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Resumo 

A ligação entre obesidade e cancro tem sido extensivamente abordada e investigada, 

revelando uma relação complexa e multifacetada. A obesidade é atualmente uma 

condição preocupante de saúde pública com proporções alarmantes em todo o mundo. 

É caracterizada pela acumulação excessiva de tecido adiposo e representa um fator de 

risco em inúmeras condições patológicas incluindo diabetes tipo 2, doenças 

cardiovasculares e cancro, nomeadamente no cancro de mama. O cancro de mama, por 

outro lado, é atualmente, o cancro com maiores taxas de incidência e mortalidade nas 

mulheres em todo o mundo. O cancro de mama caracteriza-se pela heterogeneidade na 

sua apresentação clínica e molecular. A sua classificação clínica pode basear-se na 

localização, tipo e extensão da doença enquanto a classificação molecular baseia-se na 

expressão de marcadores como recetores hormonais, de estrogénio e progesterona, e 

do gene HER2. A etiologia do cancro de mama é multifatorial, envolvendo fatores 

genéticos – não modificáveis e ambientais – modificáveis. Incluída nos fatores ambientais 

encontra-se a obesidade.  

Muitas têm sido as hipóteses apresentadas do impacto da obesidade no cancro de mama 

e como esta pode, não só ser um fator de risco, mas também um fator de mau 

prognóstico na progressão da doença. As alterações promovidas pela obesidade podem 

resultar num estado inflamatório persistente de baixo grau, num perfil modificado de 

adipocinas, na remodelação da matriz celular, em alterações da microbiota, em 

flutuações nos níveis hormonais devido à expressão da aromatase e na desregulação do 

metabolismo. Dentro das alterações metabólicas observadas na obesidade, este trabalho 

concentra-se no metabolismo dos carbohidratos no seguimento dos resultados obtidos 

num estudo prévio onde foi descrito o “efeito de Warburg inverso”. Em linhagens 

celulares tumorais de mama expostas a um ambiente que simula a obesidade, observa-

se que as células recorrem ao processo de gliconeogénese, em contraste ao processo 

esperado da glicólise. Os resultados de uma análise metabolómica permitiram inferir que 

moléculas, como os aminoácidos, funcionavam como fonte de carbono para a produção 

de glicose. Este mecanismo estava associado a um aumento da agressividade tumoral. 

O presente plano de trabalhos deriva desta observação sendo um dos seus principais 

objetivos compreender as alterações promovidas pela obesidade no metabolismo 

central dos carbohidratos do cancro de mama. 

Nesse sentido, abordamos não só os mecanismos celulares associados ao metabolismo 

dos carbohidratos em ensaios in vitro e em ensaios in situ, como também o contexto 

epidemiológico dos desfechos de pacientes com cancro de mama considerando a sua 

categoria de índice de massa corporal (IMC). Em ensaios in vitro procedeu-se a ensaios 

de cultura celular de 4 linhas representativas dos subtipos moleculares de cancro de 

mama (luminal A, luminal B, HER2 positivo e triplo negativo) sujeitos a secretoma da 

cultura celular da diferenciação de adipócitos humanos. Após tratamento, realizou-se 

uma análise dos metabolitos da glicólise/gliconeogénese assim como a quantificação da 

expressão das enzimas limitantes destas vias. Adicionalmente determinou-se a presença 

dos principais aminoácidos e lípidos. Em ensaios in situ, biópsias de  tecido tumoral de 
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pacientes com peso normal e com obesidade foram obtidos através de um protocolo 

estabelecido com o Instituto Português de Oncologia (IPO-Porto). Foi aplicada a técnica 

de imunohistoquímica para as enzimas limitantes da glicólise e da gliconeogénese. Os 

resultados foram posteriormente cruzados com os parâmetros clinicopatológicos dos 

pacientes. Em contexto epidemiológico foram identificadas 2246 pacientes com cancro 

de mama e estratificados de acordo com o seu IMC. Procedeu-se posteriormente a 

análise estatística de variados parâmetros clinicopatológicos e demográficos assim como 

dos procedimentos cirúrgicos. 

Dos resultados epidemiológicos obtidos destaca-se uma idade mais avançada em 

pacientes com sobrepeso e com obesidade. Nas mesmas categorias de IMC, a história 

familiar de cancro de mama é menos comum. A obesidade está associada a uma maior 

probabilidade de ter cancro de mama positivo para o recetor de progesterona.  Mulheres 

com obesidade são mais suscetíveis a tumores pouco diferenciados, a tumores primários 

maiores, embora paradoxalmente, com menos casos de metástase à distância. Como 

esperado, pacientes com excesso de peso e obesidade geralmente apresentam taxas de 

sobrevida global mais baixas. Em termos de tipo de cirurgia, mulheres com excesso de 

peso têm maior probabilidade de serem submetidas a biópsia do nódulo sentinela, 

enquanto mulheres com excesso de peso e obesidade são mais propensas a serem 

submetidas a cirurgia conservadora e menos propensas a serem submetidas a 

mastectomia total. No caso de cancro de mama bilateral, os resultados revelam que 

todas as mulheres obesas apresentaram tumores pouco diferenciados. Mulheres com 

excesso de peso demonstraram melhor sobrevida global, embora sem significância 

estatística. 

Os resultados dos ensaios celulares revelaram que todas as linhas celulares 

representativas dos subtipos moleculares basearam o seu perfil metabólico no efeito 

Warburg, com consumo de glicose e produção de lactato, mesmo em ambiente 

mimetizador da obesidade. Todos os subtipos moleculares apresentam redução no 

consumo de glutamina, valina e isoleucina, sendo a linha celular triplo negativo a mais 

afetada. O perfil metabólico da alanina muda de produção para consumo nas linhas 

celulares Luminal A e triplo negativo quando expostas a condições obesogénicas. Foi 

também observado um aumento no consumo de lípidos em todos os subtipos. Todas as 

enzimas limitantes da taxa glicolítica e gliconeogénica estavam elevadas em HER2+. A 

fosfofrutoquinase foi a única enzima com expressão aumentada nas linhas celulares 

Luminal A e triplo negativo. A análise revelou um padrão semelhante na expressão das 

enzimas glicolíticas e gliconeogénica de casos obesos nos grupos com HER2 positivo 

(Luminal B e HER2+) e o grupo com HER2 negativo (Luminal A e triplo negativo). 

In situ observou-se uma associação estatística entre o IMC e o estadio patológico, grau 

histológico e subtipo molecular. Casos luminais exibem frequentemente estadios 

patológicos e graus histológicos mais baixos. Dentro do subtipo Luminal A, observou-se 

uma regulação negativa dos genes de proliferação, indicando um prognóstico mais 

favorável. Quando estratificados por subtipo molecular, houve diferença significativa na 

expressão das enzimas piruvato carboxilase, fosfoenolpiruvato carboxiquinase e da 



 

 

xvii 

 

fosfofrutoquinase, significância que se mantém após estratificação por subtipo molecular 

e IMC. Estas mesmas enzimas, correlacionaram-se significativamente com características 

clinicopatológicas dos pacientes (recetores hormonais e HER2 e grau histológico). 

Mulheres obesas com subtipo molecular triplo negativo tendem a expressar níveis 

elevados de todas as enzimas glicolíticas. A infiltração do tecido adiposo e de células 

inflamatórias não revelou nenhuma associação com a expressão enzimática. Em relação 

às condições da síndrome metabólica (diabetes, hipertensão e dislipidemia), foi 

observada uma correlação positiva entre a fosfoenolpiruvato carboxiquinase e a diabetes 

e entre a fosfofrutoquinase com a hipertensão e com a dislipidemia. 

Os resultados obtidos destacam a importância da pesquisa contínua de abordar o 

metabolismo da glicose para melhor entender o impacto da obesidade no cancro de 

mama. A gliconeogénese, especificamente, parece desempenhar um papel crucial na 

remodelação da paisagem metabólica dentro do tumor, influenciando o seu 

comportamento. 
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Abstract 

The link between obesity and cancer has been extensively studied and investigated, 

revealing a complex and multifaceted relationship. Obesity is currently a concerning 

public health condition with alarming proportions worldwide. It is characterized by the 

excessive accumulation of adipose tissue and represents a risk factor for numerous 

pathological conditions, including type 2 diabetes, cardiovascular diseases, and cancer, 

particularly breast cancer. Breast cancer, on the other hand, is currently the cancer with 

the highest incidence and mortality rates in women worldwide. Breast cancer is 

characterized by its heterogeneity in its clinical and molecular exhibition. Its clinical 

classification can be based on the location, type, and extent of the disease, while the 

molecular classification is based on the expression of biomarkers such as hormone 

receptors, estrogen, and progesterone, and the HER2 gene. The etiology of breast cancer 

is multifactorial, involving non-modifiable factors such as genetics and modifiable 

environmental factors, including obesity. 

Various conjunctures have been proposed regarding the impact of obesity on breast 

cancer, suggesting that obesity is not only a risk factor but also a poor prognostic factor 

in disease progression. Alterations promoted by obesity can lead to a persistent low-

grade inflammatory state, a modified profile of adipokines, a remodulation of the cellular 

matrix, alterations in the microbiota, fluctuations in hormone levels due to aromatase 

expression, and metabolic dysregulation. Within the observed metabolic changes in 

obesity, this work focuses on carbohydrate metabolism following the results obtained in 

a previous study describing the "Warburg effect inversion". In breast cancer tumor cell 

lines exposed to an obesity-mimicking environment, it is observed that the cells resort 

to the process of gluconeogenesis, contrary to the expected glycolysis process. 

Metabolomic analysis results suggest that molecules, such as amino acids, function as a 

carbon source for glucose production. This mechanism is associated with increased 

tumor aggressiveness. The present work plan arises from this observation, with one of its 

main objectives being to understand the changes promoted by obesity in the central 

carbohydrate metabolism of breast cancer. 

In this context, we addressed not only the cellular mechanisms associated with the 

carbohydrate metabolism in in vitro and in situ assays but also the epidemiological 

context of the outcomes of breast cancer patients considering their body mass index 

(BMI) category. In in vitro assays, four molecular representative cell lines (luminal A, 

luminal B, HER2-positive, and triple-negative) were subjected to secretome from the 

differentiation of human adipocytes. After treatment, an analysis of glycolysis/ 

gluconeogenesis metabolites was performed, as well as quantification of the expression 

of the limiting enzymes of these pathways. Additionally, the presence of major amino 

acids and lipids was determined. In in situ assays, tissue biopsies from breast cancer 

patients with normal weight and obesity were obtained through a protocol established 

with the Portuguese Oncology Institute (IPO-Porto). Immunohistochemistry was applied 

for the limiting enzymes of glycolysis and gluconeogenesis. Results were subsequently 

cross-referenced with the clinicopathological parameters of the patients. In the 
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epidemiological context, 2246 breast cancer patients were and stratified according to 

their BMI. Subsequently, a statistical analysis of various clinicopathological and 

demographic parameters was conducted, as well as surgical procedures. 

Epidemiological results highlight an older age in overweight and obese patients. In the 

same BMI categories, a family history of breast cancer is less common. Obesity is 

associated with a higher probability of positive progesterone receptor. Women with 

obesity are more susceptible to poorly differentiated tumors, larger primary tumors, 

although paradoxically, with fewer cases of distant metastasis. As expected, overweight 

and obese patients generally present lower overall survival rates. Regarding surgical 

interventions, overweight women are more likely to undergo sentinel node biopsy, while 

overweight and obese women are more likely to undergo conservative surgery and less 

likely to undergo total mastectomy. In the case of bilateral breast cancer, the results 

reveal that all obese women presented poorly differentiated tumors. Overweight women 

demonstrated better overall survival, although without statistical significance. 

Cellular based assays revealed that all molecular representative cell lines based their 

metabolic profile on the Warburg effect, with glucose consumption and lactate 

production, even in an obesity-mimicking environment. All molecular subtypes show a 

reduction in the consumption of glutamine, valine, and isoleucine, with the triple-

negative cell line being the most affected. The metabolic profile of alanine changes from 

production to consumption in Luminal A and triple-negative cell lines when exposed to 

obesogenic conditions. An increase in lipid consumption was also observed in all 

subtypes. All rate limiting enzymes of glycolytic and gluconeogenic pathways were 

increased in HER2+. Phosphofructokinase was the only enzyme with increased 

expression in Luminal A and triple-negative cell lines. The analysis revealed a similar 

pattern in the expression of glycolytic and gluconeogenic enzymes in obese cases in 

groups with HER2-positive (Luminal B and HER2+) and the HER2-negative group 

(Luminal A and triple-negative). 

In situ, a statistical association between BMI and pathological stage, histological grade, 

and molecular subtype was observed. Luminal cases often exhibit lower pathological 

stages and histological grades. Within the Luminal A subtype, negative regulation of 

proliferation genes was observed, indicating a more favorable prognosis. When stratified 

by molecular subtype, there was a significant difference in the expression of pyruvate 

carboxylase, phosphoenolpyruvate carboxykinase, and phosphofructokinase enzymes, 

significance that remains after stratification by molecular subtype and BMI. These same 

enzymes correlated significantly with clinicopathological characteristics of patients 

(hormone receptors/HER2 and histological grade). Obese women with triple-negative 

molecular subtype tend to express higher levels of all glycolytic enzymes. Infiltration of 

adipose tissue and inflammatory cells revealed no association with enzyme expression. 

Regarding the conditions of metabolic syndrome (diabetes, hypertension, and 

dyslipidemia), a positive correlation was observed between phosphoenolpyruvate 

carboxykinase and diabetes and between phosphofructokinase with hypertension and 

dyslipidemia. 
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The results highlight the importance of continuous research to address glucose 

metabolism to better understand the impact of obesity on breast cancer. 

Gluconeogenesis, specifically, appears to play a crucial role in remodeling the metabolic 

landscape within the tumor, influencing its behavior. 
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CHAPTER I 

1.  Introduction 

Breast cancer and obesity are two metabolically associated pathologies with high and 

increasing prevalence rates1. Strong evidence suggests that obesity-related factors 

regulate and modulate tumorigenesis and tumour progression. A poor diet and a 

sedentary life are the common causes to promote the increased fat deposition which 

results in the development of several metabolic pathologies such as diabetes, 

cardiovascular diseases, and cancer2. It is established that obesity has a significant impact 

in breast cancer metabolism due to the increase levels of local oestrogen and aromatase 

activity3. Additionally, obesity related factors can promote alterations in the central 

biochemistry metabolism. A preliminary study carried out by our group on the 

metabolism of breast tumour cells revealed that obesity-mimicking conditions promoted 

growth and aggressiveness with an alteration of the basal energy metabolism (from 

glycolysis to gluconeogenesis)4. This chapter is dedicated to the state of the art of both 

pathologies and the metabolic crosstalk between them. An extensive literature review 

performed in scientific databases and manuscripts published in peer-review indexed 

journals was included. 

 

1.1. The breast cancer “syndrome” 

Breast cancer (BC) complexity is vast and incorporates so many different classifications 

that one could almost accept them as a syndrome (a set of conditions that occur in the 

presence of a certain disease). Breast cancer can be classified according to molecular 

subtype, histological type, differentiation grade, disease extension, pathological and 

clinical stage, which represents different prognosis with different treatment strategies.  

The combination of estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth factor receptor 2 (HER2) expression determines the molecular subtype. 

The existence of four molecular subtypes: Luminal A (ER/PR+, HER2-), Luminal B (ER+, 

PR-/+, HER2-), HER2-enriched (ER-/PR-/HER2+) and Triple Negative (ER-/PR-/HER2-). 

This classification is of extreme importance since it determines the treatment strategy 

specifically endocrine therapy for Luminal A and B and trastuzumab (Herceptin) to HER2-

enriched5. But new emerging subtypes and potential receptors are being the focus of 

translational and clinical research. In 2007, a new subtype was described as claudin-low 

BC6 characterized by the lack of tight junction proteins (Claudin-3 and E-cadherin) and it 

is still a poorly characterized subtype with a wide broad of heterogeneity7. Microarray 

panels identify other potential subtypes, such as interferon-enriched8, apocrine subtype9 

and six more subgroups of triple-negative BC10. The Lehman’s classification categorizes 

triple negative BC in six subtypes: Basal-like 1 and 2, mesenchymal-like, 

mesenchymal/stem-like, immunomodulatory, and luminal androgen receptor10, each one 

with a gene profiling signature and specific therapeutic targets. For instance, androgen 
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receptor (AR) can be a potential target in quadruple negative BC, i.e., triple negative with 

AR negative11.  

