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Dentro de los cánceres hormondependientes, el cáncer de mama es, tanto en España como en la 

mayoría de los países desarrollados, el más frecuente en la mujer y la primera causa de muerte 

por cáncer en la población femenina. A pesar del intenso esfuerzo diagnóstico y terapéutico, la 

incidencia de cáncer de mama continúa incrementándose, principalmente, aquellos subtipos 

hormonodependientes, no solo en los países industrializados sino también en los países en vías 

de desarrollo. Además de factores de riesgo ampliamente conocidos como la edad, menarquia 

precoz, menopausia tardía, número de embarazos y lactancia acumulada, se ha postulado que la 

exposición a sustancias químicas disruptoras endocrinas (DEs) con actividad xenoestrogénica 

podrían estar contribuyendo al incremento de nuevos casos que se están registrando con el 

tiempo. Entre las sustancias descritas como DEs se encuentran los denominados compuestos 

orgánicos persistentes (COPs) [entre los que se incluye el p,p'-diclorodifenildicloroetileno (p,p’-

DDE), el hexaclorobenceno (HCB), el hexaclorociclohexano (HCH) y congéneres de los 

bifenilos policlorados (PCBs)] y los denominados como disruptores endocrinos no persistentes 

(npDEs) [entre los que se encuentran el bisfenol-A (BPA), parabenes y benzofenonas]. Sin 

embargo, los estudios epidemiológicos realizados hasta la fecha han mostrado resultados 

contradictorios, mostrando tanto asociaciones positivas como ausencia de asociación. Dichas 

discrepancias podrían estar causadas, al menos en parte, a diferencias metodológicas, la 

naturaleza del estudio, el biomarcador de exposición utilizado, el momento de la exposición o la 

población de estudio analizada.  

Así, no existe actualmente consenso internacional sobre la matriz biológica más adecuada para 

valorar la exposición a DEs lipofílicos en pacientes de cáncer de mama, ya que los niveles en 

tejido adiposo son considerados como indicativos de exposición acumulada, pero es una 

muestra de difícil obtención. Por otro lado, las concentraciones séricas (el biomarcador más 

accesible y ampliamente utilizado) podrían verse más afectadas por ciertas condiciones 

fisiológicas. Para cumplir con el primer objetivo específico de esta tesis doctoral, que era 

evaluar las diferencias del tejido adiposo y el suero como biomarcadores de exposición a DEs 

en pacientes con cáncer de mama, se cuantificaron las concentraciones en suero y tejido adiposo 

de un grupo de COPs en una muestra de 103 pacientes diagnosticados de cáncer de mama en el 

Complejo Hospitalario de Granada. Tanto en tejido adiposo como en suero, el COP que mostró 

la concentración más elevada fue el p,p’-DDE (mediana 194.34 y 173.84 ng/g lípido, 

respectivamente). En general, se detectaron correlaciones positivas entre los COP estudiados en 

tejido adiposo, así como en suero. Sin embargo, sólo HCB y p,p’-DDE mostraron una 

correlación significativa entre tejido adiposo y suero, mientras que los PCBs no mostraron 

correlación entre ambas matrices. Además, observamos que mientras la edad se asociaba con la 

mayoría de COPs en ambas matrices, la asociación de determinados COPs con el índice de 

masa corporal (IMC) dependía del marcador utilizado. Así, se encontró una asociación positiva 
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en tejido adiposo, mientras que en suero la asociación encontrada fue negativa. En la misma 

línea, la pérdida reciente de peso se asoció con mayores niveles de COPs en suero y menores en 

tejido adiposo. Finalmente, las concentraciones séricas de HCB y PCB-180 eran menores entre 

aquellas pacientes que habían recibido quimioterapia preoperatoria, mientras que los niveles en 

tejido adiposo no se asociaban con el tratamiento neoadjuvante. Por tanto, nuestros datos 

sugieren que las concentraciones de COPs en suero y tejido adiposo podrían verse afectadas 

diferencialmente por factores externos, y por tanto, evidencian la utilidad que podría tener la 

obtención de información de los niveles de COPs en las dos matrices en lugar de una sola en el 

caso de los estudios que abordan el riesgo de cáncer de mama.  

Por otro lado, la problemática de la exposición humana a DEs y sus efectos carcinogénicos se 

agrava en los países en vías de desarrollo, donde los niveles de exposición de la población 

pueden ser distintos, debido a la prohibición tardía de estos compuestos, el comercio ilegal o las 

legislaciones inadecuadas, lo que podría suponer una exposición sustancial e inadvertida de las 

poblaciones. Para dar respuesta al segundo y tercer objetivo de esta tesis doctoral, se caracterizó 

la exposición inadvertida a DEs (COPs y npDEs), así como la asociación de COPs con el riesgo 

de desarrollar cáncer de mama, en un estudio caso-control compuesto por 125 mujeres 

residentes en Túnez, un país donde la legislación para el manejo de los almacenes de residuos 

no ha sido lo suficientemente estricta. La caracterización de la exposición a DEs (objetivo 2) se 

llevó a cabo entre el grupo control. Del total de COPs analizados, HCB, p,p'-DDE y PCBs (-

138, -153 y -180) mostraron frecuencias de detección cercanas al 100%. Las concentraciones 

séricas de PCB138, PCB-153 y PCB-180 fueron 26.08, 119.10 y 29.84 ng/g lípido, mientras que 

las de HCB y p,p'-DDE fueron 19.98 y 127.59 ng/g lípido, respectivamente. La edad se asoció 

positivamente con los niveles séricos de todos los COPs estudiados. Se detectaron niveles más 

elevados de PCBs en aquellas mujeres residentes en la mitad norte del país, mientras que los 

niveles de p,p'-DDE se asociaron a las mujeres que trabajan fuera de casa y a un mayor 

consumo de cereales. Finalmente, el tiempo de lactancia acumulado se relacionó con menores 

niveles de p,p'-DDE y HCB. Simultáneamente, la media geométrica de los valores detectados en 

orina de metil- etil- propil- y butilparaben fue 30.10, 1.43, 2.03 y 0.47 ng/mL, respectivamente, 

mientras que la media geométrica de BPA encontrada fue 0.44 ng/mL y de benzofenona-1 y 

benzofenona-3 fueron 1.33 y 1.10 ng/mL. Así mismo, se observó que los niveles en orina de 

benzofenona-1, benzofenona-3, metilparaben y propilparaben eran más elevados en aquellas 

mujeres premenopáusicas. Por tanto, los niveles de exposición a DEs, especialmente los altos 

niveles de PCB-153, así como los determinantes de dicha exposición encontrados en mujeres 

tunecinas demuestran la necesidad de desarrollar programas más extensos de biomonitorización 

con objeto de identificar fuentes de exposición y grupos de población especialmente expuestas.   
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La asociación entre la exposición a COPs y el riesgo de desarrollar cáncer de mama en la 

población tunecina (objetivo 3) se evaluó mediante modelos de regresión logística 

incondicional. Tras ajustar los modelos por edad, IMC, clase ocupacional, residencia, 

educación, tiempo de lactancia acumulado, paridad, estado menopáusico, historia familiar de 

cáncer de mama y contenido lipídico del suero, se detectó que las concentraciones séricas de β-

HCH y p,p'-DDE se asociaron positivamente con el riesgo de desarrollar cáncer de mama (OR 

=1.10 y OR=1.37), mientras que la asociación encontrada con el heptacloro fue cercana a la 

significación (p=0.078). Además, los análisis realizados usando las concentraciones de COPs en 

terciles corroboraron la relación dosis-respuesta encontrada para el p,p'-DDE (OR=6.26 y 

OR=9.65 para los terciles 2 y 3, respectivamente). Los individuos con niveles detectables de β-

HCH mostraron una OR de 3.44 de desarrollar cáncer de mama. Finalmente, la influencia 

relativa de cada compuesto en presencia de los otros se analizó mediante la introducción de los 

tres compuestos en el modelo ajustado, observando que solo β-HCH se mantenía asociado 

positivamente con el riesgo de cáncer de mama (OR=1.18, 95%IC 1.05-1.34). En conjunto, 

nuestros resultados sugieren que la exposición a COPs (al menos la exposición a β-HCH) se 

asocia con un mayor riesgo de desarrollar cáncer de mama en la población tunecina, aunque 

estos resultados deben interpretarse con cautela, necesitándose más estudios que confirmen 

estos hallazgos.  

Finalmente, considerando (1) que la evidencia científica disponible es inconsistente, (2) que la 

potencia xenoestrogénica es particular de cada DE, (3) que los humanos estamos expuestos a 

una mezcla compleja de DEs con gran variabilidad inter-individual y (4) que podrían ejercer 

efectos aditivos, sinérgicos y/o antagónicos; se intuye que pueda ser el efecto combinado de 

varios DEs el que resulte ser un factor causal en la génesis de la enfermedad tumoral. Para 

cumplir con el cuarto y último objetivo de esta tesis doctoral, evaluar la relación entre la carga 

total xenoestrogénica (TEXB) en suero y su relación con el riesgo de cáncer de mama, se llevó a 

cabo un estudio casos-control compuesto por 382 mujeres procedentes del estudio multicaso-

control en España (MCC-Spain) en el que se determinó la carga estrogénica total atribuible a 

compuestos organohalogenados xenoestrogénicos (TEXB-α) y a las hormonas endógenas y 

compuestos xenoestrogénicos más polares (TEXB-β).  

Los casos mostraron una media geométrica de TEXB-α mayor que los controles (8.32 y 2.99 

pM/mL, respectivamente), al igual que de TEXB-β  (9.94 y 5.96 pM/mL, respectivamente). La 

OR para el desarrollo de cáncer de mama (ajustada por lugar de residencia, edad, IMC, nivel 

educativo, hábito tabáquico, paridad, edad del primer embarazo, menopausia, uso de terapia 

hormonal sustitutiva, historia familiar de cáncer de mama y cantidad de lípidos) fue de 1.77 y 

3.45 para los terciles 2 y 3 de TEXB-α, respectivamente. Por tanto, nuestros resultados 

demuestran que la exposición a DEs xenoestrogénicos podría estar relacionada con el riesgo de 
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desarrollar cáncer de mama, confirmando la importancia de evaluar mezclas de DEs en lugar de 

compuestos individuales durante el estudio de enfermedades hormono-dependientes.   
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Among all the hormone-dependent cancers, breast cancer (BC) is the most frequently diagnosed 

in women and is the leading cause of death in women in developed countries, including Spain. 

Despite all the diagnostic and therapeutic effort made in the last decades, the incidence of BC is 

still increasing, in particular in the hormone-dependent subtypes (in developed and developing 

countries). In addition to well-known risk factors for BC such as age, precocious menarche, late 

menopause, number of pregnancies and cumulative duration of lactation, it has been postulated 

that exposure to endocrine disrupting chemicals (EDCs) with xenoestrogenic activity may 

contribute to this increased incidence. This group includes those known as persistent organic 

pollutants (POPs) [e.g. hexachlorobenzene (HCB), p,p’-dichlorodiphenyl-dichloroethylene 

(p,p’-DDE), β-hexachlorocyclohexane (β-HCH) and polychlorinated biphenyls (PCBs)] and 

non-persistent EDCs (npEDCs) [e.g. bisphenol-A (BPA), parabens and benzophenones].  

However, available epidemiological evidence has shown conflicting results, with some studies 

showing positive associations and others no association between exposure and risk of BC. 

These discrepancies between studies may be caused, at least in part, by differences in the 

methodologies applied, the study design, the biomarker of exposure, the time of the exposure, or 

the study population used.  

Firstly, there is not international agreement on which biological matrix is the most adequate to 

evaluate exposure to lipophilic EDCs in BC patients. Adipose tissue (AT) levels are considered 

indicators of cumulative exposure, but AT is difficult to sample. In the other hand, serum 

concentrations (the most accessible and widely used biomarker) may be affected by some 

physiological conditions such as changes in fat metabolism. Hence, the first specific objective 

of this PhD thesis is the evaluation of the differences between AT and serum as biomarkers of 

exposure to POPs in BC patients. To this end, we quantified serum and AT concentrations of a 

group of POPs in a cross-sectional study including 103 newly diagnosed BC patients at the San 

Cecilio University Hospital in Granada. In both matrices, p,p’-DDE was the most abundant POP 

(194.34 and 173.84 ng/g lipid in AT and serum, respectively). In general terms, we found 

significant positive correlation coefficients between pairs of POPs in AT, as well as in serum, 

which were higher in AT in all the cases. However, we only found positive and statistically 

significant correlations between serum and AT concentrations for p,p'-DDE and HCB but not 

for PCBs. Age was positively associated with most POPs in AT and serum, while body mass 

index (BMI) was positively associated with AT HCB concentrations and negatively associated 

with serum PCB-153 and PCB-138 concentrations. Weight loss was inversely associated with 

POP residues in AT and positively associated with POP residues in serum. Moreover, serum 

HCB and PCB-180 concentrations were lower in patients who had received preoperative 

chemotherapy, while AT concentrations were not influenced by this treatment. Therefore, our 

results suggest that POP concentrations in AT and serum may be differentially affected by 
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external predictors in BC patients. Hence, our findings demonstrate that the determination of 

POP concentrations in both matrices, rather than in one, may be potentially useful for those 

studies aimed at evaluating the risk of BC.  

Second, human exposure to EDCs and their carcinogenic effects is a major public health 

concern particularly in developing countries, where levels of exposure may be different due to 

the late prohibition of EDCs, their illegal use or inadequate legislation, which may result in 

inadvertent and substantial exposure in these populations. To address the second and third 

objectives of this PhD thesis, EDC exposure (POPs and npEDCs) was characterized and its 

association between POPs and risk of BC was investigated in a case-control study involving 125 

women living in Tunisia, where old stockpiles of these compounds have been poorly managed. 

