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RESUMEN 

El cáncer colorrectal (CRC) es uno de los cánceres con mayor incidencia, siendo 

el tercer cáncer más común y la segunda causa de muerte relacionada con el 

cáncer en el mundo. La etiología del CRC es multifactorial, combinando un 

componente genético heredado influenciado por numerosas condiciones 

ambientales como el sedentarismo, una dieta rica en carnes procesadas, 

consumo de alcohol, tabaquismo y varias enfermedades como las 

enfermedades inflamatorias intestinales (colitis ulcerosa y enfermedad de 

Crohn) u obesidad. Entre estos factores de riesgo, el consumo de una dieta rica 

en grasas se ha relacionado estrechamente con el desarrollo de un estado de 

obesidad, lo que aumenta el riesgo de desarrollar CRC en casi un 10%. Las vías 

moleculares que intervienen en el desarrollo del CRC en personas obesas no 

están completamente descritas; sin embargo, se sabe que la desregulación del 

metabolismo, así como el estado inflamatorio crónico y la situación de disbiosis 

intestinal pueden contribuir a la aparición de CRC. De hecho, muchos estudios 

han descrito el papel de los metabolitos derivados de una microbiota alterada o 

disbiosis asociada a la obesidad en la promoción del CRC. Entonces, la 

comprensión de los mecanismos moleculares involucrados en la relación 

obesidad y el CRC, especialmente aquellos asociados con la microbiota 

alterada, tiene un valor traslacional potencial para la terapia y el manejo del CRC, 

así como para prevenir el desarrollo de esta enfermedad en pacientes obesos. 

La modulación del microbioma es una de las estrategias más innovadoras de la 

medicina personalizada actual. De hecho, se ha descrito que pueden en un 

futuro mejorar la salud de las personas y reducir el riesgo de diferentes 

afecciones, entre ellas el cáncer, enfermedades metabólicas, inmunitarias, 

inflamatorias y degenerativas.  

En este escenario, los extractos de plantas obtenidos de las partes aéreas de 

Thymus serpyllum L. o de las hojas de Morus alba L. han demostrado ejercer 

propiedades prebióticas que se han asociado con actividades antiinflamatorias 

y antioxidantes. En consecuencia, han sido ampliamente utilizados en la 

medicina tradicional contra varias enfermedades relacionadas con la 

inflamación. Adicionalmente, las tetraciclinas son fármacos con demostradas 

propiedades antibióticas e inmunomoduladoras que han mostrado actividad 

citotóxica frente a diferentes tipos de cáncer. Estas terapias se han caracterizado 

por modular la disbiosis intestinal característica de ambas patologías, la 

obesidad y el CRC. A pesar de que se han logrado numerosos avances en la 

terapia de la obesidad y el CRC, los tratamientos actuales no siempre son bien 

tolerados o su eficacia es baja en una gran parte de grupos de pacientes. Todo 

lo anterior justifica la necesidad de más investigación centrada en la capacidad 
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de los nuevos agentes para dirigirse a las vías celulares y moleculares alteradas 

en la obesidad y el CRC, especialmente en la disbiosis intestinal que comparten 

ambos trastornos. Para abordar esto, se propusieron los siguientes objetivos: 

1. Evaluar estrategias terapéuticas capaces de modular la microbiota 
intestinal en el manejo de la obesidad. 

2. Determinar dianas terapéuticas que impactan en la composición de la 
microbiota intestinal en el manejo del CRC. 

3. Caracterizar el impacto de la obesidad en el desarrollo de CRC, 
estableciendo el papel de la microbiota intestinal como potencial diana 
terapéutica. 

Con estos objetivos, en primer lugar, se evaluó el impacto de dos extractos, de 

partes aéreas de Thymus serpyllum y hojas de Morus alba, en un modelo murino 

experimental de obesidad inducida por una ingesta de una dieta rica en grasa 

(HFD). Además, se estudió la actividad de estos extractos de plantas sobre los 

trastornos metabólicos asociados a la obesidad, el estado inflamatorio y redox, 

la disfunción endotelial y las alteraciones de la microbiota intestinal. Los 

hallazgos mostraron que ambos extractos mostraron un efecto positivo en el 

aumento de peso corporal inducido por la suplementación con HFD, que se 

asoció con una mejora de los perfiles de lípidos y glucémicos en plasma, así 

como con una reducción de los depósitos de grasa. Además, los extractos de 

Thymus serpyllum y Morus alba lograron mejorar significativamente la 

inflamación crónica que caracteriza al fenotipo obeso. En este sentido, los 

tratamientos regularon a la baja varios mediadores proinflamatorios como la 

expresión de IL-6, TNFɑ y ciclooxigenasa 2. Este efecto podría estar relacionado 

con la capacidad de los extractos para modular la microbiota intestinal y mejorar 

la función de barrera intestinal alterada, reduciendo así el acceso de los 

lipopolisacáridos (LPS) bacterianos intestinales a la corriente sistémica, y 

resultando en una menor endotoxemia metabólica en ratones obesos tratados. 

Además, la presencia de compuestos fenólicos en ambos extractos de plantas 

fue responsable de una mejora del estado de estrés oxidativo asociado con la 

obesidad. 

Por otro lado, se investigó el efecto de la tigeciclina, una tetraciclina de tercera 

generación, en modelos experimentales de CRC. Inicialmente, se estudió el 

impacto de este antibiótico sobre las líneas celulares de cáncer de colon, 

HCT116, Caco2 y CMT93, y se comparó con la actividad del 5-fluorouracilo, que 

constituye el fármaco estándar en la terapia del CRC. Posteriormente, y tras 

evidenciar los efectos antiproliferativos y proapoptóticos que la tigeciclina ejerció 

sobre las células tumorales, se profundizó en el estudio de los mecanismos 

moleculares implicados en estas acciones. Se observó que la tigeciclina 

dificultaba la activación de las vías proliferativas Wnt/β-catenina y JAK/STAT3, 

así como la activación de marcadores implicados en las diferentes vías de 

apoptosis estudiadas: extrínseca, intrínseca y mediada por retículo 

endoplásmico. Además, la tigeciclina ejerció un efecto beneficioso sobre las 
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células madre del cáncer de colon (CSC), las cuales se relacionan con el inicio 

del proceso tumoral y una mayor malignidad de los cánceres debido a sus 

propiedades invasivas y metastásicas. Esta acción puede estar relacionada con 

la capacidad de la tigeciclina de interferir en la transición epitelio-

mesenquimatosa, principalmente asociada con una inhibición del factor de 

transcripción SNAI1. Todos estos efectos se relacionaron con una mejora 

significativa de la tumorigénesis in vivo en un modelo de xenotransplante tumoral 

y en el modelo de CRC asociado a colitis (CAC) en ratones. La administración 

de tigeciclina a ratones xenotrasplantados con CSC HCT116 resultó en una 

reducción del volumen tumoral y los niveles de CTNNB1 (β-catenina), un factor 

clave en la proliferación de células tumorales. Este efecto antiproliferativo de la 

tigeciclina también se observó en ratones CAC tratados con el antibiótico, y se 

asoció con una reducción del proceso inflamatorio y un aumento de las células 

T citotóxicas en los ganglios linfáticos mesentéricos de estos ratones. Además, 

la mitigación de la tumorigénesis observada con el tratamiento con tigeciclina se 

relacionó con un efecto proapoptótico in vivo, como lo demuestra el aumento de 

los niveles de caspasa 7. Finalmente, el antibiótico fue capaz de modular la 

microbiota intestinal, al promover el enriquecimiento en taxones bacterianos 

beneficiosos asociados con propiedades antiinflamatorias y antitumorales como 

Parabacteroides distasonis y Akkermansia sp. 

Finalmente, se estudió la asociación entre obesidad y CRC en un modelo murino 

de CRC asociado a obesidad mediante la administración de HFD a ratones, 

seguido de inducción de CAC con azoximetano (AOM) y dextrano sulfato de 

sodio (DSS). Se observó un agravamiento de la tumorigénesis en los ratones no 

tratados alimentados con HFD en comparación con los que recibieron una dieta 

estándar (SD), caracterizada por un aumento de la malignidad del tumor y la 

invasión a los tejidos submucosos. Además, los ratones alimentados con HFD 

no tratados exhibieron una regulación positiva de las citocinas derivadas del 

tejido adiposo, como la IL-6, que puede contribuir a la tumorigénesis. Asimismo, 

también se informaron cambios en la microbiota intestinal en estos ratones 

cuando se analizó la diversidad beta. Curiosamente, se observó un aumento 

significativo del género Alistipes en ratones alimentados con HFD no tratados 

con CAC en comparación con los alimentados con SD. Finalmente, también se 

estudió el efecto de la tigeciclina en este modelo de CRC asociado a obesidad 

y se encontró que ejercía un impacto similar al obtenido en el estudio previo 

realizado en ratones CAC. En resumen, la tigeciclina pudo interferir con las vías 

moleculares implicadas en la proliferación celular y modular la respuesta 

inmunitaria hacia una respuesta antiinflamatoria con actividad linfoide mejorada. 

Con respecto al impacto del tratamiento de la tigeciclina en la microbiota 

intestinal de ratones alimentados con HFD, el tratamiento pudo aumentar 

significativamente los niveles de Parabacteroides goldsteinii y Akkermansia 
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mucinifiphila, estando ambas especies bacterianas asociadas con una mejora 

de la enfermedad del cáncer. 

En resumen, en la presente Tesis se ha realizado un análisis detallado de las 

terapias moduladoras de la microbiota intestinal basadas en el uso de los 

prebióticos Thymus serpyllum o Morus alba, así como del antibiótico tigeciclina, 

describiendo su impacto en modelos de obesidad, CRC y CRC asociado a 

obesidad. Además, la evidencia de los mecanismos moleculares implicados en 

los efectos beneficiosos que ejercen estos compuestos ha sido ampliamente 

descrita, prestando especial atención a aquellos cambios inducidos en la 

microbiota intestinal. Por tanto, el desarrollo de esta Tesis Doctoral tiene como 

objetivo proporcionar una mejor comprensión de la asociación obesidad-CRC, 

así como la búsqueda de nuevas terapias basadas en la modulación de la 

microbiota intestinal que contribuyan a la mejora de las terapias existentes para 

la obesidad y el CRC. 
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SUMMARY 

Colorectal cancer (CRC) is one of the cancers with the highest incidence, being the third 

most common cancer and the second leading cause of cancer-related deaths in the 

world. The etiology of CRC relies on the combination of multiple factors, including an 

inherited genetic component influenced by numerous environmental conditions such as 

sedentarism, a diet rich in processed meats, alcohol consumption, tobacco use and 

several diseases such as inflammatory bowel diseases (ulcerative colitis and Crohn’s 

disease) or obesity. Among these risk factors, the consumption of a high-fat diet (HFD) 

has been closely linked to the development of an obesity status, which increases the risk 

of CRC development by almost 10%. The molecular pathways that are involved in the 

development of CRC in obese individuals are not fully described; however, it is known 

that the deregulation of metabolism as well as the chronic inflammatory state and the gut 

dysbiosis situation can contribute to CRC occurrence. In fact, many studies have reported 

the role of metabolites derived from an obesity-associated dysbiotic microbiota in CRC 

promotion. Then, the understanding of the molecular mechanisms involved in the 

crosstalk between obesity and CRC, especially those associated with the altered 

microbiota, has a potential translational value for CRC therapy and management, as well 

as for preventing the development of this disease in obese patients. 

Microbiome modulation is one of the novel strategies in medicine with the greatest future 

to improve the health of individuals and reduce the risk of different conditions, including 

cancer, metabolic, immune, inflammatory and degenerative diseases. In this scenario, 

plant extracts obtained from the aerial parts of Thymus serpyllum L. or the leaves of 

Morus alba L.  have been shown to exert prebiotic properties that have been associated 

with antiinflammatory and antioxidant activities. Consequently, they have been widely 

used in traditional medicine against several inflammatory-related diseases. Additionally, 

tetracyclines are drugs with proven antibiotic and immunomodulatory properties that have 

demonstrated cytotoxic activity against different types of cancer. These therapies have 

been characterized by modulating the gut microbiota, which is altered in both pathologies, 

obesity and CRC. Despite numerous advances have been achieved in the therapy of 

obesity and CRC, the current treatments are not always well tolerated and/or lack efficacy 

can occur in certain population groups. All the above justifies the necessity of further 

research focusing on the capacity of new agents to target the cellular and molecular 

pathways altered in obesity and CRC, especially in the gut dysbiosis that isd shared in 

both disorders. In order to address this, the following objectives were proposed: 
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1. To evaluate therapeutic strategies able to modulate the gut microbiota in the 

management of obesity. 

2. To assess therapeutic strategies able to modulate the gut microbiota in the 

management of CRC. 

3. To characterize the impact of obesity in the development of CRC, establishing 

the role of the intestinal microbiota as potential therapeutic target. 

With these aims, first, the impact of two extracts, from Thymus serpyllum aerial parts and 

Morus alba leaves, were evaluated in an experimental murine model of obesity induced 

by a HFD intake. Moreover, the activity of these plant extracts on obesity-associated 

metabolic disorders, inflammatory and redox status, endothelial dysfunction as well as 

gut microbiota alterations were studied. The findings showed that both extracts showed 

a positive effect on the body weight gain induced by the HFD-supplementation, which 

was associated with an amelioration of the plasma glycemic and lipid profiles, as well as 

with a reduction of the fat deposits. Moreover, Thymus serpyllum and Morus alba extracts 

were able to significantly improve the chronic inflammation that characterizes the obese 

phenotype. In this sense, the treatments downregulated several pro-inflammatory 

mediators such as IL-6, TNFɑ and cyclooxygenase 2 expression. This effect could be 

related with the capacity of the extracts to modulate gut microbiota and ameliorate the 

altered gut barrier function, thus reducing the access of intestinal bacterial 

lipopolysaccharide (LPS) to the systemic stream, and resulting in a lower metabolic 

endotoxemia in obese-treated mice. Additionally, the presence of phenolic compounds 

in both plant extracts were responsible for an amelioration of the oxidative stress status 

associated with obesity.  

Then, the effect of tigecycline, a third generation tetracycline, was investigated in 

experimental CRC models. Initially, the impact of this antibiotic on colon cancer cell lines, 

HCT116, Caco2 and CMT93, was studied and compared with the activity of 5-

fluorouracil, which constitutes the standard drug in the therapy of CRC. Subsequently, 

and after evidencing the antiproliferative and proapoptotic effects exerted by tigecycline 

on tumor cells, the molecular mechanisms involved in these actions were further studied. 

It was observed that tigecycline hindered the activation of the Wnt/β-catenin and 

JAK/STAT3 proliferative pathways, and also the activated markers involved in the 

different programmed death pathways studied: extrinsic, intrinsic and endoplasmic 

reticulum-mediated apoptosis. Moreover, tigecycline exerted a beneficial effect against 

colon cancer stem cells (CSCs), which are related to the initiation of the tumor process 

and a greater malignancy of cancers due to their invasive and metastatic properties. This 

action may be related to the capacity of tigecycline to interfere with the epithelial-
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mesenchymal transition, mainly related with an inhibition of the transcription factor 

SNAI1. All these effects were associated with a significant amelioration of the 

tumorigenesis in vivo in a tumor xenograft model and in the colitis-associated CRC (CAC) 

model in mice. Tigecycline administration to mice xenotransplanted with HCT116 CSCs 

resulted in a reduction of tumor volume and CTNNB1 (β-catenin) levels, a key player in 

tumor cell proliferation. This anti-proliferative effect of tigecycline was also observed in 

CAC mice treated with the antibiotic and was associated with a reduction of the 

inflammatory process and an increase in cytotoxic T cells in mesenteric lymph nodes in 

these mice. Moreover, the mitigation of the tumorigenesis observed with tigecycline 

treatment was linked to a proapoptotic effect in vivo, as evidenced by increased levels of 

caspase 7. Finally, the antibiotic was able to modulate the intestinal microbiota, by 

promoting enrichment in beneficial bacterial taxa associated with antiinflammatory and 

antitumor properties such as Parabacteroides distasonis and Akkermansia sp.  

