas caused by the microdialysis catheter 

insertion. The entire tubing system is perfused, with perfusion of fluid for a short period of 

time (45-60 minutes), after the insertion of the microdialysis catheter and prior to the start 

of the collection. This short perfusion will eliminate any acute tissue damages and immune 

responses associated with the catheter insertion, while at the same time it can check the 

system for the presence of any air bubbles.  

Compared to other in vivo perfusion techniques, such as microinjection or push-pull 

perfusion, the microdialysis with its semipermeable membrane is the only technique that 

provides a physical barrier to protect the tissue from artificial fluid pressure and infectious 
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agents, such as bacteria. The small probe used in microdialysis facilitates specific sampling 

from a small structure, which at the same time can be a limitation if the structure to be 

studied is a large tissue, such as a whole organ. Another limitation of microdialysis is the 

limited time resolution, where a value for a well-defined period of time is provided, rather 

than real-time data as in voltammetry. However, the sampling substances using 

microdialysis are not limited to electroactive substances, as is the voltammetry technique, 

but also include all extracellular substances with molecular weights less than the pore size 

of the semipermeable membrane.  

Dr. C. Dabrosin at Linköping’s University has introduced and improved the microdialysis 

technique to investigate the in vivo biology of the human breast, both in healthy and 

cancerous conditions (188, 189, 223-226). In this thesis, the microdialysis technique was 

performed in both human subjects and in animal models, to measure the extracellular levels 

of the IL-1 cytokines, adipokines, hormones, and VEGF in normal and cancerous tissues.  

Membranes with a pore size of 100 kDa were used for all studies. Cells and bacteria were 

too large to pass through the membrane, while all molecules we studied had a molecular 

weight less than 100 kDa, making them freely passable through the membrane. A 60% 

Voluven perfusate solution containing hydroxyethyl was used as synthetic colloid to avoid 

ultrafiltration and leakage of the perfusate into the tissue (227, 228). The collected analytes 

were constantly replaced by the perfusate inside the microdialysis catheter, which allowed 

in vivo sampling without any loss of fluid. The perfusion rate was set at 0.5 µL/minute for 

the human studies and 0.6 µL/minute for the animal studies. For the human studies, we 

used a 20 mm membrane for normal breast tissue and a 10 mm membrane for breast 

cancer patients investigated before tumor surgery, while the membrane length was only 4 

mm in the animal studies. 

The recovery, a measurement used to describe the relationship between the analyte 

amount in the dialysate and in the peripheral tissue, will never reach 100%, but it could be 

estimated by performing in vitro experiments using a standard solution of the studied 

analyte. However the true recovery for a certain analyte cannot be extrapolated from the 

estimated in vitro recovery because analytes behave differently in the tissue compared to a 

solution. Thus, all the microdialysis values were presented as raw original data. 

Furthermore, these values were used to compare the amounts of each analyte between 

groups, and were not been used to estimate the absolute levels of the analytes in specific 

tissues.  

Human subjects 
Human subjects are the ultimate model for research studies because they provide the best 

knowledge about the “natural course” of the disease. However, there are several issues that 

need to be considered. Ethical approval needs to be obtained before the start of the project. 

All participants must be properly informed about the risks and benefits of the study, and 

they must give their informed consent. The privacy and the safety of the participants must 

be protected, and the confidentiality of the data obtained must be maintained. In addition, 

the general population should to be represented in the participant group in terms of age, 
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gender, socioeconomic status, and physical activity. Other issues with human subjects 

involve the complexities of their physiological and behavioral parameters. In contrast to 

human subjects, animal models offer simple biological systems and are easier to control in 

their “laboratory environment”.   

In this thesis, microdialysis was used to sample the extracellular levels of IL-1 cytokine, 

adipokines, hormones, and VEGF in both normal breast tissues and in breast cancer tissues. 

The Linköping University Hospital ethics committee approved this human study, and all 

participants gave their informed consent. None of the participants was treated with 

antibiotics or sex steroids for at least three months prior to the microdialysis studies, to 

eliminate interference by chemical derivatives of estradiol that might be present from these 

treatments.   

The human subjects were divided in two groups. Women in the first group were 

investigated using their normal breast tissue, while women in the second group were 

investigated using breast cancer tissue. Women in the group with normal breast tissue were 

further divided into four subgroups. The first three subgroups consisted of premenopausal 

women, 20-32-years-old, with a history of regular menstrual cycles (cycle length, 27-34 

days) while women in the last subgroup were postmenopausal women, 58-78-years-old, 

who were investigated before and six weeks after adjuvant treatment with tamoxifen (see 

Fig. 9 for more detailed group divisions). 

 

Figure 9. The group division of the human subjects. 

The proteins in the normal breast tissue group were collected and analyzed for physiological 

changes of hormone levels in the follicular and the luteal phase during a single menstrual 

cycle. In the group that was investigated before and after diet modification with flaxseed, 

both microdialysis studies were performed during the consecutive luteal phase. We also 

included a control group with women studied during two consecutive luteal phases without 
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any diet modifications. The group with tamoxifen exposure included postmenopausal 

women studied before and after six weeks receiving tamoxifen as adjuvant treatment. In 

healthy women, the microdialysis catheter was always inserted in their left breast, and one 

microdialysis catheter was inserted in the abdominal s.c. fat, as an internal control. In cancer 

patients receiving tamoxifen as adjuvant therapy, one catheter was inserted in the 

unaffected breast and one catheter was inserted in the abdominal s.c. fat. 

All women in the breast cancer tissue group were postmenopausal women, and were 58-78 

years of age. Their breast cancer and normal adjacent breast tissues were investigated 

before surgery. One catheter was inserted intratumorally in the cancer tissue, and one 

catheter was inserted in the normal adjacent tissue. After surgery, all the removed tumors 

were analyzed with immunohistochemistry for estrogen (ER) and progesterone (PR) 

receptors. Tumor histology, tumor size, and Nottingham Histological Grade (NHG) according 

to the Elston Ellis scoring system were also determined for each patient at the Department 

of Pathology and Cytology, University Hospital of Linköping. The characteristics of patients 

studied using intratumoral microdialysis are shown in table 1 (Paper I) and table 1 (Paper II).  