Characterization of EDC exposure in Tunisia (objective 2) was carried out in the control group 

of this study. Among the ten POPs analyzed, HCB, p,p'-DDE and PCBs (-138, -153 and -180 

congeners) showed detection frequencies close to 100%. Median serum concentrations of PCB 

congeners (-138, -153 PCB-180) were 26.08, 119.10 and 29.84 ng/g lipid, respectively. Median 

concentrations of HCB and p,p'-DDE were 19.98 and 127.59 ng/g lipid, respectively. Age was 

positively correlated with serum levels of the selected POPs. Women living in Northern Tunisia 

showed higher serum levels of all the PCBs analyzed. Working outside home and cereal 

consumption were positively associated to serum levels of p,p'-DDE. Cumulative lactation time 

was also related to lower serum levels of p,p'-DDE and HCB. Simultaneously, urinary 

geometric mean concentrations of methyl-, ethyl-, propyl- and butylparaben were 30.10, 1.43, 

2.03 y 0.47 ng/mL, respectively. Geometric mean level of urinary BPA was 0.44 ng/mL, while 

geometric mean levels of urinary benzophenone-1 and benzophenone-3 were 1.33 and 1.10 

ng/mL, respectively. Furthermore, higher urinary levels of benzophenone-1, benzophenone-3, 

methyl-paraben and propyl-paraben were found in premenopausal women. Therefore, the levels 

of exposure to EDCs and the determinants of the exposure found in Tunisian women warrant 

the introduction of biomonitoring programs in order to identify sources of exposure and 

population groups at higher risk.  

The association between POP exposure and risk of BC in Tunisian women (objective 3) was 

evaluated by unconditional logistic regression analyses. After adjustment for age, BMI, 

occupational class, residence, educational level, cumulative duration of lactation, parity, 

menopausal status, family history of BC and total serum lipids, β-HCH and p,p'-DDE were 

positively associated with BC (OR=1.10 and OR=1.37), while heptachlor was borderline 

associated (p=0.078). Moreover, models using POP concentration tertiles corroborated a 

positive dose-response relationship for p,p'-DDE (OR=6.26 and OR=9.65 for second and third 

tertiles, respectively). Women with detectable levels of β-HCH showed an OR=3.44 for BC. 

Finally, the relative influence of each chemical in the presence of the others was assessed by 
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entering the three chemicals in a single model with all the covariates, and only β-HCH remained 

positively associated with the risk of BC (OR=1.18). Taken together, our results suggest that 

exposure to POPs (at least the exposure to β-HCH) may be associated to risk of BC in the 

Tunisian population, although these results should be confirmed in future studies.  

Finally, considering that (1) the available scientific evidence in inconsistent; (2) the endocrine 

potency is specific for each EDC; (3) human beings are globally exposed to complex mixtures 

of EDCs, with high inter-individual variability; and (4) EDCs can act cumulatively but also 

exerting synergistic or antagonistic effects; it seems plausible that the combined effect may be a 

risk factor in BC development. To explore the last objective of this PhD thesis, the evaluation of 

the relationship between the combined estrogenic effect of mixtures of xenoestrogens in serum 

and risk of BC, a case-control study was carried out. The study involved 382 women from a 

large population-based multicase-control study in Spain (MCC-Spain) where the total effective 

xenoestrogen burden attributable to organohalogenated xenoestrogens (TEXB-α) and 

endogenous hormones and more polar xenoestrogens (TEXB-β) were quantified. Cases had 

higher geometric mean TEXB-α and TEXB-β levels (8.32 and 9.94 pM/mL, respectively) than 

controls (2.99 and 5.96 pM/mL, respectively). The OR for BC (adjusted for place of residence, 

age, BMI, educational level, smoking habits, parity, age at first birth, menopause, hormone 

replacement therapy, family history of BC and total lipid content) were 1.77 and 3.45 for second 

and third tertiles of TEXB-α, respectively. Therefore, our results demonstrate that exposure to 

xenoestrogenic EDCs may be related to higher risk of BC, confirming the importance of 

evaluating mixtures of EDCs, rather than evaluating single compounds, when studying 

hormone-related cancers.   
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AR: androgen receptor 

ASR: age-standardized rate 

AT: adipose tissue 

BC: breast cancer 

BMI: body mass index 

CI: confidence intervals 

EDC: endocrine disrupting chemical 

Eeq: equivalent unit 

EPA: Environment Protection Agency 

ER: estrogen receptor 

DDE: dichlorodiphenyldichloroethylene 

DDT: dichlorodiphenyltrichloroethane 

HCB: hexachlorobenzene 

HCH: hexachlorocyclohexane 

HDL: high-density lipoprotein 

HPLC: high-performance liquid 

chromatography 

IARC: International Agency for Research 

on Cancer 

LOD: limit of detection 

LDL: low density lipoprotein 

MMP: matrix metalloproteinase 

NHL: non-Hodgkin‘s lymphoma 

npEDC: non-persistent endocrine disrupting 

chemical  

NR: nuclear receptor 

OCP: organochlorine pesticide 

OR: odd ratio 

PCB: polychlorinated biphenyl 

POP: persistent organic pollutant 

QT: chemotherapy 

RPE: relative proliferative effect 

RPP: relative proliferative potency 

TEQ: toxic equivalent 

TEXB: total effective xenoestrogen burden 

TR: thyroid receptor
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4.1 Hormone-dependent cancer 

The endocrine system is a network of glands and organs that produce and release hormones, 

which act as chemical messengers between different parts of the body. Each hormone targets a 

particular type of cells able to receive and respond to even very low doses of hormones, 

inducing different effects in these target organs and tissues such as growth and development, 

changes in the sexual function or reproduction. For this reason, homeostasis of hormonal 

synthesis and action is thoroughly regulated in the organisms (Neal 2016).   

Hormone-dependent cancers are classically those of the reproductive tract, such as prostate and 

testis cancer in men, and breast, ovarian and endometrial cancer in women. In addition to the 

reproductive tract, thyroid is also a hormone-regulated organ (Carroll 1975) and, to a lesser 

extent, lung and liver cancer are also sensitive to sex steroid hormones (Stabile et al. 2002; 

Naugler et al. 2007).  

Under physiological conditions, sex steroid hormones such as estrogens, androgens and 

progestins control cell proliferation and differentiation rates. When normal cells transform into 

tumor cells, they can retain or not their features. Hence, while some tumors are still controlled 

by hormones, others are no longer regulated by them. In women, it is estimated that 65% of 

total breast cancer (BC) are hormone-dependent, being more frequent during the 

postmenopausal period (DeSantis et al. 2014). Although the underlying factors for the 

development of hormone-dependent cancers are not fully understood, sex steroid hormones are 

considered the primary modulators of the normal development and maintenance of these organs, 

as well as of the malignant growth (Herington et al. 2010). This PhD thesis focuses on the role 

of hormone-mimicking chemicals in BC development, because the underlying estrogen-

dependent mechanisms involved in the development of BC are the best understood among these 

hormone-sensitive cancers. 

 

4.2 Breast cancer in numbers 

Excluding skin cancers, BC is the most common cancer diagnosed among women in both 

developed and developing regions, with an estimated amount of 1.38 million new cancer cases 

(22.9% of all cancers) diagnosed worldwide in 2008. The age-standardized rate of incidence 

(ASR per 100.000 person-years) was 39.0 and the cumulative risk was 4.1% in 2008 (Ferlay et 

al. 2010), being the main cause of over half a million deaths (13.7% of all cancers) worldwide in 

2008. The ASR of mortality was 12.5 and the cumulative risk was 1.3% (Ferlay et al. 2010) 
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(Table 1). By continents, North America has the highest incidence rate while Asia and Africa 

have the lowest incidence. Europe is at the middle with almost half a million new cases 

diagnosed in 2012 (28.8% of all cancers) (ASR of 94.2), being the leading cancer in terms of 

mortality in most European countries (Ferlay et al. 2013).  

 

 

 

The factors that contribute to the international variation in incidence rates largely stem from 

differences in reproductive and hormonal factors and the availability of early detection  

programs (Jemal et al. 2011). However, differential exposure rates to environmental factors, 

which are known to play an important role in the pathogenesis of the disease, may also 

contribute to this international variation (Soto and Sonnenschein 2010; Soto and Sonnenschein 

2015). Although Spain in considered one of the European countries with lowest incidence of 

BC, more than 25.000 new cases were diagnosed in 2012, and 6,000 deaths were recorded in the 

Table 1. Worldwide incidence of cancer, 2008. Estimated new cases (thousands), age-

standarized rates (ASR per 100,000) and cumulative risks to age 75 (percent) by sex and cancer 

site worldwide (Ferlay J et al. 2010).  
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twelve Spanish cancer registries (Ferlay et al. 2013). In Spain, Huelva is the Spanish province 

with the highest incidence rate, while Granada has a low-middle incidence rate in comparison 

with other Spanish provinces. In 1985, a cancer registry was created in Granada. It has 

registered 1.337 new cases (ASR of 83.0) between 2009-2011.  

In the Tunisian population, from which this PhD is partly focused, BC represents 33% of female 

cancers in Tunisia, with approximately 1,600 new cases per year. Although BC is less frequent 

in Tunisia than in European countries (Maalej et al. 2008), the crude incidence of diagnosed 

BCs increased from 25.5 cases/100.000 women in 1995–1998 (RCNT 1998) to 32.3 in 2004–

2006 (RCNT 2006 ). 

In addition to the crude numbers, the incidence and mortality trends are also useful to identify 

new putative risk factors and to evaluate cancer-control strategies. Despite the fact that BC 

mortality has decreased since 1993, it has been published that BC incidence is still increasing in 

Granada, with an annual increase of 2.5% (RCG 2014) and a recent recession in the whole 

country that could be related to the saturation of the screening programmes (López-Abente et al. 

2014).  

 

4.3 Breast cancer etiology: more than a genetic instability   

Despite the fact that the etiology of BC is still largely unknown, there are consistent 

epidemiological data that have identified risk factors, crucial in the prevention and estimation of 

individual risk. In this regard, a person known or suspected to be at increased risk of BC may 

warrant surveillance based on clinical examination and imaging studies at specific intervals 

(Mahoney et al. 2008). However, it is worth mentioning that the majority of women with BC do 

not have any identifiable risk factor (Lacey et al. 2009).  

Well-established risk factors for BC can be grouped into (1) non-modifiable risk factors (sex, 

age, ethnicity, genetic factors, family history, menarche), (2) modifiable risk factors (BMI, 

reproductive history, diet, physical activity, smoking habits, exogenous estrogen consumption 

or alcohol] and (3) potentially modifiable risk factors (age at first pregnancy, lactation or 

menopausal age) (Mahoney et al. 2008) (Table 2).    

Considering the non-modifiable risk factors, it is known that BC is a rare event in males, with 

an incidence ratio of 1 in 100 in comparison with women (Ahmedin Jemal et al. 2008). 

Together with the sex, age is considered the main risk factor to develop BC, doubling the risk 

every 10 years until menopause, then the risk slows down (Vogel 2008). Studies carried out in 
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the US revealed that non-Hispanic white women have the highest incidence rate and Asian 

American and Hispanic women, the lowest (Ma and Jemal 2013).  

Non-modifiable Modifiable 

Female gender Body mass index 

Age Reproductive history 

Genetic changes (mutations, BRCA,…) Diet 

Family history of breast cancer Physical activity 

Race / Ethnicity Smoking habits 

Density Hormone-replacement therapy 

Precocious Menarche Oral contraceptives 

Potentially modifiable Alcohol 

No. Pregnancies  

Cumulative duration of lactation  

Late menopause  

 

 

Regarding menarche and menopausal age, it is known that estrogenic stimuli lead to a higher 

risk of developing the disease (Kelsey et al. 1993). In this respect, precocious menarche has 

been associated with higher estradiol levels in the adolescent period (Bernstein 2002), and late 

menopause has been associated with higher risk of BC (Travis et al. 2003). In fact, it has been 

hypothesized that increased numbers of regular ovulatory menstrual cycles increase the risk of 

BC (Bernstein 2002), which is mainly regulated by sex hormones. Parity (Singletary et al. 2003) 

and longer cumulative duration of lactation, characterized for the critical influence of female 

hormones, have also been associated with a decreased risk for BC (Collaborative Group on 

Hormonal Factors in Breast Cancer 2002), while the consumption of oral contraceptives 

(Kahlenborn et al. 2006) or hormone replacement therapy has been suggested to increase BC 

risk (Million Women Study Collaborators 2003). 

Concerning the inheritance of BC, most of cases are spontaneous and no familiar association 

can be found. However, it is known that the existence of family history increases the relative 

risk for the development of BC (Conzen 2008). Moreover, scientific research showed the 

Table 2. Etiology of breast cancer. Best known risk factors for breast cancer 

stratified by the plausibility to be modified.   
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extremely high frequency of mutations in specific genes (BRCA1 and BRCA2) in breast 

tumors, and therefore, much effort has been made for a better understanding of the role of 

genetic instability in the development of BC (Miki et al. 1994).  

However, in spite of the huge amount of genetic mutations in BC identified during the last 

decades, a vast array of studies has revealed that there are many environmental factors that can 

be modified for prevention purposes. In this sense, it is known that obesity (Lahmann et al. 

2004), fatty diet (Sieri et al. 2008) and consumption of alcohol (Tjønneland et al. 2007) and 

tobacco (Baron et al. 1996) increase the risk of BC, while regular physical activity reduces the 

risk (Bernstein 2008).  

In spite of that, the mentioned increase in the incidence of BC during the past 50 years cannot 

be accounted for by the introduction of screening mammography or by known risk factors (Soto 

and Sonnenschein 2015). It has been hypothesized that this significant increase in the incidence 

of BC in the industrialized world may be partially due to exposure to hormonally active 

chemicals, particularly xenoestrogens (Davis et al. 1993).  