According to the World Health Organization (WHO) there are 23 main histological 

subtypes of breast cancer12, the more incident ones are the invasive ductal carcinoma 

(IDC) accountable for 70-80% of all invasive tumours and termed as “no specific type” 

due to the lack of sufficient morphological characterization to be classified otherwise 

except the ductal localization. Lobular carcinoma with invasive phenotype designated 

invasive lobular carcinoma (ILC), diagnosed in 5-15%13. Histological classification also 

includes mixed invasive ductal and lobular carcinoma (IDLC), diagnosed in approximately 

5% of the cases14. The histological type not only indicates whether the tumour is 

circumscribed to (or spread from) the mammary ducts or lobes but also describes cell 

and secretion characteristics as well as distinctive cellular morphological architecture15. 

For instance, medullary carcinoma is characterized by the presence of lymphocytic 

infiltrate and large and pleomorphic tumour cells16. Other “special subtypes” include 

invasive micropapillary carcinoma, mucinous carcinoma, tubular adenocarcinoma, 

metaplasic carcinoma, invasive intraductal papillary adenocarcinoma, cribriform 

carcinoma, glycogen-rich carcinoma, adenocarcinoma with neuroendocrine 

differentiation, intracystic carcinoma, apocrine adenocarcinoma, clear cell 

adenocarcinoma, liposarcoma, malignant myoepithelioma, adenocarcinoma with 

pavement metaplasia, inflammatory carcinoma, papillary carcinoma, among others12.  

Differentiation grade is associated to the process in which cells suffer “metamorphosis”, 

when it switches from a normal original cell/tissue to a malignant one. Differentiation 

grade is applied to all histological types, and it is usually measured according to the 

Nottingham grading system (NGS)17. NGS takes in consideration: gland/tubular 

formation, mitotic activity, and nuclear features, each is classified from 1 to 3. 

Differentiation grade is then stratified in 3 grades: (1) Grade 1 (total score: 3-5) is well 

differentiated with a low proliferation rate and is phenotypically similar to normal breast 

cells, (2) Grade 2 (total score: 6-7) is moderately differentiated and is intermediate 

between grade 1 and 3 for proliferation and phenotype and (3) Grade 3 (total score: 8-

9) which is poorly differentiated with an increased growth rate and phenotypically 

distinctive from normal breast cells18. Nowadays, many authors and some international 

institutes are already using the Multifactorial Nottingham prognostic index to 

therapeutical recommendations, this index include the NGS along with tumour size and 

lymph node infiltration19. 

Tumour size, nodal involvement along with metastasis (TMN system) are the variables 

included in the most commonly used index for the classification of the pathological stage 

of BC: the American Joint Committee on cancer staging system. The 7th edition had an 

entirely anatomic method based on clinical and pathological evaluations, and presented 

relevant limitations associated with biological factors such as receptors, tumour grade 

and proliferation activity by Ki67, important decision maker modulators in the treatment 

strategy and response to therapy. The 8th edition is the most updated version and 

integrates the TMN system alongside with molecular biomarkers20. Additionally, 
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multigene panels, genomic profiles, signature scores can be used to clinical support, such 

may include the following tools: EndoPredict, IHC4, Mamaprint®, Oncotype DX ®, 

PAM50 (ProSigna®)21. A summary of BC classifications is presented in Figure 1. 

 

Figure 1 – Summary of breast cancer characteristics and associated prognosis. (Created in Biorender.com). 

 

The different metrics and characteristics used to classify breast cancer has the ultimately 

intention to decipher the best treatment to improve quality and time of life. Currently, 

treatment options include surgery, radio- and chemotherapy and endocrine 

pharmaceuticals. They can be addressed to the primary tumour (local) or to the nodal 

infiltration or distant metastasis (systemic), but surgery is still the cornerstone in BC 

treatment and provides control of the primary tumour and of potential nodal 

infiltrations22. Breast cancer surgery evolved significantly in the last decades. In the 70s, 

radical mastectomy was the only surgical procedure, characterized by its invasive and 

traumatizing intervention. Nowadays, BC surgery has a more comprehensive approach 

with several conservative and targeted methods, which comprises an aesthetic basis23. 

Conservative surgery (CS) or partial mastectomy, consists in the removal of the malignant 

tissue and surrounding margins, results exhibit a satisfactory outcome regarding long-

term survival and aesthetical result24. CS is considered a safe procedure, associated with 

low rates of local and distant recurrence, low positive margins rate and low surgical 

complications25. Total mastectomy (TM) implies the excision of all breast tissue, skin, 

nipple, and areola. Same for radical mastectomy (RM), which additional remotion of chest 

wall muscles and lymph node dissection. Another surgical alternative is mastectomy with 

immediate reconstruction (MR), associated with considerable improvements on the 

aesthetic outcomes of breast cancer patients26. Surgical approaches also include Sentinel 

node biopsy (SNB) and axillary dissection (AD), this last procedure is effective to maintain 
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local control but is associated with several co-morbidities27 and previous studies 

uncovered no oncological advantages in axillary dissection28. 

Radiation therapy (RT) is usually used as an adjuvant treatment to surgery to control 

metastasis and prevent residual tumour cell proliferation, although it is associated with 

acute and chronic complications. For several decades, adjuvant RT in BC was associated 

with cardiac mortality due to radiation exposure of cardiac tissues, especially in left sided 

BC29. With technique modernization, RT evolution focus on more precise and harmless 

techniques like three-dimensional conformal RT (3DCRT), forward planned intensity-

modulated radiation therapy (FP-IMRT), inverse planned IMRT (IP-IMRT), volumetric 

modulated arc therapy (VMAT) – a type of IP-IMRT29. Each technique is applied according 

to the extent of the disease and of individual features. The most innovative RT 

intervention is brachytherapy, which has already revealed favourable results. It consists 

in the injection of a radioactive substance into or next the malignant breast tissue. It is a 

promising technique but not fully optimized30. 

Chemotherapy uses chemotherapeutical agents that take advantage of tumour cell 

characteristics to reduce proliferation (cytostatic) and/or to promote apoptosis 

(cytotoxic). It is normally used in combination with other treatment options to enhance 

the treatment efficacy. The spectrum of drugs applied in BC has been increasing towards 

optimized results, not only increasing efficacy but diminishing side-effects and drug 

resistance31. Types of chemotherapeutics can include direct damage to cell cycle by 

alkylating agents, nucleobases analogues that by incorporation stop DNA/RNA 

replication (antimetabolites), antibiotics which target DNA replication enzymes 

(anthracyclines) and others such as mitotic inhibitors, hormone, and immunologic 

chemotherapeutical drugs, etc32. In disease management, systemic therapy can be given 

before surgery (neoadjuvant therapy) or after surgery (adjuvant therapy). Treatment 

endorsement depends of several patient/cancer characteristics such as patient age and 

postmenopausal status or molecular subtype and metastatic development33, usually 

recommended according specific/regional guidelines (USA, EU, and UK national 

guidelines)31. Treatment options are presented in Figure 2. 
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Figure 2 – Algorithm for early and advanced breast cancer treatments based in the study from (Harbeck N, 

Penault-Llorca F, Cortes J, Gnant M, Houssami N, Poortmans P, Ruddy K, Tsang J, Cardoso F. Breast cancer. 

Nat Rev Dis Primers. 2019 Sep 23;5(1):66)33. Legend: BC: breast cancer, pT: pathological Tumour size; T: 

Tumour size; N: Nodal infiltration; PARP: poly ADP ribose polymerase; T_DM1: ado-trastuzumab emtansine. 

(Created in biorender.com) 

 

For an improved outcome of BC treatments, most countries worldwide believe on an 

early diagnosis and have implemented screening programs to decrease not only BC 

associated mortality but also adverse effects from BC treatments and associated 

economic burden (Figure 3). Portuguese BC screening program consists in a 

mammography exam, every two years, in women between 50 and 69 years old. In 2020, 

the Portuguese screening program covered 62% of women in a 78% of geographic 

territory which exposed 0.6% primary positive results (equivalent to 1053 women)34. 

Screening programs can vary in screening age and exam interval along with different 

exam methods. For example, Japanese screening program decreased the screening age 

due to the observed incidence rate in women between 45 and 49 years-old35. The 

American Cancer Society recommends that women between 40 and 54 should be 

screened every year and, after 55 years old, screened every 2 years36. Studies on screening 

follow-up are scattered and limited. A systemic review on controlled trials, performed by 

Fitzpatrick-Lewis, has an update of the United States Preventive Services Task Force 

(USPSTF) 2009 with the main objective of determining the mammography screening 

efficacy in mortality rates. Main conclusions unravel that mammography screening 

reduced breast cancer mortality in women between 40 and 69 years old, but no 

significant alteration was observed in women with more than 70 years old37.  

 

 

Figure 3 – National breast screening policies for all ages in all continents, data from CanScreen5 (Source: 

World Health Organization 2022)38. 

Nonetheless, the motto remains that prevention is better than the treatment (“better safe 

than sorrow”). Risk factors can be of upmost importance in tumorigenesis and cancer 

development. It is well described that breast cancer incidence is associated with several 
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risk factors like genetics and environment/lifestyle39. Inherited breast cancers are 

prevalent in syndromes such as Ataxia telangiectasia and Li Fraumeni and in BRCA1 and 

BRCA2 genes mutation carriers, two suppressor genes involved in DNA repair. Such 

genetic alterations are accountable for approximately 10% of breast cancers33. Regarding 

environment/lifestyle, breast cancer epidemiology distinguished two main segments, 

reproductive and modifiable factors. Reproductive factors include late age for first 

pregnancy, early menarche, and late-onset menopause33. Modifiable risk factors include 

physical inactivity, alcohol consumption and obesity, and they are responsible for 

approximately 20% of breast cancers33. The present study will specifically focus on the 

impact of obesity on BC. Obesity not only influences tumour initiation but also its 

proliferation, aggressiveness, dissemination, bilaterality, diagnosis, response to therapy 

and other not fully understood relevant outcomes. 

 

1.2. Obesity: an ongoing epidemic 

In 1998, the WHO classified obesity as a “global epidemic”40.  Nowadays, although the 

term is still used, it is not totally accurate to classify obesity as an epidemic since 

epidemics usually starts with an outbreak and resolves itself, either by death of the 

infected individuals or by their cure. On the contrary, obesity has been progressively 

increasing in the last decades. From 1975 to 2016 the worldwide prevalence of obesity 

has nearly tripled41 and prevalence estimation for the next years is a continuing growth, 

with alarming proportions (Figure 4). For instance, the incidence rate of obesity in Saudi 

Arabian women is projected to be 49,1% and in Egyptian women of 49,4% in 2025, being 

women the most affected group. 

 

 

Figure 4 - Projected obesity prevalence in 2025 according to NCD Risk Factor Collaboration (NCD RisC) in 

adult females (a) and males (b). (Figure created in the NCD RisC website and generated from data published 

in 41). 

Overall, obesity can be defined by the excessive accumulation of adipose tissue or by the 

abnormal distribution of body fat due to both environmental and genetic factors42. The 

estimated genetic contribution for obesity can vary between 40% and 70%42 although 

environmental risk factors are the most problematic and difficult to address, 

consequence of the XXI century lifestyle. A poor and imbalanced nutritional diet, the 
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reduced physical activity, overall stress, and circadian desynchronization associated with 

sleep deprivation43 are the most prevalent. 

Body Mass Index (BMI, kg/m2) or Quetelet index44, is the most common classification 

used, however, debatable in terms of accuracy. Nowadays, obesity phenotypes are being 

discussed with no global consensus for the lack of proper biomarkers. A better 

characterization, with a consensual set of proteins, genes or cells as biomarkers would 

largely improve disease management. Mayoral et al, 2017, reviewed four proposed 

subtypes of obese categories presented in Figure 5. This study included a literature 

review and results were cross-checked with potential biomarkers45. Several authors 

support the concept that an obese individual doesn’t necessarily have to be an unhealthy 

one. A person may have high BMI, yet without metabolic impairments associated. On the 

other hand, normal-weight individuals can exhibit obesity-like features like insulin 

resistance, hypertriglyceridemia, hyperinsulinemia, hypertension and be classified as 

unhealthy. The loss of muscle mass – sarcopenia, can also be observed in certain obese 

individuals. 

 

Figure 5 – Description of obesity subtypes (source: Mayoral, Laura Perez-Campos, et al. "Obesity subtypes, 

related biomarkers & heterogeneity." The Indian journal of medical research 151.1 (2020): 11.)45. 

 

Control of body fat is one of the greatest health challenges. Although there are several 

treatment options available like surgery and anti-obesity pharmaceuticals, lifestyle 

interventions are still the foundation of disease management. Moreover, the most 

difficult achievement in obesity is maintaining the weight loss at a long term. Figure 6, 

obtained from a study by Müller and colleagues43, demonstrated the weight loss efficacy 

of different treatments. The intervention with a more pronounced weight loss was 

bariatric surgery. A meta-analysis performed by Buchwald and colleagues on morbid 

obese patients (mean BMI of 46.9 kg/m2) submitted to bariatric surgery also observed a 

complete remission of diabetes in 76.8% of the population, 70% of the patients improved 

the state of hyperlipidemia, hypertension was also resolved in 61.7% of the cases and 
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85.7% of the patients that underwent bariatric surgery had their obstructive sleep apnea 

resolved46. But advantages of bariatric surgery were also described in cancer, a follow-up 

study of 701 patients with obesity and diabetes for 21.3 years, observed a decrease of 

cancer incidence of patients who underwent bariatric surgery when compared to usual 

obesity disease management (9.1 per 1,000 person-years VS 14.1 per 1,000 person-

years). Women, particularly, were significant associated with decreased cancer 

incidence47. Bariatric surgery seems to ameliorate obesity-associated comorbidities and 

improve overall survival48. Nonetheless, bariatric surgery is also associated with surgical 

complications such as bowel obstruction, nutrient deficiencies, nausea, infection, 

stenosis, pancreatic exocrine insufficiency, bone loss and higher fracture risk49–51. 

Currently, bariatric surgery seems to be the most promising treatment option, although 

novel pharmacological approaches are being developed with interesting results. 

 

Figure 6 – Body weight loss obtained from different obesity treatments in % to baseline (Source: Müller, Timo 

D., et al. "Anti-obesity drug discovery: Advances and challenges." Nature Reviews Drug Discovery 21.3 (2022): 

201-223.)43. 

 

A poor weight management leads to a systemic dysmetabolism correlated with several 

life-threatening pathologies including type 2 diabetes, hypertension, hyperlipidaemia, 

hypertriglyceridemia, infertility, insulin resistance, hyperinsulinemia, cardiovascular 

disease, and obesity-related cancers (Meningioma, thyroid, oesophagus, breast, liver, 

stomach, gallbladder, pancreas, kidney, bowel, ovarian, womb, myeloma)52. It was 

previously described that in overweight individuals, a 5-unit increase in BMI enhances 

the overall mortality in 29%, diabetes related mortality in 210%, and vascular disease-

associated mortality in 41%53. In cancer, 4.6% of overall cancer deaths were attributed to 

obesity54 and a 5 kg/m2 increase in BMI corresponds to a 2% increased risk in breast 

cancer for women55.  

But obesity consequences are not limited to physical pathologies. It also comprises 

financial issues and mental health problems as illustrated in Figure 7, an overview in 

causes, consequences, and treatments of obesity. 
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Figure 7 – Obesity summary of examples of causes, consequences, and treatments. (Created in 

Biorender.com). 

 

Interestingly, obesity is predominantly associated with poorer outcomes, but some 

authors have disclosure improved survival (and better outcomes) for obese patients in 

certain diseases or conditions, a tendency designated as “reverse epidemiology” or 

“obesity paradox”56. A long-described paradox is tuberculosis (TB) whose risk is described 

to be inversely correlated with BMI. Historical data demonstrated that physicians in the 

XIX century encouraged TB patients into metabolic syndrome, by increasing BMI and to 

sustain it as long as possible to reduce TB risk57. Another suggested paradox concerns 

pneumonia patients. Several studies observed that pneumonia-related mortality is 

inversely correlated with BMI, conflicting with the idea that obesity impairs lung function, 

namely gas exchange by airway resistance58–60. Another reported condition where obesity 

revealed itself as valuable includes severe sepsis61, Chagas disease62, gallbladder 

disease63, chronic kidney disease64, chronic obstructive pulmonary disease65, 

cardiovascular diseases (well described)66, osteoporosis67 among others. 

Regarding cancer incidence, obesity is identified as a major risk factor in 13 types of 

cancer (previously described) but with no consensus regarding cancer survival. There are 

countless studies with contradicting results and obesity paradox is continuously the focus 

of discussion. An interesting study performed by Lee & Giovannucci states that the 

obesity paradox in most studies can be explained by a defective methodological 

approach like reverse causation, selection bias or confounding variables such as smoking, 

cancer cachexia, body composition among others68. Conflicting results are also found in 

breast cancer. For instance, a review in immunology and immunotherapy of triple 

negative breast cancer presented the downsides and upsides of obesity. On one hand, 

obesity is a risk factor to a reduced immune response and increased side effects. But on 
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another hand, obesity seems to ameliorate outcomes by checkpoint blockage69. A more 

in-depth insight on the effect of obesity in breast cancer is presented in the next 

subsection (The observational link between breast cancer and obesity).  