Animal models 
In several research fields, especially in basic biomedical research and drug development, 

animal models are use because of their biological similarities to humans. Animals offer a 

simple live model with a short life cycle that is easy to study. The ability to control the 

environment, such as the diet, temperature, and light, makes it easier to work with animal 

models. In addition, animals share several diseases with humans, making them suitable for 

studying different disease patterns and testing/developing new therapeutic drugs. Their 

potential for testing therapeutic drugs makes them useful for determining the beneficial and 

harmful effects of different drugs in vivo.  

The animal models may develop cancer spontaneously or by genetically altering key genes. 

Exposure to environmental factors may also lead to cancer development. Furthermore, 

mouse xenograft models can be used to study human tumors in vivo, by placing human 

tumors into an immunologically deficient mouse model.  

In this thesis, two mouse models were used to study breast cancer in vivo, the genetically 

altered MMTV-PyMT mouse model and the xenograft nude mouse models.  

MMTV-PyMT mouse model 
To develop a transgenic mouse model, oncogenes such as TGF-a, c-Myc, and polyoma 

middle T antigen (PyMT), are expressed under the control of several promoters such as the 

mouse mammary tumor virus promoter (MMTV). This type of model is usually based on the 

mutation of a single gene, which can be a disadvantage compared to the high complexity 

and heterogeneity of human tumors. However, the immune system of the transgenic mouse 

is not compromised, as in the xenograft mouse model. The PyMT mouse model therefore 

mimics the natural tumor microenvironment and offers an excellent model to study the 

stepwise development of cancer, and to study the interplay between cancer cells and 

stromal cells. 
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In the MMTV-PyMT transgenic mouse model, the mammary gland-specific expression of 

PyMT is under the control of the MMTV promoter/enhancer, resulting in the development 

of multifocal mammary adenocarcinomas. Although the polyoma middle T antigen is not 

found in human breast cancer (229), the PyMT mouse model has nonetheless proven to be 

a reliable model of breast cancer, especially in studies of metastasis (230).   

In this thesis, the immune competent PyMT mouse model was used. The transgenic female 

FVB/n mouse expressing PyMT antigen under the control of the MMTV long terminal 

repeat, developed spontaneous adenocarcinomas of all mammary epithelia by 8–10 weeks 

of age. These spontaneous tumors were removed and dissociated in a collagenase/dispase 

solution to generate a single cell suspension. The cells were cultured until confluent, then 

injected into the dorsal mammary fat pad of female oopherectomized FVB mice. To create a 

homogeneous population with controlled estrogen exposure, the mice were ovariectomized 

and implanted subcutaneously in the neck with 3 mm pellets containing 17β-estradiol.  

Several investigators have shown that MMTV-PyMT breast cancers expressed the estrogen 

receptor (ER) at significant levels at early carcinoma stages, and that this ER expression was 

gradually lost during tumor progression (231). Therefore, the effects of estradiol on these 

tumors were investigated in this study (Fig. 10).  

 
 
Figure 10. In the PyMT mice model, cultured cells separated from adenocarcinomas tumors removed 
from FVB/n mice transgenic expressing PyMT antigen under the control of MMTV, were injected in 
the dorsal mammary fat pad of oopherectomized FVB/n mice. The tumor-bearing mice were divided 
into a control and an estrogen group, where the mice were subcutaneously implantated with a 3 mm 
pellets containing 17β-estradiol, 0.18 mg/60-day releases, in the neck. Microdialysis was performed 
and tumors were then extracted for further analysis 
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The nude mouse xenograft model 
The nude mouse has a mutation in the FOXN1 gene, which causes absence of a thymus and 

a major reduction in the number of T lymphocytes. This mouse strain lacks body hair and 

also lacks a rejection response, which makes it suitable for human cancer research. The 

complete defect in the thymus in this model is a great drawback when investigating the 

immune system response in cancer. However, the activity of the cytotoxic cells, NK cells, 

and macrophages in these mice is much greater compared to their euthymic counterparts 

(232). Certain immunological tumor concept can therefore still be investigated using this 

model. Human tumor xenografts are good models for reproduction of the histological 

pattern of human tumors, even at an advanced stage when cells migrate to distant 

metastatic sites (233).   

Compared to spontaneous murine mammary carcinoma models, the use of actual human 

cancer cells in nude mice makes it a much better model for studying the hormone 

responsiveness of tumors. The murine mammary model expresses low levels of estrogen 

and progesterone receptors and responds poorly to hormones, while approximately 80% of 

all breast cancer patient that are positive for ER can benefit from endocrine therapy (234). 

In this thesis, the immune deficient nude mouse model was used to study the effects of 

tamoxifen exposure. The ovaries from female mice at the ages of 6−8 weeks were surgical 

removed before the subcutaneously implantation of 3 mm pellets containing 17β-estradiol 

in the neck, involving 0.18 mg/60 day release. The 17β-estradiol pellet ensured a constant 

and stable release of estradiol at physiological serum concentrations of 150−250 pM, 

representing the physiological estrogen levels observed during the estrous cycle in mice and 

the menstrual cycle in women. One week after surgery, 5 × 106 MCF7 cells in 200 µl PBS 

were injected into the dorsal mammary fat pad of nude mice. The animals were treated 

with s.c. injections of 1 mg tamoxifen, every other day, to reproduce a serum concentration 

equal to the therapeutic serum concentration in human breast cancer patients. Because the 

growth of MCF7 tumors is estrogen-dependent in nude mice, it was impossible to include a 

group without estrogen or with only tamoxifen in this study. However, the presence of 

estrogen during the tamoxifen treatment reflected the tumor microenvironment in both 

pre- and postmenopausal breast cancer patients. Intratumoral microdialysis was then 

performed on mice before tumor extraction (for further details, see Fig. 11). 
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Figure 11. In the nude xenograft mice model, the MCF-7 cultured cells were injected in the dorsal 

mammary fat pad of oopherectomized nude mice, after one week of implantation of 3 mm pellets 

containing 17β-estradiol. The tumor-bearing mice are treated with 1 mg tamoxifen every other day. 