Finally, the association between obesity and CRC was studied in a murine model of 

obesity-associated CRC through the administration of a HFD to mice, followed by CAC 

induction with azoxymethane (AOM) and dextran sulfate sodium (DSS). An aggravation 

of tumorigenesis was observed in those untreated mice fed a HFD in comparison with 

those that received a standard diet (SD), characterized by increased malignancy of tumor 

and invasiveness of submucosal tissues. Moreover, untreated HFD-fed mice exhibited 

an upregulation of cytokines derived from adipose tissue such as IL-6 that can contribute 

to tumorigenesis. Additionally, changes in gut microbiota were also reported in these 

mice when beta diversity was analyzed. Interestingly, a significant increase of Alistipes 

genus was observed in untreated HFD-fed mice with CAC compared to those fed a SD. 

Finally, the effect of tigecycline was also studied in this model of obesity-associated CRC 

and it was found to exert a similar impact to that obtained in the previous study carried 

out in CAC mice. Briefly, tigecycline was able to interfere with the molecular pathways 

involved in cell proliferation and modulate the immune response towards an 

antiinflammatory response with enhanced lymphoid activity. Regarding the effect of 

tigecycline in gut microbiota of HFD-fed mice, the treatment was able to significantly 

increase the levels of Parabacteroides goldsteinii and Akkermansia mucinifiphila, being 

both bacterial species associated with an amelioration of the cancer disease.  

In summary, a detailed analysis of intestinal microbiota modulating therapies based on 

the use of the prebiotics Thymus serpyllum or Morus alba, as well as the antibiotic 

tigecycline, has been carried out in the present Thesis, describing their impact on models 

of obesity, CRC and obesity-associated CRC. Furthermore, evidence of the molecular 

mechanisms involved in the beneficial effects exerted by these compounds has been 
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widely described, paying particular attention to those changes induced in the gut 

microbiota. Therefore, the development of this Doctoral Thesis aims to provide a better 

understanding of the obesity-CRC association, as well as the search for new therapies 

based on the modulation of the intestinal microbiota that contribute to the improvement 

of existing therapies for obesity and CRC. 
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INTRODUCTION 

1. CANCER. 

1.1. Definition and origin. 

The word “cancer” comes from the ancient Greek “καρκίνος”, which means “crab” and 

“tumor” being this term applied to cancerous tumors in which the spreading projections 

and large vascularity represented the legs of a crab. The origin of the word is attributed 

to the Greek physician Hippocrates (460 - 370 BC) who used the terms “carcinos” and 

“carcinoma” to describe non-ulcer and ulcerative tumors respectively. Later, the Greek 

term was translated by the Roman physician Celsus (25 BC - 50 AD) to “cancer”, the latin 

term for crab. However, the disease is more ancient than the word that describes it, being 

the earliest evidence of cancer found in human mummies in ancient Egypt (1). 

To give a proper definition to the term cancer, we first have to define what is neoplasm. 

The oncologist Willis (1837 - 1894) defined the term “neoplasm” as an abnormal mass of 

tissue whose growth exceeds and is uncoordinated with that of the normal tissues 

persisting even in the absence of external stimulus which evoked the change (2). 

Neoplasms are the result of an increase in cell number and some essential features such 

as the presence of living cells whose cell cycle is uncontrolled, the partial or total loss of 

special functions and the acquisition of new functions such as invasion. The term 

neoplasm refers to the tumor mass itself and it may be benign or malignant depending 

on their ability to spread into the organism. Benign tumors are those with proliferation 

capacity but do not invade the surrounding tissues nor metastasize, whereas malignant 

tumors, commonly known as cancer, are those able to invade and/or metastasize, thus 

causing secondary tumors in other tissues. 

The World Health Organization (WHO) defines cancer as “a large group of diseases that 

can start in almost any organ or tissue of the body when abnormal cells grow 

uncontrollably, go beyond their usual boundaries to invade adjoining parts of the body 

and/or spread to other organs” (3). Many cancers form solid tumors but there are also 

liquid cancers such as leukemias.  

1.2. Evolving models of tumor origin and progression 

Cancer initiation and progression is a complex multistep process, which depends on the 

interactions between the tumor cells with tumor microenvironment and in which genotypic 
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and phenotypic changes occur. Due to the complexity of the process, some theories or 

models have been developed, thus allowing a better understanding of the cancer system. 

1.2.1. Initial models. Cancer from a humoral to an organ disease. 

Throughout the history of medicine several theories have been proposed to explain the 

root cause of cancer. For long centuries the humoral theory of Hippocrates and Galen 

became the most common to explain human diseases including cancer. According to this 

theory, diseases resulted from an excess or deficiency of one of the four basic 

substances called humors: blood (sanguis), yellow bile (chole), black bile (melan cole) 

and phlegm (phlegm). It was thought that the origin of cancer was the result of an excess 

of black bile (4). In the sixteenth century, Paracelsus suggested that the origin of tumors 

was in harmful chemical substances present in the blood (5). The Italian anatomist 

Giovanni Battista Morgagni was the first to state in its treatise De Sedibus et Causis 

Morborum per Anatomem Indagatis published in 1761 that the cause of a disease was 

found in pathological lesions present in a certain organ (6).  

1.2.2. Cancer from the microscopic point of view. Emergence of cell 

disease concept. 

Advances in microscopic pathology led to the belief that cancer was a parasitic disease 

and that the development of tumors might be caused by foreign organisms (6). 

Histological advances allowed a more precise description of tumor structures; in this 

sense, Schleiden and Müller (in 1838) as well as Schwann (in 1839) reported that 

neoplastic tumors were integrated by a mass of cells with different morphology (7). These 

advances, together with those postulated by Rudolf Virchow in its cell theory, resulted in 

a further description of tumor characteristics such as the presence of an abnormal 

number of cells in division with big nuclei, anomalous mitosis and loss of differentiation 

features. The presence of a tumor stroma, extensive vascularity and apoptotic areas 

were also described as features of the tumor in the nineteenth century (6). Since then, 

cancer began to be considered as a disease in which cells divide abnormally (6).  

Metastasis was explained by the “seed and soil” and the “mechanical mechanisms” 

hypothesis proposed by Stephen Paget and James Ewing, respectively. The seed and 

soil hypothesis states that malignant cells (“seed”) are detached from the tumor mass 

and reach a suitable place (“soil”) in the body where the microenvironment is favorable 

for their continued growth causing a secondary tumor (8). James Ewing, in 1928, 

proposed that the place of metastasis is determined by mechanical forces and circulatory 

patterns between the primary and the secondary site of tumor development (8, 9).  
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Despite the great advances made, the origin of neoplastic cells was unknown. Julius 

Cohnheim postulated in 1877 his theory of the embryonic origin of cancer cells, in which 

he stated that tumor development was the result of the existence in the body of 

“embryonic rests”, being these tumor cells really embryonic cells that were not removed 

during the ontogenesis (10). This theory was formulated on the basis that it had 

previously been said that tumor cells were morphologically similar to embryonic cells 

(Johannes Müller, 1838) (11). 

1.2.3. Cancer as a genetic disease: focus on the cell nucleus.  

In 1890, David Paul von Hansemann proposed a theory about the pathogenesis of 

cancer, which was focused on a specific part of the cell, the genetic material, known at 

that time as “hereditary material”.  According to this theory, the first change that occurs 

in cancer is an alteration of the hereditary material of a normal cell. Moreover, 

Hansemann postulated that cancer cells could be cells that suffer a process of 

“dedifferentiation” or “anaplasia”, terms coined to this pathologist (12, 13). 

Thanks to technological advances, the genetic material began to be studied in depth and 

at the beginning of twentieth century (1902), Theodor Boveri described the role of 

chromosomal abnormalities in the development of cancer and predicted that 

chromosomal (genomic) instability was a key hallmark of cancer (14). Later on, in 1926, 

Hermann Joseph Muller demonstrated that exposure to X-rays can cause genetic 

mutations and cancer development (15). The studies on the structure of DNA made by 

Watson and Crick in 1953, as well as the emergence of DNA cloning and sequencing 

techniques, contributed to the development of genetics that had an important impact on 

the understanding of cancer etiology (16). It was in the 1970s and 1980s when a new 

model of cancer disease was proposed in which three stages can be distinguished in the 

tumor development process: initiation, promotion and progression (Figure 1). The first 

stage, initiation, is an irreversible process that starts with two or more relevant mutations 

(also transversions, transitions and/or small deletions in DNA) in a single cell due to the 

action of molecules called initiators (carcinogens). Then, in the promotion stage, this cell 

begins to proliferate under the influence of promoters, which are proliferation-stimulating 

factors such as growth factors and hormones. The subsequent division of this cell gives 

rise to a population of cell clones. Cancer progression is the result of subsequent 

mutations, thus leading to the appearance of a malignant neoplasm with heterogeneous 

cells that acquire independent characteristics such as invasion, metastatic capacity and 

uncontrolled proliferation (17, 18). 
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Figure 1. Stages of tumor development: initiation, promotion and progression.  

  

During the second half of the 20th century, cancer research focused on the search for 

carcinogens responsible for the initiation of carcinogenesis, as well as the genes affected 

in this process. In the late 1960s, certain carcinogens with the ability to bind DNA were 

described. These genotoxic compounds were able to damage DNA by forming adducts 

or causing DNA strand breaks (19). Nowadays, it is also known that there are 

carcinogens that do not act directly on the DNA, but can induce free radicals or activate 

signaling pathways that alter the cell cycle. In the 1980s, numerous preclinical studies 

were carried out to elucidate which genes were altered in the carcinogenesis process. In 

this way, the involvement of certain genes such as MYC, TP53 and KRAS in the cancer 

process, as well as their structure and functions were described (20). Then, these genes 

were classified into proto-oncogenes and suppressor genes (anti-oncogenes) and the 

involvement of each one will be discussed later.  

During the promotion and progression stages that occurred in the tumor development 

process, some mutations can take place in cells that makes the tumor mass 

heterogeneous (18). Due to these mutations, the tumor acquires new features such as 

uncontrolled proliferation in absence of stimulus (growth factors for example), apoptosis 

evasion, drug resistance, invasion and metastatic capabilities. These changes are 

comparable to an evolutionary process that increases the aggressiveness of the tumor. 

Peter Nowell, in 1976, proposed the successive clonal evolution model in which this 

process was considered and tumor progression was compared with an evolutionary 

process (21). 

1.2.4. The stochastic model of cancer.  

Until the end of the last century, the most accepted model to explain the process of tumor 

initiation and promotion was the stochastic model. This classical model proposed that 

each tumor cell is biologically homogeneous and has the ability to initiate and promote 

the tumor origin and evolution. According to this model, tumorigenesis occurs from 

normal differentiated somatic cells that stochastically/randomly suffer oncogenic 

mutations, thus leading to genomic instability, hyperplasia, uncontrolled proliferation and 

expansion, and escaping from the homeostatic mechanisms of the cell compartment. 
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Moreover, subsequent alterations/mutations drive progression to invasive and more 

aggressive phenotypes with metastatic characteristics (22-24). 

1.2.5. Cancer stem cells and cancer: the hierarchical model and 

retrodifferentiation concept. 

The most recent models of tumorigenesis affirm that the origin of the tumor process lies 

in an altered stem cell type that is called CSC (25). The CSCs theory was proposed in 

1994, when Lapidot T. et al., inoculated acute myeloid leukemia stem cells to severe 

combined immune-deficient (SCID) mice, and they reported the ability of these cells to 

reproduce the disease in these mice (26). CSCs share many characteristics with normal 

stem cells such as capability of cell renewal and differentiation into other cells (27). 

However, unlike normal stem cells, CSCs, due to genetic and epigenetic alterations, are 

not subject to the normal controls that limit growth (25). Tumor generation would begin 

when a normal stem cell located in a stem cell niche suffers genetic and epigenetic 

alterations that lead to the evasion of the regulatory mechanisms present in a normal 

stem cell, as well as the regulatory signals from the microenvironment where the stem 

cell is located (28, 29). Therefore, the cell escapes to any control mechanism, thus 

resulting in a tumorigenic stem-like cell, a CSC. Next, the promotion of the tumor would 

be explained due to the self-renewal, replication and differentiation capacity of this CSC 

that would give rise to a hierarchy of heterogeneous cells that constitute the tumor mass 

(25, 30). This model is known as the hierarchical model of tumor development, and it 

assumes that the initiation of the tumor is carried out by a CSC. Therefore, these CSCs 

are also designated as tumor-initiating cells and they would also be responsible for 

relapses in cancer patients (24, 25, 30). In this model, a special importance is given to 

the stem cell niche because it is responsible for the maintenance of the stem-like state 

(28, 29). Moreover, it has been postulated that CSCs can be originated by the 

microenvironment through induction of CSC features in differentiated tumor cells in a 

process called retrodifferentiation (31, 32). This process is characterized by a loss of cell 

differentiation that reverts to an undifferentiated or stem-like phenotype in a rejuvenation 

process (33). The phenomenon of retrodifferentiation makes the hierarchical model 

multidirectional rather than unidirectional, and explains the formation of CSCs from 

normal tumor cells (24). 

1.3. Genetic alterations occurred in cancer. 

Cancer is a genetic disease and it means that it is caused by mutations occurring in 

genes that are involved in the maintenance of cell functions, especially cell growth and 
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division (34). These cancer-causing DNA changes may be due to errors that take place 

during cell division, DNA damage caused by mutagenic environmental agents such as 

tobacco carcinogens and/or DNA mutations inherited from our parents (34). These 

genetic alterations are known as “divers'' lesions (35), and generally affect three different 

types of genes that are classified under the name of proto-oncogenes, tumor suppressor 

genes and DNA repair genes. Proto-oncogenes are genes involved in normal cell division 

and proliferation, and when these mutations take place, they become into oncogenes 

(cancer-causing genes). Some examples of oncogene are MYC or CCND1 that produce 

transcription factors involved in cell proliferation (36). Tumor suppressor genes are 

involved in the control of cell growth and division, and mutations in these genes contribute 

to uncontrolled cell division. TP53 is the most known tumor suppressor gene, being also 

known as the guardian of the genome since it induces apoptosis when gene mutations 

appear (37). Lastly, alterations in DNA repair genes alter mechanisms involved in fixing 

damaged DNA. BRCA1 and BRCA2 are some of the most well-known DNA-repair genes 

that can be mutated in cancer (38). Therefore, mutations in all these types of genes 

contribute to the initiation and progression of cancer (34, 39). Moreover, the mismatch 

repair system has an important role in the repair of erroneous insertion, deletion, and 

base-base mismatches generated during DNA replication and recombination. Alteration 

of this system is also linked to a large number of cancers (40).  