 

1.3. The observational link between breast cancer and obesity 

While the incidence rate of non-related obesity cancers has declined from 2005 to 2014, 

obesity associated cancers have increased70, probably due to high and increasing 

incidence rates of obesity71. Literature associating breast cancer and obesity is extensive 

and scarce. A systematic literature revision was performed for a better assessment of the 

information. “Breast cancer”, “obesity” and “observational studies” were applied as filter 

keywords in scientific databases (Pubmed, Mendeley, and Scopus) and inclusion and 

exclusion criteria were applied manually (Table 1). Figure 8 presents the flowchart of the 

systematic revision. Table 2 presents the results of the included articles and the main 

results distributed according to the scope of the study (Risk factor, Clinical features and 

outcomes, and Biomarkers). 

 

Table 1 – Inclusion and exclusion criteria of the systematic review in breast cancer. 

Criteria Inclusion criteria Exclusion criteria 

Time period Last 10 years (2013-2022) - 

Language English - 

Geographic delimitation No restriction - 

Population sex Women Men 

Pathologies Breast cancer; Obesity 
Other cancers; Diabetes; 

Cardiovascular diseases; 

Variable focus Obesity 

Race; geographic localization 

(rurality); Economic status; Lifestyle 

interventions. 

Study design Observational studies 
All other study designs like reviews, 

meta-analysis, case reports, etc 

 



 

 

13 
 

 

Figure 8 – Workflow of the systematic review (Created on Draw.io)  
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Table 2 – Description of the year of publication, country, design study and main results of each included study divided according to the scope of each manuscript (Risk factor, 

Clinical features and outcomes, and Biomarkers). 

Scope Year Country Cohort Main results/conclusions Ref 

R
IS

K
 F

A
C

T
O

R
 

2021 Mozambique 

Patients with breast cancer (BC) (n=138) recruited for 

the Mozambican Breast Cancer cohort and controls 

(n=638) from “World Health Organization stepwise 

approach to surveillance of noncommunicable disease 

risk factor”. 

Higher weight and BMI were associated with an increased risk of BC among 

postmenopausal women, whereas premenopausal women, weight and BMI 

revealed a protective role, namely in hormone receptor (estrogen and 

progesterone) positive and HER2 negative. 

72 

2021 France 

Patients with metastatic breast cancer (MBC) enrolled in 

the “Epidemiological Strategy and Medical Economics - 

French metastatic breast cancer cohort” (n=12 999 

patients). 

In MBC, BMI was positively associated with age, menopausal status, higher 

rates of de novo MBS (metastatic condition detected within 6 months of the 

primary cancer), and bone metastasis (all p < 0.001).  

Underweight MBC patients were correlated with higher number of 

metastatic localizations and visceral metastasis.  

Overall survival (OS) and Progression free survival (PFS) in obese patients 

did not achieve significant differences, while in underweight patients 

presented lower OS and PFS. 

In triple negative cases, obesity appeared to promote a protective role. 

73 

2021 Worldwide 

Evaluation of BC risk of childhood obesity through the 

identification of 15 single-nucleotide polymorphisms 

(SNPs) from the Genome-Wide Association Studies, 

Early Growth Genetics (n= 15 249 cases vs 416 252 

controls) 

Childhood BMI was negatively associated with the risk of breast cancer (OR: 

0.77; 95% CI: 0.64-0.94; P < 0.01) 
74 

2021 Korea 

Study of BMI and breast density in BC including 3 248 

941 cancer-free premenopausal women (34 466 Cases 

of breast cancer detected) and 4 373 473 cancer-free 

postmenopausal women (30 816 Cases of breast cancer 

detected) in the Korean National Cancer Screening 

Program/National Health Insurance Service database. 

NOTE: BMI was stratified according: underweight (<18.5), normal weight 

(18.5 to <23.0), overweight (23.0 to <27.5), and obese (>27.5). 

In premenopausal women, no association was found between BMI alone 

and breast cancer risk. Postmenopausal women revealed a significant 

increased breast cancer risk in all breast density categories. 

Results showed an additive interaction between BMI and breast density 

both in post and premenopausal women in the risk of BC. 

75 
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2020 Latin America 

Evaluation of anthropometry measures and body shape 

of women diagnosed with primary invasive breast 

cancer from the PRECAMA cohort (Chile, Colombia, 

Costa Rica, Mexico, and Brazil) (n=406 cases of 

premenopausal BC vs 406 matched controls selected 

from the general population). 

In the premenopausal population was found a negative association 

between breast cancer risk and weight, waist circumference (WC), hip 

circumference (HC), and BMI. 

Normal weight women with central obesity presented increased BC risk 

than normal weight women with normal waist circumference. 

No association was found for height, leg length, Waist Hip Ratio (WHR), 

and body shape. 

76 

2019 United States 

Study of the relation between BC risk and body weight 

alterations and BMI in postmenopausal women enrolled 

in the Women’s Health Initiative Observational Study 

(n=61 335). 

Postmenopausal women with intentional weight loss were more likely to 

presented higher BMI.  

Compared to women with stable weight, women with weight loss of >5% 

have decreased risk of invasive breast cancer. 

No associations were found regarding weight gain and BC risk. 

77 

2019 Japan 

Assessment of BC risk and weight alterations in 

postmenopausal breast cancer enrolled in the Miyagi 

Cohort Study (17 years follow-up) and the Ohsaki 

Cohort Study (13 years follow up) (n=286 patients).  

In women, moderate and high weight gain was significantly associated with 

an increased risk of postmenopausal BC. 
78 

2019 France 

Assessment of obesity survival paradox in elderly 

women enrolled in the Physical Frailty in Elderly Cancer 

patients (n=433 cancer patients eligible, 79 with BC). 

NOTE: BMI was stratified according: BMI<21 (Underweight), 21.0≤BMI≤24.9 

(normal weight), 25.0≤BMI≤ 29.9(overweight) and BMI≥30 (obesity). 

Comorbidities, assessed by the Cumulative Illness Rating Scale-Geriatric 

(CIRS-G), and gait disorders were positively associated with obesity in BC 

patients.  

BC seems to exhibit obesity-survival paradox in elderly patients (negatively 

correlated with a 6-month mortality). 

79 

2019 United States 

Postmenopausal women (n=58 667 eligible, 3355 

invasive breast cancers) from the Women’s Health 

Initiative Observational Study were evaluated for weight 

loss and cancer risk.  

BC risk decreases with weight loss, regardless of the personal intentionality.  80 

2019 India 

Observational study of screened women in the National 

Institute of Cancer Prevention and Research under the 

Indian Council of Medical Research (n=6 712 women; 

53 cases diagnosed). 

Postmenopausal women with high blood pressure and random blood sugar 

were strongly associated with BC. No significant association was found 

between blood pressure and overweight/obesity. 

Both in pre and postmenopausal women, no association was found 

between BC and overweight and obesity.  

81 
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2018 United States 

Study regarding adiposity and body composition of 

women with nonmetastatic breast cancer diagnosed in 

the Kaiser Permanente Northern California and the 

Dana Farber Cancer Institute (n=3 241). 

BMI was differentially associated with body composition. Sarcopenia 

feature was associated with low BMI while low skeletal muscle radiodensity 

(SMD) with higher BMI. 

Lower overall survival was found in patients with medium or high total 

adiposity, sarcopenia, and low SMD. 

82 

2017 United States 

Evaluation of BC risk and weight fluctuations from the 

postmenopausal women of the Women's Health 

Initiative Observational Study (n=80 943; 5 564 women 

diagnosed with BC).  

BMI independently analysis revealed that weight gain and weight cycling, 

were associated with BC risk. After BMI adjustment at baseline, weight gain 

remained significantly associated with BC risk. 

83 

2017 United States 

Study on adiposity and weight alterations in childhood 

and late adolescence in women enrolled in the Nurses’ 

Health Study (n=74 177; 4 965 diagnosed with invasive 

breast cancer). 

Weight maintenance avoids BC risk increased. In hormone receptor positive 

cancers, adiposity in childhood and at age 18 has a protective role. Adverse 

effects of weight gain in postmenopausal adulthood women are more 

evident in hormone receptor positive cancers. 

84 

2016 Worldwide 

Randomized study from data of 7 SNPs of birth weight, 

15 SNPs of childhood BMI, 77 SNPs of adult BMI, and 

14 SNPs of adult WHR included in the Genome-Wide 

Association Studies (n=51 537 cancer cases and 61 600 

control from which 15 748/18 084 case/controls of BC). 

BC risk, namely ER - cancer, was negatively correlated with childhood and 

adult BMI. 

Negative association was found between BC risk and WHR. 

No association found between the genetic score in BC risk and birth weight.  

85 

2016 Denmark 

Mendelian randomisation study from genetic 

information of patients enrolled in the Copenhagen 

General Population study and the Copenhagen City 

Heart Study (n=1402). 

Genetic studies unravelled that high number of alleles BMI associated (7–10 

versus 0–4) increased BMI in 3% (approximately 0.20 kg/m2). Allele score 

explained 0.4 % of BMI variation. 

High BMI increased the risk of postmenopausal breast cancer. No 

association was found between BMI and premenopausal breast cancer. 

86 

2016 United States 

Study on the impact of adulthood overweight and 

obesity duration on BC risk from the observational 

study of the Women’s Health Initiative (n=73 913 total, 

3 723 postmenopausal breast cancer). 

Adjusted models revealed an increased hazard ratio (HR) for BC (1.07) for 

every 10 years of obesity and for every 10 years of overweight (1.05). 

A positive correlation was found between the years of obesity and 

overweight and postmenopausal breast cancer risk. 

87 

2015 United States 

Assessment of body shape index (ABSI), BMI, WC, waist 

circumference-to-height ratio (WHtR), and WHR from 

the Women’s Health Initiative (n=143 901 women, 7 

039 invasive postmenopausal BC). 

BMI, WC, WHtR, and WHR were positively correlated with BC risk. ABSI was 

not associated with increased risk of BC. 

BMI and WC were significant predictors of BC, even in the adjusted model. 

ABSI was a significant predictor when compared to BMI. 

88 
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2022 China 

Study on body fat mass, visceral fat level, and skeletal 

muscle mass of women with BC diagnosed in the First 

Hospital of Jilin University (n=199). 

Visceral fat was proportional higher in postmenopausal women.  

High visceral fat presented higher body fat mass, higher skeletal muscle 

mass, increased levels of minerals, proteins, triglycerides, cholesterol, and 

low-density lipoprotein (LDL).  

Normal visceral fat was associated with a more prolonged DFS. 

89 

2021 Germany 

Assessment of OS and PFS of BMI and medication of 

women diagnosed with invasive BC in the Department 

of Gynaecology and Obstetrics of the University 

Hospital Essen (n=635). 

BMI was correlated with menopausal status, age, smoking, use of beta-

blockers, and metformin (frequent in obese patients). 

Non obese patients tend to have prolonged PFS (without statistical 

significance). 

Obese beta-blockers user patients were correlated with decreased OS and 

PFS. 

No survival advantage was observed in metformin intake, regardless of BMI. 

90 

2020 Italy 

Nonrandomized retrospective study of HER2-Positive 

early BC Patients from 2 Italian University Hospitals 

(Università Politecnica delle Marche-Ospedali Riuniti, 

Ancona and Azienda Ospedaliera Universitaria Pisana, 

Pisa) (n=279) 

Significant statistical associations were found in menopausal status, tumour 

size, and HR status. Obese and overweight women were more likely to be 

postmenopausal, and more likely to display larger tumours.  

No significant differences were achieved in lymph nodal status, grade, 

proliferation score, and adjuvant chemotherapy. 

Underweighted and normal weight patients have better prognosis in a 3-

years follow-up, with decrease recurrence rates. 

91 

2020 Spain 

Observational study of the influence of trastuzumab 

dosage in HER2-positive nonmetastatic BC in the 

Complejo Hospitalario Universitario de Canarias (n=50). 

Fixed dose of subcutaneous Trastuzumab revealed significant differences in 

the obese patients.   
92 

2020 United States 

Study on breast reconstruction outcomes in women 

submitted to breast reconstruction in 11 participating 

sites (n=2 259).  

Obese women had increased risk of surgery associated complications and 

reconstructive failures. 

Obese women exhibited decrease satisfaction in the implant results. 

93 

2020 Italy 

Observation study of a patient cohort treated with 

pertuzumab and/or trastuzumab emtansine for HER2+ 

metastatic BC at 45 Italian cancer centres (n=709). 

Obesity was associated with worse OS in patients treated with pertuzumab 

and/or trastuzumab emtansine for HER2+ metastatic BC but had no impact 

in PFS to first line. 

Evaluation of quartiles of the patients and PFS to first line revealed worse 

prognosis for obese patients in the first quartile. 

94 

2020 United States 

Assessment of patients with nonmetastatic BC who 

received anthracycline and taxane-based chemotherapy 

at Kaiser Permanente Northern California and 

correlation with body composition (n=1 329). 

Chemotherapy treatment is influenced by obesity, higher levels of visceral 

and intramuscular adiposity is associated with decreased chemotherapy 

delivery. 

Adiposity (visceral, intramuscular, and subcutaneous) was associated with 

increased risk of discontinuing chemotherapy at early time. 

95 
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Visceral and intramuscular adiposity resulted in an increased risk of 

hospitalization during chemotherapy treatment. Higher muscle mass 

presented decreased risk of hematologic toxic effects. 

2019 France 

Prospective study regarding the association between 

cardiotoxicity and BMI in early BC included in the 

French national multicentre prospective CANTO study 

of 26 French cancer centres (n=929 patients).  

Obesity was associated with hypertension and diabetes. 

Obese and overweight patients were more likely to develop cardiotoxicity. 

Multivariable analysis revealed that obese patients and trastuzumab were 

independently associated with cardiotoxicity. 

96 

2019 Indonesia 

Observational study on premenopausal and 

postmenopausal women enrolled in the oncology 

surgical clinic at Dr. Moewardi hospital, Surakarta 

(n=117). 

Obesity was negatively associated with ER.  

Obesity and history of contraceptive method tended to be negatively 

associated with PR and positively associated with HER2+. 

97 

2018 India 
Observational study on BC patients clinically followed at 

a tertiary cancer centre (n=476). 

Postmenopausal women had higher BMI. 

The mean BMI was higher in luminal BC subtype (24.7), followed by Triple 

negative (TN) BC (23.9), and lastly by HER2+ BC (22.4). 

Tumour size increases with BMI. Underweight and normal presented a 

median tumour size of 3.99 cm; overweight, 4.13cm and obese 4.30cm 

(although without statistical significance). 

98 

2016 Turkey 

Assessment of the cardiotoxicity trastuzumab in women 

diagnosed in Cukurova University Medical School 

Adana with HER2+ BC (n=111). 

Obesity specifically, was significantly associated with a decrease of the left 

ventricular ejection fraction, a heart failure manifestation. 
99 

2015 United Kingdom 
A prospective observational study on BC patients from 

127 UK hospitals (POSH study) (n=2 843). 

Tumour size was larger in obese and overweight patients. 

Obese and overweight patients presented more histological grade 3 cases, 

and lymph node positive tumours.  

ER negative and TN tumours were more frequent in obese patients. 

No association was found regarding distribution of cancer, distant 

metastasis, and HER2. 

Conservative surgery and neoadjuvant chemotherapy were higher in obese 

patients. 

Distant DFS and OS was lower in obese patients. 

100 

2015 Iran 

Case-control study on Post-Mastectomy Pain Syndrome 

(PMPS) in women who underwent mastectomy surgery 

in Shohada Hospital (n=122). 

No correlation was found for weight, height and BMI between the group 

who reported PMPS and the group without PMPS. 
101 
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2022 United States 

BC screened participants of the National Health and 

Nutrition Examination Survey (n=11 460; 306 cases of 

BC) were correlated with triglyceride glucose (TyG) 

index with BC cancer risk was performed. 

NOTE: TyG index= Ln [fasting triglycerides (mg/dL) X fasting glucose (mg/ 

dL)/2]. TyG index was positively correlated with age, BMI, smoking, LDL-C, 

triglycerides, and fasting glucose. 

High levels of TyG index were associated with high prevalence rates of BC. 

Q4 TyG index (9 and 11.96) reveal an OR for BC of 2.25.  

103 

2022 United States 

Case-control study of BC cases included in the Women's 

Health Initiative Observational Study. Evaluation of C-

reactive protein (CRP), leptin, fasting insulin, and 

estradiol levels (n=188). 

Obese individuals are more likely to have higher levels of leptin, CRP, and 

fasting insulin compared to controls.  

Leptin, CRP, fasting insulin, and estradiol reveal a positive association with 

BMI (obese and overweight vs normal weight). 