 

4.4 The endocrine disrupting hypothesis 

From the late 1990s, a number of definitions of what is an endocrine disrupting chemical (EDC) 

have been coined by national and international government agencies. The first definition of 

what constitutes an endocrine disrupting chemical was published in the proceedings of a 

workshop organized by the United States Environment Protection Agency (EPA) (Kavlock et al. 

1996): 

“(...) an exogenous agent that interferes with the production, release, transport, metabolism, 

binding, action or elimination of natural hormones in the body responsible for the maintenance 

of homeostasis and the regulation of developmental processes.”  

Despite this definition, in 1996 the term “adverse” was included, introducing a problematic 

issue for the first time. Since then, a group of keywords such as “intact organisms” or 

“(sub)populations of organisms” have been added to the original definition due to the 

increasing understanding of the underlying mechanisms by which an EDC can exert its effects, 

so the original idea of ECDs exerting actions primarily through nuclear hormone receptors such 

as estrogen (ERs), androgen (ARs) or thyroid receptors (TRs) has evolved to a much broader 

mechanism that also acts via non-nuclear steroid hormone receptors (e.g. membrane ERs), non-

steroid receptors (e.g. neurotransmitter receptors), enzymatic pathways involved in steroid 
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biosynthesis and/or metabolism, and numerous other mechanisms that converge upon endocrine 

and reproductive systems (Diamanti-Kandarakis et al. 2009). 

The working definition of an EDC adopted by the International Programme for Chemical Safety 

(IPCS - which involves WHO, UNEP and ILO), together with Japanese, USA, Canadian, 

OECD and European Union experts is: 

“An endocrine disrupter is an exogenous substance or mixture that alters function(s) of the 

endocrine system and consequently causes adverse health effects in an intact organism, or its 

progeny, or (sub)populations.” 

 

4.4.1 Classification of EDCs. The problem of the chemical structure 

There are growing concerns about the number of synthetic chemicals able to interfere with the 

hormone system. Traditionally, EDCs were identified due to their similarity with the chemical 

structure of the endogenous hormones, and therefore, with their ability to interfere with them 

and/or their receptors. Currently, the group of molecules identified as EDCs is highly 

heterogenous and may not appear to share any structural similarity. However, the whole group 

of demonstrated or suspected EDCs are molecules with small molecular mass (<1000 Daltons), 

and usually containing halogen group substitutions by chlorine and bromine, with a phenolic 

ring that is thought to mimic natural steroid hormones and therefore, these compounds are able 

to interact with steroid hormone receptors (Diamanti-Kandarakis et al. 2009).  

Resistance of EDCs to physical, chemical and biological degradation as well as their degree of 

liposolubility are useful predictors of the environmental and biological kinetics of these 

compounds. In this sense, EDCs have been traditionally divided into ―persistent organic 

pollutants‖ (POPs) and ―non-persistent EDCs‖ (npEDCs).  

The first group comprises a wide variety of organochlorine pesticides (OCPs) [including 

dichlorodiphenyltrichloroethane (DDT) and its metabolite dichlorodiphenyldichloroethylene 

(DDE), hexachlorobenzene (HCB), and γ- hexachlorocyclohexane (γ-HCH)]; polychlorinated 

biphenyls (PCBs), dioxins, furans and polybrominated diphenyl ethers (PBDEs) used as flame 

retardants. However, POPs can be included in a wider group of compounds called ―persistent 

toxic substances‖ that also includes some heavy metals (e.g. mercury) (Porta et al. 2008a). 

These persistent substances were designed to have long half-lives to persist in soil and, 

therefore, they are very slowly metabolized in living organisms, and they can even be broken 

down into more toxic compounds than the parent molecule. Due to their persistence and 

lipophilicity, POPs tend to bioaccumulate and biomagnify in the food chain, resulting in 
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considerable exposure of living organisms (Frenich et al. 2000; Botella et al. 2004; Cerrillo et 

al. 2006; Fernandez et al. 2008; Lopez-Espinosa et al. 2008; CDC 2009; Arrebola et al. 2013a; 

Schettgen et al. 2015) even decades after these compounds were banned. In fact, since the early 

1970s, most countries have banned or severely restricted the production, handling, and disposal 

of POPs due to the consistent evidence of their clinical effects at doses traditionally considered 

safe, including reproductive disorders, teratogenicity or carcinogenicity (Olea et al. 2001a, b; 

Porta et al. 2008b).  

In the other hand, the npEDC group includes bisphenol A (BPA), parabens (methyl-paraben, 

ethyl-paraben, propyl-paraben and butyl-paraben), phthalates or UV-filters. They are less 

liposoluble than POPs and therefore, they are proned to be metabolized and excreted via the 

urine (Frederiksen et al. 2007; Søeborg et al. 2014) instead of accumulating in the adipose tissue 

(AT). Due to the fact that the clinical adverse effects of the npEDC group have been less 

studied, there is a lack of international ban in their production, handling, and disposal [with the 

exception of BPA which has been by the European Commission (2011/8/EU) (The European 

Commission 2011)], and control is limited to few national laws in most developed countries. 

For instance, on 21 March 2011, Denmark notified the European Commission the ban on 

propylparaben, butylparaben, their isoforms and salts in cosmetics for children on the grounds 

of reproductive toxicity. 

This PhD thesis mainly focuses on EDCs from the POP group, including HCB, HCH, p,p’-DDE 

and PCBs (Figure 1). HCB, with a half-live of up to 23 years in soil, started to be used as a 

fungicide since 1945 to slow down fungal growth. Since then, it has been used in different 

crops. In 1971 the use of HCB as fungicide was banned in the US, but it is still used in the 

chloride solvent and pesticide production (ATSDR 2015). Currently, HCB can be mostly found 

in treated and background soils, sediments, and oceans. It can also be found in air, surface 

water, and groundwater due to the disposal of HCB products into these environmental 

compartments and as a byproduct of other processes. Moreover, HCB can also be detected in 

fish and food products. In fact, it has been estimated that fish coming from heavily polluted 

areas can contain levels of HCB greater than 100 ng/g tissue (ATSDR 2015). Current evidence 

suggests that HCB may interfere with ovarian function, fertility, seminal vesicle weight, as well 

as with children disorders such as mental and physical development or cryptorchidism (Reed et 

al. 2007). However, the role of HCB in BC is still unclear. Although some researchers have 

detected higher levels of HCB in BC patients than in controls (Mussalo-Rauhamaa et al. 1990; 

Charlier et al. 2003; Charlier et al. 2004), others have found no association (Tongzhang Zheng 

et al. 1999). 
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Lindane is the most used organochlorine pesticide from those included in this PhD thesis. It is 

the gamma isomer of HCH (γ-HCH), accounting for 15% of the total HCH. In fact, it is 

estimated that each tonne of lindane generates between 8 and 12 tonnes of other HCH waste 

isomers (e.g. α-HCH and β-HCH) (Bodenstein 1972). Despite its use is now banned in Western 

countries, lindane was extensively used as insecticide some decades ago. Based on the 

experience of our research group in the analysis of human exposure to lindane in Southern 

Spain, HCH is a usual residue in human tissues and fluids (Campoy et al. 2001; Botella et al. 

2004; Carreño et al. 2007; Lopez-Espinosa et al. 2007). Regarding the health related effects of 

HCH, in vitro studies have demonstrated estrogenic activity of HCH in BC cell lines (Steinmetz 

et al. 1996). Furthermore, exposure to HCH has been positively associated with cryptorchidism 

and hypospadias in children (Fernandez et al. 2007a), and with obesity in adults (Arrebola et al. 

2014). Moreover, exposure to HCH was found to be positively associated with increased BC 

risk (Ibarluzea et al. 2004) and non-Hodgkin‘s lymphoma (NHL) (Rafnsson 2006).     

 

 

 

DDT and its metabolite DDE have been extensively studied in relation to adverse human health 

effects. DDT is a pesticide widely used to control insects on agricultural crops and vectors 

carrying diseases like malaria or typhus in the past (ATSDR 2002). Although DDT use for 

agricultural purposes is banned in most countries, it is still used for vector control in a few 

countries, particularly in Africa. Although DDT was banned some decades ago, it can last in the 

soil for a very long time, potentially for hundreds of years. Although considerable controversy 

still exists regarding health effects associated to DDT/DDE exposure, overall epidemiological 

evidence suggests that positive associations with reproductive effects are usually found in areas 

where DDT was used for vector control purposes (Ayotte et al. 2001; Aneck‐Hahn et al. 2007), 

Figure 1. Chemical structure of POPs included in this PhD thesis: a) hexachlorobenzene 

(HCB); b) dichlorodiphenyltrichloroethane (DDT), c) dichlorodiphenyldichloroethylene 

(DDE); d) hexachlorocyclohexane (HCH); e) polychlorinated biphenyl (PCB)-138; f) PCB-

153; g) PCB-180 
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while either positive or no associations are found when studies are conducted in low exposed 

populations (Hauser et al. 2003; Charlier et al. 2004; Charlier and Foidart 2005). Similarly, 

epidemiological studies focused on BC have found positive (Wolff et al. 1993; Charlier et al. 

2004) and no association with p,p’-DDE exposure (Toingzhang Zheng et al. 1999; Aronson et 

al. 2000; Wolff et al. 2000).  

PCBs are a class of aromatic compounds comprising 209 congeners, which were widely used as 

dielectric fluid in capacitors and transformers, as well as in building materials. Although PCB 

production was banned in most countries by the 1980s, PCBs are still found in atmosphere, soil, 

rivers, lakes, fish, wildlife animals and humans (Safe 1994; Zhang et al. 2015). Despite 

exposure to these chemicals in the general population have decreased since they were banned, 

almost the entire population have detectable levels of some of them (Fernandez et al. 2008; 

Arrebola et al. 2012a). The role of PCBs in breast carcinogenesis is associated to their potential 

to induce estrogenic and anti-estrogenic effects in human breast cells (Bonefeld-Jørgensen et al. 

2001), as well as to induce cytochrome P450 enzymes (Moysich et al. 1999). In fact, P450-

metabolized PCBs result in more estrogenic compounds (Soto et al. 1995). In addition to BC, 

PCBs are suspected to be related to low birth weight (Rylander et al. 1998; Govarts et al. 2012) 

and neurodevelopmental disorders in children (Caspersen et al. 2016), among other health 

effects.  

 

4.4.2 Sources of exposure to persistent EDCs 

Despite the use of POPs is almost completely restricted in Western countries, severe human 

exposure to POPs is suspected in those countries where these chemicals are still in use today, 

such as DDT in malaria-affected countries (Whitworth et al. 2014), and in some heavily 

contaminated areas where old stockpiles have been poorly managed, as it has happened in some 

populated areas of Armenia (Dvorská et al. 2012), Mexico (Trejo-Acevedo et al. 2013), Bolivia 

(Mercado et al. 2013) and in some African countries like Tunisia (Dasgupta et al. 2010) (Figure 

2). Sabiñánigo, a municipality located in Northern Spain, has also been recently pointed out as a 

heavily contaminated area, with a huge stockpile of technical HCH that has been poorly 

managed in the last decades (Fernández et al. 2013). Therefore, exposure to these chemicals in 

hot spots should be an issue of public health considering its magnitude in developing countries 

(Trejo-Acevedo et al. 2009).  

In addition to these hot-spot areas, global population is suspected to be primarily exposed to 

POPs through the diet, rather than through inhalation, given the bioaccumulation pattern of 

these chemical in the food chain (Porta et al. 2008b). In fact, many studies conducted in 
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different populations have identified that diet, and especially fatty food is a crucial source of 

exposure for the general population (McGraw and Waller 2009; Gasull et al. 2010; Arrebola et 

al. 2012b). Therefore, high-fat diet consumers should be also considered a subgroup of 

population highly exposed to POPs. Hence, the general population is mainly exposed to POPs 

through the dietary intake, which in combination with the bioaccumulation pattern of these 

chemicals, leads to a long-term exposure to POPs. For example, salmon, an oil-rich fish with a 

life-cycle of approximately 3-8 years, contains 2.9 ng/g tissue HCB, 21 ng/g DDT, or 2.4 

toxicity equivalents (TEQ) pg/g PCBs (Berntssen et al. 2010). Dairy products and egg 

consumption have also been identified as important sources of exposure to POPs due to their 

high fat content (Agudo et al. 2009). Moreover, residues of POPs have been found in fruit, 

vegetables and cereals that have come into contact with contaminated soils (Tao et al. 2005), 

although it should be expected from areas suspected of a recent use of these pesticides. 

Therefore, remedial strategies should focus on reducing POP into the food chain, especially in 

hot spot areas (Černá et al. 2012). 

 

 

 

 

4.4.3 Mechanisms of action in endocrine disruption 

In addition to the identification of human diseases related to exposure to EDCs, much effort has 

been made in the last years to understand the mechanisms of action of these compounds, as well 

as to understand how different compounds without similar chemical structures can exert similar 

Figure 2. Current state and geographical distribution of obsolete stockpiles in Tunisia. 

National Agency for Waste Managment (ANGed). Department of Agriculture and 

Environment. Republic of Tunisia  
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physiological effects. In this regard, some of the properties of EDCs can make the study of these 

mechanisms more difficult  (Olea et al. 2002), including: 

- EDCs have a very low potential of action in comparison to natural hormones.  

- The variety on the nature and chemical structure of EDCs makes difficult to identify 

potential compounds and their sources of exposure. 

- The possibility that the combined effect of several EDCs may be crucial to exert a 

hormonal effect, making measurements even more difficult due to the lack of 

standardized methods to test these effects. 

- The uncertainty about (1) the specific effect that each EDCs may exert on each 

target organ, the time-point of exposure or (3) the levels of endogenous hormones 

existing simultaneously. 