Microdialysis was performed and tumors were then extracted for further analysis. 

Immunohistochemistry 
Immunohistochemistry (IHC) is a biochemical technique commonly used to detect the 

presence of a particular antigen in tissue using a specific antibody. This method is widely 

used in molecular biology and clinical analyses, because it is relatively inexpensive, highly 

sensitive, quite reproducible, and fast. However, IHC has a major disadvantage in the 

staining of proteins of interest, as in other methods such as the western blot, where 

antibody staining is checked against a molecular weight ladder. IHC depends on qualitative 

observation, which leads to difficulties in interpreting the staining result because it requires 

a manual scoring system that relies on the quality of the antibodies used, and on the length 

of time the tissue sections have been exposed.  

Prior to immunohistochemical staining, the tissue needs to be prepared by fixation, usually 

in formalin and to a lesser extent in alcohol, and then paraffin-embedded for preservation 

and easier storage. During the fixation process, paraformaldehyde will penetrate the tissue, 

crosslink the proteins, and stop all enzymatic degradation. During immunohistochemical 

staining, all effects produced by formalin fixation need to be removed for antigen retrieval 

to make the epitopes available for antibody binding. In this thesis, the fixation and paraffin 

embedding steps were performed by a member of the staff at the Division of Pathology at 

Linköping’s University.   

The paraffin-embedded tissues were usually cut into 4 µm sections by a microtome and 

placed on slides. The staining process started with the deparaffinization of the formalin-

fixed paraffin-embedded tissue sections in xylene or in Tissue-Clear®, followed by 
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dehydration steps with increasing concentrations of alcohol. The sections were pretreated 

with high temperature or a protease during the antigen retrieval step to destroy the 

proteins crosslink induced by fixation. Endogenous enzyme activity was also blocked by 

hydrogen peroxide (H2O2) before antibody treatment. Both monoclonal and polyclonal 

primary antibodies were used for IHC, although polyclonal antibodies could sometimes 

contribute to enhanced risk of cross-reactivity and background staining. Monoclonal 

antibodies are derived from a single B cell clone. They recognize a single epitope on the 

antigen, while polyclonal antibodies recognize several different epitopes because they 

originate from multiple B cell clones. The primary antibodies, diluted in a protein solution to 

avoid nonspecific binding, were incubated at 4°C overnight in a moisturized chamber, to 

prevent tissue dehydration. The optimal antibody concentration was determined by 

titration experiments for each antibody. Primary antibodies were used to recognize the 

antigen of interest while a secondary antibody was used for the detection. The secondary 

antibodies targeted the immunoglobulins of the primary antibody species, and were usually 

linked to a enzymatic reporter such as horseradish peroxidase (HRP), which produced a 

brown staining in the presence of its substrate, 3,3’-diminobenzidine (DAB). The sections 

could also be counterstained using Mayer’s hematoxylin in order to visualize the nuclei 

before the final dehydration and mounting steps, followed by visualization of the slide 

under a light microscope (Fig. 12). 

Table1. List of all primary and secondary antibodies used in this thesis.  

Primary antibodies  
Antibody Host species Species 

reactivity 
Supplier Concentration 

(μg/ml) 

anti-IL-1α Mouse Human  R&D Systems 5 
anti-IL-1β Mouse Human  R&D Systems 25 
anti-IL-1Ra Goat Human  R&D Systems 15 
anti-IL-1RI Rabbit Human GeneTex 4 
anti-IL-1RII Rabbit Human Lifespan biosciences 10 
anti-IL-1RI Rat Mouse LSBio 10 
anti-IL-1RII Goat Mouse  R&D Systems 10 
anti-leptin Rabbit Human GenWay Biotech 1 
anti-Ob-R Goat Human AbD Serotec 20 
anti-adiponectin Rabbit Human Abcam 1 
anti-adipoR1 Rabbit Human Bioss 5 
anti-adipoR2 Rabbit Human Bioss 5 

 

Secondary antibodies  
Antibody Host species Conjugate Supplier Dilution 

anti-Goat Bovine HRP Santa Cruz Biotech. 1:200 
anti-Rat Goat  HRP Abcam 1:1000 
anti-Rabbit Goat Envision HRP DAKO - 
anti-Mouse Goat Envision HRP DAKO - 
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Figure 12. A schematic picture for IHC technique. 

Primary antibody will recognize and bind to a specific 

antigen if present in tissue section. A secondary 

antibody conjugated with an enzyme is added to 

recognize the first antibody. A substrate is then used to 

activate the enzymatic reaction and create a color 

change for detection.   

In this thesis, IHC was used to detect the presence 

of the IL-1 cytokine family proteins (IL-1α, IL-1β, IL-

1Ra, IL-1RI, and IL-1RII), and adipokines (leptin, 

adiponectin, leptin receptor, and adiponectin 

receptors 1 and 2) in paraffin-embedded tissues. 

Normal human breast tissue biopsies collected 

after seven days of treatment with different hormones, were paraffin-embedded and 

subjected to IHC. Tumor tissue from animal models, both the immune competent PyMT 

mouse model and the immune deficient nude mouse model, were extracted after 

microdialyses, paraffin-embedded, and stained by IHC. A list of all antibodies used is shown 

in table 1. An Olympus BX43 microscope was used to visualize the staining, and digital 

images were captured using an Olympus DP72 camera. Images of 7−10 random fields (400x) 

of 3−6 individual tumors/tissues in each group were analyzed. For all experiments, control 

sections incubated without the primary antibody showed no staining.    