104 

2021 Indonesia 

Cross sectional observational study correlating BMI, 

histopathological grading, and total cholesterol levels in 

BC patients followed in the Faculty of Medicine, 

Hasanuddin University (n=60). 

No correlation was found between BMI and histological grade. 

Association was found between postmenopausal status and 

histopathological grade and histopathological grade and cholesterol levels.  

105 

2021 United States 

Case-control study in postmenopausal women included 

in the Women’s Health Initiative Observational Study, 

associating BMI, WHR, height, BMI with androgens, 

twelve androgens metabolites by linear regression, and 

adjusted for confounder variables and stratified by 

hormone therapy (HT) (n=1 765). 

Obese patients (whether former or current HT patients) presented higher 

levels of dehydroepiandrosterone sulphate (DHEAS), 5α-reduced 

glucuronide metabolites: androsterone-glucuronide (ADT-G), 5α-

androstane-3α, 17β diol-3-glucuronide (3α-diol-3G), 3αdiol-17-glucuronide 

(3α-diol-17G), and DHEAS:DHEA ratio. Higher BMI levels were positively 

correlated with unconjugated estrone: androstenedione and unconjugated 

estradiol: testosterone ratios among never/former HT patients.  

Never/former HT patients, BMI was positively associated with estrogen-to-

androgen ratios, and the proportion of total adrenal androgens and parent 

estrogens was lower in obese women.  

When stratified by BMI, never/former HT patients, WHR was positively 

associated with DHEA, DHEAS, androstenedione, DHTS, ADT-G, 3a-diol-

3G,3a-diol-17G, and DHTS:DHT ratio in obese women.  

106 

2013 China 

Retrospective study of women with BC, submitted to 

surgery, clinically followed at the General Hospital of 

Shenyang Military Region (n=317). 

No associations were found for BMI and age, histological type, tumour size, 

ER/PR status, and menopausal status. BMI was associated with lymph node 

metastasis and smoking habits. 

Univariate analysis for 5-year DFS and OS revealed that BMI, tumour size, 

lymph node metastasis, and adjuvant endocrine therapy were statistical 

prognostic factors. 

Cox regression model achieved statistical significance for obesity as an 

independent prognostic factor for DFS and OS. 

102 
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BMI at age 18 was inversely associated with adrenal androgens (DHEA, 

DHEAS, androstenedione, testosterone) and positively associated with 

estrogen-to-androgen ratios (unconjugated estrone: androstenedione, 

unconjugated estradiol: testosterone) among never/former HT users. 

Association loses statistical significance when adjusted to current BMI, 

except for unconjugated estrone: androstenedione in current HT users. 

2021 United States 

A study from the Women's Health Initiative Database 

for Genotypes and Phenotypes Study evaluated a 

genome-wide association (GWA) gene–environment 

interaction (G × E) in 6 GWA for proinflammatory 

cytokines (n=16 088 postmenopausal women and 

21 784 812 SNPs). 

Women wo developed BC are more likely to be obese and have visceral 

obesity. 

In nonobese women, HNF1A-AS, HNF1A (rs2243458) and one C12orf43 

(rs1169311) detected was associated with 20% decrease in chronic 

inflammation. In obese women, 3 SNPs in CRP/RP11–419N10.5 gene was 

responsible for a 70% of increased risk for chronic inflammation. 

In viscerally obese subgroup (WHR and Waist circumference) inflammatory 

patterns revealed SNPs near CRP and CRP/RP11–419N10.5 associated with 

35%–50% of increased risk and SNPs near HNF1A presented decreased risk 

for inflammation. 

Biomarkers CRP and IL6 interact with obesity factors. 
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2021 United States 

Women who underwent mastectomy for BC risk 

clinically followed in the Memorial Sloan Kettering 

Cancer Centre were evaluated for their adiposity 

features and BC risk (n=100). 

Presence of breast adipose tissue infiltration (B-WTAi) was not correlated 

with WHR but was correlated with increased age, higher BMI, larger 

adipocytes, higher total body fat, and trunk fat. 

Aromatase was positively associated with BMI, B-WATi, total and trunk fat, 

and breast adipocyte diameter. 

Increasing levels of hsCRP, IL6, leptin, and insulin were increased among 

BMI categories and breast adipocyte diameter. Adiponectin and sex 

hormone-binding globulin (SHBD) were inversible related to BMI. 

Higher body fat was related to B-WATi, despite normal weight. 
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2021 Canada 

Women with early BC from the Mount Sinai Hospital 

were characterized and evaluated for metabolic factors, 

BMI, and inflammation (n=119). 

Crown-like structures of the breast (CLS-B) was associated with higher 

weight, BMI; WC, insulin, HOMA, and leptin but not with hsCRP, 

adiponectin, low-density lipoprotein (LDL) cholesterol, high-density 

lipoprotein (HDL), cholesterol or triglycerides.  

109 

2019 United States 

Evaluation between body fat and BC in postmenopausal 

women with normal BMI enrolled in the Women’s 

Health Initiative (n=3 460). 

BMI and WC were higher in women with high levels of trunk fat mass. 

Whole body fat mass (5-unit increase) was translated in a significant 28% 

increase in BC risk. A 5-unit increase in percentage of whole-body fat, 

increased BC in 19%. A 5-unit increase in trunk fat increased the risk in 46%. 
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The adjusted model observed positive associations between levels of 

insulin, CRP, insulin resistance, IL6, white blood cells, leptin, triglycerides, 

and trunk fat mass. Whereas contrary association were observed for levels 

of HDL-C, adiponectin, and SHBG. 

2018 Italy 

Observational study cross sectioning circulating 

testosterone and BMI in ER+ BC postmenopausal 

patients recruited in the Fondazione IRCSS Instituto 

Nazionale Tumori of Milan (n=460). 

Increased testosterone levels were observed across BMI categories. 

Testosterone and BMI were positively associated with DFS. 

It was found a significant interaction between testosterone and BMI. In 

normal-weight women with median levels of testosterone, relapse hazard 

ration (HR) was increased. In overweight patients with increased 

testosterone levels had higher HR. In obese patients, HR decreased (not 

significantly) at increased testosterone concentrations. 

In these cases, high levels of testosterone in normal weight and overweight 

were associated with worse prognosis. 

111 

2018 China 

Retrospective study of cases recruited from the 

Comprehensive Breast Health Center, Shanghai Ruijin 

Hospital and evaluation of obesity, metabolic syndrome 

features, and Neutrophil-to-lymphocyte ratio (NLR) 

(n=1 540 BC cases and 1 540 with benign breast disease 

(BBD)). 

Obesity was more frequent in BC. BC also revealed higher neutrophil levels, 

lower lymphocyte levels, and consequent higher NLR. 

Impact of intermediate to high NLR levels with increased BC risk was more 

evident in normal weight patients or in the population without metabolic 

syndrome. 

112 

2018 Mexico 

Association of resistin and two SNPs (RETN 

rs1862513CG/GG and CAP1 rs35749351GA/AA) with BC 

risk (n=308 controls vs 100 BC cases). 

Resistin levels in BC patients were higher compared to controls. 

RETN rs1862513CG/GG and CAP1 rs35749351GA/AA genotypes presented 

an increased odd ratio (OR) of 1.61 and 2.193-fold to BC risk, respectively, 

compared with the CC and GG genotypes. 
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2017 Germany 

Correlation of BRCA gene mutation carriers of patients 

recruited from the German Consortium of Hereditary 

Breast and Ovarian Cancer and association with 

adiposity (n=68). 

BRCA mutation carriers tended to have lower BMI, whereas non-carriers 

revealed higher physical activity level. 
114 

2017 Turkey 
Chemerin assessment in newly BC diagnosed patients 

(n=117). 

Chemerin levels were associated with diabetes, older age, obesity, 

hypertension, and postmenopausal status.  
115 

2017 Italy 

Patients with BC treated at University of Naples 

Federico II, was retrospectively assessed for vitamin D, 

tumour characteristics, and adiposity features (n=220). 

Low levels of Vitamin D were correlated with worse prognostic factors like 

grade 3, lymph node positive, and higher BMI categories. 

BMI was correlated with postmenopausal status.   

116 

2017 United States 

Data from postmenopausal women enrolled in 

Women’s Health Initiative Observation, stratified by 

obesity and lifestyle modifiers, were analysed according 

Seven SNPs in IGFI and IR genes were associated with BC risk and differed 

between non-obese and obese group, and also between oral contraception 

non-users and users. 
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75 SNPs in genes related to insulin-like growth factor-I 

(IGFI), insulin resistance (IR), and signalling pathways 

(n=464 controls vs 539 BC cases). 

Carriers of IGFIrs10860865 T and the IGFIrs978458 T mutations have 

increased BC risk among the non-obese patients. Carriers of the INS rs689 T 

allele had decreased BC risk in non-obese women. In PIK3R1 gene, carriers 

of 4 SNPs (rs12657050 T, rs171649 A, rs831123 G, and rs7707370 C alleles) 

presented increased risk of BC in obese women, and another 4 (rs706711 A, 

rs1664577 G, rs3730089 A, and rs251404 T alleles) in obese patients with 

WHR>0.85.  

Increased BC risk was also found in mutations carriers of the AKT1 

rs2494744 T allele in non-obese women. Carriers of the AKT1 rs2494740 T 

SND revealed decreased risk for BC in viscerally obese (waist>88 cm). Also, 

carriers of rs2266966 G, rs2283791 C, and rs9610505 A alleles decreased BC 

risk in obese women with WHR >0.85. Carriers of rs2298432 T allele had 

decreased cancer risk in non-obese women with WHR≤0.85. 

2015 United States 

Case-cohort analysis of circulating adipokines and 

inflammatory markers data, from Women’s Health 

Initiative Observational Study (n= 875 BC cases vs 839 

controls). 

In HT nonusers, BMI displayed a moderate correlation with leptin, insulin, 

CRP, and IL-6. A moderate inverse association was found for insulin and 

adiponectin. 

The β-coefficient for obese women decreased 16%, 52%, 53%, 92%, and 

115% after adjustment for estradiol, insulin, CRP, both insulin and CRP, or 

all three factors (estradiol, insulin, and CRP. 

High levels of CRP increased the risk of postmenopausal BC in women, HT 

nonuser. This association is independent of obesity-related pathways like 

hyperinsulinemia and estrogen. CRP, insulin, and estradiol seems to be a 

potential justification of the BMI and BC link. 
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2015 United States 

Case-cohort study of BC risk and metabolically healthy 

overweight postmenopausal women based in HOMA-IR 

and in insulin sensitivity. Data from women enrolled in 

the Women’s Health Initiative Observational Study (n= 

497 BC cases and 2 830 participants). 

Unhealthy overweight (HOMA-IR) was associated with increased BC risk. 

No association was observed in metabolically healthy overweight women 

and BC risk. 

Regardless of BMI, it was observed a significant association between BC risk 

and metabolic health. 

119 

2014 Brazil 

Observational study of ER α SNPs, PvuII and XbaI in 

patients stratified according to BMI. Data was collected 

from the Hospital das Clínicas da Faculdade de 

Medicina da Universidade de São Paulo (n=308 women 

postmenopausal). 

Results revealed that PvuII mutation is associated with low BMI categories, 

while XbaI mutation is associated with higher BMI. 
120 
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2014 Italy 

Post-menopausal oestrogen-dependent breast cancer 

patients recruited from the Medical Oncology Units at 

the ‘N.S. Bonaria’ Hospital in San Gavino were analysed 

for tumour characteristics, BMI, proinflammatory 

cytokines, and oxidative stress biomarkers between ER 

+ and ER -  (n=216). 

ER + patients presented higher BMI and increased leptin levels in patients 

with higher values for Tumour size (T), Nodal infiltration (N) and Metastasis 

(M)+ status. 

BMI was correlated with leptin. Both BMI and leptin were correlated with IL6 

in ER + group. 

In ER + patients, Reactive oxygen species (ROS) levels were positively 

correlated with BMI, leptin and IL-6 and negatively correlated with 

Glutathione peroxidase (GPx), and Superoxide dismutase (SOD). ROS was 

also found to be correlated with TNM status. BMI, leptin, and IL-6 were 

associated with T and M+. 

Multivariate regression analysis revealed that in ER + patients, BMI, leptin, 

IL6, and ROS were predictive for TNM status. 

121 

Legend: BC – Breast cancer; BMI – Body Mass Index; SNPs – Single Nucleotide Polymorphisms; ABSI – Body Shape Index; WHtR – Waist Circumference-to-height Ratio; WHR – 

Waist Hip Ratio; WC – Waist circumference; HC – Hip Circumference; SMD – Skeletal Muscle Radiodensity; HR – Hormone Receptor; ER – Estrogen Receptor; PR – Progesterone 

Receptor; HER2 – Human epidermal growth factor receptor-2; TN – Triple Negative; OS – Overall survival; DFS – Disease free survival; PFS – Progression Free Survival; LDL – Low-

density lipoprotein; PMPS – Post-Mastectomy Pain Syndrome; TyG – Triglyceride glucose index; CRP – C-reactive protein; HT – Hormone therapy; DHEAS – 

Dehydroepiandrosterone sulphate; ADT-G – Androsterone-glucuronide; 3α-diol-3G – 5α-androstane-3α, 17β diol-3-glucuronide;  3α-diol-17G – 3αdiol-17-glucuronide; B-WATi 

– Breast adipose tissue infiltration; hsCRP – High sensitivity C-reactive protein; SHBG - Sex hormone-binding globulin; CLS-B – Crown-like structures of the breast; HOMA - 

Homeostatic model assessment of insulin resistance; HDL – High-density lipoprotein; HR – Hazard ratio; NLR – Neutrophil-to-lymphocyte ratio; BBD – Benign Breast Disease; 

IGF1 – Insulin-like growth factor 1; IR – Insulin resistance; PIK3R1 – Phosphatidylinositol 3-kinase regulatory subunit alpha; AKT1 – AKT Serine/Threonine Kinase 1; T – Tumour 

size; N – Nodal infiltration; M – Metastasis; ROS – Reactive oxygen species; GPx - Glutathione peroxidase; SOD - Superoxide dismutase.
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In summary, observational studies focusing on obesity as a risk factor unravel some 

contradictory results. In the majority of the included studies, BMI/obesity is positively 

associated with postmenopausal BC and negatively or without association with 

premenopausal BC. Some studies seem to support the influence of the obesity paradox 

namely in childhood/adolescence obesity, elderly populations, and metastatic BC. An 

interesting observation is that underweight and sarcopenic populations are usually 

associated with poorer prognosis. In the present literature review, anthropomorphic BMI-

associated features were also included to analyse their influence as BC risk factors. Body 

Shape Index, Waist Circumference-to-height Ratio, Waist Hip Ratio, Waist circumference 

or Hip Circumference are obesity features that could help in establishing BC prognosis, 

although results did not achieve any consensual conclusion. Additionally, this systematic 

review included several studies in weight alterations, curiously based in the same cohort 

(the Women’s Health Initiative). Weight loss is associated with decrease BC risk, and 

consequently weight gain and weight cycling are associated with increased BC risk. 

Moreover, duration of obesity and overweight exposure also seems to promote BC 

development. 

In clinical features and outcomes, worse indicators in BC like tumour size, differentiation 

grade or metastasis are usually correlated with overweight and obesity. Some 

contradictory data is found regarding hormone receptors. Moreover, it is commonly 

found (not always with statistical significance) that overall and disease-free survival is 

lower in obese patients. BMI is usually correlated with the postmenopausal status of the 

patient. Obesity is a critical influencer in the treatment strategy. High BMI has a significant 

impact on chemotherapy delivery and in surgical options and outcomes. Obese patients 

are prone to have more complications after surgery and reconstructive failures. 

Regarding biomarkers, the Women’s Health Initiative Observational Study (WHI) was the 

database used for several studies, which could represent a significant bias in the results 

of this systematic review. In the included studies, biomarkers were mainly associated with 

adipokines, proinflammatory cytokines, and hormones. One study included oxidative 

stress biomarkers. As expected, there was an association between obese BC patients and 

adipokines such as leptin, resistin, chemerin. As for proinflammatory cytokines, obese 

women with BC presented higher levels of CRP, IL6, neutrophil-to-lymphocyte ratio 

usually associated with worse clinical features. Hormones and oxidative stress are also 

players in this crosstalk between obesity and BC. Discussion of biomarkers associating 

obesity to BC are further portrayed in the next subsection. 

 

1.4. The obese tumour metabolism and the case of breast cancer 

The complex network that links obesity and cancer include a set of diverse abnormalities 

consisting in an altered adipokine profile, hormone oscillations, low chronic state of 

inflammation, altered microbiota, extracellular matrix (ECM) remodulation of adipose 

tissue and metabolism dysregulation122, as illustrated in figure 9.  
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Figure 9 – Relation between obesity related characteristics and tumour initiation and progression (source: 

Liu, Xiao-Zheng, Line Pedersen, and Nils Halberg. "Cellular mechanisms linking cancers to obesity." Cell Stress 

5.5 (2021): 55)123. 