There are three main pathways by which a xenobiotic can disrupt the hormone system (Figure 

3). Although, theoretically, EDCs may affect every possible hormonal pathway, their 

interactions with nuclear hormone receptors (NRs), especially ERα, ERβ, is by far the most 

studied mechanism of endocrine disruption (Rüegg et al. 2009). These NRs can bind to DNA 

and modify the expression of down-stream genes, and can therefore act as orchestrators in the 

development, physiology and disease. However, EDCs also act outside the cell nucleus 

interacting with cell membrane-bound receptors, therefore, affecting a variety of well-known 

signalling cascade proteins (Schug et al. 2013). There is also strong evidence showing that 

EDCs can also disrupt the hormone system in an indirect way, through the modification of 

biosynthesis, metabolism and/or hormone excretion (Rüegg et al. 2009). In addition to that, 

there are some studies giving EDCs a putative role in other physiological mechanism, such as 

interfering with the epigenetic remodelling of DNA (Anway et al. 2005; Vilahur et al. 2014a) or 

modifying the activity of hormone receptors (Jansen et al. 2004). 

 

4.4.4 Strategies for the evaluation of the endocrine activity of synthetic chemicals 

This wide variety of mechanisms of action of EDCs significantly hampers the evaluation of the 

health effects associated to human exposure to endocrine disruptors. The first step aimed to 

clarify the adverse effect of this exposure should be to determine the endocrine disrupting 

properties for suspected compounds. In this regard, there are a variety of validated in vitro and 

in vivo assays available to test (anti-) estrogenicity (Soto et al. 1995; Takatori et al. 2003; 

Kuruto-Niwa et al. 2005), (anti-) androgenicity (Térouanne et al. 2000; Freyberger et al. 2010) 

and thyroid disruption (Santini et al. 2003). However, due to the interest in the estrogenic 
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effects of EDCs in this thesis, a more comprehensive description of the strategies for testing 

xenoestrogenic compounds has been provided.  

 

 

 

 

A number of in vitro assays have been reported for testing xenoestrogenic properties of 

suspected compounds. They are based on known mechanisms of action of the endogenous 

hormones, and include cell proliferation and gene expression assays in mammalian cells and 

yeast, competitive ligand binding assays using globulins and receptors or measurements of the 

enzymatic activity involved in steroid synthesis [reviewed in (Zacharewski 1998)]. However, in 

spite of this wide variety of strategies for testing xenoestrogenic properties of synthetic 

chemicals, by far most of the studies carried out to identify endocrine disrupting activity are 

based on the slightly modified version (Villalobos et al. 1995) of the cell proliferation assay 

called ―E-SCREEN assay‖ (Soto et al. 1995). This cell-culture assay is based on the 

Figure 3. Mechanisms of action of endocrine disrupting chemicals (EDCs). Best known 

EDC mechanisms of action include extracellular binding to membrane receptor (A), 

interactions with nuclear receptors (B) and modification of gene and/or protein expression 

profile (Schug TT et al. 2013).  
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proliferation effect exerted by an estrogen-like substance in a human BC estrogen-sensitive 

MCF-7 cell line. The E-SCREEN assay was developed following three premises: (i) factors in 

human serum inhibit the proliferation of MCF-7 cells, (ii) estrogens induce cell proliferation by 

negating this inhibitory effect, and (iii) non-estrogenic steroids and growth factors do not 

neutralize the inhibitory signal present in human serum. The simplicity of the methodology has 

led the E-SCREEN to be used in thousands of studies. Briefly, the E-SCREEN assay work as 

follows: a similar number of MCF-7 cells are seeded in each well, they are allowed to attach for 

24 hours, and then the seeding medium is replaced by 10% CDHS-supplemented phenol red-

free DME. A range of concentrations of the compound being tested should be added, and the 

assay is stopped after 144 hours by removing the medium from wells, fixing the cells, and 

staining them with sulforhodamine-B. Finally, bound dye is solubilized, transferred to a new 

well and colorimetrically measured. The estrogenic activity of xenobiotics is then assessed as 

follows: first, the ratio between the cell yield obtained and the proliferation of hormone-free 

control cells (negative control) is calculated. Then, results are expressed as proliferative effect 

(PE) [MCF-7 cell proliferation (-fold over control)]. Finally, the dose resulting in half-maximal 

MCF-7 cell proliferation (EC50 value) is calculated for each compound. 

Following this methodology, a wide variety of synthetic compounds have been identified as 

exerting xenoestrogenic properties, including some POPs (Soto et al. 1995; Rasmussen et al. 

2003), and npEDCs (Okubo et al. 2001; Bonefeld-Jorgensen et al. 2007) (Table 3). 

Compound RPE, % RPP, %

Estradiol 100 100

o,p’-DDT 96 0.016

p,p’-DDE 92 0.008

HCB - -

β-HCH 61 0.04

PCB-138 - -

PCB-153 - -

PCB-180 - -

 

 

 

 

 

In addition to this competition with nuclear ER receptors, it has also been suggested that POPs 

may induce estrogenicity by alternative mechanisms, for example, increasing local biosynthesis 

Table 3. Estrogenic response of studied POPs, using the E-

SCREEN assay [modified from (Rasmussen et al. 2003)] 

Abbreviations: RPE, relative proliferative 

effect; RPP, relative proliferative potency  
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of estrogens by inducing aromatase and sulfatase pathways (Muñoz-de-Toro et al. 2006) or by 

reducing adiponectin levels (Duggan et al. 2010). Therefore, although POPs with 

xenoestrogenic potential frequently show a 1000-fold lower affinity for ER in comparison to 

estradiol (Lemaire et al. 2006), they might induce the production of natural estrogens with the 

subsequent activation of ERs (Pinzone et al. 2004). 

 

4.4.5 EDCs: Single vs. combined effects  

In addition to the importance of the identification of new synthetic chemicals with endocrine 

disrupting activity, much effort has been made in the last decades to assess human exposure to 

known EDCs as well as to determine their role in human health. In this regard, the majority of 

research groups have focused on the associations between levels of specific compounds and 

different diseases including neurodevelopment (Puertas et al. 2010; Freire et al. 2011; Forns et 

al. 2012; Shelton et al. 2014), fertility (Bay et al. 2006; Lassen et al. 2014), cancer (Boada et al. 

2016; Pi et al. 2016) or metabolic disorders including obesity (Dirinck et al. 2011; Arrebola et 

al. 2014), diabetes (Airaksinen et al. 2011; Arrebola et al. 2013b) or hypertension (Arrebola et 

al. 2015). However, considering that (1) the endocrine potency is specific for each EDC, (2) 

human beings are globally exposed to complex mixtures of EDCs, with high inter-individual 

variability, and (3) EDCs can act cumulatively but also exerting synergistic or antagonistic 

effects, it has been suggested the need for assessing health effects from a mixture perspective 

(UNEP/WHO 2012). In fact, it has been pointed out that the determinant factor for BC risk is 

the mixture of different EDCs instead of one single EDCs (Boada et al. 2012). Hence, 

measuring the total estrogenic burden due to environmental contaminants present in a biological 

sample may be more meaningful than assessing exposure by single-chemical levels of known 

xenoestrogens (Soto et al. 1995).  

In this regard, our research group developed a new tool to assess the total xenoestrogenic 

activity (TEXB) from the specific mixture of EDCs stored in each biological sample, which is 

based on the estrogenicity exerted in the E-SCREEN assay (that measures estrogen-dependent 

proliferative rate in MCF-7 BC cells) by lipophilic synthetic compounds (including POPs) 

previously separated from the endogenous hormones (Fernández et al. 2004). Hence, this new 

tool has been standardized for measurements in AT (Fernández et al. 2004) and in placentas 

(Lopez-Espinosa et al. 2009). Briefly, the biological sample is extracted following a tissue-

specific validated method and the components of the residue obtained are then divided in two 

fractions by high-performance liquid chromatography (HPLC). The HPLC method was 

developed to allow the separation of natural estrogens (beta-fraction, eluted from 13-30 min) 

from more lipophilic xenoestrogens (alpha-fraction, eluted from 0-11 min) without their 

destruction. After drying the fractions under a nitrogen stream, alpha and beta-fractions are 
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dried and resuspended in charcoal-dextran serum and tested in the E-SCREEN bioassay for 

estrogenicity according to the originally described technique (Soto et al. 1995) with slight 

modifications (Villalobos et al. 1995). Each sample is assayed in triplicate with a negative 

(vehicle) and positive (estradiol) control in each plate. The plate efficiency of fractions is 

referred to the maximum effect obtained with estradiol and transformed into estradiol equivalent 

units (Eeq) by reading from a dose–response curve prepared using estradiol (concentration 

range from 0.1 pM to 10 nM). Results are expressed as total effective xenoestrogen burden 

(TEXB-alpha and TEXB-beta) in Eeq per gram of lipid (Fernández et al. 2004) (Figure 4).  

Since the development in 2004 of the biomarker used to determine the combined or mixed 

effect of xenoestrogenic chemicals, it has been satisfactorily applied to a number of studies 

aimed at assessing the health effects of the exposure to environmental xenoestrogens in the last 

decade. Thus, TEXB burden in AT has been related to a higher risk of BC (Ibarluzea et al. 

2004), especially in the leaner postmenopausal subgroup, and TEXB burden in placenta was 

positively associated with risk of cryptorchidism and hypospadias (Fernandez et al. 2007a), low 

birth weight (Vilahur et al. 2013) and impairment in neuropsychological development (Vilahur 

et al. 2014b) in newborns and children. These results, obtained from different populations and 

from two different biological matrices and for different diseases, may reflect the usefulness of 

the use of biomarkers of EDCs combined effect in human tissues.   
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Figure 4. Determination of the Total Effective Xenoestrogen Burden (TEXB). A) Schematic 

procedure for measuring the Total Effective Xenoestrogen Burden (TEXB). The method 

includes a chemical extraction followed by fractionation by HPLC and finally the residue is 

tested in the E-SCREEN assay. B) Example of an E-SCREEN assay for serum extracts.  
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4.4.6 Biomarkers of human exposure to EDCs in breast cancer patients 

The presence of EDCs in human tissues and fluids has been documented by many studies in the 

last decades (CDC 2009). While the urine is currently considered the most adequate biological 

matrix for the measurement of the levels of exposure to npEDCs, due to their water-soluble 

properties that allow them to be excreted via the urine (Søeborg et al. 2014), the estimation of 

internal burden of POPs is more controversial.  

As mentioned above, POPs are a group of chemicals characterized by being highly lipophilic 

and highly resistant to physical, chemical and biological degradation (Olea et al. 2002). These 

properties lead to their bioaccumulation in fat compartments, and therefore AT is acknowledged 

to be the main repository of POPs in the body, accounting for all routes and sources of exposure 

and representing a stable and long-term reservoir of these compounds (Kohlmeier and 

Kohlmeier 1995).  

However, since samples of AT can be obtained only from patients who undergo surgery, and 

samples from healthy people are usually difficult to obtain, most studies used blood serum for 

exposure assessment in the general population (Wolff et al. 1993; Høyer et al. 1998; Helzlsouer 

et al. 1999; Woodruff et al. 2011). Due to the extended use of serum for  the determination of 

long-term exposure to POPs, the steady-state partitioning between serum and the AT is an 

important consideration (Rusiecki et al. 2005). In this regard, it was suggested that variation in 

the partitioning of chronically retained lipophilic xenobiotics between AT and serum may be 

related to variation in the lipid content of serum (Eyster et al. 1983; Guo et al. 1987).  

In the 1980s-90s, it was argued that if lipid-adjusted concentrations in serum and in AT are 

highly correlated, then measurement in either of these two compartments may be considered a 

reliable biomarker of exposure (Mussalo-Rauhamaa 1991; Stellman et al. 1998; López-Carrillo 

et al. 1999; Rusiecki et al. 2005). However, although many authors have found a strong 

correlation between POP concentrations in serum and AT (López-Carrillo et al. 1999; Pauwels 

et al. 2000; Waliszewski et al. 2004; Whitcomb et al. 2005), it remains unclear whether POP 

concentrations in serum can accurately reflect the body burden of these chemicals in all 

situations (Mussalo-Rauhamaa 1991; Aronson et al. 2000; Wolff et al. 2000; Rusiecki et al. 

2005; Arrebola et al. 2012a). In fact, it is possible that POP concentrations in these two matrices 

may be strongly correlated in some cases but not in others, given the fact that serum 

concentrations are influenced not only by current exposure but also by the recirculation of POPs 

from AT due to lipolysis (Crinnion 2009). Therefore, we should question whether the 

interpretation of serum measurements accurately reflects the AT concentrations of these 
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compounds, especially during the study of certain population groups suffering from severe 

physiological changes like BC. For example, most chemotherapy (QT) treatments are believed 

to reduce concentrations of serum lipid fractions [e.g. triglycerides, total cholesterol and low 

density lipoprotein (LDL)] in patients with BC (Ray et al. 2001; Shah et al. 2008). Furthermore, 

given the widespread administration of neoadjuvant treatments in BC treatment, it is relevant to 

assess whether they can act as confounders or effect modifiers in the potential association 

between POPs and BC risk.  

 

4.4.7 State of art in the role of EDCs in breast cancer 

The development of BC is known to be a multifactorial process but, considered separately, these 

factors cannot explain the magnitude of the problem. It has been estimated that population-

attributable risk of BC risks for the well-established risk factors such as late first birth, high 

income or family history of BC, is only about 41% (Madigan et al. 1995). Due to the crucial 

role of long-term high levels of estrogens in the etiology of BC (Key et al. 2002), the potential 

contribution to carcinogenesis of long-term storage of xenobiotics with estrogenic properties 

aroused public concern some decades ago . In this regard, it has been shown that incidence rates 

for ER+ tumors are increasing, despite the global decrease of BC incidence (Ma and Jemal 

2013). 