ELISA 
The enzyme-linked immunosorbent assay (ELISA) is a biochemical technique used to detect 

and quantify such diverse substances as peptides, proteins, growth factors, antibodies, and 

hormones. ELISA is a specific, highly sensitive, and relatively easy to use method, which 

makes it a valuable as an in vitro diagnostic tool in medicine and a valuable quality control 

test in industries. It is also quick and easy to perform for many samples at a time. Compared 

to other immunoassay methods such as 

radioimmunoassay (RIA) tests, ELISA is less costly 

and safer because no radioactive substances are 

used.  However, in contrast to Luminex® assays, 

which allow the measurement of multiple proteins 

in the same aliquot of sample, ELISA can only 

measure a single protein in each sample. 

Figure 13. A schematic picture for ELISA technique. The 

microplate is pre-coated with capture antibody which 

will bind its specific analyte if present in the samples. A 

second enzyme (HRP)-conjugated antibody, detection 

antibody, will bind to the captured analyte. The addition 

of substrate will activate the enzymatic reaction and 

create a color change for detection.   
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This technique determines the interaction between an antibody and its antigen, usually as a 

sandwich enzyme immunoassay. The antigen in a sandwich ELISA is specifically captured on 

a solid surface such as a microtiter plate, usually by linking it to a monoclonal capture 

antibody, which is specific to the antigen. A detecting antibody, which is covalently coupled 

to an enzyme, is then added to the studied antigen followed by an enzymatic substrate, 

which will produce a visible signal that indicates the amount of antigen in the sample. To 

remove nonspecifically bound antigen or antibody, the microtiter plate is washed several 

times between each step (Fig. 13).   

In this thesis, commercial human and murine immunoassay kits based on quantitative 

sandwich enzyme immunoassay techniques were used for the detection of immune 

modulators such as members of the IL-1 cytokine family, leptin, adiponectin, and VEGF, and 

the analytes collected from all microdialysis experiments, both from human subjects and 

animal models. In addition, supernatants collected after hormone treatment of normal 

breast biopsies were analyzed using the ELISA. The amount of each studied antigen was 

quantified using a standard curve. 

The commercial kit used for the measurement of IL-1 cytokine family members, leptin, and 

adiponectin used the colorimetric assay, Quantikine®, in which a chromogen is added into 

the wells after incubation with horseradish peroxidase-conjugated secondary antibodies. 

Oxidation occurs and a blue color develops. An acid is then used to stop the reaction and to 

generate a yellow color measured by a spectrophotometer.   

QuantiGlo®, another detection technique, was used to quantify VEGF in the collected 

samples because of its wide dynamic range, compared to the standard Quantikine® ELISA. 

The QuantiGlo® technology is based on the use of a chemiluminescent substrate that is read 

by a luminometer, measuring the intensity of emitted light as relative light units (RLU).  

In this thesis, another type of ELISA, based on the principle of competitive binding, was used 

to quantify the estrogen and progesterone levels in plasma and microdialysates from 

healthy donors and breast cancer patients. With this commercial ELISA kit, the measured 

hormone in the sample competes with the same hormone conjugated with horseradish 

peroxidase, so the amount of the peroxidase-conjugate hormone is inversely proportional 

to the concentration of the measured hormone, and the intensity of the color produced by 

adding a substrate is therefore also inversely proportional to the concentration of the 

measured hormone. 
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Statistics 
In both Paper I and Paper II, paired Student’s t-tests were used to analyze the date collected 

from the same subjects in a group before and after changes in a single parameter, such as a 

treatment condition. Unpaired Student’s t-test was used to compare data sets collected 

from two different groups. ANOVA were used if the group numbers were higher than two. 

Pearson’s correlation coefficient was used to study the relationship between the groups, 

and a value of P < 0.05 was considered statistically significant. However, other 

nonparametric tests, such as the Wilcoxon rank-sum test (also called the Mann–Whitney U 

test), the Wilcoxon signed-rank test, and Spearman’s rank correlation coefficient, could also 

be used.  

In Paper III, we used an unpaired Student’s t-test to compare two data sets collected from 

two different groups. Spearman’s rank correlation coefficient was used to study the 

relationships between the different groups to find both linear and nonlinear correlations.  A 

value of P < 0.05 was considered statistically significant.  

Data were presented as mean ± SEM in all papers and all analyses were performed using 

Graphpad Prism (version 5.04, GraphPad Software, Inc. USA). 
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Results and discussion 
Inflammation is one of the hallmarks of cancer development (1). The interleukin-1 (IL-1) 

family is one of the central regulators of the immune and inflammatory responses (93). IL-1, 

together with TNF-α, represents the “alarm cytokines” which induce the expression of 

diverse inflammatory genes. These inflammatory cytokines generate a local cascade that 

initiates, spreads, and sustains the inflammatory response (99, 235, 236). IL-1 is thought to 

play an important role in cancer progression. IL-1α, IL-1β, and IL-1 receptor antagonist (IL-

1Ra) are the most well-known members of the IL-1 cytokine family.  

Our group previously reported the release of IL-1s from both cancer and stromal cells in a 

xenograft nude mouse model, and an alteration of IL-1 levels after tamoxifen or diet 

modification by flaxseed and lignan enterolactone, but not by genistein (237). In Paper I of 

this thesis, we therefore intended first to determine the presence of IL-1 cytokines in the 

extracellular space of human breast tissue in vivo, and to investigate the role of sex steroids 

in the regulation of IL-1 cytokines in normal human breast tissue. In addition, we wanted to 

determine the effects of nutrition and anti-estrogen drugs on the levels of IL-1 in normal 

breast tissue in vivo, and determine whether IL-1 cytokines were up- or down-regulated in 

breast cancer tumors in vivo. 