These genetic alterations lead to disruption of the cell normal cycle causing an abnormal 

proliferation of a single cell. The cell uncontrolled proliferation results in the outgrowth of 

a population of clonally derived tumor cells creating a tumor (41). This uncontrollable and 

high speed division favors the appearance of new mutations in these cells, thus 

contributing to tumor progression. Additional mutations confer a selective advantage to 

the cell, and the descendant cells that are generated from this one become the dominant 

ones in the tumor mass. This process is called clonal selection and results in a clone of 

tumor cells with malignant properties, such as uncontrolled proliferation, apoptosis 

evasion, survival, angiogenesis induction, immune evasion, genome instability and 

mutations, deregulation of cellular energetics, invasion or metastasis (42). Therefore, 

cancers are the result of a reiterative process of clonal expansion, genetic diversification 

and clonal selection with the ability of environmental adaptation (35).  

During the course of the disease, cancers generally become more heterogeneous. It 

means that the tumor mass harbors a diverse collection of cells with different molecular 

signatures, which would make the tumor more or less sensitive to antitumor therapies 

(43).  Genetic and epigenetic alterations, as well as changes in the tumor 

microenvironment, are the most important factors that contribute to the heterogeneity of 
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the tumor mass (43). In fact, a tumor is not only composed of a group of cancer cells, but 

it is also made up of resident host cells, secreted factors and extracellular matrix that 

form the tumor microenvironment (44). The composition of tumor microenvironment 

varies between different tumor types, but it includes immune cells, stroma cells, blood 

vessels and extracellular matrix (44). Independently from the composition of the tumor 

microenvironment, its function is to support tumor growth and progression (45). 

2. COLORECTAL CANCER 

2.1. Epidemiology. 

According to the WHO, cancer is a leading cause of death worldwide with almost 10 

millions of deaths in 2020 (46). CRC is the third most frequent cancer in the world, and 

the second leading cause of cancer-related death worldwide according to the Global 

Cancer Observatory 2020 data (Figure 2). In fact, there were more than 1.9 million cases 

and almost one million deaths in 2020 (47). Although the rate of people diagnosed with 

colon or rectal cancer since the 1980s has dropped due to increased screening and 

lifestyle changes, since 2012 the incidence of CRC has increased every year by 2% in 

people younger than 50, and 1% in people from 50 to 64 years of age (48). 

 

 

Figure 2. Pie charts present the number of new cases and number of deaths for 

the most common cancers in 2020 for both sexes. Source: GLOBOCAN, 2020. 

(Accessed on 18.01.23. Available online: 

https://gco.iarc.fr/today/data/factsheets/cancers/8-Colon-fact-sheet.pdf) 

 

CRC is the second most common cancer diagnosed in women and the third most in men. 

However, the number of diagnosed cases and deaths is higher in men than in women 

(GLOBOCAN, 2020). These rates also vary geographically, being CRC most common in 
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developed countries, most probably associated with the lifestyle of its inhabitants. Due to 

the continuous development of the countries, the global burden of CRC is expected to 

increase to more than 2.2 million new cases and 1.1 million deaths by 2030 (49). 

2.2. Risk factors. 

CRC is a genetic disease with an important hereditary risk to develop this type of cancer. 

In fact, 10-20% of all patients with CRC have a family history of this disease (50). It means 

that certain gene alterations involved in tumor development can be transferred from 

generation to generation, thus making this cancer hereditary. Moreover, the loss of 

genomic stability leads to CRC progression and some types of genomic instability have 

been described. Chromosomal instability is the most common type of genomic instability 

and results from errors in chromosome segregation during mitosis that lead to 

abnormalities in the chromosome number and structure (51). In fact, this is considered a 

hallmark of cancer and it causes the loss of wild alleles of tumor suppressor genes such 

as TP53 (52, 53). Chromosomal instability is an hereditary process that is involved in 

initiation, promotion and progression of cancer, being associated with poor prognosis, 

therapeutic failure and metastasis (51). Mutations and inactivation of DNA repair genes, 

such as MSH2, MLH1, MSH6 or PMS2, are linked to the so-called microsatellite instability 

(52). This type of instability, which can be inherited or acquired, is associated with 

changes in length in regions of repeated DNA. Microsatellite instability occurs in around 

15% of all CRC tumors in white populations and this phenomenon is present around 90% 

of CRC due to Lynch syndrome (54, 55). Lynch syndrome, also known as hereditary non-

polyposis CRC, is an inherited disorder linked to mutations in mismatch repair-genes that 

increases the risk of developing CRC and other cancers (56). In fact, around 3% of new 

cases of CRC are attributed to the Lynch syndrome (57). In addition to Lynch syndrome, 

there are other syndromes classified as polyposis syndromes, such as the familial 

adenomatous polyposis syndrome, which are also hereditary and can result in developing 

CRC in individuals who suffer from it (58).  

Lastly, aberrant DNA methylation can also contribute to genomic instability and increases 

the risk of cancer (59, 60). CRC is characterized by global DNA hypomethylation and 

methylation in some gene-specific promoters leading to gene silencing, genomic 

instability and tumor initiation (61, 62). The MLH1 gene promoter is susceptible to being 

aberrantly methylated and silenced in patients with colon cancer, thus leading to 

mismatch repair system deficiency that is also associated with BRAF mutations (62).  

Therefore, it cannot be denied that CRC has an important genetic and hereditary factor 

that increases the risk of suffering from it. In addition to this genetic component, there are 
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other risk factors such as gender and age that cannot be modified (Figure 3). In fact, it 

has been shown to have a higher risk of CRC in male (62, 63) and elderly, although the 

incidence in young people is increasing (64).  

 

Figure 3. Risk factors for colorectal cancer (CRC). PPI - Proton-Pump inhibitors. 

 

On the other hand, several environmental lifestyle factors also contribute to the initiation 

and development of CRC. Some examples of these environmental factors are smoking 

(65), physical inactivity (66), alcohol (67) and processed meat intake (68) as well as the 

consumption of certain drugs (69, 70). Moreover, CRC risk has been reported to be 

increased by some diseases, typically associated with an inflammatory status, such as 

inflammatory bowel disease (IBD) (71, 72) and obesity (73, 74) which will be addressed 

in more detail later in the present Thesis. Another important factor that has been 

proposed to be more and more  relevant in this condition is the colonic microbiota; in fact,  

an increased risk of CRC has been observed in infections with specific bacterial species 

such as Fusobacterium nucleatum (75) and Bacteroides fragilis (76) (Figure 3).  

2.3. Pathogenesis. 

There are three well-defined mechanisms in the base of CRC carcinogenesis: 

chromosomal instability, CpG island methylation and microsatellite instability (77, 78) 

(Figure 4).   
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Figure 4. Colorectal cancer development pathways from a genetic point of view. A) 

adenoma-carcinoma pathway; B) serrated neoplasia pathway and C) microsatellite 

instability pathway. Extracted from (79). FAP - familial adenomatous polyposis, MMR - 

mismatch repair. 

 

Chromosomal instability occurs in 65-70% of CRC and it refers to the loss of the whole 

or large portions of chromosomes in tumor cells (80, 81). CRC initiation is a slow and 

sequential process that occurs in a step-wise manner known as adenoma-carcinoma 

sequence (82). In this model, initially proposed by Fearon and Volgestein (1990), 

malignant tumors (carcinomas) with metastatic capacity arise from preexisting benign 

tumors (adenomas) (82). The process is initiated by the accumulation of genetic and 

epigenetic alterations, as mentioned above, that result in the activation of oncogenes and 

the inactivation of tumor suppressor genes. Moreover, certain environmental risk factors 

contribute and accelerate these gene alterations. Early APC (Adenomatous polyposis 

coli) gene mutation occurs in colorectal adenomas, being the location of these mutations 

correlated with the extent of colorectal polyps and extracolonic manifestations (83). APC 

protein is a member of the Wnt/β-Catenin pathway and controls colonic epithelial 

proliferation. APC mutation leads to the inactivation of this gene, thus resulting in a 
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permanent cell division (83). This mutation has been observed in the primary dysplastic 

lesions that initiate the adenoma-carcinoma sequence, which are called aberrant crypt 

foci (84, 85). They are microscopic lesions that are considered as precursors of 

adenomas, which in turn are precursors of adenocarcinomas. APC mutation is followed 

by mutations in other genes such as KRAS, TP53 and SMAD4 (86). Some studies carried 

out in the 1990s showed that at the beginning of the tumor process, not only the 

accumulation of mutations is important, but also the order in which they occur (84, 85, 

87). In this sense, an early mutation is produced in the APC gene in most CRCs, and it 

is followed by other mutations in other genes such as KRAS, TP53 and SMAD4.  

A smaller percentage of sporadic CRCs are developed through different molecular 

pathways that include CpG island methylation or inactivation of the DNA mismatch repair 

system. Around 10% of CRC are generated through the well-known serrated-neoplasia 

pathway, thus leading to two possible progression presentations (88). In the first, CRC 

carcinoma develops from microvesicular hyperplastic polyps through a sessile serrated 

pathway (89). In the second, in the traditional serrated pathway, adenocarcinoma 

originates from a serrated adenoma, which in turn originates from a goblet cell-rich 

hyperplastic polyp (90). In these sessile-serrated lesions, a methylation of CpG island 

occurs, which results in the CpG island methylator phenotype (CIMP) (91). Depending 

on the degree of methylation of promoter region CpG islands, CIMP colorectal 

carcinomas phenotypes are divided into CIMP-H or CIMP-L, when the methylation is 

higher or intermediate, respectively (92). The aberrant methylation of promoter region 

CpG is associated with the inactivation of tumor-suppressor genes that leads to neoplasia 

formation (91, 93). In the serrated subtype of colorectal carcinoma, changes in the 

methylation pattern of some gene promoters are accompanied by mutations in the 

mitogen-activated protein kinase (MAPK) pathway components, BRAF or KRAS, being 

also frequent microsatellite instability (94).  

Lastly, another well-defined subtype of CRC, but with a less incidence (2-7%), is 

characterized by a deficiency of mismatch repair genes such as MSH2 and MSH6 (Mut 

S homologues), MLH1 (MutL homologue) or PMS2 (postmitotic segregation). 

Microsatellite instability is present in this CRC subtype with some phenotype features 

that allow its clinical identification: proximal anatomical location, mucinous features, 

immune infiltration and pushing margins (95). Moreover, this subtype is associated with 

Lynch Syndrome and is also important from a therapeutic point of view since these 

tumors are resistant to the standard chemotherapy in CRC, that is, the 5-fluorouracil (5-

FU) treatment (95).  
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2.4. Consensus molecular subtypes. 

In 2014, the international CRC Subtyping Consortium created a unified classification of 

CRC based on the genetic alterations produced in this pathology. Therefore, CRC was 

classified in four molecular subtypes, termed as Consensus Molecular Subtypes (CMS) 

1-4 (96, 97) (Table 1). 

Subtype Characteristics 

CMS1 
MSI immune subtype 

Immune cells infiltration 

MSI 

CIMP 

BRAF mutation 

CMS2 
Canonical subtype 

Epithelial gene-expression signatura 

CIN 

Active Wnt signaling 

CMS3 
Metabolic subtype 

Epithelial component 

Deregulation of metabolic processes 

KRAS mutations 

CIMP low 

CMS4 
Mesenchymal subtype 

Stromal cells 

Epithelial-mesenchymal transition (EMT) 

Angiogenesis. 

Active transforming growth factor-β 
(TGF-β) signaling 

Matrix remodeling 

Table 1. Consensus molecular subtypes (CMS) of CRC and their characteristics.  

2.5. Hallmarks of colorectal cancer. 

In the normal colon, 4 four layers can be distinguished: mucosa, submucosa, muscle 

layer and adventitia. The intestinal epithelium is located in the mucosa layer and is 

composed of a single layer of polarized cells among which the major types include 

colonocytes, goblet cells, Paneth cells and stem cells. These cells are arranged in 

cylindrical structures called crypts in which cellular proliferation and migration are 

regulated. Colonic stem cells reside in the bases of the crypts in the “stem cell niches” 

and their division and differentiation are regulated by extracellular factors such as growth 

factors and hormones (98). In normal conditions, these colonic stem cells divide in a 

regulated manner and give rise to each of the aforementioned specialized cells with 

specific functions. Genetic and epigenetic changes may occur in any of these stem or 

differentiated cells, thus resulting in the generation of a tumor cell that acquires autonomy 

and escapes to regulatory signals that control its cell division. These genetic and 

epigenetics changes result in some essential alterations in cell physiology that 

collectively dictate malignant growth and lead to tumor formation. These hallmarks are 
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common to tumor cells of other cancer types and they are self-sufficiency in growth 

signals, insensitivity to growth-inhibitory signals, evasion of apoptosis, angiogenesis, 

tissue invasion and metastasis (99) (Figure 5).  

 

Figure 5. Hallmarks of cancer. Extracted from (100). 

2.5.1. Self-sufficiency in growth signals: uncontrolled proliferation. 

The activation of the division cycle in normal cells requires mitogenic growth signals that 

are transmitted by certain molecules such as growth factors; in fact, in absence of these 

stimulatory signals, normal cells are not able to proliferate. Conversely, tumor cells 

acquire mutations that make them independent of these exogenous signals and begin to 

proliferate autonomously. Oncogenes activation and tumor suppressor genes 

inactivation are responsible for this low response to external signals since the tumor cell 

generates their own growth signals that allow it to grow independently of its environment 

(99). Therefore, somatic genetic alterations lead to the overexpression of certain proteins 

in the tumor cells that activate signaling pathways endowing these cells with a pro-

proliferative state. In CRC there is a overstimulation of the main signaling pathways that 

control cell proliferation such as the Wnt/β-catenin, EGFR/MAPK, phosphoinositide-3-

kinase (PI3K)/Akt and the Janus kinase (JAK)/signal transducer and activator of 

transcription (STAT) pathways. 

2.5.1.1.  Wnt/β-catenin pathway. 

In the adenoma-carcinoma sequence proposed by Fearon and Volgestein in 1990, 

several driver mutations take place in APC, KRAS, SMAD4 and TP53 genes and the 

accumulation of these mutations favor the progression of adenoma into CRC (101). APC 

mutations lead to an alteration of the Wnt pathway, being the principal driver of epithelial 

proliferation, as well as of other functions such as differentiation, migration and stem cell 

renewal (102). Wnt comprises a diverse family of glycoproteins that act as ligands to 
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activate the different Wnt pathways: canonical (Wnt 3, 6 and 9b) and non-canonical (Wnt 

2b, 4, 5a and 5b). When the canonical pathway is activated, β-catenin is translocated into 

the nucleus promoting the activation of genes involved in cell proliferation. In this process, 

Wnt binds to the N-terminal extracellular cysteine rich domain of a Frizzled family 

receptor, a G-protein-coupled receptor that disrupt the destruction complex of β-catenin, 

thus favoring its cytoplasm accumulation (102). 

The APC protein is a component of this β-catenin destruction complex, together with 

other proteins such as the Ser/Thr kinases glycogen synthase kinase 3 (GSK-3), casein 

kinase 1 (CK1), axin, the E3-ubiquitin ligase β-TrCP and the protein phosphatase 2A 

(PP2A). APC protein is encoded by the APC tumor-suppressor gene and it is constituted 

by 2843 aminoacids consisting of an oligomerization domain and an armadillo region in 

the N-terminal region, a central portion with 15-20 amino acids repeats and a C-terminal 

region, which is a binding site for the end-binding 1 (EB1) and human disc large (HDLG) 

proteins (103). APC, in addition to regulating the Wnt/β-catenin pathway, it also 

participates in other functions such as cell-cell adhesion and even apoptosis (103, 104). 

APC mutations, which occur in a high percentage of CRC cases, lead to a truncated APC 

protein that lacks all of the axin binding sites and almost all β-catenin binding sites (103). 