Experimental studies revealed increased breast tumor growth and metastasis (Zou and 

Matsumura 2003; Wong and Matsumura 2007; García et al. 2010; Pontillo et al. 2013; Pestana 

et al. 2015), and increased angiogenesis (Pontillo et al. 2015) in cancer cell lines and in vivo 

models after exposure to POPs. In addition, there is growing evidence that suggests that these 

chemicals may also cause cancer via other mechanisms of action, including disruption of the 

epigenomic landscape (Knower et al. 2014), the induction of enzymes that produce genotoxic 

intermediates and DNA adducts (Yáñez et al. 2004), and an increase in reactive oxygen and 

nitrogen species through the induction of cytochrome P450 or mitochondrial changes 

(Khodarahmi and Azadbakht 2014). In general terms, these experimental studies have revealed 

that the breast is particularly sensitive to carcinogenic insult during morphogenesis and 

remodelling [reviewed in: (Fenton 2006)]. 

In line with this carcinogenic hypothesis for POPs, numerous epidemiologic investigations have 

been conducted over the last decade but efforts to show associations between the body burden 

of individual organochlorines and BC have yielded contradictory results. Some studies have 

showed a strong positive association (Falck Jr et al. 1991; Wolff et al. 1993; Djordjevic et al. 

1994; Romieu et al. 2000; Boada et al. 2012; Cohn et al. 2015) while others showed no 

association [reviewed in: (Snedeker 2001)] but suggested that POPs may contribute to a worse 
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prognosis. Several factors have been described to explain these discrepancies such as the study 

design or the target population used, with highly varied historical and current exposure levels to 

POPs, different ethnicities, age groups and dietary patterns. In addition to that, the biological 

sample used for the assessment of the POP burden has also been postulated as a potential 

confounding factor during the evaluation of the role of EDCs in BC risk. In this respect, as we 

already mentioned, AT is the primary long-term repository for POPs in the body, whereas 

serum burden is affected by (1) the steady-state partitioning between AT and serum, and (2) 

current exposure from air and diet (Crinnion 2009). The limited statistical power is another 

potential confounding factor that may preclude us to find more consistent data. In this regard, 

the pooled analysis of prospective studies linking organochlorine and BC could rely on only a 

few thousand women with BC and some thousands of healthy women. In contrast, the number 

of women included to demonstrate the association between BC and other factors such as 

hormone replacement therapy exceeded 150.000 women (Collaborative Group on Hormonal 

Factors in Breast Cancer 1997). Therefore, in view of the limited statistical power of the studies 

that assess the role of POPs in BC, Kortenkamp A. (2006) reported that it is not very likely that 

the contribution of an individual factor to BC could be demonstrated. However, this does not 

prove absence of risks and the conclusion that can be drawn is that the data published so far are 

inconclusive. 

Another relevant confounding factor is the measurements of individual chemicals. In this 

regard, it has been highlighted that the development of biomarkers that integrate the effects of 

multiple exposures on the same biological pathway should be a priority for future research 

(Rudel et al. 2014). It is assumed that the biological effects exerted by environmental 

contaminants on human tissues, taken individually, clearly differ from the effects exerted by 

combinations or mixtures of contaminants. However, as mentioned before, most studies about 

environmental contaminants and BC risk focus on single-chemicals. It is obvious that EDCs do 

not act in isolation, but also there is a multitude of chemicals that share similar features and 

whose contribution to the internal xenoestrogenic burden cannot be ignored (Kortenkamp 

2006). Complex interactions between chemicals, endogenous or exogenous hormones, and their 

natural ligands and receptors may alter the homeostasis of the estrogenic environment of breast 

tissue, leading to malignant transformation (Boada et al. 2012). Moreover, it has been reported 

that mixtures of EDCs at levels below their individual no-observed-effect level caused 

significant xenoestrogenic activities in the E-SCREEN assay (Silva et al. 2002) or in the rat 

uterotrophic assay (Tinwell and Ashby 2004). In this regard, it has been published that effects 

exerted by individual POPs on the viability of the human mammary epithelial cells (HMEC) 

clearly differed from those exerted by POP mixtures (at AT concentrations), inducing a strong 

upregulation of genes involved in cellular transformation (Valerón et al. 2009). Similar results 
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were obtained by Aube M et al. (2011) in MCF-7 BC cell line, showing that low concentrations 

of a mixture of DDT analogues, aldrin, dieldrin, β-HCH and toxaphene increased the 

proliferation of MCF-7 cells. 

In addition to in vitro data, population-based evidence on the role of POP mixtures in relation to 

BC is still scarce with only two studies available (Ibarluzea et al. 2004; Boada et al. 2012). Both 

epidemiological studies have revealed the importance of mixtures of chemicals rather than the 

single chemicals. In a recent study carried out in the Canary Islands (Spain), Boada et al. (2012) 

identified different profiles of organochlorine pesticide mixtures in healthy women and in those 

who have developed BC, and found that the mixture of aldrin / p,p’-DDE / p,p’-DDD may play 

a relevant role in BC development. They also reported that the POP mixtures identified in BC 

patients exerted an anti-androgenic effect in addition to the observed estrogenic activity and 

effect on cell viability (Rivero et al. 2015). However, the main effect of POPs on BC seems to 

be due to their proven estrogenic effect. In this regard, our research group has demonstrated that 

the total effective xenoestrogen burden (TEXB-alpha) measured in the AT was positively 

associated with the risk of BC in a hospital-based case-control study conducted between 1996 

and 1998 in Southern Spain (Ibarluzea et al. 2004). This study included 198 newly diagnosed 

breast cancer patients and 260 controls matched by age and hospital that were recruited from 

women undergoing non-cancer-related surgery. Although we were unable to detect a 

statistically significant relationship between cancer risk and TEXB-alpha in the study 

population as a whole, stratified analysis by BMI index allowed us to find that in leaner women 

(BMI < median), those with highest levels of estradiol equivalent in the alpha-fraction (>197.51 

pMEeq/g lipid; fourth quartile) had a 2.4-fold significantly greater risk of BC than those with 

the lowest levels (≤0.25 pMEeq/g lipid; first quartile). When the estrogenicity of the beta-

fraction was included in the model, the leaner women with the highest levels in the alpha-

fraction showed an even greater risk (OR: 3.42; 95% CI1.22–9.59). Among the leaner 

postmenopausal women, the risk for those in the highest tertile of TEXB-alpha increased to 5.67 

(95% CI 1.59–20.21) (Ibarluzea et al. 2004). Moreover, TEXB-alpha levels were positively 

associated with age, family history of BC, lactation experience and smoking. This shows that 

this biomarker of combined effect takes into account environmental, dietary, lifestyle, genetic 

and reproductive factors, which are not systematically measured across studies (Fernandez et al. 

2007b). However, although TEXB-alpha fraction includes organochlorine pesticides, PCBs and 

halogenated bisphenols and alkylphenols, no correlation was found between the concentration 

of any single chemical and the estrogenicity determined in the bioassay (Fernández et al. 2004). 

This may be due to the fact that the estrogenic effects depicted in the E-SCREEN bioassay are a 

consequence of the combined effect of several organohalogens or that the proliferative effect is 

due to other chemicals not measured.  
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There is an intriguing plausibility and experimental evidence that support a potential role of 

long-term exposure to low-doses of POPs in BC development. However, there are currently 

more than 50 studies published on this issue, and a considerable body of epidemiological data 

has reported no association between persistent EDC exposure (POPs) and higher risk of BC. 

The discrepancies between studies may be the result of different methodological aspects, 

including study designs, target populations, or exposure assessment. In this regard, serum is the 

preferred matrix in most epidemiological studies because it can be easily sampled and in 

sufficient amounts. In addition to this, it is commonly assumed that, under certain conditions of 

equilibrium, serum POP burden is a good indicator of the POP concentrations stored in the AT. 

However, it has been described that serum POP burden can be affected by changes in fat 

metabolism and by current exposures from air and diet. Therefore, assessment of the biological 

meaning of serum POP burden is paramount in the evaluation of BC risk, especially because BC 

patients often present significant metabolic changes that may imbalance the steady-state 

partitioning between AT and serum. 

The majority of studies carried out in Europe and US found little or no association between 

POPs and BC, supporting the dominant view that these EDCs are not causally related to BC. 

Despite the fact that the number of studies addressing the link between exposure to POPs and 

BC risk in developing countries is still very limited, most of them have found positive 

associations between some POPs and BC risk, for example in India and Mexico. Interestingly, 

the level of human exposure to POPs is higher in the developing world than in developed 

countries. Therefore, it would be interesting to investigate the magnitude of the exposure to 

EDCs and their role in BC risk in women from Tunisia, one of the most developed African 

countries with a recent use of OCPs in agriculture practices and a similar level of use of IT-

devices to European and American countries with the generation of large amounts of electronic 

waste. In addition to that, available information regarding human exposure to non-persistent 

EDCs, including BPA, BP-3 or parabens, in that country is even scarcer.   

Today, it is generally accepted that the hormone-disrupting potential exerted by individual 

chemicals differ from the effects resulting from combinations or mixtures of chemicals. In fact, 

complex mixtures of chemicals showed null effect when the chemicals were tested individually 

for hormonal activity at the concentration found in blood or AT, but the mixtures showed 

significant xenoestrogenic activity in the appropriate bioassays. In this respect, our research 

group demonstrated that the total effective xenoestrogen burden (TEXB-α) measured in the 

extract of AT obtained from BC patients was positively associated with the risk of BC. 

Unfortunately, difficulties associated to the invasive procedures required to isolate AT 

hampered further studies to corroborate our findings. Nevertheless, it seems clear that new 

epidemiological studies focused in the assessment of a few POPs and their contribution to risk 
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of BC should be based on new tools able to assess the combined contribution of the internal 

burden of EDCs. Therefore, in order to corroborate our previous findings by using a more 

accessible matrix and a biomarker of combined effect, we hypothesize that the TEXB assessed 

in chemical extracts from serum may also be of utility for exposure assessment in a case control 

study investigating the risk of BC. 

 

Hence, the main hypothesis of this PhD thesis is: 

Breast cancer disease, closely linked to the levels of circulating endogenous estrogens, may 

also be related to the levels of circulating xenoestrogens. In the exposure assessment 

process of BC patients, the information provided by serum POP concentrations in 

comparison with the well-established AT levels, as the preferable biomarker of long-term 

exposure, may have a different biological meaning. Finally, the target population in which 

the association of POP exposure and breast carcinogenesis is explored may also have an 

impact on the strength of such association. 

 

The specific objectives set out in this PhD thesis are to: 

1. Assess the differences between the biological meaning of the two most widely used 

biological matrices –AT and serum- in the study of the role of POPs in BC pathogenesis, as well 

as to identify potential modifiers of serum POP burden in relation to those affecting the AT 

burden in a cohort of newly diagnosed BC patients.  

2. Evaluate the magnitude of the exposure to persistent and non-persistent EDCs and identify 

predictors of the exposure in a subset of healthy women from Tunisia. 

3. Estimate the association between levels of single POPs and the risk of BC in a Tunisian 

population. 

4. Investigate whether the combined effect of xenoestrogens circulating in the blood is 

associated with the risk of BC in a population-based multicase-control study in Spain 
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6.1 Study population 

Objective 1 was addressed using a cross-sectional study. A total of 103 newly diagnosed BC 

patients were recruited at San Cecilio University Hospital in the city of Granada (Southern 

Spain) between January 2012 and June 2014. Out of 204 eligible patients with newly diagnosed 

BC, 33 (16.2%) refused to participate in this study. Among the remaining 171 participants, 68 

(39.8%) were excluded due to an inadequate biological sample volume. Therefore, the final 

study population comprised 103 BC patients. No statistically significant differences in age, 

BMI, educational level, or histopathological grade were found between included and excluded 

volunteers. All patients signed their informed consent to participate in the study, which was 

approved by the Ethics Committee of Granada (Comité de Ética de la Investigación Biomédica 

de la Provincia de Granada) 

Objective number 2 was explored using a subset of healthy Tunisian women at either the Salah 

Azaiz Hospital (Tunis state) or the Ariana Hospital (Ariana state) who were in those hospitals 

for non-disease-related reasons (women accompanying patients, hospital staff or blood donors) 

between May and October 2012. Out of the 77 women invited to participate as controls, 56 

(70%) were finally enrolled in the study. Inclusion criteria were the following: age over 18 

years, able to read and understand French, no alcohol consumption, absence of hormone-related 

disease or cancer, no hormonal therapy, and residence in the study area for at least 10 years. All 

women signed an informed consent form to participate in the study, which was approved by the 

Ethics Committee of the corresponding hospital. 

The association between levels of single POPs and the risk of BC in a ―hot-spot‖ population 

(objective number 3) was estimated in a case-control study carried out in Tunisia. The study 

population was recruited between May and October 2012 from among patients attending the 

two main specialist cancer centers in the country, Salah Azaiz Hospital and Ariana Hospital, 

which are both in the Grand Tunis metropolitan area (Northern Tunisia). Cases were women 

with BC admitted to hospital for mastectomy, tumorectomy (Salah Azaiz Hospital), or 

chemotherapy (Cancer Center of Ariana). Out of the 96 eligible cases, 69 (72%) were finally 

included and provided signed consent and a blood sample. Patients were included if they were 

aged 18 years or over and able to give informed consent and complete a questionnaire and 

excluded if they had a previous history of cancer or evidenced distant metastasis at diagnosis. 

The subset of healthy Tunisian women from the objective number 2 served as control group. 