 

Inflammation is critical, for it could present itself as a “hit event” in tumorigenesis and is 

also able to modulate tumour microenvironment by promoting a proinflammatory 

state124. Immune cells secrete several cytokines and chemokines like IL-1, IL-6, and VEGF, 

described to be associated with tumour growth, angiogenesis, and metastasis125. 

Extracellular matrix (ECM) components of adipose tissue remodulate stiffness and 

interstitial pressure enabling metastasis126. Microbiota is also a described player in 

carcinogenesis, namely in the response to therapy and immunity. Curiously, breast was 

until recently considered a sterile organ, but it is now known to harbour low-biomass 

microbial populations127. Obesity increases estrogen levels through aromatase activity 

and stimulate estrogen receptor-positive breast tumour cells128. Moreover, obesity can 

be responsible for inducing oxidative stress by increasing lipid peroxidation and reactive 

oxygen species (ROS). ROS accumulation may cause cellular dysfunction, altered cell 

signalling, genetic mutations, immune system activation and inflammation129. Although 

out of the scope of this work, it is relevant to mention that several other mechanisms, 

pathways, and players besides adipofactors have a direct or indirect modulation in obese 

tumour metabolism. Just to name a few, tumour microenvironment status, genetic 

predisposition, and epigenetic modification can also be modulated by obesity. 

Each of these linking features is associated with an intricate set of molecules, which act 

and interplay, leading to a tumour promoting environment. Figure 10 created by Harris 

and colleagues presents a distinctive perspective linking adipofactors and the hallmarks 
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of cancer130 where it is possible to observe the complex network of associations between 

both pathologies131. 

 

Figure 10 – Network relation between obesity-related factors and the hallmarks of cancer (source: HARRIS, 

Benjamin HL, et al. Obesity: A perfect storm for carcinogenesis. Cancer and Metastasis Reviews, 2022, 1-

25)131. 

 

Activating invasion and metastasis, tumour-promoting inflammation, and avoiding 

immune destruction are the hallmarks that are stronger associated with obesity-related 

factors, which could potentially explain the worse prognosis found in obese cancer 

patients. As on the other side, leptin, Interleukin-6 (IL-6), Tumour necrosis factor α (TNFα), 

Transforming growth factor β (TGFβ1), and insulin are the obesity-related factors with 

association with more hallmarks. Interestingly, Leptin and IL-6 were already the focus of 

several observational studies as potential biomarkers in BC prognosis, as presented in 

the previous subsection. Regarding the aim of our study, reprogramming energy 

metabolism is associated with leptin, fatty acids, glucose, reactive oxygen species (ROS), 
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insulin, fibroblast growth factor 19 (FGF19), fibroblast growth factor 21 (FGF21), fatty acid 

binding protein A (A-FABP), and certain free miRNAs. 

Reprogramming energy metabolism is an emerging hallmark of cancer, introduced after 

the first publication of Hanahan132. The tumour cell is known by their plasticity, namely 

the ability to use several energetic pathways. Such feature is an evolutionary response to 

their energetic and biomass demands, consequently acquiring survival advantage over 

normal cells. The Warburg effect, described nearly one century ago, is the upmost 

accepted metabolic reprogram described in tumour cells133, although with several 

deviations published since4,134. It is well stablished that tumour cells preferably undergo 

aerobic glycolysis instead of oxidative phosphorylation. As so, increased glucose levels 

found in obesity is one described correlation between cancer-adipofactors in figure 10. 

Moreover, mitochondrial respiration is also supressed by leptin135, and insulin stimulates 

glucose oxidation in obesity-associated cancers136. Another tumour mediator is hypoxia. 

Increased fat deposition enlarges the distance between tissue and vessels leading to 

Hypoxia-Inducible Factor 1α (HIF1α) release. Another hypoxic mechanism that reduces 

vascularization is the hypertrophy and hyperplasia of white adipocytes137. HIF1α then acts 

as a transcription factor in promoting a glycolytic phenotype138. Fundamentally, adipose 

factors are able to “feed” and regulate several pathways through autocrine and paracrine 

mechanisms. Figure 11 identifies the most pertinent factors released by the adipose 

tissue and describes relevant and specific actions. Many of these adipofactors are 

intrinsically associated with the central biochemical pathways, namely in glucose 

metabolism. 

 

Figure 11 – Metabolic associations of adipofactors and their associations with different pathways (Created in 

Biorender.com with resource to information available in Rana, Mariam N., and Ian J. Neeland. "Adipose tissue 

inflammation and cardiovascular disease: an update." Current Diabetes Reports 22.1 (2022): 27-37. 139) 
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In the case of breast cancer, the influence of obesity in metabolism is of great importance. 

Figure 12 presents the major metabolic pathways altered in breast cancer. We will further 

focus on the following main mechanisms: (A) Amino acid metabolism; (B) Tricarboxylic 

acid cycle – TCA cycle; (C) Lipid metabolism – lipogenesis and lipolysis; (D) Carbohydrate 

metabolism – Pentose Phosphate Pathway – PPP; and lastly (E) Carbohydrate metabolism 

– glycolysis and gluconeogenesis. 

 

Figure 12 – Metabolic pathways altered in breast cancer (Source: Martino, F., Lupi, M., Giraudo, E. et al. Breast 

cancers as ecosystems: a metabolic perspective. Cell. Mol. Life Sci. 80, 244 (2023). 

https://doi.org/10.1007/s00018-023-04902-9)140 Legend: FA – fatty acid; GA3P – glyceraldehyde 3-

phosphate; 3PG – 3-phosphoglycerate; LDH – lactate dehydrogenase; PHGDH – phosphoglycerate 

dehydrogenase; AcCoA – acetyl coenzyme A; CPT1/2 – carnitine palmitoyltransferase 1 and 2; TCA – 

tricarboxylic acid cycle; GLS – glutaminase; FASN – fatty acid synthase; UDP-GlcNAc – uridine diphosphate 

N-acetylglucosamine. 

 

(A) Of all amino acids, glutamine is the most consumed by cancer cells. 

Glutaminolysis is the enzymatic process in which glutamine is converted into glutamate, 

and derived metabolites including pyruvate, aspartate, lactate, alanine, citrate, and α-

ketoglutarate. It is a pathway significantly altered in breast cancer given its importance 

in proliferation and progression of cancer cells. First, (1) glutamine is an important source 

of nitrogen, the molecular basis for nucleotides and non-essential amino acids synthesis. 

(2) Glutamine is also a carbon source in the TCA cycle via α-ketoglutarate. (3) It is involved 

in the redox homeostasis through glutathione biosynthesis. And finally (4), glutamine 

actives mTOR pathway141. A study on glutamine metabolism observed different patterns 

across BC molecular subtype. Triple negative breast tumours expressed lower levels of 

glutamate dehydrogenase (GDH), while HER-2 enriched BC reveal the highest expressed 

glutamine metabolic activity with high levels of GDH, stromal glutaminase-1 (GLS1), and 
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tumoral amino acid transporter (ASCT) 142. Regarding the influence of obesity in cell-

based assays, co-culture with adipocytes from obese individuals did not interfere in 

glutamine uptake in MCF-7 cell line (luminal A representative). But in MDA-MB-231 (TN 

representative), glutamine uptake was decreased. Additionally, no differences were 

found in glutamine incorporation into lipids and nucleic acids, but glutamine oxidation 

was increased under obese adipocyte co-culture in both cell lines. This study concluded 

that lipid synthesis from glutamine carbons in obesogenic environment little contributes 

to the overall lipid needs of BC tumour cells143. Concordantly, a study evaluating the 

impact of cholesterol, an obesity related compound, used the same cell lines (MCF-7 and 

MDA-MB-231) and unravel that cholesterol did not alter glutamine uptake/glutamate 

production although it was mediated by the expression of estrogen-related receptor 

alpha when comparing MCF-7 to MDA-MB-231cell lines144. 

Several amino acids play important roles in breast cancer. Serine and glycine are also 

important sources in nucleotide/protein synthesis and in DNA methylation145. Branched 

amino acids: isoleucine, leucine, and valine are highly taken up by breast cancer cells. 

Besides their support in protein and nucleotide synthesis, they also play a role in the 

regulation of mTOR pathway146. Cysteine is associated with ROS and oxidative stress 

responsible for genetic mutations. Choline and proline were already postulated to be 

potential biomarkers in metastatic BC. Asparagine in breast cancer is negatively 

correlated with IGF1 and estradiol145. Amino acid metabolism is a determining pathway 

in the breast cancer metabolism although it is beyond the scope of the present work. 

 

(B) TCA cycle is an amphibolic pathway already described to be altered in cancer. 

Metabolite leakage for anaplerotic reactions include: (1) oxaloacetate to pyrimidines and 

glucose; (2) Succinyl-CoA to porphyrins (including heme); (3) citrate to acetyl-CoA and 

oxaloacetate in the cytoplasm and into lipid biosynthesis. Amino acids, as previous 

presented, can be used to reload the TCA cycle147.  TCA cycle incorporates a series of 

enzymatic reactions occurring in mitochondria. Many authors accept that tumour cell 

metabolism is reprogrammed due to mitochondrial dysfunction, given the mutations in 

the TCA cycle enzymes, and the excess ROS production associated with the increase TCA 

cycle rate148. Significant alterations were found in the enzymatic expression of both 

pyruvate dehydrogenase (PDH), Fumarate hydratase (FH), and succinate dehydrogenase 

(SDH) in BC149. PDH was correlated with decreased survival, increased glycolytic rate, and 

breast cancer proliferation150. Regarding FH, it was already described a biallelic 

inactivation of the gene in BC patients. Decreased FH activity is associated to increased 

oxidative state and impaired glutathione production. In BC, FH does not seem to play a 

major role in cancer development151. SDH has selective expression according to BC 

molecular subtype. While in HER2 enriched BC, SDH is overexpressed, in TNBC it is 

downregulated. In Luminal A subtype, low to no expression was observed152. Succinate 

is the substrate for SDH and has been recently described as a oncometabolite and SDH 

a tumour suppressor given its biological role on tumorigenesis and tumour development. 

Succinate accumulation leads to SDH downregulation, HIF1α stabilization, which 
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ultimately lead to tumour progression in BC cell lines153. Obesity, on the other hand, was 

previously described to deregulate certain TCA cycle enzymes such as citrate synthase154, 

which in turn may provoke a metabolic dysregulation and an imbalance of the TCA cycle 

intermediates.  

(C) Lipid metabolism is also prone to be altered in breast cancer. Lipogenesis (de novo 

synthesis of fatty acids) provides cancer cells with the necessary fatty acids for membrane 

synthesis, signaling molecules, and energy storage. Fatty acid synthase (FASN), a key 

enzyme in lipogenesis, is frequently upregulated in breast cancer and is associated with 

aggressive tumor behavior. Suppression of FASN in a cell-based study of MCF-7 and 

MDA-MB-231 cell lines caused apoptosis155 and inhibited glycolysis156. Breast cancer cells 

may rely on endogenous and exogenous lipid uptake to fulfill their metabolic demands. 

Intracellular lipid trafficking and storage in lipid droplets also play vital roles in sustaining 

cancer cell survival and proliferation. Lipoprotein lipase (LPL) and fatty acid transport 

proteins (FATPs) facilitate lipids uptake from the extracellular environment.  

Obviously, the impact of obesity in lipid metabolism in BC is massive, through both local 

and systemic actions. Systemic influence was presented in the beginning of this section. 

And locally by the direct crosstalk between tumour cells and adipocytes. Through 

lipolysis, adipocytes release fatty acids that can accumulate in non-adipose tissues, 

namely in the tumour microenvironment (TEM). Adipocytes (cancer-associated 

adipocytes – CAA) are the major cellular population in the TEM and exchange both 

adipofactors as well as fatty acids. Curiously, it is described that the impact of the fatty 

acid derived from CAA depends both on the fatty acid subtype and on the BC molecular 

subtype. i.e., oleate, a monounsaturated fatty acid, is associated with BC progression and 

plays a regulatory effect in the lipid metabolism157. This interaction is bidirectional. Not 

only CAA influence tumour cells metabolism but also tumour cells influence CAA. A study 

using biological samples of tumour and CAA observed that adipose tissue near the 

malignant lesion is prone to metabolic redirected towards the Pentose phosphate 

pathway (PPP)158. 

 

(D) Pentose phosphate pathway (PPP) is an alternative pathway for the 

phosphorylated glucose and a crucial metabolic pathway in NADPH (nicotinamide 

adenine dinucleotide phosphate) and ribose-5-phosphate production. NADPH is 

essential for maintaining the redox balance and reductive syntheses, and ribose-5-

phosphate serves as a precursor for the synthesis of nucleotides and nucleic acids159. In 

breast cancer, the PPP is often dysregulated, contributing to the altered metabolic 

landscape that supports the aggressive behaviour of cancer cells. The PPP is activated in 

breast cancer cells to meet the increased demand for NADPH and building blocks 

required for nucleic acid synthesis during rapid cell proliferation. Several factors and 

molecular mechanisms contribute to the dysregulation of the PPP in breast cancer: (1) 

NADPH generated by the PPP is essential for maintaining the levels of reduced 

glutathione (GSH), a critical antioxidant enzyme that protects cells from oxidative 

damage; (2) Anabolic demands from the high biosynthetic demands of BC high 

proliferative rate, namely nucleotide synthesis; and (3) Oncogenic signalling pathways, 

such as the PI3K/AKT and c-Myc pathways, can stimulate glucose metabolism and, 
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consequently, activate the PPP in breast cancer cells. Conversely, tumor suppressor genes 

like p53 can negatively regulate the PPP, and their loss or mutation in breast cancer can 

lead to PPP activation. From the enzymes PPP associated, glucose-6-phosphate 

dehydrogenase (G6PD) is overexpressed in HER2 enriched BC. Suppression of G6PD 

decreased the tumor cell proliferation, cell survival, and increased oxidative stress as 

result of an increased glucose and glutamine uptake, and a decrease of lipid synthesis. 

Also, HER2 enriched BC and TNBC expressed higher levels of 6-phosphogluconate 

dehydrogenase (6PGD) when compared to luminal like BC. 6PGD inhibition, in the other 

hand, also lead to an increase in glucose uptake but resulted in the decrease of glutamine 

uptake, with no interference in the oxidative status of the MCF-7 cell line, used in a cell-

based study148. To the best of our knowledge, no specific alterations in the PPP were 

directly described by the interaction of obesity and breast cancer. It is possible that the 

metabolic changes associated with obesity could indirectly impact the activity of the PPP 

through mechanisms like insulin resistance, ROS production, and TEM alterations.  

 

(E) The Warburg effect (aerobic glycolysis) is probably the most important and 

regulated mechanism in the cell energetic engine. Glucose uptake, which is mediated by 

several factors including obesity related factors, is accomplished by a family of membrane 

glucose transporters recognized as GLUTs. In BC, GLUT1, 3 and 4 overexpression are 

associated with aggressive BC phenotypes149. The key limiting glycolytic enzymes are 

hexokinase 2 (HK2), phosphofructokinase (PFK), and pyruvate kinase (PK). HK2 also 

revealed to be positively correlated with overall survival, metastasis, and treatment 

resistance. PFK presents 3 isoforms PFKL, PFKM, PFKP. Each isoform exhibits different 

roles in prognosis and diagnosis, but the correlation between PFK, tumour 

aggressiveness and the glycolytic efficiency of BC cell lines is undisputable. Lastly, PK 

namely PKM2 isoform expression is associated with tumour development, autophagy 

inhibition, angiogenesis, and overall poor prognosis 148. The reverse pathway, known by 

gluconeogenesis, is able to produce glucose from non-carbohydrate carbon substrates 

such as glycerol, lactate, pyruvate, and glucogenic amino acids. This mechanism can be 

regulated by three regulatory enzymes: Phosphoenolpyruvate carboxykinase (PEPCK), 

Fructose bisphosphatase (FBP), and Glucose-6-phosphatase (G6Pase). Additionally, 

Pyruvate carboxylase (PC) is an unidirectional enzyme in the gluconeogenesis. These 

enzymes performed several roles in cancer metabolism, such as regulation, signaling, 

proliferation, and cancer stem cell (CSC) tumor phenotype. The specific impact of 

adipofactors and their effects on glycolysis and gluconeogenesis is further presented. (1) 

Adiponectin is an adipokine exhibiting insulin-sensitizing properties. It enhances glucose 

uptake and utilization in tissues, including skeletal muscle and liver by promoting, among 

other mechanisms, the translocation of glucose transporter GLUT4. Adiponectin has been 

shown to increase glycolysis and decrease gluconeogenesis, resulting in improved 

glucose metabolism; (2) Leptin is a hormone primarily secreted by adipocytes. It regulates 

energy balance by acting on the hypothalamus to suppress appetite and increase energy 

expenditure. Leptin also influences glucose metabolism. It has been reported to inhibit 

hepatic gluconeogenesis by suppressing the expression of key enzymes involved in the 

gluconeogenic pathway, such as PEPCK and G6Pase. In this way, leptin promotes 



 

 

32 
 

glycolysis over gluconeogenesis. (3) Resistin is an adipokine that has been implicated in 

insulin resistance and inflammation. High levels of resistin are associated with obesity 

and type 2 diabetes. Resistin has been shown to impair insulin signalling and decrease 

glucose uptake in skeletal muscle cells, thereby affecting glycolysis. Additionally, resistin 

can promote gluconeogenesis in the liver by upregulating the expression of PEPCK and 

G6Pase; (4) Visfatin, also known as nicotinamide phosphoribosyltransferase (NAMPT), is 

an adipokine involved in the regulation of nicotinamide adenine dinucleotide (NAD+) 

biosynthesis. NAD+ is a coenzyme involved in various cellular processes, including 

glycolysis and gluconeogenesis. Visfatin has also been shown to enhance glycolysis by 

activating the glycolytic enzyme PFK-2, resulting in increased glucose uptake. It also 

modulates gluconeogenesis, although the mechanisms are not fully understood; (5) 

Tumour necrosis factor-alpha (TNF-α) is a pro-inflammatory cytokine secreted by 

adipose tissue and immune cells. Elevated levels of TNF-α have been observed in obesity 

and are associated with insulin resistance. TNF-α can inhibit insulin signalling and impair 

glucose uptake, leading to decreased glycolysis. It may also promote gluconeogenesis 

by stimulating the expression of gluconeogenic enzymes, such as PEPCK and G6Pase, in 

the liver160. 