These mutations prevent the binding of β-catenin to the complex and its phosphorylation 

and, therefore, they favor the aberrant accumulation of β-catenin in the cytoplasm of the 

cell. 

β-catenin is a structural component of cadherin-based adherens junctions, besides being 

a core molecule of the Wnt/β-catenin pathway that regulates the cell cycle and 

proliferation (105). In normal conditions, during the absence of Wnt ligands, β-catenin is 

targeted by the mentioned protein complex constituted by APC. Then, β-catenin is 

phosphorylated by CK1 in Ser45 and by GSK3-β in Ser33 and Ser37 leading to its 

ubiquitination and proteasomal degradation (106). Mutations in APC gene also affect to 

the ubiquitination of β-catenin because the 20R2-CID region of APC has an essential role 

in promoting β-catenin ubiquitination, which is downstream from β-catenin 

phosphorylation, and is independent of β-catenin-binding activity of APC (107). 

Therefore, APC mutations lead to the aberrant activation of β-catenin and its 

translocation to the nucleus where it binds to members of the Tcf/Lef1 (T-cell 

factor/Lymphoid enhancer factor 1) family and it promotes the expression of genes 

involved in cell cycle and proliferation such as JUN, MYC and CCND1, being most of 

them oncogenes that encode oncoproteins related with cell proliferation activation (108) 

(Figure 6).  
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Colon carcinoma cells with mutant APC contain large amounts of cytoplasmic and 

nuclear β-catenin, thus promoting the cell proliferation involved in the initiation of the 

tumorigenesis process (101, 109, 110). 

 

 

Figure 6. Wnt/β-catenin signaling pathway in off-state (left) and on-state (right).  

2.5.1.2. EGFR/MAPK pathway 

Epidermal growth factor receptor (EGFR), also known as human epidermal growth factor 

1 (HER1) or ErbB-1, is a 170-kDa transmembrane tyrosine kinase receptor that belongs 

to the ErbB family of receptors. ErbB-2 (HER2), ErbB3 (HER3) and ErbB-4 (HER4) are 

the other components of this superfamily of receptors, which are characterized by the 

presence of a cytoplasmic domain with tyrosine kinase activity (111, 112). The EGFR 

signaling pathway regulates important cellular processes such as cell growth, 

proliferation and survival, being critical to the normal embryogenesis of vertebrates (113). 

In normal cells, the pathway is activated by the binding of a ligand, such as the EGF or 

the insulin-like growth factor 2 (IGF2), to the EGFR, thus inducing its dimerization and 

activation of the tyrosine kinase function. Then, the intracellular tyrosine kinase residues 

are autophosphorylated leading to the activation of several signal pathways. Two of the 

most important pathways activated by the EGFR are the MAPK and the PI3K/AKT 

pathways that are involved in cell proliferation, migration, differentiation and apoptosis 
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(114). Some studies have found an association with CRC and EGFR overexpression, 

which was the basis for in development of cetuximab, an anti-EGFR monoclonal antibody 

for the treatment of EGFR-positive CRC (115, 116). Moreover, EGFR overexpression is 

related to an over-activation of MAPK and PI3K/AKT pathways, whose components are 

usually also mutated in CRC. Indeed, disruption of the EGFR pathway contributes to 

growth, proliferation, survival and metastasis in neoplastic cells (112). 

MAPK is a member of the large family of Ser/Thr kinases. Three major subfamilies of 

MAPK can be distinguished: the extracellular-signal-regulated kinases (ERK MAPK, 

Ras/Raf1/MEK/ERK), the c-Jun N-terminal or stress-activated protein kinases (JNK or 

SAPK), and MAPK14 (117). The ERK MAPK is involved in cell proliferation and the 

activation and overexpression of this pathway play an important role in the promotion and 

progression of CRC. Once EGF binds to EGFR, a signaling cascade is triggered, in which 

different adaptor proteins are involved, such as Shc, Grb2 and the Ras guanine 

nucleotide exchange factor Sos (118). These adaptor proteins activate p21ras proteins, 

H-Ras, N-Ras or K-Ras. These proteins are a family of GTPases that can also be 

activated by the protein kinase C (PKC), a kinase with several isoforms involved in 

different cellular events, including cell proliferation (119, 120).  Ras proteins trigger the 

activation of Raf1, a cytoplasmic protein with intrinsic serine-threonine kinase activity that 

phosphorylates MEK1 and MEK2, which in turn phosphorylates and thereby activates 

ERK proteins (117, 121). ERK comprises a family of proteins (ERK1, 2, 3, 4, 5 and 6) 

with kinase activity that depend on tyrosine phosphorylation for their activation and 

activate serine/threonine cascades (122). The MEK1/2-activation of ERK1 (p44MAPK) and 

ERK2 (p42MAPK) results in the translocation of activated MAPK into the nucleus, whereby 

it phosphorylates and activates nuclear transcription factors such as Elk-1, Sap1, c-Jun 

and ATF2. The activation of these transcription factors lead to the transcription of 

oncogenes such as FOS, JUN and CCND1 leading to an increase of cell proliferation 

(117, 123, 124) (Figure 7).  

A dysregulation of this pathway occurs in CRC patients leading to malignant 

transformation and tumor progression through an increase of cell proliferation, 

angiogenesis and cell survival (125). In fact, mutations in genes that are encoded for 

components of this pathway, such as Ras (KRAS and NRAS genes) and Raf (BRAF 

gene), occur in a high percentage of CRC patients (126, 127), thus resulting in an 

increase of ERK activity that contributes to tumorigenesis (128). Therefore, in those 

tumors in which the EGFR/MAPK is expressed aberrantly, targeting this pathway is 

considered a therapeutic approach (129).  
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Figure 7. MAPK signaling pathway in CRC. Adapted from (117). 

 

2.5.1.3. PI3K/AKT pathway. 

The PI3K/Akt pathway is a signaling cascade downstream of EGFR that is overactivated 

in 60-70% of CRC cases, and the inhibition of its components has been proposed as a 

CRC therapy approach in several studies (130). EGFR activation by EGF results in the 

recruitment of PI3K by the adaptor protein Grb2. PI3Ks are a family of kinases that are 

divided into three classes (I-III). being the class Ia the most implicated type in human 

cancer (125). Once PI3K is activated, it phosphorylates phosphatidylinositol 4,5 

biphosphate (PIP2), giving rise to phosphatidylinositol 3,4,5 triphosphate (PIP3). Then 

PIP3 binds to the PH domain of AKT and recruits it to the plasma membrane. Akt is then 

activated by phosphorylation in residues T308 and S473, carried out by 

phosphoinositide-dependent kinase-1 (PDK1) and the mammalian target of rapamycin 

complex (mTORC) 2, respectively (131). Akt is a serine/threonine protein kinase (Ser/Thr 

kinase) also known as protein kinase B (PKB) that, once it is activated, inhibits the 

tuberous sclerosis complex 2 (TSC2) via phosphorylation. This action leads to the 

inactivation of the Ras homolog enriched in brain (RHEB) mediator resulting in the 

activation of mTORC1 (132). In turn, mTORC1 is a kinase that acts as regulator of other 

proteins such as S6 kinase (S6K), 4E-binding protein 1 (4E-BP1) and the Unc-51-like 
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kinase 1 (ULK1) that are involved in cell growth and autophagy (132). This pathway is 

regulated by the phosphatases PTEN and PHLPP1/2 that act by dephosphorylating the 

substrates PIP3 and Akt, respectively, and thereby balancing pathway activity (133, 134). 

In a large number of CRC patients, the overstimulation of the PI3K/AKT pathway has 

been observed, which is associated with mutations in certain components of the pathway. 

The most common pathway changes are related to mutations in PI3KCA and PTEN 

genes, as well as IGF2 overexpression (135). Moreover, KRAS and BRAF mutations 

stimulate the Pi3K/AKT pathway because of the existence of a cross-talk at the Raf1 level 

between the Raf-MEK-ERK and this pathway (136). Therefore, these genetic alterations 

lead to an overstimulation of the PI3K/AKT pathway that results in reduced apoptosis, 

cell growth stimulation and increased proliferation in CRC patients (135). 

2.5.1.4. JAK/STAT3 pathway 

The JAK/STAT pathway is actively involved in cell proliferation, survival, differentiation 

and apoptosis. Moreover, alterations in this pathway have been associated with tumor 

progression and poor prognosis in CRC patients (137) (Figure 8).   

 

Figure 8. JAK/STAT3 signaling pathway in CRC tumorigenesis. Adapted from (138, 

139). 

 

The JAK family is composed of four members of non-receptor tyrosine kinases in 

mammals, JAK1, 2, 3 and the tyrosine kinase 2 (Tyk2). The activation of JAKs proteins 
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is triggered by the binding of ligands to their receptors, including growth factors (EGF), 

cytokines (IL-17, IL-6, IL-23), peptides and hormones. In this scenario, the activation of 

receptor tyrosine kinases (RTK), or cytokine receptors or G-protein-coupled receptors 

(GPCR) leads to JAK recruitment, which phosphorylates STAT. STAT may also be 

phosphorylated and activated by non-receptor tyrosine kinases such as Src and Abl. 

Once phosphorylated, STAT is dissociated from the receptor and forms homodimers or 

heterodimers able to translocate into the nucleus where they regulate the expression of 

target genes, usually involved in cell proliferation. STAT acetylation on K685 is an 

alternative mechanism of the STAT dimer stabilization and activation carried out by 

Histone acetyltransferases (HAT) (140). On the other hand, this pathway is negatively 

regulated by tyrosine phosphatases that dephosphorylate STAT leading to its 

inactivation. Moreover, the suppressor of cytokine signaling 3 (SOCS3) and E3 SUMO-

protein ligase (PIAS3) act as inhibitors of STAT at receptor and transcription levels, 

respectively (138, 140, 141).  

STAT3 is a member of the STAT family that has been most associated with CRC initiation 

and development (142). Moreover, STAT3 gene is considered as an oncogene because 

it is involved in several processes that contribute to cancer development such as 

proliferation, cell survival, angiogenesis, invasion and metastasis (139, 143). STAT3 is 

overexpressed in this disease, especially when it is associated with intestinal 

inflammation. Thus, in a model of experimental CAC in mice, the increased levels of IL-

6 results in an overstimulation of the JAK/STAT3 pathway, thus linking inflammation and 

cancer (144). The involvement of the IL-6/STAT3 pathway in CAC tumorigenesis has 

been also shown in vivo in a murine model of Stat3 deletion in intestinal epithelial cells 

(Stat3ΔIEC mice). These mice developed more severe colitis but hardly any adenomas 

were found when CAC was induced on them (144). Therefore, STAT3 is required for the 

transduction of tumor-promoting signals derived from cytokines such as IL-6. Moreover, 

a crosstalk between Wnt/β-catenin and STAT3 pathways has been reported, since 

STAT3 activation has been involved in the nuclear accumulation of β-catenin (145). This 

action results in the upregulation of β-catenin target genes such as CCND1 and MYC 

resulting in tumor cell proliferation (146). Moreover, STAT3 promotes cell survival through 

the increment of the B cell lymphoma (Bcl) 2 and Bcl-extra large (Bcl-xL) expression 

levels (143, 147). Other processes involved in the malignancy of the tumor such as 

invasion and angiogenesis are associated with STAT3. In fact, it has been reported that 

STAT3 induces the expression of metalloproteinases (MMPs), such as MMP-2 (148), 

MMP-9 (149) and MMP-1 (150), as well as angiogenic factors like VEGF and the hypoxia-

inducible factor-1α (HIF1α) (151, 152) (Figure 8). 
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2.5.2. Apoptosis evasion. 

The ability of tumors to expand, with the concomitant increase in cell number, is 

determined not only by the proliferation rate of tumor cells, but also by the cell death rate. 

Apoptosis, or programmed cell death, is a well-defined regulation mechanism for the 

elimination of old cells. Apoptosis is a physiologic process that occurs normally during 

the development and aging, thus maintaining the homeostatic cell balance in the body. 

Moreover, apoptosis can be induced when cells are damaged by disease or noxious 

agents (153). In normal conditions, DNA damage caused by a mutagenic agent or an 

error during cell replication leads to the activation of apoptosis-associated molecular 

mechanisms that induce cell death.  

Apoptosis process triggers a series of morphological changes that starts with cell 

shrinkage leading to a cytoplasm and chromatin condensation (pyknosis). Cells 

undergoing apoptosis decrease in size due to this condensation and acquire around 

shape. Then, the plasma membrane blebbing occurs, followed by a fragmentation of the 

nucleus (karyorrhexis) and the separation of cell fragments into apoptotic bodies (154). 

From a molecular point of view, apoptosis is a highly regulated process by several 

molecular pathways. The molecular machinery that participates in the process of cell 

apoptosis can be divided into three major signaling pathways: the extrinsic or death 

receptor pathway, the intrinsic or mitochondrial pathway, and a third less well-known that 

involves the endoplasmic reticulum (ER). 

The extrinsic pathway is initiated by the binding of a death ligand to a death receptor. 

These death receptors are members of the tumor necrosis factor (TNF) receptors 

superfamily (155). These receptors are characterized by containing an intracellular 

domain, termed “death domain”, that transmits the death signal from the cell surface to 

the intracellular signal pathway (156). The most known examples of ligands and 

corresponding death receptors are TNFɑ and its TNFɑ receptor 1 (TNFR1), or Fas ligand 

(FasL) and Fas receptor (FasR) (156). This action leads to the activation of the death 

inducing signaling complex (DISC) that induces the auto-catalysis and activation of pro-

caspase 8, which triggers the apoptosis cascade (157).  

On the contrary, the intrinsic pathway is initiated inside the cell, particularly in the 

mitochondria. This pathway is initiated by non-receptor mediated stimuli, such as 

oxidative stress or hypoxia, that activates a series of events in the mitochondria that 

involve BCL2 family proteins. These stimuli result in an imbalance between pro-apoptotic 

(BAX, BAK and BID) and anti-apoptotic (BCL2, BCL-XL) BCL2 family members in favor 

of the first ones (158). The pro-apoptotic proteins oligomerize and promote a 
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mitochondrial outer membrane permeabilization (159). Consequently, mitochondrial inter 

membrane space pro-apoptotic proteins, such as cytochrome C and SMAC/DIABLO 

(second mitochondria-derived activator of caspase/direct IAP-binding protein with low 

PI), are released into the cytoplasm (158). Moreover, a second group of pro-apoptotic 

proteins, including apoptosis inducing factor (AIF), endonuclease G and caspase-

activated DNAse (CAD), are released from the mitochondria at this stage. These proteins 

are directly translocated to the nucleus causing DNA fragmentation (154). Once 

Cytochrome C is located in the cytoplasm, it binds and activates the apoptosis protease-

activating factor-1 (APAF-1) resulting in the formation of “apoptosome”, a protein complex 

that drives the activation of pro-caspase 9 (160). At this point, the intrinsic and the 

extrinsic pathways converge in the cleavage and activation of the executioner caspases 

3 and 7. This activation can be carried out by active caspase 8 and caspase 9. 

Additionally, SMAC/DIABLO proteins released from the mitochondria contribute to the 

pro-apoptotic effect by disrupting the interaction between the inhibitor of apoptosis 

proteins (IAPs) and caspase 3 or 9, a necessary step for their activation (161, 162). As a 

final step of these pathways, the activation of caspase 3 and caspase 7 leads to the 

cleavage of poly (ADP-ribose) polymerase (PARP), which is responsible for creating 

breaks in the DNA to cause cell death (163, 164).  