Biological samples were collected before surgery or chemotherapy. No significant differences 

were found between included and excluded participants in age, marital status, or occupational 

class. All participants signed their informed consent to participate in the study, which was 

approved by the ethics committees of the hospitals. 
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Finally, the objective number 4 was tackled as part of a wider research project designed to 

identify environmental, personal, and genetic factors related to five common cancers, including 

breast, prostate, colorectal, stomach, and chronic lymphocytic leukemia. MCC-Spain 

(http://www.mccspain.org) is a population-based multicase-control study conducted in 12 

Spanish provinces between 2008 and 2013 (Figure 5). The study recruited 6,082 histologically 

confirmed incident cancer cases aged 20–85 years, including 1,750 BCs, 1,115 prostate cancers, 

2,171 colorectal cancers, 492 gastro-oesophageal cancers, and 554 cases of leukemia, as well as 

a single set of 4,101 population-based controls frequency matched to cases by province, sex, 

and 5-year age interval. The overall response rates were 70% among cases and 53% among 

controls. All participants completed computer-assisted personal interviews on 

sociodemographic factors, self-reported anthropometric data, lifestyle, reproductive history, 

hormonal factors, medications, and personal and family medical history. Blood samples were 

collected from 76% of participants. The study was approved by the ethics committees of the 

participating institutions. Written informed consent was obtained from each participant. For this 

study, we randomly selected 204 BC cases among those who agreed to donate blood samples in 

the provinces of Madrid, Barcelona, Navarra, and Cantabria and female controls frequency-

matched to cases by province, 5-year age interval, and 2-unit category of BMI. 

 

 

 

 

 

Figure 5. Multi-case-control study (MCC-Spain). Participating institutions in this multi-

center study (mccspain.org).  
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6.2 Covariates 

Socio-demographic data, including age, residence, occupation, and educational level, were 

gathered from a questionnaire completed by each participant before surgery in a face-to-face 

interview with a trained interviewer during the hospital stay.  The height and weight of the 

participants were recorded, calculating their BMI as weight/height squared (kg/m
2
). In the 

studies conducted in Tunisia, participants were grouped according to their place of residence 

into women living in Northern Tunisia and women living in Southern Tunisia. The division line 

passed through the provinces of Sousse, Kairouan and Kasserine. 

Clinical and reproductive data was also gathered from the clinical records of the hospital. The 

number of pregnancies was recorded as a discrete variable (multiparous/nulliparous). 

Accumulated breastfeeding time (months) were recorded as a continuous variable. Age of 

menarche was also recorded. Menopausal status and hormone replacement status were 

considered as dichotomous variables (pre/post; yes/no, respectively). 

A dietary section was also included in the studies carried out in Tunisia. Information regarding 

consumption habits and frequencies of main food groups (meat, milk, dairy products, vegetables 

and cereals) was recorded. Since bread is eaten on a daily basis in our population, questions 

regarding cereal consumption only referred to pasta, rice and couscous consumption.  

6.3 Sample extraction 

Approximately 10 g of breast AT and 10 mL of blood were collected during surgery under 

fasting conditions. Blood samples were immediately centrifuged for 5 min at 2500 rpm and 4ºC 

to separate the serum. Both serum and AT samples were immediately coded and stored at −80 º 

C until chemical analysis.  

A chemical extraction procedure was performed to isolate the selected POPs from the AT and 

serum samples. Briefly, 150-200 mg of AT were extracted using n-hexane, and the solution was 

then purified through 200 mg alumina in a glass column, as previously described (Martínez-

Vidal et al. 2002; Moreno-Frías et al. 2004). Depending on the study, two or three milliliters of 

serum were extracted with methanol and hexane/ethyl ether (1:1 v/v), resuspended in n-hexane,  

and passed through a Bond Elut-PCB cartridge previously conditioned with 1.5 mL hexane 

(Turci et al. 2010). For both matrices, p,p´-dichlorobenzophenone was used as internal standard. 

Dried AT and serum extracts were fractionated by HPLC and reconstituted in 200 µL hexane, as 

described elsewhere (Rivas et al. 2001). This semipreparative HPLC method was developed to 

efficiently separate organohalogenated lipophilic xenoestrogens (alpha fraction) from 
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endogenous hormones and more polar xenoestrogens (beta fraction) with a high recovery rate, 

using a normal-phase column that separated compounds according to their polarity. 

Exposure assessment to BPA, parabens and benzophenones was performed in single spot urine 

samples collected in polypropylene containers pretested to ensure that they did not contain or 

leach any of the compounds under study. All urine samples were frozen at -20 °C until they 

were shipped on dry ice (-70 °C) to San Cecilio University Hospital, in Granada (Spain), where 

they were analyzed. The applied methodology for the analysis of BPA, parabens (MP, EP, PP 

and BP) and BP-type UV filters (BP-1, BP-2, BP-3, BP-6, BP-8 and 4-OH-BP) was performed 

by dispersive liquid–liquid microextraction (DLLME) and ultra-high performance liquid 

chromatography with tandem mass spectrometry detection (UHPLC-MS/MS), as described in a 

previous study (Vela-Soria et al. 2014) with slight modifications.  

6.4 Quantification of the total effective xenoestrogen burden and chemical analysis 

After HPLC fractionation, duplicated dry alpha and beta HPLC fractions were resuspended in 

phenol red-free medium, supplemented with 2.5 mL of charcoal-dextran fetal bovine serum, and 

tested in the E-Screen bioassay for estrogenicity (Soto et al. 1994). The combined estrogenic 

activity of each fraction was analyzed from its proliferative effect on MCF-7 human BC cells. 

Each sample was assayed in triplicate with negative (steroid-free) and positive (estradiol-

treated) controls in each culture plate. The proliferative effects of alpha and beta fractions were 

calculated as the difference in MCF-7 cell proliferation between the fraction extract and the 

steroid-free control, divided by the highest difference in proliferation between the estradiol-

treated and steroid-free control cells. These relative proliferative effects were transformed into 

estradiol equivalent units by reading from a sigmoidal dose-response curve prepared with 

estradiol at concentrations of 0.1–1000 pM, and they were expressed as TEXB values of alpha 

(TEXB-α) and beta (TEXB-β) fractions in Eeq picomolar per milliliter of serum (Fernández et 

al. 2004). Thus, TEXB-α can be regarded as a biomarker of the combined estrogenic effect of 

mixtures of organohalogenated lipophilic xenoestrogens, whereas TEXB-β represents the 

combined estrogenic activity of endogenous hormones and more polar xenoestrogens.  

Residues of p,p’-DDE, HCB, PCBs (congeners -138, -153, and -180), β-HCH, α-endosulfan, 

endosulfan ether, heptachlor and oxychlordane were quantified by high-resolution gas 

chromatography with micro-electron capture detection, using a VARIAN CP-3800 

chromatograph equipped with an electron capture 63Ni detector (GC-ECD, Walnut Creek, CA, 

US).  

Procedural laboratory blanks with solvents alone were tested and always yielded a negative 

result. Laboratory fortified matrix samples at different concentrations were used for quality 
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control. Inter- and intra-day variabilities were calculated by analyzing fortified samples within 

the same day (repeatability) and on different days (intermediate precision), respectively, always 

yielding values < 20%. Recovery of the POPs from serum was studied to assess the extraction 

efficiency of the method, spiking 10 blank samples with target analytes at an intermediate point 

on the calibration curve and processing them as described above; recovery rates ranged from 90 

to 98%.  

6.5 Determination of lipid content 

Total lipid content was quantified gravimetrically in AT samples using a previously reported 

method (Rivas et al. 2001) consisting of a homogenization step of 150-200 mg  AT with 5 mL 

of chloroform: methanol: hydrochloric acid (20:10:0.1) and acidification with 0.1 N 

hydrochloric acid before collecting and weighing the organic phase. For serum samples, total 

cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglyceride 

concentrations were enzymatically quantified in 10 μL of serum from each participant, and the 

total lipid content was calculated using the short formula of Phillips et al. (1989). POP 

concentrations were expressed on both wet basis (ng/g AT or ng/mL serum) and lipid basis 

(ng/g lipid, in both matrices).  

6.6 Limits of detection 

The limit of detection (LOD) for TEXB-α and TEXB-β was 0.1 Eeq pM/mL, which 

corresponded to the minimum concentration needed to produce a significantly different 

proliferative effect from that observed in steroid-free control cells. For 6.3% and 3.7% of 

participants with TEXB-α and TEXB-β determinations below the LOD, a level equal to the 

LOD divided by the square root of 2 was imputed. TEXB-α and TEXB-β levels could not be 

determined in 44.2% and 35.1% of serum samples, respectively, because MCF-7 cells treated 

with their extracts grew less than steroid-free control cells, which hampered reading the 

proliferative effect in the estradiol dose-response curve. 

The LOD for the levels of the residues obtained in the chemical analyses was determined as the 

smallest amount of the analyte that gave a signal-to-noise ratio ≥ 3, and was set at 0.05 ng/mL 

for each POP analyte and 0.2 ng/mL for each npEDC compounds. Concentrations below the 

LOD were assigned a random value between zero and the LOD, which was calculated using the 

random numbers function of SPSS. The multivariable analyses were repeated twice, considering 

concentrations <LOD as one half of the LOD or as the square root of one half of the LOD, 

finding no discrepancy with the associations reported. 
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6.7 Statistical analyses 

Variables were described using means, standard deviations and medians and 25th – 75th 

percentiles (quantitative variables), and frequencies (categorical variables). Because ANOVA 

assumptions were not always fulfilled, the Mann-Whitney U-test was used to compare 

continuous variables and Fisher's exact test for categorical variables between characteristics of 

non-participants and participants, where appropriate. The Mann Whitney U-test and Fisher´s 

exact test were applied to assess differences between characteristics of non-participants and 

participants. Both wet-and lipid-basis AT:serum ratios were calculated by dividing each AT 

concentration by each serum concentration. Spearman's test was used to evaluate linear 

monotonic correlations between different POPs in the same matrix and between the same POPs 

in the two different matrices. 

Potential predictors of log-transformed POP concentrations in serum and AT were assessed 

using bivariate and multivariate linear regression analyses. First, we created bivariate models 

with each potential predictor of POP concentrations, and the associations were then verified in 

multivariate models, using a backward stepwise selection technique. Once the models were 

created, the collinearity between independent variables, linearity of quantitative independent 

variables, and homoscedasticity were assessed for the model diagnostics. Given the log-

transformation of POP concentrations, β coefficients are also presented as exp(β). Models in the 

first objective were tested in two different scenarios: a) expressing POP concentrations on wet 

basis with adjustment for total serum lipids; and b) expressing POP concentrations on lipid basis 

without adjustment for total serum lipids. There were no relevant differences between the 

multivariate models in the associations found; therefore, only the results for wet-basis 

concentrations are reported in the tables.  

The relationship between POP serum levels and BC risk was assessed by using unconditional 

logistic regression analyses, entering POP concentrations as continuous variables. In addition, 

the associations found were further explored by entering POP concentrations in the models as 

tertiles, with the exception of β-HCH and α-endosulfan, which were entered as dichotomous 

variables (<LOD/ ≥LOD) because of the low frequency of their detection. Bivariate models 

with individual POP concentrations as independent variable were created and then adjusted for 

variables whose inclusion produced changes of 10% in beta coefficients and for those described 

as relevant factors in the literature. Finally, a single adjusted model was created that included all 

covariates and POP concentrations significantly associated with BC risk in the previous 

adjusted models, i.e., β-HCH, heptachlor, and p,p’-DDE. Odds ratios (ORs) for the risk of BC 

with their corresponding 95% confidence intervals (95% CIs) were calculated and trends were 

evaluated with Mantel–Haenszel's chi-square test for linear trend. Wet-basis concentrations 
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were all entered as ng/mL with the exception of p,p’-DDE (ng/dL), while lipid-basis 

concentrations were all entered as mg/g lipid with the exception of p,p’-DDE (ng/g lipid). We 

considered that POP concentrations were significantly associated with the risk of BC when the 

95% CIs of the OR in the adjusted models did not overlap the null value (1). 

Associations between serum TEXB levels and the risk of BC were explored by using logistic 

regression models. Participants were grouped into tertiles of serum TEXB-α and TEXB-β levels 

based on their distributions among controls. Odds ratios for BC and 95% CIs comparing the 

second and third tertiles with the first tertile of serum TEXB-α and TEXB-β were estimated 

using logistic regression models. We also estimated the OR for women with undetermined 

estrogenicity in the bioassay compared with all other women with determined estrogenicity. 

Tests for linear risk trend across serum TEXB-α and TEXB-β tertiles were performed by 

including an ordinal variable with the median level of each tertile among controls in logistic 

regression models. To further explore the shape of the dose-response relations of serum TEXB-

α and TEXB-β levels with BC risk, we used restricted quadratic splines for log-transformed 

TEXB-α and TEXB-β levels with knots at the 10th, 50th, and 95th percentiles of their control 

distributions (the first knot was set at the 10th percentile to exceed levels below the limit of 

detection) (Greenland 1995). We also estimated odds ratios for BC comparing tertiles of 

specific organohalogenated compounds (PCB-138, PCB-153, PCB-180, HCB, and p,p'-DDE) 

based on their control distributions. Logistic regression models were fitted with increasing 

degrees of adjustment. The first model adjusted for variables used in frequency matching, such 

as province (Madrid, Barcelona, Navarra, or Cantabria), age (continuous), and BMI 

(continuous), as well as for education level (primary or less, high school, or college) and serum 

total lipid levels (continuous). The second model further adjusted for BC risk factors, including 

smoking status (never, former, or current), number of births (nulliparous, 1–2, or ≥3), age at 

first birth (continuous), menopausal status (premenopausal or postmenopausal), use of hormone 

replacement therapy (never or ever), previous breast biopsy (no or yes), and family history of 

BC (no, second-degree relative, or first-degree relative). Finally, the third model mutually 

adjusted serum TEXB-α and TEXB-β levels for each other. Effect modifications were 

contrasted by including interaction terms of serum TEXB-α and TEXB-β tertiles with each of 

the above covariates in logistic regression models.  

The significance level was set at p=0.05. Analyses were performed using Stata, version 13.1 

(Stata Corp., College Station, Texas); R statistical computing environment, version 2.15 and 3.0 

(R Foundation for Statistical Computing, Vienna, Austria); and SPSS 20.0 (IBM, Chicago, IL). 
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7.1. Objective 1. Assess the differences between the biological meanings of the two most 

widely used biological matrices –adipose tissue and serum- in the study of the role of POPs in 

breast cancer pathogenesis, as well as to identify potential modifiers of serum POP burden in 

relation to those affecting the adipose tissue burden in a cohort of newly diagnosed breast 

cancer patients. 