Gluconeogenesis, which primarily occurs in the liver and kidney, is less well-studied in 

breast cancer cells. A previous study from our group observed that under adiposity 

conditions, breast tumour cells undergo gluconeogenesis instead of glycolysis, an 

unconventional condition we termed as Warburg effect inversion4. This in vitro study 

performed in a Luminal A representative cell line (MCF-7), revealed that most metabolites 

involved in the carbohydrate metabolism are significantly altered when exposed to 

condition medium (CM) from adipocyte differentiation. As illustrated in Figure 13, 

compared to a low glucose (LG) and high glucose (HG) environment, adiposity condition 

medium (CM) promotes glucose production and lactate consumption. Moreover, a high 

availability of acetate is observed, probably associated with increased levels of fatty acids 

oxidation from the CM environment. Such results were concomitant with an increased 

tumour cell aggressiveness, with significant increase in viability, proliferation, and 

migration4.    
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Figure 13 – Schematic representation of the metabolic pathway of the Warburg Effect Inversion (Source: Luis, 

Carla, et al. "Warburg Effect Inversion: Adiposity shifts central primary metabolism in MCF-7 breast cancer 

cells." Life Sciences 223, 2019, 38-46.)4. 

 

This work demonstrated that luminal A representative cell line, specifically, is able to 

proliferate, and even become more aggressive, when it adopts a gluconeogenic profile. 

Nonetheless, and aware of this study limitations, further studies are needed to better 

understand the impact of obesity on breast cancer, namely in different molecular 

subtypes, and in human subjects.  

It was formerly portrayed that obesity exerts distinct effects according to molecular 

subtype classification. A metabolomic in vitro study by Willman and colleagues also 

observed specific fingerprints in the central metabolism across the different molecular 

subtypes. Compared to normal epithelial breast cells, BC cell lines presented significant 

alterations in the amino acid metabolism, in the TCA cycle and in glycolysis161. Results 

also revealed that each molecular subtype representative cell line had its distinct 

metabolic fingerprint, specifically, but not exclusively, on Luminal type due to the 

expression of hormone receptors and sex steroids162. Some authors defend that 

estrogens are able to act independently of its receptor. Sex steroids influence ER negative 

tumours systemically, resulting in increased angiogenesis and bone marrow-derived 

stromal cells recruitment, which are TNBC promoters163. 
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By comprehensively exploring the influence of obesity on breast cancer, particularly in 

relation to glycolysis and gluconeogenesis, this doctoral thesis provides valuable insights 

into the underlying molecular mechanisms and potential therapeutic strategies. The 

findings presented here contribute to the understanding of the complex interplay 

between obesity, metabolism, and breast cancer, ultimately guiding the development of 

novel approaches for improved prevention, diagnosis, and treatment of this devastating 

disease.  
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CHAPTER II 

1. Aims 

In a global landscape marked by rising incidence and mortality rates associated with both 

breast cancer and obesity, it is imperative to address and understand the metabolic link 

between both pathologies. By unravelling this intricate link, we can potentially pave the 

way for novel and precision targeted therapies. These therapies have the potential to 

significantly improve the prognosis and overall outcome for breast cancer patients 

grappling with obesity.  

It is well stablished that obesity is associated with several releasing factors, which 

significantly modulate the overall metabolism and the tumour microenvironment 

specifically. The main association between obesity and breast cancer has been attributed 

to the expression of aromatase – an enzyme responsible for estrogen biosynthesis with 

clinical significance in hormone-related cancers. However, the knowledge linking the two 

pathologies is not yet completely known. Our previous study led us to conjecture the 

importance of both glycolysis and gluconeogenesis in breast cancer metabolism when 

influenced by obesity.  

 

1.1. General aims 

The general aims of this study are aligned with three main perspectives: 

▪ Understand epidemiological trends associating BMI stratification (normal weight, 

overweight and obese) and clinicopathological features, tumour characteristics, 

and clinical outcomes. 

▪ Evaluate the metabolic fingerprints of each molecular subtype representative cell 

lines when submitted to an obesogenic mimicking environment.  

▪ Assess the enzymatic expression of glycolytic and gluconeogenic rate limiting 

enzymes of breast tumour tissues surgically removed from normal weight and 

obese patients.  

To better address this issue, a working plan and related aims were outlined, presented 

ahead according to chapters: 

 

1.2. Chapter III specific aims (Epidemiological approach to obesity and 

breast cancer) 

A retrospective observational study was carried out on a series of patients with breast 

cancer followed at the IPO Medical Oncology department. A statistical analysis was 

performed stratified according to BMI and association with clinicopathological features, 

tumour characteristics, and clinical outcomes (including number and type of surgery) was 

evaluated. The main aims of this work were to: 
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▪ Identify statistically significant associations between BMI classes and tumour 

characteristics. 

▪ Analyze the impact of obesity in overall survival. 

▪ Evaluate the influence of obesity in surgical interventions (number and type) and 

outcomes. 

▪ Explore the effect of obesity in bilateral breast cancer. 

▪ Explore worldwide demographic trends to understand whether these were 

affected by obesity.  

 

1.3. Chapter IV specific aims (Cell-based approach to obesity and breast 

cancer) 

Breast tumor cell lines, representative of molecular subtypes, were subjected to 

treatment with obesogenic mimicking condition using adipocyte differentiation 

secretome. The objectives of this research were to:  

▪ Explore the metabolic behavior of the different molecular subtypes in normal 

conditions and under obesogenic environment. 

▪ Recognize potential underlying pathways associated to glycolysis and 

gluconeogenesis that could be promoted by obesity-related factors. 

▪ Identify potential therapeutical targets focusing on the rate limiting enzymes. 

 

1.4. Chapter V specific aims (Tissue-based approach to obesity and breast 

cancer) 

Samples of paraffin-embedded tumor tissue from normal weight and obese patients was 

obtained from the Portuguese Institute of Oncology (IPO-Porto). The samples were 

analyzed by histology and immunohistochemistry. Results were intersected with the 

patients clinicopathological features. The main goals of this study were to: 

▪ Investigate potential features of the tumour microenvironment (adipocytes, 

inflammation, etc). 

▪ Understand the effect of obesity in the enzymatic expression of glucose 

metabolism.  

▪ Identify potential therapeutical targets among the enzymatic landscape of 

glucose metabolism for obese breast cancer patients. 

▪ Investigate associations between obesity related comorbidities with rate limiting 

glucose enzymes.  

▪ Compare the results obtained from cell culture and human tissues. 
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CHAPTER VI 

1. General discussion 

The metabolic complexity that links obesity and breast cancer has already been 

established. The present work aimed to deconstruct such intricacy by examining the 

connection between both pathologies from three different perspectives: 1) epidemiology 

studies, complemented with 2) in vitro assays and 3) human sample in situ assays. In the 

development of this work, national and international ethical recommendations were 

followed, and the study was approved by the Ethics Committee of the institutions 

involved (see Appendix A). 

In the epidemiological studies performed, several notable trends and associations 

between normal weight and overweight/obese breast cancer patients were observed. 

Obesity was associated with delayed breast cancer diagnosis, reduced association with 

cancer family history, progesterone receptor overexpression, greater tumor 

aggressiveness, and an interesting relationship between tumor size and metastasis. 

Overweight and obese patients also exhibit lower overall survival rates when compared 

to normal weight patients.  

In breast cancer tissues, we identified differential expression of rate-limiting enzymes for 

glycolysis and gluconeogenesis when stratified by molecular subtype and BMI, which 

correlated with clinicopathological features and metabolic syndrome conditions. 

Moreover, expression of rate limiting enzymes resulted in some controversial results 

between cell culture and BC tissues. Our findings in cell cultures indicated that different 

molecular subtypes displayed varying metabolic profiles in response to an obesogenic 

environment. Notably, the presence of HER2 receptor seemed to play a pivotal role in 

influencing central metabolic processes. Additionally, triple-negative BC subtype 

exhibited a more pronounced metabolic imbalance. The tumor microenvironment played 

a role in enzymatic expression alterations, with implications in various metabolic 

pathways.  

 

1.1. Epidemiological studies in obesity and breast cancer 

The epidemiological studies are often crucial for the decision-making process and can 

result in the development of programs, policies, and interventions to improve public 

health. Such is of upmost importance especially when the focus of the work is on two 

major pathologies with high incidence and mortality rates associated with a huge burden 

to the national healthcare systems. 

Our epidemiological study focused on breast cancer patients diagnosed at IPO-Porto 

and involved 2282 clinical records (surgery information included) of individuals with 

varying BMI categories. From this database, referred to as the “DOC – Deciphering 

Obesity and Cancer” database, we conducted individual case analyses and established 
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specific exclusion criteria for each study outlined in Chapter III. A total of 14 cases of male 

breast cancer was identified and excluded from all subsequent analysis and studies. Male 

breast cancer is a rare condition and considered a different entity from female breast 

cancer. It is accountable for less than 1% of diagnosed breast cancers although with 

increasing rates in the last decades1 According to data from the Surveillance, 

Epidemiology, and End Results (SEER), the men breast cancer rate witnessed a 40% 

increase between 1975 and 20152. Given the rarity of this disease, available studies are 

limited and scarce, making its exact etiology an ongoing challenge. Risk factors for male 

breast cancer included family history – genetic predisposition, liver disease, testicular 

abnormalities, obesity, with advanced age being the most common1. From the 14 cases 

male breast cancer cases (corresponding to 0.6% of the target population under study) 

included in the DOC database, we observed 4 normal-weighted, 9 overweighted and 1 

obese. Given the reduced number of cases and the fact that their etiopathogenesis differs 

from the female breast cancer ones, these cases were excluded from our study. 

The retrospective study regarding the analysis of tumor characteristics and clinical 

outcomes of overweight and obese women with breast cancer included 2246 cases and 

excluded both male breast cancer and underweight women (n=22). It can be somewhat 

challenging to evaluate clinicopathological information for underweight individuals since 

it is often grouped together with those of normal weight3,4. However, studies with 

separated BMI categories, observed that underweight women prognosis is distinct from 

normal weight. In metastatic cancer, underweight patients presented higher metastatic 

rates (in number of metastatic localizations and in visceral metastasis) associated with 

lower overall survival (OS) and disease-free survival (DFS)5. Also, underweight women 

tend to exhibit a less favorable prognosis and experience worse outcomes6,7. In certain 

studies, their outcomes are comparable to those of individuals with morbid obesity8. 

Considering these conclusions, the aim of our study, and the limited number of 

underweight patients, we chose not to include this BMI category in the analysis that 

culminated in the manuscript titled “A retrospective study in tumour characteristics and 

clinical outcomes of overweight and obese women with breast cancer” (Chapter III). 

This study focused on the northern Portuguese population where obesity presents a high 

prevalence rate. According to the latest update of INE (Instituto Nacional de Estatística - 

Statistics National Institute) from data collected in 2019, the northern Portuguese 

population proportion of overweight and obese adults reached 53.7%, with a higher 

occurrence in women (58.1%)9. Among our breast cancer series, a higher proportion of 

overweight and obese patients was observed. The combined percentage of overweight 

and obese women amounted to 65.4%, while those of normal weight comprised 34.6% 

of the cohort. These findings led us to assume that obese patients are more prone to 

develop BC, which is corroborated by the literature10. Overall results from this study 

further revealed that overweight and obese patients are mostly associated with worst 

outcomes. These results are consistent with the supporting evidence provided in Table 2 

– Chapter I. A limitation of our study is the lack of data regarding menopausal status. 

Table 2 also disclosures that obesity increases the risk of postmenopausal BC and is either 

negatively associated or not associated with premenopausal breast cancer. An elevated 
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risk of breast cancer is largely attributed to increased estrogen exposure, which is 

associated with a later age at menopause11.  

From the aforementioned study, as previously reported, overall results revealed worst 

outcomes for obese and overweight women, which includes poorly differentiated 

tumours, larger primary tumours, and lower overall survival. Distinctly, breast cancer in 

obese women had progesterone receptor overexpression, while overweight women had 

increased risk of developing ductal invasive carcinoma. Both overweight and obese 

women were less likely to have BC family history and were diagnosed later with breast 

cancer than normal weight women. 

Confronted with the outcome (overweight and obese patients were diagnosed at a later 

age), we were prompted to investigate whether this delayed diagnosis correlated with a 

more advanced tumor stage. This study resulted in the narrative review titled “A narrative 

review in why breast cancer is diagnosed later in obese women” (Chapter 3). Interestingly, 

a subsequent analysis of the DOC database, disclosed that age at diagnosis was inversely 

correlated to tumour stage. A more advanced disease (stage IV) was found in younger 

ages, while stages I and II exhibited significant older age at diagnosis. We speculated that 

this could be associated with triple negative BC cases. TNBC is an aggressive and clinically 

challenging type of BC due to lack of therapeutical options. Also, TNBC is more frequently 

diagnosed in younger women12, which could provide an explanation for our findings. 

Nonetheless, we conducted an in-depth analysis encompassing various factors such as 

lifestyle, culture, climate, economic conditions, healthcare systems, and screening 

programs to explore additional explanations for this phenomenon. In conclusion, while 

we could not pinpoint a definitive cause supported by structured evidence, obesity 

appears to delay cancer development. A consistent and widespread global trend. This 

analysis underscored the significance of raising awareness about the impact of obesity 

on breast cancer within the clinical community and among healthcare decision-makers. 

We deliberately selected a national journal, edited by a national society (Sociedade 

Portuguesa de Oncologia), to ensure that this awareness is effectively conveyed to 

professionals in the field. 

Revisiting the initial study on tumour characteristics and clinical outcomes, another 

relevant finding arose, overweight women are more likely to develop bilateral breast 

cancer (BBC) that obese woman, and so we performed a subsequent analysis in BBC. 

Despite the extensive research on obesity and breast cancer, the specific relationship 

between obesity and BBC has received limited attention. The presence of tumours in both 

breasts is considered to be a distinct type of metastatic breast cancer. Being a relatively 

rare condition, DOC database included only 42 women with BBC, from which 14 women 

with normal weight and underweight, 22 with overweight and 6 with obesity. The study 

resulted in the publication of the manuscript entitled “Bilateral breast cancer and the 

influence of body mass index in clinicopathological features and overall survival“, where 

we aimed to analyze BBC as an independent disease and the potential implication of 

obesity in the tumours clinical features. A population analysis revealed that overweight 

and obese women represented 66.6% of the population, approximately the same 
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proportion as previously observed in the initial study. The clinicopathological 

characterization of BBC cases in this study revealed several noteworthy findings. 