The third and less-known pathway is the ER apoptosis pathway in which the Ca²⁺ ion has 

an important role. The flux of this cation between the cytosol, the mitochondria and the 

ER is regulated by different proteins such as the sarco/endoplasmic-reticulum Ca²⁺-

ATPase (SERCA) and the Ca²⁺ release channels: ryanodine receptors (RyRs) and 

inositol 1,4,5-trisphosphate receptors (IP3Rs) (165). When levels of this cation are 

increased inside these organelles, the apoptosis process is initiated (165). There are also 

three ER transmembrane proteins that are involved in the ER-mediated apoptosis, the 

inositol-requiring enzyme 1 (IRE1), activating transcription factor (ATF) 6 and protein 

kinase RNA-like ER kinase (PERK) (166). In the presence of a stressful stimulus, the 

chaperone BIP (immunoglobulin-binding protein), is dissociated from IRE1 and PERK 

leading to the homo-oligomerization, auto-phosphorylation and activation of these 

proteins that try to resolve the stressful situation through the unfolded protein response 

(UPR). However, if the stressful stimulus persists, PERK promotes cell apoptosis through 

the activation of pro-apoptotic genes such as death-receptor 5 (DR5) gene. This 

mechanism is mediated by the transcription factor C/EBP homologous protein (CHOP), 

being an ATF4-dependent process (167). Additionally, ER stress induces ATF6 

translocation to the Golgi compartment where it is cleaved and activated (168). Then, the 

cleaved N-terminal ATF6 cytoplasmic domain is translocated to the nucleus where it 
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interacts with ATF/cAMP response elements (CRE) and ER stress-response elements. 

This action results in the upregulation of several genes included CHOP, which is involved 

in the transmission of the apoptotic signal (169-171). Moreover, Nakagawa et al., 

reported that the ER stress induced the activation of caspase 12, which is involved in the 

apoptotic response mediated by ER through the activation of the executioner caspase 3 

(172, 173).  

Therefore, there is a network of interconnected molecular pathways (Figure 9) that, in the 

presence of an extracellular or intracellular noxious stimulus, are responsible for 

transmitting cell death signals to the nucleus, where DNA breakage and the subsequent 

cell death is induced. However, cancer cells undergo molecular changes that allow them 

to escape from apoptosis signals (174). The first evidence of apoptosis evasion by cancer 

cells was reported at the end of the last century with the discovery of BCL2, an oncogene 

with antiapoptotic activity (175, 176). According to these studies, the oncogene BCL2 

was able to promote B cell lymphomas by increasing the tumor cells survival (177). 

Resistance to apoptosis is a characteristic feature of cancer cells that, together with the 

uncontrolled proliferation capacity, lead to a limitless replicative potential of tumor cells 

(99).  

This phenomenon of resistance to apoptosis can be acquired by cancer cells through 

several mechanisms, which include transcriptional, translational and post-translational 

modifications (174). The most common strategy carried out by cancer cells to evade 

apoptosis is the mutation of the tumor protein 53 (TP53) gene. Mutations in this tumor 

suppressor gene are present in 50-60% of human cancer and result in a protein with a 

reduced capacity to bind to a specific DNA sequence that regulates the p53 

transcriptional pathway (178). The result of these mutations is the removal of p53 protein, 

a key component of DNA damage sensor that can induce apoptosis through the 

upregulation of BAX and BH3-only proteins such as PUMA (p53 upregulated modulator 

of apoptosis) and NOXA (also called PMAIP1  [Phorbol-12-myristate-13-acetate-induced 

protein 1]) (179-181). Besides, the altered PI3K/AKT and JAK/STAT3 pathways in cancer 

also contribute to increased cell survival and apoptosis evasion in the cancer cell through 

an upregulation of BCL2 or a downregulation of the pro-apoptotic proteins PUMA and 

BIM (143, 182). 
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Figure 9. Network of interconnected apoptosis pathways: extrinsic, intrinsic and 

ER-mediated apoptosis pathways. 

 

2.5.3. Immune response modulation 

In addition to uncontrolled cell growth and apoptosis evasion, another characteristic of 

the colon cancer cells is its ability of escaping the host immune system (183, 184). 

Initially, the presence of tumor cells activates the immune system involving both the 

innate and adaptive immune response. These tumor cells have molecular mechanisms 

that allow them to evade the inflammatory immune response that tries to kill them (184). 

Therefore, cancer induces a tolerant response characterized by the presence of M2 

macrophages and regulatory T (Treg) cells, both of them with an antiinflammatory 

phenotype that favors the tumor development (185).  

The first line of immune defense against tumor cells is the innate immune response, 

mainly constituted by macrophages, neutrophils, mast cells and natural killer cells (186). 

The release of chemokines by local cells, as well as other factors released by tumor cells, 

favor the recruitment of monocytes to the tumor microenvironment.  Once there, 

monocytes are differentiated into macrophages, which phenotypically can be 



 

- 25 - 
 

distinguished as type 1 (M1) or type 2 (M2). These macrophages in the tumor 

microenvironment are known as tumor-associated macrophages (TAMs) (187). The 

classically activated macrophages (M1) exert a pro-inflammatory response characterized 

by the release of nitric oxide (NO), reactive oxygen species (ROS) and pro-inflammatory 

cytokines such as TNFɑ (186, 187). On the contrary, alternatively activated macrophages 

(M2) present an anti-inflammatory phenotype, thus secreting immunosuppressive 

mediators such as IL-10 and transforming growth factor-β (TGF-β), as well as proteases, 

like MMP-2 and MMP-9, which promote cancer proliferation, invasion and metastasis 

(188). Therefore, it has been reported that the M1/M2 ratio could be considered as an 

indicator of the cancer prognosis (189).  

Cancer cells also activate the adaptive response, that is, the second line of immune 

defense against cancer. Some studies have attributed the tumor infiltration of CD8+ and 

CD4+ effector T cells to a beneficial prognosis of CRC (190, 191). Moreover, it seems 

that the presence of Treg cells contribute to tumor immune escape and cancer 

progression (192, 193). Based on T cell infiltration, Chen and Mellman classified the 

tumors as “immune-inflamed tumors”, “immune-excluded tumors” and “immune-desert 

tumors” (194). The first phenotype is characterized by the presence of CD4+ and CD8+ T 

cell infiltration and it is correlated with a better prognosis. Conversely, the immune-

excluded and the immune-desert phenotypes present a lower infiltration of T cells, as 

well as a worse prognosis (194). In fact, CD8+ cytotoxic T lymphocytes (CTLs) are able 

to exert a cytotoxic response against tumor cells through the release of the serine 

proteases granzyme A and granzyme B. This granzyme B cleaves and activates caspase 

3 thus inducing the tumor cell apoptosis (195). Moreover, CTLs can induce tumor cell 

apoptosis via activation of the extrinsic pathway through the FasL/FasR interaction (196). 

Many strategies can be induced by the tumor to reduce the immunogenicity and the 

infiltration of immune cells in the tumor microenvironment (184). The secretion of 

immune-supresive cytokines and mediators by tumor cells, such as TGF-β, prostaglandin 

E2 (PGE2) or IL-10, promotes the differentiation of monocytes or the subversion of 

macrophages to a tumor-promoting M2 phenotype, which in turn favors tumor 

progression and metastasis through the suppression of antitumor response, matrix 

remodeling and angiogenesis (184).  

2.5.4. Angiogenesis. 

Nutrients and oxygen supply is crucial for tumor development. To provide these energy 

demands, new blood vessels are formed through a process called angiogenesis (197). 

This process is essential for tumor growth and progression because in absence of 
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vascular support, tumors may become apoptotic or necrotic (198, 199). The growth of 

new vessels is a carefully regulated process by activating and inhibitory molecules. 

Among the activators of angiogenesis, vascular endothelial growth factor (VEGF) and 

angiopoietin (ANGPT) play an important role. In cancer, an imbalance between the 

stimulatory and inhibitory signals leads to angiogenesis (200). In the early stages of tumor 

generation, a VEGF subtype, VEGFA, and fibroblast growth factor (FGF) are released in 

high concentrations to the tumor microenvironment. VEGFA is considered as the initiator 

of the angiogenesis process and this factor is highly expressed in most types of cancer 

(201, 202). Some tumor events occurred during the tumor development such as 

acidification, hypoxia or hypoglycemia, as well as high levels of the oncoprotein MYC 

contribute to an increase in VEGFA expression (203, 204). In addition to VEGFA, other 

factors such as ANGPT, FGF and TGF-β contribute to the angiogenesis process (205-

207). 

Despite being a controlled process, tumor vessels originated during angiogenesis are 

structurally and functionally abnormal. It leads to a blood flow chaotic and variable that 

results in hypoxia and acidification in some regions of the tumor. Moreover, these new 

vessels are characterized by their high permeability that allows a greater flow of nutrients 

and cells towards the tumor (208). The increase of vascular permeability is also 

considered a crucial step for tumor cell invasion and metastasis because of the 

generation of a wide vascular area that allows the intravasation of tumor cells. Moreover, 

VEGFA also contributes to invasion and metastasis through the upregulation of MMPs 

and some genes such as SOX2 and SNAI2 that are involved in the epithelial-

mesenchymal transition (EMT) process (209, 210). Therefore, VEGF is considered an 

important molecule in the tumor development and this resulted in the search for therapies 

that target this molecule. In fact, as it will be discussed in more detail later in the present 

Thesis, Bevacizumab is an approved monoclonal antibody against VEGF that is currently 

approved for the treatment of metastatic cancer (211). 

2.5.5. Tissue invasion and metastasis. 

During the development of most types of human cancer, tumor cells acquire the ability to 

expand and colonize adjacent tissues in a process called invasion (99). Moreover, these 

cancer cells can detach from the primary tumor, reach blood and lymphatic vessels and 

travel through them to other organs where they form a secondary tumor. This process is 

called metastasis and it leads to a worse prognosis of the disease, being responsible for 

around 90% of cancer deaths (212, 213). Regarding CRC data, metastasis is the major 

cause of death in the majority of patients being the liver and peritoneum the most 
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common sites of distant metastasis (214-216). Invasion and metastasis are complex 

processes that are closely allied to each other. In fact, the process of metastasis is 

preceded by an invasion process giving rise to a sequence of stages that are included in 

the CRC invasion-metastasis cascade (217, 218). This process consists of five steps 

(218): (1) local invasion of tumor cells into the surrounding tumor-associated stroma and 

thereafter into the adjacent normal tissue parenchyma; (2) intravasation of tumor cells 

into lymphatic or blood vessels; (3) dissemination of the circulating tumor cells through 

the circulatory system; (4) extravasation of the tumor cells into parenchyma of distant 

tissues; and (5) metastatic colonization of a distant tissue and formation of macroscopic 

secondary tumors.  

Submucosal invasion is an important feature of advanced colorectal carcinomas that is 

considered the beginning of this cascade and implies a worse prognosis, as well as a risk 

factor for metastasis (219, 220). In tumor invasion, the EMT is a key process in which the 

epithelial cells lose their cell adherens and tight junctions and acquire mesenchymal 

properties. This process implies an enhanced mobility and increased production of 

extracellular matrix components thus conferring invasiveness capacity to tumor cells 

(221). E-cadherin or cadherin-1 (CDH1) is considered to play an important role in the 

EMT; in fact, a downregulation of E-cadherin is associated with lymph node metastasis, 

reduced tumor differentiation and a poor prognosis in CRC patients (222, 223). E-

cadherin is a transmembrane protein involved in homotypic cell-cell adhesion, thus being 

considered a marker of epithelial cells. EMT process is associated with a downregulation 

of CDH1, which is associated with cancer progression, tumor dedifferentiation and 

metastasis in CRC patients (224, 225). Conversely, vimentin (VIM) has been also 

associated with the EMT, being considered a marker of mesenchymal cells (226). In fact, 

VIM expression is significantly associated with CRC metastasis and poor prognosis 

(227).  

The EMT is a complex process, which is highly regulated by different transcription factors 

and signaling pathways (Figure 10). This process is induced by three core groups of 

transcription factors that suppress the CDH1 transcription. The first group is constituted 

by the Snail Family Transcriptional Repressor 1 (SNAI1) and 2 (SNAI2, also called 

SLUG) (228). The second group of transcription factors that induce the EMT is the zinc-

finger E-box-binding homeobox family proteins 1 (ZEB1) and 2 (ZEB2) (229). The last 

group of EMT inductors is formed by the twist family helix-loop-helix transcription factors 

1 (TWIST1) and 2 (TWIST2) (230). A significant correlation has been observed between 

an upregulation of these transcription factors with a downregulation of CDH1, as well as 

higher expression of VIM, thus favoring a mesenchymal phenotype of tumor cells (221).  
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Figure 10. Simplified overview of the epithelial mesenchymal transition and 

transcription factors and signaling networks that regulate it in CRC. Adapted from 

(221, 231) 

Other transcription factors have evolved recently as inductors of the EMT process and 

some of them are the SRY-box transcription factor 2 (SOX2) (232), POU Class 5 

Homeobox 1 (POU5F1, also called OCT4) (233) and Nanog homeobox (NANOG) (232).  

Moreover, there are some signaling pathways such as Wnt/β-catenin, JAK/STAT3 and 

PI3K/AKT and TGF-β pathways that induce EMT due to an upregulation of EMT-related 

transcription factors like SNAI1, SNAI2 and ZEB1 (234-236). Additionally, the EMT 

process is also regulated by small non-coding RNAs or micro-RNAs (miRNAs). Some 

examples of miRNAs that are involved in the promotion of EMT are miR-21 or miR-31 

(237), whereas others such as miR-200 family (238) or miR-34 (239) inhibit this transition 

process.  

Lastly, components of the tumor microenvironment also contribute to the regulation of 

the EMT process. In this sense, fibroblasts present in the tumor microenvironment can 

promote the EMT process and the invasiveness of tumor cells through the release of 

growth factors such as TGF-β, cytokines and MMPs  (240). Additionally, as discussed 

above, endothelial cells formed in the angiogenesis process also promote the EMT 

through the release of mediators such as VEGF (209). Cytokines released into the tumor 

environment by immune cells and other stromal cells contribute to the EMT process. 
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Among these cytokines, IL-1β, IL-6 and IL-8 are reported to promote EMT and, 

subsequently tumor invasion (241-243).  

Epithelial tumor cells that undergo an EMT acquire the appropriate features to develop 

the invasion process. Then, a single cell or a small cluster of these cells can be detached 

from the primary tumor in a process called tumor budding (244). It has been reported that 

tumor cells that are involved in tumor budding have undergone an EMT and they are 

ZEB1+ SNAI1+ cells with a mesenchymal morphology that contain higher levels of nuclear 

β-catenin together with a loss of CDH1 expression (221). CSCs markers such as CD44 

and CD133 are also expressed in these cells that spearhead the invasion process (245). 

Additionally, proteins involved in the extracellular matrix degradation such as MMP9, 

cathepsin B and matrilysin are overexpressed in tumor buds (246, 247). Acquisition of 

these properties results in the rupture of the basement membrane, which is a component 

of the extracellular matrix, and the subsequent invasion of the stroma compartment by 

these cancer cells (218). Then, tumor cells interact with stroma cells such as fibroblasts, 

endothelial cells, mesenchymal stem cells and immune cells (248). As previously 

mentioned, stroma cells are capable of further enhancing the aggressiveness of 

carcinoma cells by inducing the EMT. 