The extracellular space is a biologically active site for the majority of the proinflammatory 

cytokines, and neither IL-1α nor IL-1β are detected in the blood. We therefore used 

microdialysis methodology to sample IL-1 in breast tissue in vivo. Compared to other 

techniques, microdialysis is the only sampling technique capable of characterizing 

extracellular proteins without fluid loss, and with a minimal disturbances to the 

physiological condition of the tissue (219, 220). Several studies have demonstrated the 

capability of using microdialysis to measure proteins in the extracellular space, despite 

theirs absence or low presence in the blood (189, 223, 226, 238, 239). Forty-one women 

were included in the studies in Paper I. They were studied using microdialysis under various 

hormonal exposures, tamoxifen therapies, and diet modifications. The collected samples 

were analyzed by ELISAs for IL-1α, IL-1β, and IL-1Ra. Human breast tissue biopsies, obtained 

from reduction mammoplasty, were cultured in different treatment conditions, and both 

the media and the biopsies were analyzed by ELISA and immunohistochemistry, 

respectively, for their content of IL-1 cytokines. 

In Paper I, we showed the presence of IL-1α, IL-1β, and IL-1Ra in normal breast tissue in 

vivo, although the levels of IL-1α were low, probably because IL-1α is an intracellular 

protein. We reported significant positive correlations between plasma estradiol levels and 

extracellular IL-1β, and a strong and significant negative correlation between estradiol and 

IL-1Ra in normal breast tissue. These correlations may suggest estrogen dependency of 

these cytokines. We also showed a significant increase in IL-1β levels and a significant 

decrease in IL-1Ra levels in breast tissue in the luteal phase of a single menstrual cycle, 

when the levels of estradiol and progesterone were increased.  However, we did not find 

any change in IL-1α levels during hormonal changes in the menstrual cycle. These in vivo 

results may suggest an induction of a proinflammatory state in normal human breast tissue, 

consisted with previous clinical studies measuring IL-1 levels in tissue extracts, which 
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suggested that higher levels of IL-1β were associated with an aggressive cancer phenotype, 

while higher levels of IL-1Ra were associated with a better outcome (240). 

Treatment with tamoxifen reduced the risk of developing breast cancer by up to 40% in 

both pre- and postmenopausal women, but this treatment was associated with severe side 

effects such as endometrial cancer (61). Thus, new preventive strategies for breast cancer 

are needed. Diet modification may be one option because recent epidemiological studies 

have shown a reduction effect of dietary plant lignans in breast cancer patients (241-243). In 

Paper I, we found a significant increase of IL-1Ra levels and no changes in IL-1α and IL-1β 

levels in normal breast tissue of postmenopausal cancer patients receiving tamoxifen for six 

weeks as adjuvant therapy. Similar results were obtained by daily addition of 25 g of freshly 

ground flaxseed administered to premenopausal healthy volunteers for 30 days. This equal 

alteration in IL-1Ra levels, the naturally occurring antagonist of the IL-1 family, by tamoxifen 

therapy and flaxseed diet suggested that diet modification might be an effective prevention 

tool in breast cancer treatment. It also suggested that alterations in IL-1Ra might shift the 

milieu in normal breast tissue towards an anti-inflammatory microenvironment. These 

findings were further validated using ex vivo experiments on whole breast tissue biopsies 

from reduction mammoplasties of premenopausal women, cultured in the presence or 

absence of hormones/anti-hormones. The ex vivo experiments confirmed the results 

obtained in vivo. 

We also showed that extracellular IL-1β levels were significantly increased in breast cancer 

tissue, compared with adjacent normal breast tissue, while IL-1α and IL-1Ra levels were 

unaltered in 10 postmenopausal breast cancer patients studied by microdialysis, one day 

before surgery. These in vivo results suggested a more proinflammatory state in breast 

cancer tissue compared with normal adjacent breast tissue. By examining autopsy samples 

from women not known to have breast cancer, studies found in situ breast cancer in 15-30% 

of all women, although only 1% of the women in the same age group were diagnosed with 

breast cancer (171). The progression of these in situ breast cancers into invasive, clinically 

relevant breast cancer may have been mediated by changes in the microenvironment. Our 

findings might suggest IL-1 to be a potential modulator that may be altered in the breast 

microenvironment to induce a clinically relevant breast cancer. 

To further investigate the hormonal regulation of IL-1, we studied the effect of 

estrogen/anti-estrogen on the expression levels of receptors for the IL-1 cytokine family. IL-

1α, IL-1β, and IL-1Ra exert their activity by binding to the same receptors, the IL-1 receptor 

type I (IL-1RI), and IL-1 receptor type II (IL-1RII), but with different affinities and diverse 

outcomes. The IL-1RI was capable of activating cells when binding to IL-1α and IL-1β, 

whereas IL-1RII was biologically inactive, regardless of its interactions partner (97). Tumor 

sections from both immune competent mice with murine breast cancer (PyMT transgenic 

mouse model) and immune deficient mice (nude mouse xenograft model) bearing human 

breast cancers were characterized using IHC staining to determine the expression levels of 

IL-1 receptors. IHC staining used antibodies against both murine and human IL-1RI and IL-

1RII in paraffin-embedded tumor sections. We also used IHC to study the expression levels 

of human IL-1RI and IL-1RII in paraffin-embedded whole breast tissue biopsies from 
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reduction mammoplasties of premenopausal women, cultured in the presence or absence 

of hormones/anti-hormones. Unfortunately, we did not find any differences in intensity of 

the staining between the treatments.  