SERUM AND ADIPOSE TISSUE AS MATRICES FOR ASSESSMENT OF EXPOSURE 

TO PERSISTENT ORGANIC POLLUTANTS IN BREAST CANCER PATIENTS 

Artacho-Cordón F, Fernández-Rodríguez M, Garde C, Salamanca E, Iribarne-Durán LM, 

Torné P, Expósito J,  Papay-Ramírez L, Fernández MF, Olea N, Arrebola JP 

Environmental Research; Impact factor 4.373; 1
st
 Quartile; 1

st
 Decile 

ABSTRACT 

The aim of this study was to assess differences between two biological matrices (serum and 

breast adipose tissue) in the evaluation of persistent organic pollutant (POP) exposure in breast 

cancer patients. The study population consisted of 103 women undergoing surgery for newly 

diagnosed breast carcinoma in a public hospital in Granada, Southern Spain. Independent 

variables were gathered from questionnaires and clinical records. POP concentrations were 

quantified in breast adipose tissue and serum samples. Spearman correlation tests were 

performed between pairs of POP concentrations and stepwise multivariate linear regression 

analyses were conducted to assess predictors of concentrations in the two matrices. p,p’-DDE 

showed the highest median concentration in both matrices (194.34 and 173.84 ng/g lipid in 

adipose tissue and serum, respectively). Median wet-basis adipose tissue:serum ratios ranged 

from 109.34 to 651.62, while lipid-basis ratios ranged from 0.88 to 4.34. In general, we found 

significant positive correlation coefficients between pairs of POPs in adipose tissue and in 

serum, which were always higher in adipose tissue. We found positive and statistically 

significant correlations between serum and adipose tissue concentrations of p,p´-DDE and HCB 

but not of PCBs. Age was positively associated with most POPs in adipose tissue and serum, 

while the BMI was positively associated with adipose tissue HCB concentrations and negatively 

associated with serum PCB-153 and PCB-138 concentrations. Recent weight loss was inversely 

associated with POP residues in adipose tissue and positively associated with POP residues in 

serum. Serum HCB and PCB-180 concentrations were lower in patients who had received 

preoperative chemotherapy. According to our results, serum and adipose tissue POP 

concentrations in breast cancer patients may be differentially affected by external predictors. 

Taken together, these findings indicate the need to take account of the individual POP(s) under 

study and the biological matrix used when relating internal POP exposure to breast cancer 

disease and to make a careful selection of covariates for adjusting the model. 
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7.2. Objective 2. Evaluate the magnitude of the exposure to persistent and non-persistent 

EDCs and identify predictors of the exposure in a subset of healthy women from Tunisia. 

SERUM LEVELS OF PERSISTENT ORGANIC POLLUTANTS AND PREDICTORS 

OF EXPOSURE IN TUNISIAN WOMEN 

Artacho-Cordón F, Belhassen H, Arrebola JP,Ghali R, Amira D, Jiménez-Díaz I, Pérez-Lobato 

R, Boussen H, Hedili A, Olea N 

Science of the Total Environment; Impact factor 4.099; 1
st
 Quartile; 1

st
 Decile 

 

ABSTRACT 

Introduction: In spite of the international consensus on the human health risks associated with 

exposure to persistent organic pollutants (POPs), the Tunisian population is suspected to have 

been inadvertently exposed to POPs over the last decades. 

Objectives: The aim of this study was to evaluate POP concentrations in the serum of a subset of 

54 Tunisian women and to identify some socio-demographic and dietary predictors of exposure 

to POPs. 

Results: Of the ten POPs analyzed, three polychlorinated biphenyl (PCB) congeners (-138, -153 

and -180), and two organochlorine pesticides (OCPs), HCB and p,p’-DDE, showed frequencies 

ranging from 98 to 100%. Serum median concentrations of PCB congeners (-138, -153 PCB-

180) were 26.08, 119.1 and 29.84 ng/g lipid, respectively, and median concentrations of HCB 

and p,p’-DDE were 19.98 and 127.59 ng/g lipid, respectively. Age was positively correlated 

with serum levels of selected POPs. Women living in northern Tunisia showed higher serum 

levels of all PCBs. Working outside home and cereal consumption were positively associated to 

serum levels of p,p’-DDE. The duration of the lactation was also related to lower serum levels 

of p,p’-DDE and HCB. 

Conclusion: The levels of exposure to POPs found warrant a biomonitoring program in order to 

identify routes of exposure and population groups at higher risk. This program will help to 

establish prevention policies and to determine the association between exposure to POPs and 

chronic diseases. 
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7.2. Objective 2. Evaluate the magnitude of the exposure to persistent and non-persistent 

EDCs and identify predictors of the exposure in a subset of healthy women from Tunisia. 

URINARY LEVELS OF BISPHENOL A, BENZOPHENONES AND PARABENS IN 

TUNISIAN WOMEN: A PILOT STUDY 

Jiménez-Díaz I, Artacho-Cordón F, Vela-Soria F, Belhassen H, Arrebola J.P, Fernández M.F, 

Ghali R, Hedhili A, Olea N.  

Science of the Total Environment; Impact factor 4.099; 1
st
 Quartile; 1

st
 Decile 

 

ABSTRACT 

Bisphenol A (BPA), benzophenones and parabens are commonly used in the production of 

polycarbonate plastics, as UV-filters and as antimicrobial preservatives, respectively, and they 

are thought to exhibit endocrine disrupting properties. Exposure to these compounds remains 

poorly characterized in developing countries, despite the fact that certain behaviors related to 

westernization have the potential to influence exposure. 

The aim of this pilot study was to measure urinary concentrations of BPA, six different 

benzophenones and four parabens in 34 Tunisian women. In addition, we identified some socio-

demographic and dietary predictors of exposure to these compounds. Chemical analyses were 

carried out by dispersive liquid–liquid microextraction (DLLME) and ultra-high performance 

liquid chromatography with tandem mass spectrometry detection (UHPLC-MS/MS). Detection 

frequencies of methylparaben (MP), ethylparaben (EP) and propylparaben (PP) ranged between 

67.6 and 94.1%. Butylparaben (BP) was found in 38.2% of the analyzed samples; BPA in 

64.7%; and benzophenone-1 (BP-1) and benzophenone-3 (BP-3) were detected in 91.2 and 

64.7% of the analyzed samples, respectively. Urinary geometric mean concentrations of MP, 

EP, PP, and BP were 30.1, 1.4, 2.0 and 0.5 ng mL− 1, respectively. Geometric mean 

concentrations of BPA, BP-1, and BP-3 were 0.4, 1.3 and 1.1 ng mL− 1, respectively. 

Our results suggest that Tunisian women are widely exposed to BPA, parabens and some 

benzophenones. Further studies on the general Tunisian population are needed in order to assess 

the levels of exposure to these compounds and to identify sources of exposure and population 

groups at higher risk. 
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7.3. Objective 3. Estimate the association between levels of single POPs and the risk of breast 

cancer in a Tunisian population. 

RISK OF FEMALE BREAST CANCER AND SERUM CONCENTRATIONS OF 

ORGANOCHLORINE PESTICIDES AND POLYCHLORINATED BIPHENYLS: A 

CASE–CONTROL STUDY IN TUNISIA 

Arrebola JP, Belhassen H, Artacho-Cordón F, Ghali R, Ghorbel H, Boussen H, Perez-

Carrascosa FM, Expósito J, Hedhili A, Olea N 

Science of the Total Environment; Impact factor 4.099; 1
st
 Quartile; 1

st
 Decile 

 

ABSTRACT 

The aim of this study was to investigate the association between serum concentrations of a 

group of organochlorine pesticides/polychlorinated biphenyls with xenoestrogenic potential and 

the risk of breast cancer in a female population from Tunisia.  

The relationship between serum levels of the pollutants and the risk of cancer was assessed 

using logistic regression analyses. In the unadjusted models, β-hexachlorocyclohexane (β-

HCH), hexachlorobenzene, heptachlor, polychlorinated biphenyl congeners 138, 153, and 180, 

and p,p’-dichlorodiphenyldichloroethylene (p,p’-DDE) were positively associated with breast 

cancer risk. However, when the models were further adjusted for the selected covariates, only β-

HCH and p,p’-DDE remained statistically significant, and heptachlor was borderline significant. 

In addition, analyses using POP concentration tertiles corroborated a positive dose–response 

relationship that was significant for p,p’-DDE (p-trend = 0.020) and borderline significant for 

heptachlor (p-trend= 0.078). A similar trend was also confirmed for β-HCH, in which 

concentrations ≥ limit of detection were positively associated with breast cancer risk (vs. 

concentrations < limit of detection, OR = 3.44, p < 0.05). Finally, the relative influence of each 

chemical in the presence of the others was assessed by entering the three chemicals in a single 

model with all covariates, and only β-HCH remained positively associated with the risk of 

cancer (OR:1.18, 95%CI: 1.05–1.34). 

Our findings suggest a potential association between exposure to at least one organochlorine 

pesticide and breast cancer risk. However, our results should be interpreted with caution, and 

further research is warranted to confirm these findings. 
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7.4. Objective 4. Investigate whether the combined effect of xenoestrogens circulating in the 

blood is associated with the risk of breast cancer in a population-based multicase-control 

study in Spain 

TOTAL EFFECTIVE XENOESTROGEN BURDEN IN SERUM SAMPLES AND RISK 

FOR BREAST CANCER IN A POPULATION-BASED MULTICASE-CONTROL 

STUDY IN SPAIN 

Pastor-Barriuso R, Fernández MF, Castaño-Vinyals G, Whelan D, Pérez-Gómez B, Llorca J,  

Villanueva CM, Guevara M, Molina-Molina JM, Artacho-Cordón F, Barriuso-Lapresa 

L,Tusquets I, Dierssen-Sotos T, Aragonés N, Olea N, Kogevinas M, Pollán M 

Environmental Health Perspectives; Impact factor 7.980; 1
st
 Quartile; 1

st
 Decile 

 

ABSTRACT 

BACKGROUND: Most studies on endocrine disrupting chemicals and breast cancer have 

focused on single compounds with inconclusive findings. 

OBJECTIVES: We assessed the combined estrogenic effect of mixtures of xenoestrogens in 

serum and its relation to breast cancer risk. 

METHODS: A total of 186 incident pretreatment breast cancer cases and 196 frequency 

matched controls were randomly sampled from a large population-based multicase-control 

study in Spain. The total effective xenoestrogen burden attributable to organohalogenated 

xenoestrogens (TEXB-α) and endogenous hormones and more polar xenoestrogens (TEXB-β) 

were determined in serum samples by using high-performance liquid chromatography 

separation and E-Screen bioassay. Odds ratios for breast cancer comparing tertiles of serum 

TEXB-α and TEXB-β were estimated using logistic models, and smooth risk trends using spline 

models. 

RESULTS: Cases had higher geometric mean TEXB-α and TEXB-β levels (8.32 and 9.94 Eeq 

pM/mL) than controls (2.99 and 5.96 Eeq pM/mL, respectively). The fully-adjusted odds ratios 

for breast cancer (95% confidence intervals) comparing the second and third tertiles of TEXB-α 

with the first tertile were 1.77 (0.76, 4.10) and 3.45 (1.50, 7.97), and those for TEXB-β were 

2.35 (1.10, 5.03) and 4.01 (1.88, 8.56). A steady increase in risk was evident across all detected 

TEXB-α levels and a sigmoidal trend for TEXB-β. Individual xenoestrogens showed weak and 

opposed associations with breast cancer risk. 

CONCLUSIONS: This is the first study to show a strong positive association between serum 

total xenoestrogen burden and breast cancer risk, thus highlighting the importance of evaluating 

xenoestrogen mixtures, rather than single compounds, when studying hormone-related cancers. 
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The results of this PhD thesis suggest that (1) although both matrices (serum and AT) seem 

useful for the assessment of internal POP burden in BC patients, the determination of the POP 

burden in each of the matrices may provide relevant information to evaluate the association of 

POP burden with BC risk, and therefore,  consideration of the individual features of each of the 

matrices and of the covariates that may differentially act as confounding factors in the 

association with the disease should be taken into account; (2) the levels of exposure to EDCs 

(mainly the significant levels of PCB-153) found in the Tunisian female population, as well as 

the patterns of exposure found such as the South–North gradient, which may correlate to the 

particular distribution of obsolete stockpiles of pesticides, would warrant the design of 

biomonitoring programs; and (3) serum xenoestrogen burden, measured as single chemicals or 

as total estrogenic activity, was associated with an increased BC risk.  

Because of the amount of evidence that supports the relationship with NHL, lindane has been 

classified as ―human carcinogen‖ (Group 1) by the International Agency for Research on 

Cancer (IARC) (Loomis et al. 2015). In the same report, the IARC also classifies DDT as 

―probably carcinogenic to humans‖ (Group 2A), based on the evidence that DDT causes cancer 

in experimental animals and on the limited evidence of its carcinogenic effect in humans. 

Epidemiological studies found positive associations between exposure to DDT and to NHL and 

testicular and liver cancer. However, these studies have also reported that there is not enough 

evidence to support any association between BC and DDT levels measured in blood or fat 

samples. Moreover, IARC has also recently classified PCBs as ―carcinogenic to humans‖ 

(Group 1) due to the positive associations found with malignant melanoma, NHL and BC 

(Lauby-Secretan et al. 2016). Our data shed light on the evidence of the potential carcinogenic, 

or at the very least co-carcinogenic, effect of some EDCs.  

Our results highlight the relevance of the selection of an adequate biomarker of exposure, 

together with a number of other confounding factors (as described in the Introduction chapter). 