The stroma invasion by tumor cells provides abundant opportunities for intravasation of 

these cells into systemic circulation (218). Once there, tumor cells can spread and reach 

distant organs. Despite being able to colonize any organ, cancer cells tend to metastasize 

with a high frequency in certain organs and this process is known as metastatic tropism 

(249). Colon cancer cells reach the microvasculature of distant organs, usually liver or 

lung and are extravasated into the parenchyma of this new organ. Next, the cell or cells 

causing the metastasis have to adapt to the new environment. Some authors have 

proposed the establishment of a “pre-metastatic niche” to address this problem (250). 

According to these studies, primary tumors release systemic signals that will reach the 

organ where the future metastasis will occur and prepare it for the arrival of metastatic 

tumor cells. Some cell types such as fibroblast of the metastatic niche are involved in this 

process, as well as proteins like fibronectin or MMP9 (218). Then, and once the 

carcinoma cells have reached the metastatic niche, they may remain in a quiescent state 

or may start to proliferate giving rise to microcolonies that are known as micrometastases. 

The ability of disseminated tumor cells to escape dormancy and originate a secondary 

tumor depends on their autonomy and the characteristics of the new environment (218). 
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2.6. Cancer stem cells and their implications for CRC. 

A stem cell is a self-renewing cell that displays totipotency. The base of the colonic crypt 

is the niche to several multipotent stem cells. These colonic stem cells have the ability to 

divide and differentiate, thus producing the different cells that form the colonic crypt (251). 

Stem cells can divide either asymmetrically, to produce one daughter cell and one stem 

cell, or symmetrically to originate two daughter cells or two stem cells (98). The 

proliferation and differentiation of stem cells are highly regulated processes that are 

controlled by signaling factors from cells that are part of the niche (98).  

As previously mentioned, among the proposed models to explain the development of 

cancer, the hierarchical model has been widely accepted (252, 253). According to this 

model, the cancer process is initiated in a normal stem cell located in the stem cell niche 

that undergoes genetic and epigenetic alterations giving rise to a CSC with uncontrolled 

proliferation. The Wnt/β-catenin signaling in these stem cells has an important role in 

controlling their proliferation and maintaining the stemness state. In fact, alteration of this 

signaling pathway induced by APC mutations is the most frequent event that initiates the 

transformation of a normal stem cell to a CSC (253). It has been reported that these 

CSCs, which overexpress markers that are part of the Wnt signaling pathway such as β-

catenin and the Leucine-rich repeat-containing G-protein coupled receptor 5 (LGR5), are 

involved in the origin or early adenomas through the transmission of the mutations in their 

subsequent divisions (253).  

Colon CSCs have been widely characterized and there are several markers that allow its 

identification. Among them, the aforementioned LGR5, a marker of intestinal stem cells 

with tumor-initiating capacity in immunodeficient mice, as well as long-term self renewal 

potential (254). LGR5 (also known as GPR49) is a transmembrane receptor for R-

spondin, which potentiates the Wnt/β-catenin signaling pathway (255). LGR5 is also a β-

catenin target gene, which is overexpressed in CRC tumors and distant metastasis (256, 

257). Furthermore, LGR5+ cells have shown tumor-initiating capacity (253, 258, 259). 

LGR5 is expressed in stem cells located at the crypt base whereas its expression is lost 

as the cells migrate upwards (260). Moreover, LGR5 is involved in self-renewal and 

differentiation of CSCs whereas LGR5- cells exhibited higher rates of proliferation, as well 

as competency to replenish tumor growth through the regeneration of LGR5 expressing 

cells (261). LGR5 also contributes to EMT through the upregulation of Notch signaling in 

CRC cells (262).  

CD133 or prominin-1 is one of the most common markers used for the identification and 

isolation of CSCs (263) in numerous solid tumors including colon cancer (264). CD133 
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is a transmembrane glycoprotein that was initially discovered as a hematopoietic stem 

cell marker in 1997 (265). The involvement of CD133+ cells in the initiation of colon cancer 

was reported ten years later, when human colon cancer cells were xenotransplanted in 

NOD/SCID mice and discovered that human colon cancer-initiating cells were a small 

population of CD133+ cells, whereas those CD133- cells were unable to initiate tumor 

growth (264, 266). Furthermore, it has been reported that CRC cells isolated from colon 

tumors were able to form CD133-enriched tumor spheroids (267). These CD133+ 

presented stem capacities, thus being able to self-renew and differentiate into adherent 

epithelial tumor cells (267). Moreover, CD133 stimulates several pathways that confer a 

malignant phenotype to those cells that overexpress this marker. In fact, CD133 

stimulates the Wnt/β-catenin (268) and PI3K/AKT (269) signaling pathways in CSCs, and 

leading to proliferation and apoptosis inhibition. CD133 is also involved in angiogenesis 

and metastasis of these CSCs through the activation of VEGF (270) and the upregulation 

of EMT markers, such as SNAI2 and N-cadherin, that promote stem properties in the cell 

(271). 

CD44, also known as homing cell adhesion molecule (HCAM), is a cell-surface 

glycoprotein involved in cell-cell interactions, adhesion and migration. This protein is 

considered another CSC marker commonly associated with CD133, being involved in 

CRC metastasis (272). Moreover, it has been reported that CD44+ cells are able to form 

spheroids with tumorigenic and metastasis ability when injected in immunodeficient mice 

(273). CD44 upregulates MYC and TWIST1, thus promoting cell proliferation and EMT 

(273). Furthermore, CD44 has an important role in cell migration, a crucial process for 

tumor invasion and metastasis. This action is exerted by forming a complex with the Src-

like tyrosine kinase, Lyn, that induces AKT phosphorylation and activation (274). 

Increased activity of the aldehyde dehydrogenase 1 (ALDH1) enzyme has been observed 

in colonic CSCs. In fact, ALDH1 is another marker of these CSCs that is involved in cell 

proliferation, differentiation, chemotherapy and radiotherapy resistance, as well as in 

EMT (275). A high activity of ALDH1 has been associated with stimulation of Wnt/β-

catenin (276), PI3K/AKT (277) pathways and upregulation of EMT transcription factors 

such as ZEB1 and SNAI2 (278). 

In addition to being responsible for the initiation of the tumor process, CSCs also play an 

important role in drug resistance and cancer recurrence (279). Accumulating evidence 

suggests that CSCs are responsible for the chemoresistance due to its ability to self-

renew and to differentiate into heterogeneous tumor cells (279). Moreover, CSCs may 

remain in a quiescent state in which they do not divide, thus resisting the effect of most 

antitumor drugs that act in those tumor cells with an active cell cycle (280). This 
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quiescence capacity of CSCs is also responsible for cancer relapse. Moreover, CSCs 

can overexpress multidrug resistance or detoxification proteins such as the enzyme 

ALDH and ATP binding cassette transporters (ABCG1 and ABCB1) that eliminate 

dangerous substances for the cell, including drugs (281). Other mechanisms by which 

CSCs contribute chemoresistance include resistance to DNA damage due to their 

capacity of promoting DNA repair and enhancing ROS scavenging (279, 282). Lastly, 

autophagy is also a mechanism that allows CSC to adapt to stressful conditions. During 

this process, the cell is able to destroy itself to produce the nutrients needed by other 

cells (283). Due to the involvement of CSCs in drug resistance and cancer relapse, 

current research is pursuing the search for new therapies that target CSCs. 

2.7. Clinical features and diagnosis of CRC. 

CRC patients can present with a wide range of signs and symptoms that increase with 

the disease progression: rectal bleeding, which may frequently remain occult in feces 

until late stages, abdominal pain and distension, intestinal blockage, asthenia due to 

anemia, as well as changes in bowel habits (284). Additionally, and depending on the 

tumor location, the signs, symptoms and even the molecular characteristics and histology 

are different (285). Thus, tumors in the right-side colon and in the transverse colon are 

more frequent in women, and they are usually sessile serrated adenomas or mucinous 

adenocarcinomas. In these right-side tumors the luminal contents are predominantly 

liquid and the lesions usually bleed.  On the other hand, tumors in the left-side are more 

frequent in men and they usually are tubular, villous adenocarcinomas. Patients with 

these tumors usually have constipation or diarrhea, and feces with blood and mucus (79, 

285).  

However, and unfortunately, the disease is usually silent in its early stages, and the 

symptomatology appears in the advanced phases. For this reason, screening techniques 

for the early diagnosis of the disease are necessary. Screening methods are one of the 

most powerful tools to reduce the mortality in these patients (286), since the early 

diagnosis of small local tumors would prevent the development of advanced cancer  

(287). Despite its low sensitivity and lack of analytical specificity, the fecal occult blood 

test for men and women aged 50-74 years is a suitable technique for CRC screening 

according to the European guidelines for CRC screening (288). A positive result in this 

test must be followed by an endoscopy, which is one of the most common methods of 

screening. Other tests, such as fecal immunochemical faecal occult blood test or 

multitarget stool DNA test, colonoscopy, computed tomographic colonography and 

flexible sigmoidoscopy are also recommended (289). Moreover, all screening guidelines 
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mention the necessity of checking carcinoembryonic antigen concentrations in blood, 

because elevated levels of this marker are associated with a worse prognosis (290).  

2.8.  Management. 

The Tumor/Nodes/Metastasis (TNM) classification of a tumor is a useful tool for its 

prognostic evaluation and treatment choice. This classification is based on the 

parameters detailed below (291).  

- T - Tumor: this parameter takes into account the size of the primary tumor and 

its invasion into adjacent tumors.  

- T0: no evidence of tumor is present. 

- T1: invasion into the submucosa. 

- T2: invasion of the muscularis propria. 

- T3: invasion into the subserosa. 

- T4: tumor extension through all the layers. 

- Tis: carcinoma in situ 

- Tx: inability to assess the tumor size and invasiveness. 

- N - Nodes: this parameter is used to determine the involvement of lymph nodes 

in the tumor process. 

- N0: no regional nodal spread 

- N1: involvement of 1-3 regional nodes. 

- N2: 4-6 regional nodes affected. 

- N3: 7 or more nodes involved. 

- M - Metastasis: this parameter reports the presence of distant metastasis. 

- M0: no distant metastasis. 

- M1: evidence of distant metastasis. 

- M1b: the tumor is spread to 2+ areas. 

- M1c: the tumor is spread to the peritoneal surface. 

According to these parameters the TNM classification is listed on Table 2. 

When cancer is diagnosed in an early stage and it is considered a T1 tumor in the TNM 

classification, an endoscopic resection is usually enough for tumor extirpation. However, 

the extent of the lesion must be evaluated to see which resection technique must be 

applied and if any other therapeutic intervention is necessary. The evaluation of the lesion 

by a pathologist is essential to know the depth of this, i.e., if there is submucosal invasion, 

differentiation or lymphatic invasion. Depending on the size of the lesion, the resection 

technique will be different: en-bloc endoscopic mucosal resection, endoscopic 

submucosal dissection or endoscopic full-thickness resection (292-294). 
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TNM 

Stage 

Primary Tumor 

(T) 

Lymph Node involvement 

(N) 

Distant metastasis 

(M) 

0 T1s N0 M0 

I T1 

T2 

N0 

N0 

M0 

M0 

II T3 

T4 

N0 

N0 

M0 

M0 

IIIA T1,2 N1 M0 

IIIB T3,4 N1 M0 

IIIC Any T N2 M0 

IV Any T Any N M1 

Table 2. CRC staging classification according to the TNM classification.  

 

Surgery is the most effective treatment in CRC and it consists in the removal of the tumor 

mass, part of the healthy tissue surrounding it and the regional lymph nodes. The extent 

of resection will vary depending on the tumor size and invasiveness. The main 

procedures carried out in this surgery are: right hemicolectomy, transverse resection, left 

hemicolectomy, segmental colonic resection and total colectomy (295). 

Radiotherapy is another strategy for CRC management. It consists in the administration 

of high doses of radiation inducing the formation of free radicals that cause damage in 

the DNA of tumor cells. It is not common to use radiation to treat CRC because of the 

adverse effect on adjacent tissues, however it may be used in certain cases. 

Radiotherapy can be used before surgery to make the tumor easier to remove. Radiation 

may also be applied during or after surgery to kill tumor cells that have not been removed 

during the surgical process (296). Radiation therapy can also be combined with 

chemotherapy resulting in chemoradiotherapy, which is one of the most used therapy in 

the management of CRC (79).  

As mentioned before, TNM classification is essential for the tumor treatment approach. 

In advanced stages (III and IV or T4 in stage II), the use of chemotherapy is necessary 

for the CRC management (287). This chemotherapy is usually administered 

intravenously, although there are also drugs that can be taken orally. Chemotherapy may 

be used at different times during the disease. In the adjuvant chemotherapy, drugs are 

administered after surgery in order to kill tumor cells that have not been removed by the 
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surgical process. On the other hand, neoadjuvant chemotherapy is commonly given in 

rectal cancer in combination with radiotherapy before surgery to reduce the tumor volume 

and make the surgical process easier (https://www.cancer.org/cancer/colon-rectal-

cancer/treating/chemotherapy.html). 

Depending on the specificity of the drug for its target of action, chemotherapy can be 

divided into two types: cytotoxic chemotherapy or targeted chemotherapy. In the last one, 

unlike cytotoxic chemotherapy, drugs act on a specific molecule differentially 

overexpressed in the tumor that drives tumor growth. Therefore, target chemotherapy 

presents lower levels of adverse reactions and a better tolerance by patients. However, 

the primary and acquired drug resistance represent one of the major obstacles of cancer 

therapy and, for this reason, the combination of cytotoxic and targeted therapies 

represents an improved approach for cancer management (297).  

 

One of the most common chemotherapy drugs used in the treatment of CRC is 5-

Fluorouracil (5-FU), which is a pyrimidine analogue that acts inhibiting the thymidylate 

synthase enzyme. Specifically, 5-FU is a derivative of uracil in which a hydrogen is 

replaced by a fluorine in 5-position. Once the 5-FU enters the cell, it is metabolized by 

dihydropyrimidine dehydrogenase and converted into 5-fluorouracil deoxynucleotide. 

This metabolite inhibits the thymidylate synthase and prevents the methylation of the 

normal substrate of this enzyme, the deoxyuridine acid to deoxythymidylic acid. Blockade 

of DNA synthesis occurs due to this molecular mechanism. Moreover, 5-FU can be 

converted into the fluorouridine triphosphate in vivo, which is incorporated into RNA 

interfering with the protein synthesis (298). These molecular mechanisms resulted in the 

inhibition of tumor cell replication, the induction of its apoptosis and the blockade of tumor 

growth (299). 5-FU is a first-line drug in the chemotherapy against CRC (299). However, 

the emergence of early resistances to 5-FU implies the concomitant use of other drugs, 

as well as alternative therapies. In this scenario, capecitabine is an alternative to oral 

fluoropyrimidine that has shown similar efficacy to 5-FU with even lower adverse 

reactions (300). In fact, capecitabine is a pro-drug of 5-FU that is used to avoid 

complications derived from intravenous administration.   