To investigate the effects of estradiol/anti-estrogen therapy on the expression of IL-1RI and 

IL-1RII in human ER+ breast cancer cell lines (MCF7 and ZR-75-1) in vitro, we treated the 

breast cancer cell lines with estradiol, tamoxifen, and fulvestrand (alone or in combination) 

for seven days. After treatment, the cell supernatant and cell lysate were analyzed using 

ELISA for the expression of soluble and membrane bound IL-1RI and IL-1RII. Unfortunately, 

there were no detectable levels of IL-1RII receptor in our treated cells. IL-1RI was deceased 

by estrogen exposure and increased by both tamoxifen and fulvestrand treatment in both 

breast cancer cell lines. This result is consistent with other studies showing negative 

regulation of mRNA IL-1RI by estrogen in human osteoclasts-like cells (244).     

Western blot was also used to analyze the expression levels of IL-1RI and IL-1RII, but the 

results were unsatisfactory due to technical difficulties involving detection of several bands. 

To define these bands, we crosslinked the anti-IL-1RI antibody to protein G magnetic breads, 

and after incubation with the cell lysate from treated breast cancer cell lines, we eluted the 

binding proteins, resolved them using sodium dodecyl sulfate polyacryamid gel 

electrophoresis (SDS-PAGE), followed by staining with Coomassie Brilliant blue. 

Unfortunately, no significant bands were detected.        

Table 2. The characteristics of the breast cancer cell lines included in this work. 

MCF7 

Invasive breast ductal 

carcinoma 

ER+ 

PR+ 

HER2- 

Tumorigenic in mice but only 

with estrogen supplementation 

Low metastatic properties 

ZR-75-1 

Invasive breast ductal 

carcinoma 

ER+ 

PR- 

HER2- 

Tumorigenic in mice. 

 

High metastatic properties 

(bone metastasis) 

MDAMB231: 

Breast adenocarcinoma 

 

ER- 

PR- 

HER2- 

Tumorigenic in mice. 

 

High metastatic properties 

 

Findings from Paper I prompted us to test whether other members of the IL-1 family were 

present in the extracellular space of breast tissues.  IL-18, a IL-1 cytokine member with dual 

effects in cancer (245, 246), is expressed in macrophages, dendritic cells, Kupffer cells, 

keratinocytes, chondrocytes, synovial fibroblasts, and osteoblasts (247). In addition, the 

newest identified member of the IL-1 family, IL-33, also called IL-1F11, may have role in 

tumor progression. Immune cells such as dendritic cells and macrophages, as well as 

fibroblasts, endothelial cells, and epithelial cells express IL-33 (248). Unfortunately, IL-18 
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was not detected in either the in vivo microdialysate from human subjects or from the 

supernatant collected from breast cancer cell lines treated with hormones/anti-hormones in 

vitro. IL-33 was present in the extracellular space of breast tissues, but at low levels. Very 

low levels of IL-33 were also found in the supernatants collected from breast cancer cell 

lines treated with hormones/anti-hormones in vitro. 

Table 3. Table for all the member of the IL-1 cytokine family and their known receptors.  

Cytokine name  Receptor 

IL-1F1 (IL-1α) IL-1 RI, IL-1 RII 

IL-1F2 (IL-1β) IL-1 RI, IL-1 RII 

IL-1F3 (IL-1Ra) IL-1 RI, IL-1 RII 

IL-1F4 (IL-18) IL-18R (IL-1R5) 

IL-1F5 IL-1Rrp2 (IL-1R6) 

IL-1F6 IL-1Rrp2 (IL-1R6) 

IL-1F7  IL-18R (IL-1R5) 

IL-1F8 IL-1Rrp2 (IL-1R6) 

IL-1F9 IL-1Rrp2 (IL-1R6) 

IL-1F10 IL-1RI 

IL-1F11 (IL-33) T1/ST2 

 

Results from analyses of IL-18 and IL-33 were inconclusive, therefore a literature search was 

conducted to identify possible cooperative partners for IL-1 in breast cancer. A study by 

Zhou et al. reported increased expression of all IL-1 system components (IL-1α, IL-1β, IL-1Ra, 

and IL-1RI) when mouse mammary cancer 4T1 cells were treated with leptin (249). Miyoshi 

et al. reported that both leptin and leptin receptor (Ob-R) were detected in high levels in 

human breast carcinoma cells, but not in normal cells (250). We therefore included the 

adipocytokines leptin, as well as adiponectin, a protein also produced by white adipose 

tissue, in our studies. Adipokines are diverse, soluble, bioactive molecules produced by 

adipocytes, which constitute the most abundant cell type surrounding the epithelial and 

mammary cells in the breast (110, 111). Leptin is a proinflammatory, pro-angiogenic, 

adipose-derived hormone that functions by binding to Ob-R (111). Adiponectin has an 

important role in regulating several metabolic processes such as lipid synthesis and energy 

homeostasis (138, 251). Several studies have investigated the relationships between leptin 

and adiponectin in breast cancer, using their expression levels either in circulation or in 

tumor homogenates as a measure of their local expression in the breast. Conflicting results 

have been reported regarding the relationship between serum leptin and breast cancer, but 

several of these studies reported that higher leptin serum levels were associated with breast 

cancer (252). In contrast, adiponectin exhibited lower levels in breast cancer among 

postmenopausal women, compared to healthy controls (150, 151, 253). Furthermore, the 

leptin:adiponectin ratio may be the key to understanding the physiological effects of these 

adipokines in several diseases (163, 164).  
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Understanding the relation between IL-1, adipokines, and other immune modulators in the 

tumor microenvironment will provide important information to help elucidate molecular 

mechanisms and therapeutics. The following critical objectives need to be examined: 1) Do 

the adipokines exist in the extracellular space of normal and cancerous breast tissue in 

vivo?, and 2) What are the effects of sex steroids on adipokine levels in normal breast tissue 

in vivo? Estrogen correlated positively with serum leptin, but not serum adiponectin, in 

premenopausal healthy women according to report by Hong et al. (254), but it was unclear 

if a correlation also exist in the tumor microenvironment. We therefore decided to 

investigate 40 women (Paper II) using the microdialysis technique. The healthy women were 

investigated under various hormone exposures, while the breast cancer patients were 

investigated before surgery or before and after tamoxifen treatment. Two in vivo mouse 

models, the PyMT transgenic mouse model and the nude mouse xenograft model, were also 

used in this study, as well as cultured ex vivo breast tissue biopsies obtained from reduction 

mammoplasties. 