Synchronous BBC cases (tumours diagnosed within one year interval) were more 

common than metachronous BBC, but no significant differences were found when 

stratified by BMI. Furthermore, it was observed that BBC cases were less likely to be 

associated with genetic predisposition, and notably, there were no association with family 

history among obese patients. The distribution of tumor stage and differentiation grade 

exhibited notable variations in the analysis of BBC cases. A significant distribution of 

tumour stage was observed, where stage 2 emerged as the most prevalent, accounting 

for roughly 50% of the cases. Only one case was categorized as grade 1, and it belonged 

to an overweight woman. Remarkably, all obese women displayed poorly differentiated 

tumors. The histological type was often concordant between both breast tumors when 

no BMI stratification was applied. All cases exhibited concordance in terms of receptor 

status. The most prevalent was luminal subtype with expression for both estrogen and 

progesterone receptor and negative for HER2. When stratified by BMI, no statistical 

significance was achieved. The analysis of overall survival unveiled that overweight BBC 

patients tend to experience an extended OS, although without statistical significance. 

This inconsistency is worth highlighting. Overweight women are more susceptible to 

develop BBC, yet obese women display a worst outcome, as expected. One could 

speculate that the extended OS in the overweight group may be influenced by the 

declined survival rate in the normal weight group due to the inclusion of underweight 

women. Moreover, overweight patients usually present a healthier phenotype when 

compared to those who are obese, who generally display metabolic pathologies.  

As mentioned before, underweight group may present some challenging metabolic 

profiles that could result in a worst prognosis. In this study, we merged underweight and 

normal weight women in the same group to improve statistical strength (as observed in 

other related studies) and to include all BBC cases. We now hypothesize that this might 

have introduced bias into our results. A review of the literature on underweight women 

and bilateral breast cancer yielded no findings related to tumor characteristics and overall 

survival. However, three studies were identified regarding bilateral reconstruction 

surgery13-15. Underweight women are a challenging group for breast reconstruction 

because they usually present minimal subcutaneous fat and refuse to consider breast 

implants. All three studies focused on surgical options for underweight and normal 

weight women with low subcutaneous fat, aiming to achieve a better outcome with fewer 

surgical complications. 

The study presented in Chapter III entitled “Does body mass index influence surgical 

options and overall survival in breast cancer patients?” did not include underweight 

women. A statistical analysis was performed focusing on the number and type of surgical 

interventions in our cohort and overall survival. The maximum number of surgery 

procedures was 5 and type of surgery included: sentinel node biopsy, axillary dissection, 

conservative surgery, total mastectomy, radical mastectomy, and mastectomy with 

reconstruction. No statistical association was found between BMI and number of surgical 

procedures. Overweight women have an increased likelihood to be submitted to sentinel 
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node biopsy, while overweight and obese women are more likely to be submitted to 

conservative surgery and less likely to undergo total mastectomy, eventually being 

attributed to increased subcutaneous fat. As expected, patients who underwent 

conservative surgery tended to experience improved OS. On the other hand, women not 

submitted to total mastectomy also exhibited improved OS. We postulated that this 

result could be correlated with the extension of the disease. When stratified by BMI, all 

analysis conducted revealed that obese patients presented a lower OS, as observed in 

the study “A retrospective study in tumour characteristics and clinical outcomes of 

overweight and obese women with breast cancer”. Unfortunately, we were unable to 

access information concerning adjuvant therapy and surgical complications. We believe 

that an analysis of these factors would provide a more comprehensive understanding of 

the detrimental effects of obesity on tumour surgery, particularly in terms of postsurgical 

infections and increased resistance to adjuvant therapy16.  

In light of the discussed findings and the association between obesity and a lower 

incidence of distant metastasis (not yet mentioned), we suggest that the implications of 

obesity may not be entirely detrimental. Our results also disclosured that overweight 

women have less distant metastasis (in a non-adjusted statistical model). It is plausible 

that the concept of the "obesity paradox" implies a more nuanced perspective, where the 

situation is not strictly dichotomous but rather manifests with varying complexity. The 

term "obesity paradox" is often used to describe the phenomenon where individuals with 

obesity, despite having a higher body mass, may exhibit better health outcomes or 

survival rates in certain medical conditions or situations and may present themselves as 

metabolically healthy17. The definition of metabolically healthy/unhealthy obesity 

remains a subject of ongoing discussion, over than 30 different definitions have already 

been recognized18. Up till now, four major obesity subtypes have been identified: 

metabolically healthy obese; metabolically unhealthy obese; normal weight metabolically 

obese; and sarcopenic obese19. Previous studies of the literature review accessible in 

Chapter I have noted that BMI could play a protective role in breast cancer20,21. It is 

possible that some individuals in our cohort may fit into these groups, but for a more 

accurate identification, it is important to establish clear criteria for defining the 

characteristics of healthy obesity. This led us to conduct an additional study aimed at 

refining the classification of obese women into healthy and unhealthy categories through 

an analysis of routine clinical biomarkers (see Appendix B). We believe that a range of 

employed routine features could identify the metabolic pattern of obese patients and 

result in the improvement of breast cancer treatment program in obese women. 

In summary, our epidemiological study examined breast cancer patients in the northern 

Portuguese population, highlighting the complex relationship between obesity, breast 

cancer regarding clinical outcomes. The implications of the epidemiological results 

regarding obesity on breast cancer involved a metabolic perspective of both pathologies. 

The intrinsic metabolic connection is discussed further on the following subsection.  
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1.2. Glucose metabolism differences in in situ and in vitro assays in breast cancer 

exposed to obesity/obesogenic environment. 

To better understand the epidemiological results, we further concentrated on the 

metabolic pattern of glycolysis and gluconeogenesis pathways in cell cultures exposed 

to an obesogenic environment and tissue samples from normal weight and obese 

women with breast cancer. Among the several metabolic pathways previously described 

in the literature as altered in the obese condition, we concentrated our efforts in the 

carbohydrate metabolism. In particular, in glycolysis and gluconeogenesis based on prior 

findings from our research group22. As documented in Chapter I, our group developed a 

preliminary study in the influence of obesity in BC cell lines. The findings implied that 

under obesogenic conditions, BC MCF-7 cell line triggered the activation of 

gluconeogenic pathways, contrary to the anticipated Warburg effect. This observation 

was termed “Warburg effect inversion”. These findings were the foundation of the current 

research plan and paved the way for other parallel studies, namely in other types of 

cancer.  

Our current findings did not corroborate the former ones regarding the Warburg effect 

inversion. We speculate that the activation of the gluconeogenic pathway occurred as a 

consequence of cell mutations or was influenced by the varying compositions of 

obesogenic secretome during the adipocyte differentiation attempts. Previous studies 

also observed a downregulation of the Warburg effect, despite not associated with 

obesity. For example, a study conducted post - "Warburg effect inversion", observed a 

similar metabolic system inversion in malignant neuroblastoma cell lines, pHe 

dependent23.   

Nonetheless, our present findings were able to underscore the intricate complexity of 

obesity's impact on the overall metabolism of breast cancer. Specifically, these results 

highlighted distinct influences leading to a specific metabolic profile for each molecular 

subtype. We also found distinct results in BC cell lines comparing to BC tissues.  

In the context of cell-based assays, our investigation extended beyond the examination 

of glycolysis and gluconeogenesis rate-limiting enzymes expression to include a 

comprehensive analysis of the associated metabolites in cell lines representing the four 

major molecular subtypes. This study culminated in the published manuscript “The 

influence of adipocyte secretome on selected metabolic fingerprints of breast cancer cell 

lines representing the four major breast cancer subtypes”. A comprehensive examination 

of glycolysis rates in BC tissues presented in Chapter V in the paper “Breast Cancer 

Molecular Subtypes Differentially Express Gluconeogenic Rate-Limiting Enzymes—

Obesity as a Crucial Player” indicates a downregulation of most glycolytic enzymes, 

consistent with the observations in BC cell lines. The coherence between glucose 

consumption and lactate production aligns with the enzymatic expression in cell-based 

assays, particularly in the triple-negative molecular subtype, where a notable decrease in 

glucose consumption is evident, as well as the expression of most glycolytic rate limiting 

enzymes. 
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In BC cell lines, we observed a similar pattern in Luminal A and triple negative molecular 

subtypes. Both exhibited an increased expression of PFK and a decreased expression of 

all remaining enzymes when exposed to obesogenic environment. On the other hand, in 

BC tissues stratified by molecular subtype and obesity, the number of cases with PFK high 

expression was higher in triple negative but not in luminal A. Regarding PK expression in 

BC tissues, luminal and HER2 positive share a common decrease in obese women, 

although not observed in cell culture, the pattern between Luminal B and Her2+ is similar 

in cell-based assays. Interestingly, HK expression is nearly absent in BC tissues.  

Regarding gluconeogenesis enzymatic rates in BC tissues, we noted a significant variation 

in the expression of PC, PCK, and FBP. However, this difference is most likely related to 

the enzymatic pattern of molecular subtypes than to alterations induced by obesity. All 

molecular subtypes presented a decreased number of cases with PC expression, mostly 

coherent with cell-based assays where PC is exclusively upregulated in HER2 positive 

representative cell line. PCK has opposite expression rates in BC cell lines in comparison 

with BC tissues. We disclosure an interesting result for FBP expression, none of the in-

situ tumors in the triple-negative molecular subtype expressed FBP. In cell lines there was 

a downregulation of the FBP expression in nearly all molecular subtype except in HER2 

positive, mirroring the observed pattern in PC. In the final rate-limiting step of 

gluconeogenesis, the expression of G6Pase showed a opposite pattern between BC 

tissues and BC cell lines, discrepancy previously observed in PCK expression. 

Gluconeogenesis seems to be upregulated in Luminal B and Her2 positive cell lines, 

articulated with increased expression of most gluconeogenic rate limiting enzymes. In BC 

tissues, when stratified by molecular subtype and obesity, there is no clear evidence of 

the metabolic imbalance promoted by obesity in gluconeogenesis pathway. 

Cell lines exposed to the obesogenic environment expressed different enzymatic patterns 

aligned with specific metabolomic profiles. This prompted us to acknowledge that 

glycolysis/gluconeogenesis pathways are intrinsically associated with several other 

pathways such as citric acid cycle, pentose phosphate pathway, amino acid, and lipid 

metabolism. This standpoint has motivated us to support glycolysis as an anabolic 

pathway, challenging the prevailing notion of its primarily catabolic role. Glycolytic and 

gluconeogenic rate limiting enzymes play pivotal roles in energy metabolism, and 

alterations in their activities can have profound effects on cellular functions, not limited 

to the glucose metabolism.  

In the initial stage of glycolysis, glucose undergoes phosphorylation to form G6P and is 

subsequently isomerized to F6P. These two metabolic intermediates, G6P and F6P, have 

the potential to participate in the PPP. These pathways play a crucial role in supporting 

the anabolic processes observed in cancer cells. Depending on the cell requirements, the 

oxidative or the nonoxidative phase of the PPP can be activated. The oxidative phase 

originates NADPH, which is essential for reductive syntheses like fatty acid, cholesterol, 

and certain amino acids. When the cell needs nucleic acid synthesis only, the non-

oxidative phase will be activated rendering ribose-5-phosphate as a substrate for 

nucleotide assembly. Both glycolysis/gluconeogenesis and PPP are intrinsically 
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connected. Gluconeogenic enzymes such as PCK was already described as a potential 

mediator in PPP and promotes building blocks synthesis to boost tumour growth23,25. 

Our results reveal opposite results regarding this enzyme. In luminal B and Her2 positive 

BC cell lines, PCK is overexpressed in obesogenic conditions, whereas in BC tissues from 

obese patients, the molecular subtype with most evident overexpression of PCK is luminal 

A and the molecular subtype with most evident downregulation of PCK is luminal B. 

Glycolytic and gluconeogenic enzymes also play a role in influencing amino acid 

metabolism as part of their functions. Our findings from cellular cultures demonstrate a 

substantial impact of obesity on amino acid metabolism. The reduction in glycolytic 

intermediates observed in our study may suggest the conversion of these metabolites 

into amino acid metabolism. Glycolytic intermediates, like phosphoenolpyruvate (and 

associated PK activity), can be diverted into pathways that contribute to the biosynthesis 

of amino acids like serine26. Curiously enough, it was also described that the BC molecular 

subtype can influence serine metabolism27. Another example is alanine, which can be 

generated through transamination reactions involving pyruvate. Glutamine plays a vital 

role in BC metabolism. The well-established link between glutaminolysis and the 

proliferative requirements of tumors is emphasized, with glutamine serving as the second 

most utilized substrate for tumor cells regarding both nitrogen and carbon atoms 

demands28. The nitrogen is indispensable for tumor cell synthesis of non-essential amino 

acids and nucleotides for instances. Simultaneously, carbons play a pivotal role as the 

primary source for various cellular pathways, including the TCA cycle metabolites and 

fatty acid synthesis29.  

Lipid metabolism is also influenced by glycolysis and enzymes of the glycolytic pathway. 

PK, for instance, provides substrates like pyruvate that is metabolized into acetyl-CoA 

which is also originated from amino acids and used as fatty acids substrate. Additionally, 

gluconeogenic intermediates form glycerol, which is a precursor for complex lipid 

synthesis. Fatty acids and lipid metabolism play important roles in cancer, namely in 

breast cancer30. Our cellular based results reveal that PK is upregulated in luminal B and 

HER2 positive BC subtypes attenuating the triglycerides levels in comparison to luminal 

A and triple negative subtypes, which express higher levels of triglycerides in the 

obesogenic condition. Moreover, all molecular subtypes present high amounts of 

cholesterol in the obesity mimicking condition. 

TCA cycle is closely connected to glycolysis and gluconeogenesis. Pyruvate generated 

from glycolysis is a key substrate for the TCA cycle, which shares several intermediates 

with gluconeogenic metabolites like oxaloacetate. The TCA cycle functions as a central 

hub, seamlessly integrating diverse molecules and metabolic pathways, encompassing 

carbohydrates, fatty acids, amino acids, and ketone bodies31. It operates as an amphibolic 

pathway, serving dual roles in both catabolic and anabolic processes. Anaplerotic 

reactions include reloading escaping TCA cycle intermediates. Oxaloacetate often 

escapes from this pathway for pyrimidines and glucose biosynthesis. Succinyl-CoA 

escape may lead to the formation of porphyrins. Several other intermediates might also 

break from TCA cycle for protein synthesis. Citrate is able to escape to the cytoplasm to 
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form acetyl-CoA and oxaloacetate (OAA). Acetyl-CoA may then participate in lipid 

biosynthesis. Amino acids represent an additional source that can be used to fill the leaks 

in the TCA cycle32. Most of these available molecules may be derived from the tumour 

microenvironment.  

The tumor microenvironment (TME) plays a crucial role in breast cancer progression, 

influencing various aspects of the pathways involved on its complex metabolism. The 

TME consists of a complex network of cellular and non-cellular components, including 

immune cells, fibroblasts, blood vessel cells, extracellular matrix, and signaling molecules 

and could also be modulated by obesity-related factors. Immune cells within the TME, 

such as tumor-associated macrophages (TAMs), T lymphocytes, and regulatory T cells 

(Tregs), present a relevant impact in breast cancer tumorigenesis and progression. 

Previous studies observed a decrease in the prevalence of infiltrating CD8+ T cells and a 

diminished M1/M2 macrophage ratio. These outcomes suggest a compromised anti-

tumoral immune response. Moreover, it was also observed that tumour signaling factors 

can also modulate the immune macroenvironment by a regulatory crosstalk. So, M1/M2 

ratio is also altered in visceral adipose tissue, correlated with an increase level of Tregs 

and FoxP333. Cancer-associated fibroblasts and Extracellular Matrix (ECM) contribute to 

the physical structure of the TME. Aberrant interactions between cancer cells and the 

ECM can facilitate invasion and metastasis34. Alternatively, adipose-derived stem/stromal 

cells have the potential to differentiate into carcinoma-associated fibroblasts (CAFs) in 

response to tumor-released factors, with this differentiation occurring more swiftly under 

obesity conditions35. CAFs are able to increase tumorigenesis and tumour progression, 

with higher likelihood for tumour recurrence and therapeutical resistance36. TME is also 

able to influence angiogenesis, factors like VEGF and HIF-1α play key roles in regulating 

angiogenesis37. Hormonal receptors, such as estrogen and progesterone receptors, are 

crucial in breast cancer. The TME can modulate hormone receptor signaling, affecting 

not only tumor response to endocrine therapies but also the tumour development38. 

Obesity, as previously presented, is able to regulate estrogen levels through the enzyme 

aromatase and therefore modulate TME39. 

Overall, the TME is modulated by obesity-related factors, such as inflammation, which 

results in a substantial impact in tumour initiation, proliferation, angiogenesis, metastasis, 

and response to therapy. Obesity leads to an augmented infiltration of proinflammatory 

cytokines, adipokines, adipocytes, immune cells, and tumor cells within the expanded 

adipose tissue. The intricate networks of cellular-molecular crosstalk undergo complex 

changes, influencing crucial pathways, orchestrating reprogramming in metabolic and 

immune functions40. In tumour tissues, we quantified the presence of adipocytes, fibrosis, 

and inflammation, which could highlight potential TME alterations, but no significant 

alterations were observed in cases stratified according to BMI.  Nonetheless, it is 

important to highlight the correlations observed between enzymatic expression, tumor 

characteristics, and patient comorbidities. Gluconeogenic enzymes like FBP, PC, and PCK 

exhibited distinct correlations with pathological stage, histological grade, HER2, and 

hormonal receptors, indicating a potential prognostic significance for these enzymes. 