Although AT was described as the primary site of long-term storage of POPs, which makes it 

the most adequate biological matrix for measuring chronic exposure to POPs, most of the 

studies have used the serum because (1) blood collection is easier than the invasive procedures 

necessary to isolate AT and (2) serum has been described as a proxy value of adipose burden 

under physiological equilibrium. However, serum burden is considered by some authors as a 

less robust measurement because it can be affected by enhanced lipolysis during substantial 

metabolic changes and by the current exposure. Our results suggest that serum and AT may 

provide relevant information, being differentially affected by external factors. Hence, we have 

detected that, unlike adipose POP burden, levels in serum are differentially affected by weight 

loss and neoadjuvant QT administered before sample collection. Therefore, these variables 
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should be included as covariates in further studies aimed at investigating a possible association 

between POP exposure and BC.  

Despite the fact that most experts in the field agree that the overall xenoestrogenic effect is not 

the result of a simple compound, but rather a result of the combined, additive, synergistic and 

antagonist effect of the internal burden of POPs, most of the studies have usually addressed the 

exposure at a single compound level, or at the very best, the sum of some compounds. 

According to this single-chemical approach, we have found a positive and significant 

association between at least one organochlorine pesticide (β-HCH) and higher risk of BC, 

considering the exposure either as a quantitative variable and categorized by tertiles. These 

results are in line with those reported previously, corroborating its carcinogenic potential in 

breast (Mussalo-Rauhamaa et al. 1990; Ibarluzea et al. 2004), prostate cancer (Mills and Yang 

2003) and NHL (Rothman et al. 1997). 

However, some evidence has emerged in recent years that emphasize  the importance of the 

mixtures (Kortenkamp 2006). In this regard, we reported in a previous work that the total 

xenoestrogenic activity exerted by the internal POP burden (TEXB) stored in breast tissue was 

positively associated with the risk of BC in a case-control study carried out in Southern Spain 

(Ibarluzea et al. 2004). Nevertheless, difficulties associated to the invasive procedures required 

to isolate AT for epidemiological studies precluded us to compare our results to those obtained 

in most studies which used serum as a biomarker of exposure. After the optimization of the 

TEXB biomarker for serum samples, we carried out a new population-based multicase-control 

study on 204 BC cases and 204 female controls recruited in four Spanish provinces. In addition 

to the positive association found previously between xenoestrogenic burden in AT and BC risk 

and despite the fact that circulating levels of POPs seem to be differentially affected by those in 

the AT, these new results reflect that serum TEXB burden is also related to BC. Moreover, these 

results clearly demonstrate that the combined effect, and not the single-chemical effect, is 

responsible for the carcinogenic effect of EDCs. In this regard, whereas we found no association 

between serum PCB, HCB, or p,p'-DDE concentrations and serum TEXB-α levels (reflecting 

their modest contribution to the total xenoestrogen burden) or BC risk, we found that the risk for 

BC increased with increasing serum levels of TEXB-α (p for linear trend = 0.003), in models 

adjusted for sociodemographic and traditional BC risk factors. Compared with the first tertile, 

the odds ratio for the third tertile of serum TEXB-α was 3.45 (95% CI: 1.50, 7.97).   

Hanahan and Weinberg (2000) described that the transition from normal to neoplastic cell is a 

process in which cells acquire a succession of capabilities during the multistep development of 

tumors. As a crucial orchestrator in the initiation of breast carcinogenesis, prolonged exposure 

to high levels of estrogens in women has been shown to stimulate cellular proliferation through 
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the estrogen receptor mediated hormonal activity, increase mutation rates through a cytochrome 

P450-mediated metabolic activation (exerting direct genotoxic effects), and induce aneuploidy 

(Russo and Russo 2006), which leads to the neoplastic transformation of human breast epithelial 

cells. Although estrogen-mimicking EDCs were described as low-potency inductors of 

estrogen-related pathways, it is known that homeostasis of the hormone system is very sensitive 

to subtle changes in hormone levels. Therefore much effort has been made to elucidate the role 

of xenoestrogens in human BC [reviewed in: (Snedeker 2001)], though the discrepancies in the 

results precluded the scientific community to reach an agreement about their participation in BC 

initiation (Kortenkamp 2006).  

In addition to that role attributed to POPs in BC initiation, some in vitro studies have addressed 

new pathways of action of these compounds in tumor cell biology. In this respect, it has been 

demonstrated that POPs are able to induce angiogenesis (Bratton et al. 2012; Pontillo et al. 

2015) and metastasis (Pestana et al. 2015) by activating enzymes involved in collagen turnover 

such as matrix metalloproteinases (MMPs) (Zou and Matsumura 2003; Pontillo et al. 2013). 

Moreover, associations have been found between POP exposure and alterations in microRNA 

expression profiles (Tilghman et al. 2012), interactions in the MAPK (mitogen-activated protein 

kinase) (Bratton et al. 2012), or modifications in the growth factor beta (TGF-beta) pathway 

(Valerón et al. 2009). Epidemiological evidence is still scarce, with some studies showing that 

most exposed subjects had higher levels of MMPs (Kim et al. 2011), or decreased global 

methylation in leukocyte DNA (Itoh et al. 2014). There is also some evidence on the effect of 

POPs in expression of ER (Muñoz-de-Toro et al. 2006) or p53 (Al-Anati et al. 2014). In this 

regard, although these are preliminary results that have not been published yet, we have recently 

found that POP levels were related to more aggressive breast tumors, with increased expression 

of ER, PR and HER2/neu oncogene, and lower expression of p-53 and E-cadherin. It has also 

been reported that the probability of lymph-node invasion and tumor size in BC cases increases 

with serum p,p'-DDE levels (Demers et al. 2000). Moreover, it has been found that serum DDT 

was associated with BC-related mortality at 5 [HR  2.72 (95% CI 1.04-7.13)] and 15 years 

[HR 1.42 (95% CI 0.99-2.06)] after diagnosis (Parada et al. 2016). 

While the information about levels and sources of exposure to EDCs as well as their role in BC 

is abundant especially in European and North American countries, there is still limited 

information regarding exposure to EDCs in developing countries, with expected great 

differences in the magnitude of the exposure, type of pesticides, and routes of exposure between 

developing and developed countries (Shakeel et al. 2010). Unlike to developed countries, 

developing countries use more HCH, DDT and its derivatives (Shakeel et al. 2010). In this 

regard, India is unarguably a hotspot of DDT and HCH contamination where pesticidal POPs 

were in widespread use in agriculture until recent years and where DDTs is still used for malaria 
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control (Sharma et al. 2014). India is not the only country where illegal use of DDTs and other 

POPs in agriculture and industrial sector has been reported (UNEP/POPS/COP.7/36 2015). In 

this regard, previous studies have reported increased environmental levels of POPs (Gioia et al. 

2014) in different African countries, which have resulted in increased levels in humans 

(Luzardo et al. 2014). Although Tunisia banned the use and import of POPs three decades ago, 

the government has recently confirmed that banned compounds are still being illegally imported 

from neighboring countries (APEK 2005). In line with these declarations, we have detected a 

potential source of human exposure to p,p’-DDE through cereal consumption, that may reflect 

illegal use of DDT in agriculture. We have also found increased levels of PCB-153, which may 

be a consequence of the rapid transformation in the IT-field and of the considerable amount of 

PCB-containing equipment that is still being used in Tunisia (World Bank 2012). Moreover, we 

have also detected substantial exposure rates to parabens and some benzophenones in Tunisian 

women, with urine concentrations of these npEDCs in a similar range to those measured in 

European populations (Casas et al. 2013; Frederiksen et al. 2013; Dewalque et al. 2014). 

Therefore, our results would warrant the design of biomonitoring programs in Tunisia that 

would help to identify population groups at risk of exposure, to characterize the different 

sources of exposure and to design prevention programs. Environmental health policies and 

strategies in Northern and Southern Mediterranean countries should be, at least, complementary. 

However, given the financial limitations of some African countries, Northern Mediterranean 

countries should collaborate with the developing countries in the development of studies aimed 

at the general population.   

Regarding the influence of EDCs in the incidence of BC in developing countries, information is 

even scarcer. In this sense, it is clear that the wide differences between developed and 

developing countries regarding EDCs do not allow us to generalize the results. In this sense, 

while most studies carried out in developed countries failed to find positive association, 4 out of 

8 studies carried out in developing countries such as Mexico or India found significant 

association between POPs and BC (Shakeel et al. 2010). In our study, high serum 

concentrations of β-HCH, p,p′-DDE, and heptachlor were associated with a greater risk of BC in 

Tunisian women, although only β-HCH remained positively associated when the three 

chemicals were entered in a single model with all covariates. However, due to the limited 

sample size of our study, these results should be interpreted with caution, and further research is 

warranted to confirm this association in Tunisia and other developing countries, where the ban 

on these chemicals is more recent. 

The increasing evidence that links human disease to exposure to EDC has recently led to 

estimate the burden and disease costs of exposure to EDC in European countries (Trasande et al. 

2015). This study only included those diseases with the highest probability of causation such as 
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intellectual disability, autism, attention-deficit hyperactivity disorder, childhood and adult 

obesity, adult diabetes, male infertility and mortality associated with reduced testosterone and 

estimated a median cost of €157 billion (or $209 billion, corresponding to 1.23% of EU gross 

domestic product) annually. However, it is known that cost-of-illness approaches fail to capture 

the complete scope of economic costs associated with illness (especially psychological and 

other indirect or intangible costs that are difficult to assess). Moreover, in the near future, other 

highly prevalent and chronic diseases such as hypertension and breast or prostate cancer (which 

have been already studied) may be included in this estimation which will result in a 

considerable increase of the estimated costs for the Health Systems. These costs will accrue 

until harmful exposures cease. Thus, regulatory action to limit exposure to the most prevalent 

and potentially hazardous EDCs is likely to result in substantial economic benefits. These 

economic benefits should inform decision-making on measures to protect public health 

(Trasande et al. 2015). Moreover, these results also suggest the need to expand the estimation of 

the costs attributable to EDC exposure to developing countries where the policies on chemical 

use and practices to protect human health and the environment are insufficient as well as to 

implement measures to reduce current exposure levels (Dasgupta et al. 2010).  
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The primary objective of this PhD thesis was to assess exposure to a selected group of EDCs 

(including HCB, β-HCH, DDT and p,p’-DDE, and PCBs) and to determine whether exposure to 

these chemicals is a contributing factor in female BC in developed and developing countries.  

 

The main conclusions are: 

 

1. Serum and AT burden of POPs provide relevant, but different information in the assessment 

of exposure in BC studies. We consider that it is relevant to take into account the individual 

features of blood and fat tissue, because we have identified some factors that differentially 

influence POP levels in both matrices. In this regard, ‗recent weight loss‘ and neoadjuvant 

chemotherapy was negatively associated with serum POP levels but no (or positively) 

associated with AT concentrations of POPs. Therefore, factors such as recent weight loss, QT 

and neoadjuvant therapy should be taken into account in the adjustment of statistical models in 

future studies when addressing the association between exposure to POPs and risk of BC 

because they may differentially act as confounding factors. 

 

2. Exposure to POPs in Tunisian women is frequent and the magnitude of this exposure is 

different to other countries. Hence, while serum concentrations were comparable to those of 

developed countries for most of studied POPs, the target population of this study showed PCB-

153 concentrations in serum higher than other countries, which is consistent with the inadequate 

electronic waste management recently declared by Tunisian authorities. This is the first study 

that assesses potential sources of exposure to POPs in a Tunisian population. In this regard, we 

have identified a geographical gradient in the levels of exposure to PCBs, with higher levels of 

exposure in people living in the North. Additionally, we also have detected a positive 

association between cereal consumption and levels of p,p’-DDE, which may be related to illegal 

use in some regions, as illegal import of DDT from neighbouring countries has been reported.  

 

3. Detectable levels of non-persistent EDCs were found in most of Tunisian women, including 

bisphenol-A, benzophenone-3 and methylparaben. Although the amount of personal care 

products and processed food consumption (the most relevant determinants of the exposure to 

these chemicals) are expected to be lower than in developed countries, levels of exposure to 

non-persistent EDCs identified in Tunisia were in a similar range than those found in women 

living in European countries with the exception of bisphenol-A which was found in lower 
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concentration. Our results confirm the high exposure of Tunisian women to npEDCs, and 

therefore, they would warrant biomonitoring studies to assess the levels of exposure to these 

compounds and to identify sources of exposure and population groups at higher risk.    

 

4. Risk of BC is associated with serum levels of at least one POP with demonstrated estrogenic 

activity in Tunisian women. Although only β-HCH remained positively associated in the 

adjusted multi-residue model, higher serum concentrations of p,p′-DDE and heptachlor were 

also associated with a higher risk of BC. These results confirm the hypothesis that exposure to 

synthetic chemicals with xenoestrogenic activity increases the risk of developing BC. In line 

with the few other studies that have demonstrated a significant association between human 

exposure to POPs and risk of BC in developing countries, our study also urges the international 

community to collaborate with the developing countries to establish biomonitoring studies in 

these regions and to take actions to reduce inadvertent exposure.       

 

5. In a population based multicase-control study carried out in Spain, BC patients had increased 

serum xenoestrogenic burden (TEXB) in comparison with healthy women. We have found that 

women in the third tertile of serum TEXB-α (the chromatographic fraction where most POPs 

elute) had higher risk for BC compared with those in the first tertile. We found no statistically 

significant association between serum levels of each single EDC and both the levels of TEXB-α 

and the risk of BC, which reflects their modest contribution to TEXB burden. Our results 

suggest the relevance of considering effects of mixtures of combination of EDCs rather than the 

exposure to single EDCs in the evaluation of their role in hormone-related cancers. Therefore, 

this holistic and singular approach should be adopted in order to improve the knowledge of the 

role of EDCs in hormone-dependent disease. 
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