The combination of 5-FU with other drugs such as cis-platin and derivatives (oxaliplatin) 

or irinotecan (a topoisomerase I inhibitor) results in an improvement of survival rates 

(301-303), as well as in a reduction of drugs resistance and toxicity (299). 5-FU is usually 

administered in combination with levofolinic acid (leucovorin), which reduces the 

frequency and severity of adverse effects of 5-FU and optimizes the efficacy of the 

antimetabolite by increasing its capacity to inhibit the enzyme thymidylate synthase (304, 
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305). Of note, the simultaneous use of these different drugs has led to the current 

availability of various combination regimens including FLOX and FOLFOX (5-FU, 

leucovorin and oxaliplatin), FOLFIRI (irinotecan, 5-FU and leucovorin) and XELOX 

(capecitabine and oxaliplatin) (287). In fact, the efficacy of these cytotoxic drugs regimens 

against CRC has been improved with their combination; however, and unfortunately, their 

side effects are still relevant, becoming disabling and causing therapy suspension in 

many cases (306, 307). In this scenario, research has given rise to targeted therapies 

that increase the effectiveness of the cytotoxic drugs, thus reducing their adverse 

reactions and even reaching significant advances in the management of metastatic CRC 

in the last decade (287). Among these therapies, monoclonal antibodies against the 

VEGF and EGFR stand out. Bevacizumab is an humanized monoclonal antibody against 

VEGF that targets angiogenesis, was the first biologic agent approved for the treatment 

of metastatic CRC (308). Cetuximab is a monoclonal antibody against EGFR that has 

been shown to be effective in CRC treatment improving the survival rates and preserving 

the quality-of-life of patients (116). This drug can be used alone but is frequently used as 

an adjuvant of other cytotoxic drugs (287). 

 

3. COLITIS-ASSOCIATED COLORECTAL CANCER. 

IBD is an important risk factor for the development of CRC. Epidemiologic data estimate 

that the risk of CRC development in patients with ulcerative colitis or Crhon’s disease is 

approximately 2- to 3-fold that of the general population (309). It is well known that the 

chronic inflammation associated with IBD can promote carcinogenesis and the risk of 

CRC development in IBD patients depends on the persistence and size of the 

inflammatory process (310). In fact, CAC is a CRC subtype linked to IBD that represents 

around 2% of all diagnosed CRC cases and usually has poor prognosis and high mortality 

rates (311). The first evidence of CRC as a complication of IBD was recognised by Crohn 

and Rosenberg in 1925 (312). Over time the CRC risk associated with IBD has increased 

and the use of meta-analysis techniques have evidenced that CRC incidence is higher in 

ulcerative colitis (18%) than Crohn's disease (8.3%) patients, being the risk higher as 

time passes (71, 313, 314).  

The concept of inflammation as a driver of tumorigenesis was first realized in 1863 when 

Rudolf Virchow hypothesized that the origin of cancer was at sites of chronic inflammation 

with leukocyte infiltration (310). Nowadays, the causal relationship between inflammation 

and cancer is widely accepted. Moreover, it is well known that immune cells present in 
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tumor microenvironment contribute to tumor progression through the secretion of 

cytokines and other factors (310). In CAC, the inflammatory chronic state promotes 

carcinogenesis through three main processes: (1) the persistent release of pro-

inflammatory mediators and activation of pro-inflammatory pathways; (2) tissue 

remodeling during remission periods and (3) bacterial components translocation from the 

gut lumen (315-318). 

Inflammatory mediators in the tumor microenvironment, such as TNF-ɑ, can contribute 

to carcinogenesis by inducing the production of ROS and reactive nitrogen intermediates 

derived from nitric oxide (NO), able to produce DNA alterations and damage. These 

mediators may contribute to tumor initiation through the induction of mutations in some 

oncogenes and tumor suppressor genes such as TP53 (319). In fact, it has been reported 

that early mutations in this gene occur in more than 50 % of CAC patients (320, 321). 

Furthermore, these inflammatory mediators can activate signaling pathways involved in 

cell proliferation and survival. Indeed, nuclear factor-kappaB (NF-κB) pathway plays a 

pivotal role in the link between inflammation and carcinogenesis. This pathway can be 

stimulated by pro-inflammatory cytokines and microbial products, since both components 

are present in the colon environment of CAC patients (315). Activation of NF-κB results 

in the translocation of this transcription factor to the nucleus where upregulates the 

expression of cytokines such as TNFA and IL6. These cytokines can directly act on the 

tumor cells and stimulate signaling pathways involved in cell proliferation and survival 

(315). In fact, soluble IL-6 can bind to its membrane bound IL-6 receptor (IL-6R) and 

activates the JAK/STAT3 pathway, which is overexpressed in CRC tumor cells (144, 

322). Moreover, NF-κB can directly induce the transcription of anti-apoptotic genes such 

as BCL2 and BCL2L1 (323), as well as several genes that encode MMPs, thus promoting 

tumor invasion (324).  

The cyclooxigease-2 (COX-2)/PGE2 pathway plays a central role in the development of 

the inflammatory process in IBD patients (325, 326). Overexpressed cytokines found in 

IBD, mainly TNF-ɑ, in combination with microbial products, like LPS, can upregulate 

COX-2 expression through the NF-κB pathway (327).  It is also known that COX-2 

contributes to carcinogenesis through the production of PGE2, which is a mediator that 

promotes proliferation, and stimulates angiogenesis and invasion processes. In fact, the 

importance of COX-2 signaling in CAC development has been confirmed by previous 

studies that report a lower risk of cancer development in those patients that daily 

consume non-steroidal anti-inflammatory drugs (NSAIDs) (328).  The ability of PGE2 to 

increase tumor growth has been supported by studies that report an increase in tumor 

burden in ApcMin/+ mice treated with PGE2 (329). PGE2 contributes to CRC development 
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through different mechanisms that involved an increased tumor cell proliferation by 

activating Wnt/β-catenin and RAS/ERK pathways in colon cancer cells (330, 331). 

Moreover, PGE2 is able to increase cancer cells survival through an upregulation of BCL2 

gene (332). Additionally, PGE2 promotes cell migration and invasion through the 

activation of EGFR/PI3K/AKT signaling pathway (333), as well as the induction of MMP2 

activity (334). In addition to the direct effects of PGE2 on tumor cells, this eicosanoid can 

directly act on immune cells in the tumor microenvironment, thus modulating their 

immune response towards a response that results in escape of tumor cells from effective 

immunosurveillance (335).  

Immune cells also play an important role in the pathogenesis of CAC. As previously 

discussed, TAM are one of the most abundant and important cells in the tumor 

microenvironment. During acute phases of UC, macrophages acquire an inflammatory 

phenotype (M1 macrophages) and secrete inflammatory cytokines that cause cell 

damage, thus contributing to cancer initiation. Besides, M2 macrophages are also found 

in IBD and CAC patients, being these alternatively-activated macrophages involved in 

colon tumorigenesis in CAC (336). Growth factors (EGF, FGF and VEGF), cytokines (IL-

6), PGE2 and MMPs are mediators secreted by M2 macrophages that promote tumor cell 

proliferation, invasion and angiogenesis (336). Adaptive immune response has also been 

implicated in CAC development. Initially, CD4+ and CD8+ T cells promote chronic 

inflammation in IBD, thus creating a tumor-friendly environment that can lead to cancer 

initiation (337). Conversely, Treg cells act as suppressors of chronic inflammation and 

prevent the initiation of the tumor process (337). Once the tumor process is initiated, the 

role of this adaptive immune response changes being T-helper (Th) 1 cells and CD8+ 

cytotoxic T cells the main cells involved in the antitumor response (191, 338). On the 

other hand, it has been consistently shown that Th17 lymphocytes promote inflammation 

and tumorigenesis in CAC through the release of cytokines such as IL-17a, IL-17F, IL-21 

and IL-22 (339, 340). IL-23 is an essential cytokine for the differentiation of Th17 cell and 

immune responses involving these lymphocytes are closely associated with higher levels 

of IL-23 (341). The first evidence of the involvement of IL-23 in tumor-promoting pro-

inflammatory process was recognized by Langowski et al. (2006). To examine the role of 

this cytokine in tumorigenesis, Langowski et al. used mice deficient in IL-23 and observed 

a resistance to tumor induction. Additionally, these mice showed a reduction in MMP9 

and IL-17 levels, as well as a high infiltration of CD8+ T cells, events that contribute to an 

amelioration of the disease (342). Besides, the contribution of IL-23 to tumor 

development was confirmed by Grivennikov et al. (2012) who associated IL-23 signaling 

with a high infiltration of myeloid and Th17 cells in CRC that contribute to tumorigenesis. 
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Moreover, they discovered that IL-23 is mainly produced by tumor-associated myeloid 

cells that are activated by microbial products, which are in the tumor microenvironment 

(343). IL-23 overexpression has been associated with a worse prognosis of CRC due to 

its ability to increase the proliferation of tumor cells, modulate the immune response by 

reducing the levels of tumoricidal CD4+ and CD8+ cells and increasing the metastatic 

capacity of the tumor by promoting the production of MMP9 and VEGF (344). 

4. COLORECTAL CANCER AND OBESITY.  

Epidemiological data suggest that obesity is linked to an increased risk of CRC, mainly 

in men (345-347); and even high early life body mass index (BMI) increase further CRC 

risk (348). Since the prevalence of overweight and obesity has risen noticeably worldwide 

over the last years (7-fold increase for adults in 40 years) (349) the increased risk to 

develop CRC could be correlated with this situation. 

4.1. Molecular links between CRC and obesity. 

It is important to note that both obesity and cancer share altered cellular pathways (Figure 

11). Thus, obesity has been linked to chronic low grade systemic inflammation that 

contributes to metabolic dysfunctions, including an altered production of steroid 

hormones, which in turn can promote cancer development and progression (350, 351). 

Moreover, the obesity-associated imbalance between the caloric intake and caloric 

expenditure leads to hyperadiposity, characterized by hyperplasia and hypertrophy of 

adipocytes, thus resulting in changes in the adipose tissue function relative to the 

production of steroid hormones and adipokines, as well as the release of proinflammatory 

mediators. All these alterations have been implicated in carcinogenesis, tumor 

progression and metastasis (352), as previously commented. 

Another common feature in these two conditions is the existence of an altered intestinal 

microbiome or dysbiosis. It has been described in both diseases a decrease in 

commensal bacterial species and an enrichment of detrimental bacterial populations. 

This imbalance in the gut microbiota could hamper their key digestion/metabolic functions 

and alter the production of different metabolites, including short-chain fatty acids (SCFA), 

polyphenols, vitamins, tryptophan catabolites and polyamines (353). 

4.1.1. Obesity-induced mutagenic DNA lesions in cancer development. 

The onset of cancer in obese patients may be associated with a hypermethylation of CpG 

islands that may account for epigenetic instability. This alteration can promote the 
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activation of oncogenes, such as KRAS and BRAF (354). Additionally, it has been 

reported an increase in single nucleotide variants, insertions and deletions in obese 

patients in comparison with non-obese patients with microsatellite stable CRC (355). 

In obese patients, lipid peroxidation is abnormally increased, being this associated with 

the generation of different reactive species, like 4-hydroxy-2-nonenal (4-HNE) and 

malondialdehyde (MDA) (356). Similarly, CRC patients have shown a significant increase 

in the levels of these lipid peroxidation products (357). 4-HNE and MDA are well-known 

mutagenic agents due to its high reactivity with free amino groups of both proteins and 

nucleic acids (358, 359). Furthermore, 4-HNE and MDA can interfere with different 

cellular pathways involved in cancer development. 4-HNE is involved in cell proliferation 

and apoptosis via the activation of ERK1/2 pathway, and the upregulation of AKT (360). 

Moreover, it has been reported that both 4-HNE and MDA upregulate COX-2 activity 

(361, 362), and the subsequent production of PGE2 and other proinflammatory lipid 

mediators, which promote chronic inflammation and facilitate tumor progression, stem 

cell expansion and metastasis (335, 363, 364). 

 

Figure 11. Molecular pathways involved in the obesity-CRC crosstalk. Lipid 

peroxidation occurred in obesity leads to the release of mutagenic factors, 4-HNE and 

MDA, that induce alterations in DNA of colonocytes and promote the initiation and 
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progression of CRC through the downregulation of adiponectin. Furthermore, the 

deregulated metabolism in obese patients results in an imbalance in some hormones 

such as adiponectin, leptin and insulin. Besides, obesity is characterized by a chronic 

inflammation that promotes the infiltration of immune cells and the release of harmful 

cytokines in the tumor microenvironment. Gut dysbiosis is another key event of obesity 

that increases gut permeability and changes the diversity and composition of microbiota 

resulting in the release of metabolites such as LPS that contribute to CRC development. 

All these events induce the activation of molecular pathways involved in cell proliferation, 

apoptosis evasion, angiogenesis, invasion and metastasis leading to initiation, promotion 

and progression of CRC. 

 

4.1.2. Obesity promotes CRC through deregulation of the metabolism. 

Obesity is associated with several metabolic disorders, which in turn can promote the 

onset of metabolic syndrome  (365, 366) as well as tumor development (367, 368). In 

obese people, adipocytes suffer hypertrophy and hyperplasia, thus leading to changes in 

the secretion of several adipokines that may be responsible for the association between 

obesity and CRC (369, 370). Among these changes, adiponectin levels are reduced in 

obesity, and it has been reported the existence of an inverse association of total 

adiponectin with CRC (371); in fact, low circulating total adiponectin is considered a risk 

factor for CRC development (372). Furthermore, obese people frequently have an altered 

cellular signaling and insulin response, displaying hyperinsulinemia and insulin 

resistance, thus exhibiting an altered cellular signaling and insulin response (373). It is 

well known that the binding of insulin to its receptor can activate the AKT/PI3K/mTOR 

and MAPK pathways, which subsequently exert downstream metabolic and cellular 

growth effects (374). Hyperleptinemia is another feature in obese people, and it has also 

been associated with tumor progression in CRC (375). Leptin exerts its action through 

the leptin receptor (Ob-R), mainly the Ob-Rb isoform, thus activating the JAK/STAT 

pathway, which promotes cellular growth, migration and invasion (376). 

4.1.3. Inflammation in obesity contributes to CRC development. 

Obesity is also associated with a chronic inflammatory status that increases the risk of 

developing several diseases, including cancer (351) This chronic inflammation has an 

important role in tumor progression favoring the development of CRC. Indeed, obesity 

has been associated with an increased risk of IBD and CAC (377-380). Adipose tissue in 
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obese people is progressively infiltrated by macrophages and other immune cells that 

secrete pro-inflammatory cytokines like TNFα, IL-1β and IL-6, facilitating chronic 

inflammation (381). Moreover, these immune cells and cytokines play an important role 

in the tumor microenvironment, participating in the neoplastic process, proliferation, 

survival, migration and angiogenesis (310). Wunderlich et al., (2018) demonstrated that 

obesity-induced IL-6 promoted M2 macrophage polarization resulting in an up-regulation 

of CCL-20 chemokine, which recruits CCR-6 expressing lymphocytes (B cells, γδ T cells 

and Treg cells) to the tumor microenvironment and participate in the tumorigenesis (382). 

5.  GUT DYSBIOSIS IN CRC AND ITS IMPLICATION ON 

CRC-ASSOCIATED OBESITY. 

In a healthy host, the colonic microbiome is typically dominated, at the phyla level, by 

Gram-negative Bacteroidota and Gram-positive Bacillota (representing >90% of all 

phylogenetic types), with a smaller, but sizable, abundance of Pseudomonadota, 

Actinobacteria and Verrucomicrobia (383). The healthy microbiota plays a prominent role 

in maintaining body homeostasis as well as in the development and regulation of the 

mucosal immune system, but also in the production of essential nutrients, the control of 

pathogenic microorganisms, the modulation of gastrointestinal epithelial cell proliferation 

and differentiation, or the management of bioactive foods and chemical components 

(384).  

5.1. Gut microbiota in obesity 

The homeostasis of the gut microbiota is altered in obese patients (385) showing an 

inverse relationship between gut alpha microbial diversity and BMI (385, 386).  