Leptin is a 16 kDa protein and adiponectin is a 30 kDa hormone. Both these adipokines can 

easily be sampled using microdialysis with a 100 kDa cut-off semipermeable membrane. 

However, studies have suggested that adiponectin is not present as a monomeric protein in 

serum, but rather as oligomeric multimers. These multimers can be trimers (low molecular 

weight, LMW), hexamers (medium molecular weight, MMW), or multimers (higher 

molecular weight, HMW) (255). If adiponectin in the extracellular space also exists in a 

multimeric structure, it will not be possible to sample with the 100 kDa cut-off membrane. 

In Paper II, we confirmed the presence of both adipokines in normal and cancerous breast 

tissue in vivo. Adiponectin was successfully collected, and there were significant differences 

between different treatments, which may suggest that at least a significant proportion of 

adiponectin existed in its monomeric form in the extracellular space of the breast.  

Microdialysis was performed in 11 breast cancer patients before surgical removal of the 

tumor. One microdialysis catheter was inserted intratumorally into the cancer tissue, and 

one microdialysis catheter was inserted into normal adjacent tissue. Leptin levels were 

significantly higher in breast cancer tumors compared with normal adjacent breast tissue, 

whereas adiponectin levels were significantly lower. These results agreed with the results 

obtained from several studies investigating the relationship between serum adipokines and 

breast cancer (132, 150, 151, 164, 253, 256). In addition, we found that plasma estradiol 

levels correlated positively with local extracellular leptin levels, and negatively with local 

extracellular adiponectin levels in normal breast tissue, but not in s.c. abdominal fat. We 

also found a local reduction of extracellular adiponectin levels and a local increase of leptin 

levels during the luteal phase of a single menstrual cycle in premenopausal healthy 

volunteers. These results suggested that estrogen might be an important regulator of the 

production of both leptin and adiponectin in normal breast tissue. To confirm these in vivo 

results, whole normal breast tissue biopsies were cultured ex vivo in the presence or 

absence of hormones. Estradiol treatment, but not progesterone treatment, increased 

leptin levels and decreased adiponectin levels in the culture medium.  
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In addition, a PyMT breast cancer mouse model was characterized in the presence or 

absence of estrogen. We found that cancers grown in the presence of estradiol exhibited 

higher leptin levels and leptin:adiponectin ratios compared with cancers in estrogen-

depleted mice. Although the adiponectin levels seemed to decrease, this reduction was not 

significant. These results may also implicate estrogen in the regulation of leptin production, 

but not adiponectin production in murine cancer tissue. 

We also reported a significant decrease of leptin levels and significant increase of 

adiponectin levels in normal breast tissue of 18 postmenopausal women receiving 

tamoxifen as an adjuvant therapy. This finding strongly indicated that tamoxifen attenuated 

the effect of estrogen in adipokine levels in normal breast tissue. The validations of these in 

vivo results were confirmed in ex vivo culture of normal breast tissue biopsies, which 

showed decreased secretion of leptin and increased secretion of adiponectin after 

tamoxifen treatment. However, we were unable to confirm these conclusions using in vivo 

study involving tamoxifen treatment of xenograft nude mice bearing MCF7 tumors, because 

adiponectin levels were not detectable.  

 

Figure 14. The immune modulators in the extracellular space of breast cancer tissue. 

The existence of adipokines in the extracellular space of breast cancer tissues and the 

hormonal regulation of adipokines in normal human breast tissues were demonstrated 

using both in vivo and ex vivo experiments in Paper II. However, the interactions between IL-

1, adipokines, and other immune modulators such as VEGF, also found by our group in the 

extracellular space of normal breast tissue (226, 257), and the role of estrogen on these 

interactions are unknown. We therefore treated breast cancer cell lines (MCF7 and MB231, 

an ER- breast cancer cell line) with or without estrogen, with tamoxifen, leptin, and their 

combination, to determine their effects on IL-1, adipokines, and VEGF at the gene level 



 

51 
 

using real-time polymerase chain reaction (PCR). Unfortunately, mRNA levels were too low 

for detection of IL-1α and IL-1β genes, even though pre-amplification was performed.   

Microdialysis was used to find any correlation between the extracellular levels of IL-1, 

leptin, adiponectin, and/or VEGF in normal human breast tissue. In vitro co-culture models 

of mature human adipocytes and breast cancer cell lines were used to elucidate the role of 

adipocytes in the regulation of these modulators.  

In Paper III, we showed that VEGF levels correlated significantly with leptin, and the ratio of 

leptin to adiponectin in normal breast tissue, but not in s.c. abdominal fat tissue. These 

findings suggested tissue-specific regulation between VEGF and leptin in the breast. To 

investigate this relationship, in vitro co-culture models of mature human adipocytes and 

breast cancer cell lines were used. A neutralization experiment, using antibodies against 

VEGF and leptin, suggested that VEGF was regulator of leptin, but that leptin was not a 

regulator of VEGF. However, these results could not exclude the possibility of an indirect 

regulation between leptin and VEGF, because other studies have suggested that IL-1s could 

be mediators in the interactions between VEGF and leptin (249). The role of adipocytes was 

shown in the co-culture model, where extracellular levels of leptin and VEGF were enhanced 

in co-culture compared to monocultures of the included cells. These results illustrated the 

importance of intracellular communication in the microenvironment. Furthermore, the 

effects of estradiol exposure were enhanced in co-cultures and the effects seemed to be 

mediated by ER dependent pathways, because treatment with fulvestrant, an anti-ER 

antagonist, altered these enhanced effects by estradiol.  