Notably, PCK demonstrated a significant correlation with diabetes, while FBP showed a 
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significant association with hypertension and dyslipidemia. This suggests that in the 

context of breast cancer prognosis and treatment, considerations should extend beyond 

obesity alone to encompass other obesity-related disorders.  

Regarding the patients characteristics in the development of BC, menopausal status 

represents a pivotal turning point. Unfortunately, we were unable to obtain information 

on the menopausal status of the women included in the study, an acknowledged 

limitation of the study. As highlighted in Chapter I, menopause distinctly affects 

metabolic status of patients and their susceptibility to breast cancer development41. 

Another limitation we acknowledged in both studies relates to the selection of enzymatic 

isoforms. A brief revision of the literature in this matter reveals the variability in isoform 

expression within the glycolytic/gluconeogenic pathways42,43. To overcome this 

limitation, we have additionally conducted a quantification of enzymatic isoforms within 

the glycolytic/gluconeogenic pathways using RT-PCR and compared the results to those 

of breast cancer tissues publicly available on the GEPIA platform44. Our comparative study 

centers on the expression of each isoenzyme in a tumor cell line (MCF-7) and tumor 

tissue, juxtaposed with an epithelial cell line (MCF-10A) or adjacent normal breast tissue. 

Consistent with the previously presented results, we observe opposite expression 

patterns in the majority of isoforms (Appendix C). 

Obesity in the context of breast cancer introduces a complex and detrimental metabolic 

imbalance. Its complexity is transversal to several pathways and may be driven by TME 

signaling factors. Moreover, BC molecular subtypes seems to be a crucial characterization 

and metabolic influencing factor. We intend to continue our research on obese BC 

patients to better understand the metabolic impairment promoted by obesity. Future 

perspectives can be consulted in the next Chapter. 

Based on our findings, we emphasize the significance of personalized medicine in 

addressing each patient as a distinct entity, with specific metabolic features. This 

approach recognizes the unique molecular and metabolic characteristics of individuals, 

paving the way for more targeted and effective medical interventions tailored to specific 

patient needs. 
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CHAPTER VII 

1. Synopsized results and main conclusions 

This doctoral thesis aimed to provide a comprehensive analysis of the intricate 

relationship between breast cancer, obesity, and metabolism through the analysis of 

three different perspectives. Through epidemiological studies, addressing in different 

ways how obesity influence in breast cancer as well as original research in both cell lines 

and human tissues, we believe that the integration of these multi-disciplinary 

perspectives significantly contributed to the understanding of this critical health issue. 

The overall findings demonstrated that obesity is a complex and multifaceted risk factor 

for breast cancer development. We have established that the association between 

obesity and breast cancer is not uniform across all molecular subtypes of the disease and 

that specific molecular mechanisms underlie this connection. The implications of this 

research may not be limited to the realms of clinical practice. They carry profound public 

health significance, emphasizing the need for comprehensive prevention strategies that 

address the obesity epidemics and its impact on breast cancer incidence and prognosis.  

In the epidemiological studies, several noteworthy trends and associations related to 

breast cancer among overweight and obese patients have emerged: 

▪ Firstly, the research highlights that those patients with overweight and obesity, 

presenting unilateral or bilateral breast cancer, tend to be diagnosed at a later 

age. This delayed diagnosis could have implications for treatment options and 

outcomes. A coextensive article in this matter strengthens this result (Chapter III 

- A narrative review in why breast cancer is diagnosed later in obese women”): 

Obese patients are diagnosed later worldwide. 

▪ Family history of breast cancer (according to previous literature, mainly 

associated with BRCA1 and BRCA2 mutations) is less common among overweight 

and obese patients, suggesting that tumorigenesis in obese women is sporadic, 

mainly due to environmental/ lifestyle factors. 

▪ Obesity is associated with a higher likelihood of having progesterone receptor-

positive breast cancer. This finding deserves further study since this association 

may potentially result in preventive/prognostic/therapeutical strategy. There are 

few studies addressing the importance of the progesterone receptor in breast 

cancer patients, specifically in obese individuals. 

▪ Obese individuals are more susceptible to poorly differentiated tumors. 

▪ Furthermore, obesity is associated with the presence of larger primary tumors, 

although paradoxically, with fewer cases of distant metastasis. This complex 

relationship between tumor size and metastasis warrants further investigation 

disclosing a potential obesity paradox in breast cancer. 

▪ As expected, overweight and obese patients generally present lower overall 

survival rates.  
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▪ There is no statistical evidence suggesting that overweight and obese patients 

undergo a greater number of surgical procedures.  

▪ In terms of type of surgery, overweight women have an increased likelihood of 

undergoing sentinel node biopsy, while overweight and obese women are more 

likely to be submitted to conservative surgery and less likely to undergo total 

mastectomy.  

▪ In bilateral breast cancer, the findings reveal that all obese women presented 

poorly differentiated tumors. Intriguingly, overweight women demonstrated 

better overall survival, although without statistical significance. 

It is our understanding that the epidemiological findings are the result of the metabolic 

complexity between obesity and breast cancer. To better address this, we focused on the 

glucose central metabolism. We evaluated the glycolytic and gluconeogenic enzymatic 

expression both in vitro and in breast cancer tissues.  Interestingly, we observed different 

results in cultured cells and in human tissues. Perceptibly, the tumour microenvironment 

potentially plays a significant role on the central metabolic carbohydrate pathway. 

Regarding the in vitro research, our study unravels: 

▪ All molecular subtypes representative cell lines based their metabolic profile in 

the Warburg effect, with lactate production and glucose consumption. Notably, 

the triple negative cell line displayed a significant reduction in both metabolites. 

▪ With the exception of the Luminal, the remaining subtypes switched from 

consumption to production of acetate in the adiposity mimicking condition. 

▪ In the adiposity environment, all molecular subtypes exhibit decreased glutamine, 

valine, and isoleucine consumption, with the triple negative cell line showing a 

particularly significant reduction. 

▪ The metabolic profile of alanine shifts from production to consumption in 

Luminal A and triple negative cell lines when exposed to obesogenic conditions. 

▪ An increased lipids consumption was also observed in all subtypes. 

▪ All glycolytic and gluconeogenic rate-limiting enzymes were elevated in HER2+. 

▪ PFK was the only enzyme with increased expression in both Luminal A and Triple 

negative cell lines. 

▪ TP53-Induced Glycolysis Regulatory Phosphatase (TIGAR) was reduced in the 

Luminal A and Triple negative cell lines but increased in the Luminal B and HER2+ 

cell lines. 

▪ Comparative analysis with the control group revealed similar patterns in glycolytic 

and gluconeogenic enzymes of obese cases within the group with HER2 positive 

(Luminal B and HER2+) and the group with HER2 negative (Luminal A and Triple 

negative). 

Our research findings provide deeper insights into the complex relationship between 

breast tumour metabolism and adipocyte-related factors. One prominent observation is 

the pivotal role played by the HER2 receptor in influencing central metabolic processes. 

Molecular subtypes with HER2 positivity exhibit distinct metabolic features that set them 

apart from those with HER2 negative. This suggests that the HER2 receptor status is a 



 

155 

critical determinant of metabolic behaviour in breast tumours. Our investigation also 

highlights a more pronounced metabolic imbalance in the triple-negative breast cancer 

MDA-MB-231 cell line. This subtype lacks expression of estrogen, progesterone, and 

HER2 receptors and is associated with more aggressive and challenging-to-treat breast 

cancer. Moreover, and as expected, adipofactors play a significant role not only on the 

carbohydrate, but also in the lipid and amino acid metabolism, which in turn is also 

distinguished across the molecular subtype. 

To further elucidate the role of adipocyte-related factors in breast cancer glycolysis and 

gluconeogenesis rate-limiting enzymes, additional immunohistochemistry studies were 

performed in a breast cancer tissue cohort integrating normal weight and obese patients. 

We further highlight the main findings: 

▪ A statistical association between the pathological stage, histological grade and 

molecular subtype was identified. This pattern was also observed with respect to 

molecular subtype and body mass index combined. Notably, luminal cases 

frequently exhibited lower pathological stages and histological grades. Within the 

Luminal A subtype, downregulation of proliferation genes was observed, which is 

indicative of a more favourable prognosis. 

▪ When stratified by molecular subtype, results achieved significant alterations on. 

Significant levels of PC, PCK, and FBP in tumour cells were maintained when 

population were stratified by molecular subtype and body mass index combined. 

▪ Also, PC, PCK, and FBP correlated significantly with patients clinicopathological 

features such as receptor status and histological grade. 

▪ Obese women with triple negative molecular subtype tend to express high levels 

of all glycolytic enzymes, lead us to speculate that this subtype might present an 

increased glycolytic rate.    

▪ Infiltration of adipose tissue did not show any association with the enzymatic 

expression. Intriguingly, we uncovered that PC expression was the sole enzyme 

exhibiting a positive correlation with adipose tissue infiltration within the tumour 

microenvironment. On the other hand, PC was also significantly correlated with 

inflammatory infiltrate. 

▪ Regarding metabolic syndrome conditions (diabetes, hypertension, and 

dyslipidemia), a positive correlation was observed between PCK and diabetes and 

between FBP and both hypertension and dyslipidemia. 

Our observations revealed contrasting results between the expression of rate-limiting 

enzymes of glycolysis and gluconeogenesis when comparing cell-based assays with 

results obtained from breast cancer tissues. In cell culture, the enzyme that exhibited a 

more pronounced difference was PFK, a glycolytic enzyme. In contrast, in breast tissues, 

the enzymes PC, PCK, and FBP, gluconeogenesis pathway, were identified as differentially 

expressed and correlated with various features obesity related. Furthermore, we 

hypothesize that the tumour microenvironment in obese breast cancer patients differs 

from that in normal-weight individuals, although we did not observe statistical 

differences in adipocyte and inflammatory infiltration. We believe that these enzymatic 
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alterations have implications in other pathways such as the pentose phosphate pathway, 

amino acid metabolism, hexosamines, and glycerol-3-phosphate metabolism. 

This thesis underscores the importance of continued research regarding the importance 

of addressing the glucose metabolism to better understand the complex interplay 

between breast cancer and obesity. Gluconeogenesis, specifically, seems to play a critical 

role in reshaping the metabolic landscape within the tumour, influencing its behavior, 

particularly in obesity-associated breast cancer. 

 

2. SWOT analysis 

For the purpose of methodically examining our study and its potential subsequent 

research (from conclusions to future perspectives) a SWOT analysis was conducted. The 

acronym SWOT stands for: S: Strengths; W: Weaknesses; O: Opportunities; T: Threats. 

Strengths are internal attributes and resources that can use as an advantage. Weaknesses 

are internal factors that hinder the ability to achieve the goals. Opportunities are external 

conditions or trends that can be capitalized to achieve the goals. Threats are external 

factors that could potentially harm the continuation of the research. 

It is a strategic planning tool, originally employed in the realm of general management, 

but now adapted for various contexts, including education, health, and healthcare. Figure 

1 presents the SWOT analysis of the present work. 

 

IN
T
E
R

N
A

L 

  

▪ Presentation of different perspectives of the 

included pathologies. 
▪ Clinical and academic support with physical 

resources (equipment, services). 

▪ Research team. 
▪ Innovative data on tumour metabolism 
▪ Advances into precision medicine 
▪ Technological advancements. 

▪ Limitations associated with the available 

techniques and resources. 

▪ Contradictory information with other studies. 

▪ Personal and institutional difficulties. 

▪ Bureaucratic and administrative challenges. 

E
X

T
E
R

N
A

L 

  
▪ Promising findings regarding a better 

understanding of the metabolic profile of obese 

breast cancer patients. 

▪ Health literacy in breast cancer and obesity. 
▪ Awareness of the decision makers regarding 

the importance of precise medicine, specifically 

in obese breast cancer patients. 

▪ Financial issues (limited/ lack of funding). 
▪ Technological challenges and cybersecurity 

risks. 

 POSITIVE NEGATIVE 

 

Figure 1 – SWOT analysis of the presented work. 
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The positive outputs of this study expose excellent back up resources for continuing the 

work. The collaboration between relevant national institutions, FMUP (Faculdade de 

Medicina da Universidade do Porto), i3S (Instituto de Investigação e Inovação em Saúde), 

and IPO-Porto (Instituto Português de Oncologia, Porto) associated with a research team 

with excellent expertise in both oncology and metabolic diseases. 

Moreover, in the work development, we had the opportunity to publish the results in 

renowned scientific journals and share the information in international congresses, 

targeted to the scientific community. Results were also shared to the general population 

with the promotion of casual talks (FNAC talks, Pint of science) in the awareness of 

obesity and breast cancer. 

On the other hand, the downfalls of this work are determinant. Some difficulties were 

found in the applied materials and methods, such as, a standard protocol for adipocyte 

differentiation is yet to be developed and generally accepted, or the lack of 

immunohistochemistry protocols for basic research. Last, but not least, funding is a major 

threat for advancing this work.  

 

3. Future perspectives 

From the promising results achieved with this work, it is planned to advance in several 

lines of investigation. If feasible, we preferably plan to use clinical data and human 

biological samples for conducting the subsequent studies: 

▪ Metabolomic study of blood samples of normal weight and obesity breast cancer 

patients (ongoing work). 

This study became possible due to the collaboration with IPO-Porto and a grant awarded 

by Liga Portuguesa contra o Cancro (LPCC) and AUSONIA. The request for ethical 

approval was submitted on July 18, 2022, but unfortunately, approval was deferred only 

on February 23rd, 2023, leading to a substantial delay, and preventing to deliver results 

within the present thesis.  

This study focused on comparing the metabolomic signature of 60 samples: 20 normal 

weight breast cancer patients, 20 obese breast cancer patients; and 20 obese individuals. 

Inclusion criteria of breast cancer patients include post-menopausal women without 

previous therapeutic intervention with invasive ductal carcinoma with behavior 3, luminal 

A molecular subtype. Untargeted metabolomics service is already foreseen from Creative 

Proteomics. Presently, we are assembling the biological samples.  

▪ The influence of the progesterone receptor in breast cancer patients (ongoing 

work). 

Given the results attained in the epidemiological studies, we wish to understand the 

impact of progesterone receptor in breast cancer patients. The main aims of this work 
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are (1) Correlate progesterone receptor with clinical features of breast tumours (namely 

pathological stage – size, lymph node status, distant metastasis, differentiation grade, 

among others) as well as pathophysiological data (therapeutic strategies, disease free 

survival, overall survival); and (2) Investigate the expression and role of nuclear and 

mitochondrial progesterone receptor isoforms in different subtypes of breast cancer cell 

lines.  

▪ Development of predictive models of breast cancer and obesity by artificial 

intelligence. 

This collaborative effort will involve working alongside with Astrophysics Institute in 

Porto to leverage the data obtained from immunohistochemistry results. Our objective 

is to harness the power of artificial intelligence of deep learning and transfer learning to 

construct predictive models. These models will help us gain deeper insights into the 

complex relationship between enzyme expression, breast cancer and obesity, aiding in 

the development of innovative tools for prognosis and treatment decision-making. 

▪ Understand the impact of gluconeogenesis pathway in breast cancer. 

This intends to be a preliminary study, and as such, we intend to employ both in vitro 

and in vivo experiments to assess the consequences of deactivating rate-limiting 

enzymes involved in gluconeogenesis on breast cancer. Our research plan comprises two 

research strategies: (1) We will undertake a cell-based approach, using different 

molecular subtypes of breast cancer cells, and independently inhibit PC, PCK, and FBP, as 

well as collectively inhibit all three enzymes. (2) For the second line of research, knockout 

breast cancer cells for these enzymes will be inoculated into normal weight and obese 

mice. Tumour progression, metastasis, and other associated tumour features will be 

subsequently evaluated. 

 

Future perspectives include integrating more institutions such as HFP (Hospital-Escola 

Fernando Pessoa), CHUSJ (Centro Hospitalar e Universitário São João), Astrophysics 

Institute of Porto, and pursue financial support to advance with our endeavors. We wish 

to maintain the dissemination of our work by publishing in renowned scientific journals 

and with public initiatives for general population. Furthermore, we intend to share our 

findings with key stakeholders once more robust and conclusive results are obtained. 

 

The knowledge gained from this work could present an instrument in shaping healthcare 

policies, clinical guidelines, and research priorities aimed to mitigate the impact of breast 

cancer, particularly in the context of the global obesity crisis. Ultimately, the integration 

of these findings into clinical practice could have a tangible impact on obese patient 

outcomes. 
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