In breast tissue, IL-1β significantly correlated with leptin and with VEGF in normal breast 

tissue in vivo, suggesting a potential effect of IL-1β in the regulation of leptin. Unfortunately, 

this possible correlation could not be investigated, because IL-1β was undetectable in all our 

experiments.     

Taken together, the results from Paper III suggested important effects of these factors on 

each other in normal human breast tissue, and further suggested that physical contact 

between adipocytes and breast cancer cells could influence the phenotypic behaviors of 

these cells and enhance the effects of estradiol. 
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Conclusions  
 

 IL-1s and adipokines may be under the control of estrogen in vivo, and these 

cytokines may be attenuated by anti-estrogen therapy and diet modifications.  

In Paper I: Estrogen increased the levels of IL-1β and decreased the levels of IL-1Ra in 

normal human breast tissue in vivo. Tamoxifen therapy and flaxseed diet increased 

IL-1Ra levels in normal human breast tissue in vivo.  

In Paper II: Estrogen and tamoxifen altered leptin and adiponectin levels in normal 

human breast in vivo. These finding were confirmed by breast tissue biopsies from 

reduction mammoplasties cultured in the presence or absence of estrogen or 

tamoxifen.   

 

 Breast cancers express a pro-tumorigenic profile of IL-1 and adipokines compared 

to adjacent normal breast tissue. In Paper I: IL-1β levels increased in breast cancer 

compared with normal adjacent breast tissue. In Paper II: Leptin levels were 

increased and adiponectin levels were decreased compared to adjacent normal 

breast tissue. 

 

 Physical contact between adipocytes and breast cancer cells may influence the 

phenotypic behaviors of these cells and enhance the effects of estradiol on VEGF 

and leptin. In Paper III: Co-culture of adipocytes and breast cancer cells per se 

increased the secretion of VEGF and leptin, and enhanced the effects of estradiol 

compared to cultures of either cell type alone. 

 

 VEGF, leptin, and IL-1β may influence each other in normal human breast tissue. In 

Paper III: Significant positive correlations between VEGF and leptin, and VEGF and 

leptin:adiponectin ratios were detected in normal breast tissue in vivo. IL-1β 

correlated significantly with leptin and VEGF in breast tissue. No correlations were 

found in s.c. abdominal fat tissue.  
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Reflections and future aspects  
Breast cancer is still the most frequently occurring malignancy in women, despite significant 

progress in diagnostic and treatment strategies. Because the cellular microenvironment is 

involved in tumor progression, invasion, and therapeutic responses, future research in this 

field has the opportunity to define new prevention and/or therapeutic strategies for this 

disease.    

The results presented in this thesis suggested that IL-1β, leptin, and adiponectin may be 

molecular targets for future prevention and therapeutic strategies in breast cancer. Higher 

expression of IL-1β and leptin, and a reduction in adiponectin levels were found in breast 

cancer compared with normal adjacent breast tissue. In addition, our results using normal 

human breast tissue suggested important regulatory effects between IL-1β, leptin, and 

VEGF, plus hormonal regulation of IL-1s and adipokines in normal human breast tissue, 

because estrogen altered the levels of these immune modulators while tamoxifen 

attenuated these effects in vivo. Several strategies for blocking the effects of IL-1 and VEGF 

are already used for treatment in numerous diseases, and leptin-blocking strategies are 

being investigated as new options for treatments of some autoimmune diseases. 

Recombinant IL-1Ra (anakinra) is an established drug for treatment of rheumatoid arthritis 

(104), and clonal antibodies to IL-1β, together with a soluble receptor to IL-1, have also been 

approved for the treatment of chronic inflammatory diseases (258, 259). Anti-VEGF drugs 

(such as bevacizumab) are often combined with chemotherapy for cancer treatment (260). 

In addition, tyrosine kinase inhibitors have also been used in cancer patients to inhibit the 

action of the VEGF receptor (261). The activity of leptin is blocked by the use of leptin 

receptor antagonists, by specific antibodies against leptin, and by leptin binding proteins. 

Taken together, several speculative questions arise concerning whether a combination of 

these blocking strategies, or combinations for some of these blocking strategies with 

endocrine therapy, can be used as an option for treatment of breast cancer. Future in vitro 

and in vivo studies investigating the effect of combining IL-1 blockers with anti-VEGF, anti-

leptin, and/or endocrine therapy in normal and malignant breast models, are of utmost 

importance in answering these questions.            

Sex hormones are strongly implicated in the development of breast cancer, and the majority 

of breast cancers are hormone-dependent. Anti-estrogens, including tamoxifen and 

aromatase inhibitors, are essential for breast cancer treatment. Tamoxifen reduced the 

incidence of breast cancer by more than 40%, but was associated with severe side effects 

such as thromboembolism and endometrial cancer (59, 253). Thus, there is a great need for 

new breast cancer treatments and preventive strategies. The effect of flaxseed (lignans), a 

class of phytoestrogens, was investigated in this thesis. The addition of flaxseed in the diet 

of healthy women showed a shift towards an anti-inflammatory environment by increasing 

IL-1Ra levels in normal breast tissue. Based upon these results, several important questions 

remain. Which other inflammatory cytokines (IL-6, TNF-α), chemokines, and growth factors 

are altered? What is the effect of changing the diet by including other phytoestrogen 

compounds such as isoflavones? Isoflavones are rich in many foods, including tofu, 

soybeans, and soymilk, which are commonly consumed in Asian countries but not in 
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Western countries. Epidemiological studies have either shown no protective association or a 

protective association between soy proteins and breast cancer. Future studies using 

microdialysis in both pre- and postmenopausal healthy women, together with in vitro and in 

vivo experimental models, are needed to explore the effects of phytoestrogens as possible 

prevention and/or therapeutic options for breast cancer.   
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