Additionally, a shift in the Firmicutes (Bacillota)/Bacteroidetes (Bacteroidota) (F/B) ratio 

is observed in obesity due to a decrease in the relative abundance of Bacteroidota and 

an increase of Bacillota, thus resulting in a microbiome with an enhanced ability to harvest 

dietary energy (387-389). In obesity this dysbiosis is related to an increase in Bacillota 

phylum and some bacterial genera such as Clostridium and the species Eubacterium 

rectale, Clostridium coccoides, Lactobacillus reuteri, Akkermansia muciniphila, 

Clostridium histolyticum and Staphylococcus aureus (390)  . On the other hand, the 

relative abundance of Bacteroidetes, Actinobacteria, Bacteroides, Bifidobacterium, 

Bacteroides fragilis, Faecalibacterium prausnitzii, Butyrivibrio fibrisolvens and 

Lactobacillus plantarum is reduced in obesity (390, 391).   This situation of dysbiosis in 

obese patients can be accompanied by gut barrier function impairments, including 
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decreased tight junction proteins gene expression that leads to higher plasma levels of 

LPS, a component of the outer membrane of Gram-negative bacteria (392, 393). The 

LPS absorption leads to a metabolic endotoxemia, which is proposed as the main 

responsible for the systemic chronic inflammation that takes place in obesity  (394, 395). 

In consequence, obesity-induced modifications in the gut microbiota community are 

associated with the onset of an inflammatory state that becomes chronic and significantly 

increases the risk for CRC (396, 397).   

5.2.  Gut microbiota in CRC. 

Similarly, CRC has been associated with gut dysbiosis (398). Thus, lifestyle risk factors 

for CRC, such as obesity and diet, can promote changes in microbiota composition, thus 

inducing dysbiosis, which causes an increase of the so-called pathobionts 

(microorganisms with pathogenic potential). In this situation, the dysbiosis is 

characterized by a reduction of the Bacillota/Bacteroidota ratio in comparison with healthy 

individuals (399, 400). CRC patients show a less diversity in its microbial community 

(401). Moreover it seems that the microbiota composition in individuals with CRC 

changes along the colorectal-adenoma-carcinoma sequence (402). An increase in the 

levels of Bacillota and Fusobacteria, as well as, a reduction of Pseudomonadota occurs 

in CRC patients (403). Additionally, a depletion of some bacteria genera considered 

“beneficial” such as, Bifidobacterium, Faecalibacterium, and Blautia, has been described 

in CRC subjects (404). On the other hand, there are some bacteria genera such as 

Bacteroides, Fusobacterium, Atopobium, Parvimonas, Peptostreptococcus and 

Porphyromonas that are positively correlated with tumor burden (405). In this scenario, 

there is also a negative correlation between tumor number and the SCFA production and 

the abundance of SCFA-producing bacteria (406). To sum up, an alteration of the 

microbe community structure occurs in CRC and it is associated with the onset of an 

inflammatory state that becomes chronic and increases the risk for develop this disease 

(396, 397).  

Microbial species linked to CRC include certain strains of Bacteroides fragilis, 

Escherichia coli, Streptococcus gallolyticus, Enterococcus faecalis, Fusobacterium 

nucleatum, Atopobium parvulum and Actinomyces odontolyticus. Yachida et al., reported 

that changes in the microbiome and metabolome in CRC patients occur in very early 

cancer stages, discovering two patterns of microbiome changes during CRC 

development: initially, an increase of Fusobacterium nucleatum colonization takes place 

becoming the bacteria with the highest elevation; and in a second stage, Atopovium 

parvulum and Actinomyces odontolyticus are the main involved (407).  
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Tjaslma et al., proposed a bacterial counterpart of the genetic driver–passenger model 

for CRC. According to this model, some indigenous intestinal bacteria drive the epithelial 

DNA damage that contributes to the initiation of CRC (termed bacterial drivers). Once 

these bacterial drivers initiate tumorigenesis, it induces intestinal niche alterations that 

favor the proliferation of opportunistic bacteria (termed bacterial passengers) 

colonization. These bacterial drivers act as pro-oncogenic and capable of promoting CRC 

whereas bacterial passengers act as tumor-promoting or tumor-suppressing (408). 

Fusobacterium spp. appears to be the most common passenger bacteria to colonize 

CRC tissue (75), although others have been also proposed, including Streptococcus 

gallolyticus subsp. Gallolyticus (409), Clostridium perfringens and Granulicatella 

morbillorum (76) or even gut commensals of the family Coriobacteriaceae (Slackia and 

Collinsella spp.), the genus Roseburia and the genus Faecalibacterium, some of them 

reported as probiotics, which, in certain circumstances may also contribute to the tumor 

formation (410).These bacteria have been reported to display the ability to generate a 

proinflammatory microenvironment by enhancing the production of different pro-

inflammatory cytokines (such as TNF-α, IL-1β, IL-6, and IL-8) or by recruiting myeloid-

derived immune cells, which in turn promote tumor development (75, 411).  

Fusobacterium is a genus of gram-negative anaerobic bacteria that have been proposed 

as a risk factor for CRC development and progression (412). Species of this genus, 

mainly Fusobacterium nucleatum, can activate the E-cadherin/β-catenin signaling 

pathway, being associated with microsatellite instability and CpG island methylation 

phenotype (412). Fusobacterium has a surface adhesion molecule called FadA which 

binds to E-cadherin in epithelial cells surface leading to E-cadherin phosphorylation, thus 

activating β-catenin signaling pathway (413). Mouse xenografts of primary colorectal 

tumors were found to retain viable Fusobacterium, which was also detected in liver 

metastases suggesting that this bacterium has an important role in tumor 

microenvironment being implicated in cell proliferation, invasiveness and metastasis 

(414). In the Apcmin/+ mouse model of CRC, the exposition to Fusobacterium nucleatum 

increased the tumor-infiltrating myeloid-derived suppressor cells such as macrophages, 

dendritic cells and granulocytes that play an important role in promoting tumor 

progression and angiogenesis (75). B. fragilis is another bacterial species increased in 

patients with CRC and obesity (415, 416).In fact, enterotoxigenic B. fragilis is considered 

a bacterial driver according to Tjaslma et al., model (408). B. fragilis produces a chronic 

inflammation that induces colitis and carcinogenesis. In these processes, IL-17 released 

by Th17 cells and PGE2 produced by COX-2 plays an important role (417). 
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5.3.  Gut microbiota in individuals with both comorbidities: obesity 

and CRC. 

Data from a case-control study conducted by Campisciano G. et al., (2020) with fecal 

samples from obese individuals and CRC patients showed a similar microbiome pattern 

in CRC and obese subjects, and some bacterial species including Hafnia alvei, 

Akkermansia muciniphila, Blautia wexlerae, Eubacterium rectale, Lactobacillus rogosae 

and Ruminococcus faecis showed a similar relative abundance between obese 

individuals and those with CRC (418). Moreover, in subjects with the two comorbidities, 

obesity and CRC, it has been reported a reduction of the gut microbial richness (Chao 

and Shannon indexes) (Sánchez-Alcoholado et al., (2020) (419).  

Of note, Sánchez-Alcoholado observed the microbiota profile of obese people with CRC 

were similar to that of non-obese individuals with CRC, with an increase of 

Fusobacteriaceae, Prevolotellaceae, Clostridiaceae, Barnesiellaceae, 

Porphyromonodaceae and Desulfovibrionaceae in comparison with healthy people. 

However, significantly higher levels of Firmicutes and Proteobacteria phylum, as well as 

of Enterobacteraceae and Streptococcaceae families, were found in obese cancer 

patients when compared with non-obese with cancer (419).  

At genus level, an increase of Prevotella, Clostridium, Desulfovibrio and Enterococcus, 

together with a significant decrease in Bacteroides, Butyricimonas, Roseburia and 

Ruminococcus were reported in CRC patients, regardless BMI. When considering the 

differences between non-obese and obese patients with CRC, the richness of 

Enterobacter, Escherichia, Fusobacterium and Streptococcus was increased in obesity 

whereas Blautia and Faecalibacterium was reduced. These changes at genus level were 

correlated with an increase of Fusobacterium nucleatum, Eschrerichia coli, 

Streptococcus bovis, Clostridium septicum and Enterobacter cloacae in obese-CRC 

patients and a reduction of Faecalibacterium prausnitzii when compared with lean-CRC 

subjects (419). This microbiota imbalance was associated with lower levels of SCFAs in 

gut lumen, as well as an increase of pro-inflammatory mediators such as IL-1β and the 

metabolite trimethylamine N-oxide (TMAO) (419), which is involved in the activation of 

the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, 

implicated in tumor growth and metastasis (420). 

The association between CRC and obesity has also been studied in experimental models 

of obesity-associated CRC. At this level, Yang et al., (2022) have shown that HFD 

contributes to CRC tumorigenesis through gut dysbiosis accompanied by metabolomic 
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dysregulation and an alteration of the intestinal barrier (421). Indeed, several studies 

reported that obesity promotes CRC development in both chemically induced or 

spontaneously generated cancer models, as well as in subcutaneous tumor models (422-

431). Moreover, this obesity-CRC association is dependent on gut microbiota changes, 

since antibiotic-induced depletion of gut microbiota reduces tumor burden (421). 

Additionally, the causal link between obesity and CRC through the microbiota was 

confirmed by performing fecal microbiota transplantation (FMT) of HFD-mice to germ-

free mice with CRC resulting in higher levels of tumorigenesis in comparison to CRC-

mice treated with phosphate buffered saline (PBS) (421, 423). Some microorganisms 

from genus Alistipes and Marseille have been singled out as responsible for an 

aggravation of the tumor process, also favored by a reduction of Parabacteroides 

abundance (421). Increased levels of Verrucomicrobia, Coprobacillus, Prevotella, 

Biophila, S24-7, Akkermansia muciniphila as well as bile salt hydrolase (BSH)-producing 

bacteria (such as Mucispirillum, Blautia or Streptococcus) were also reported in obese 

and CRC-mice in comparison with those fed with a low-fat diet (421, 422, 424). As it will 

be discussed below, the dysbiosis occurred in obesity-associated CRC results in the 

release of microbial metabolites that may be involved in the increase of tumorigenesis 

(421, 424). 

6.  GUT MICROBIOTA MODULATION AS A THERAPEUTIC 

STRATEGY IN OBESITY-ASSOCIATED  CRC. 

Considering all the above, it is clear that the microbiome plays a relevant role in the 

progression and even the initiation of the tumor process. Although the molecules that 

mediate the crosstalk between microbiota and CRC are not fully described, it is well 

known that some bacteria-derived metabolites contribute to cancer development. Among 

these metabolites, LPS (432), bile acids (433) and glycerophospholipids (421) have an 

important role in CRC progression and metastasis. On the other hand, it seems that 

SCFAs are associated with an antitumor effect (434). Therefore, microbiota modulation, 

with the use of prebiotics, probiotics, postbiotics, antibiotics or FMT, has been postulated 

as adjuvant therapies for CRC and there are several investigations in this field (435-437).  

6.1.  PREBIOTICS IN THE TREATMENT OF INFLAMMATORY 

DISEASES: OBESITY AND CAC. 

In 2008, the 6th Meeting of the International Scientific association of Probiotics and 

Prebiotics (ISAPP) defined “dietary prebiotics” as “a selectively fermented ingredient that 
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results in specific changes in the composition and/or activity of the gastrointestinal 

microbiota, thus conferring benefit(s) upon host health” (438). To consider a compound 

as prebiotic it must be resistant to pH of stomach, it cannot be hydrolyzed by mammalian 

enzymes and it should be fermented by intestinal bacteria stimulating their growth and/or 

activity (438). 

Accumulating evidence suggests that prebiotics exert beneficial effects against 

inflammatory diseases such as obesity (439-441), IBD (442-444), and cancer (445, 446). 

Of note, prebiotics are a source of energy for gut microbiota, thus modulating its 

composition and function. Moreover, the result of digestion and fermentation of prebiotics 

is usually the production of new compounds that, on the one hand, can be subsequently 

absorbed and exert a beneficial effect on the body, or on the other hand, can be used by 

other microorganisms from this microbiota, hereby affecting its composition and/or 

function. Additionally, prebiotics can cause changes in the environment, e.g. decreasing 

the pH (447); which can also increase the growth of bacterial species, such as 

Bacteroidetes, facilitating SCFAs production, including butyrate (448). In fact, SCFAs are 

associated with beneficial effects against obesity and cancer (449). Supporting this, it 

has been reported that SCFAs suppress HFD-induced weight gain through a decrease 

in the release of gut hormones, peptide YY and glucagon-like peptide GLP-1, as well as 

by modulating the expression of GPR43 and GPR41 in fat and colon tissues. Moreover, 

SCFAs supplementation restored the altered microbiota by increasing the biodiversity 

indexes and reducing the F/B ratio (449). Furthermore, SCFAs also present 

immunomodulatory properties. Butyrate inhibits LPS-induced NF-κB activation in colonic 

cell lines and in mouse colon (8). Also, SCFAs (mainly butyrate) have inhibitory effect 

over histone deacetylase (HDACs) activity promoting histone acetylation, affecting gene 

regulation of cell proliferation, differentiation, and inflammatory response, contributing to 

intestinal homeostasis and cancer protection (450, 451). Furthermore, a decrease in pH 

levels induced by prebiotic degradation result in modulation of gut microbiota composition 

leading to a reduction in levels of “pathogenic bacteria” such as Fusobacterium that is 

involved in the pathogenesis of CRC (447). Indeed, the transplantation of the butyrate-

rich feces from HFD mice treated with metformin into MC38 tumor allograft mice resulted 

in a reduction of tumor growth (423).  

Although the plant extracts were not initially considered as prebiotics, more recently they 

have been included in this concept, given their well-known ability to interact with gut 

microbiota, thus modulating its composition and/or activity, which has been associated 

with some of the beneficial effects classically attributed to these products. Among these 

plant extracts, accumulating scientific evidence has attributed beneficial pharmacological 
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properties to those extracts obtained from species of the genus Thymus and Morus due 

to their high content in bioactive compounds (452-454). Widely used in traditional 

medicine, the extracts obtained from Thymus serpyllum L. and Morus alba L. have proven 

to be effective against numerous affections, including obesity, cancer, irritable bowel 

syndrome, microorganisms infections, diabetes and other conditions with a high 

inflammatory and oxidative component (455-461). 

6.1.1. Thymus serpyllum. 

Thymus serpyllum, also known as thyme, is an aromatic plant of Mediterranean flora 

commonly used in the culinary and medicinal field. Thymus serpyllum is rich in active 

ingredients such as rosmarinic acid, tannins, basically polymers of proanthocyanidins, 

gallotannins, flavonoids, flavonones and triterpenes (462). This composition in bioactive 

compounds makes this plant traditionally used in various conditions such as headaches, 

colds, respiratory infections and digestive diseases (463). Additionally, several beneficial 

properties have been reported for thyme extract including antimicrobial, antiinflammatory 

and antioxidant activities (464, 465). Indeed, dry powder extract from thyme has been 

used in recent research against inflammatory diseases such as irritable bowel syndrome 

(IBS) (459) and ulcerative colitis (465). An amelioration of the inflammatory profile and 

gut barrier has been achieved with thyme treatment in both diseases. Moreover, the 

modulation of gut microbiota is a key component in the beneficial activity exerted by this 

extract, which is able to restore the microbial diversity under pathological conditions 

(459). Besides, Thymus serpyllum has demonstrated to exert a selective cytotoxicity 

activity against MCF-7 and MDA-MB-231 breast cancer cell lines (460). Thyme extract 

was able to induce tumor cell apoptosis through an increase of caspase 3 and caspase 

7 enzymes activity. Moreover, thyme inhibited the activity of HDAC enzyme, which is 

overexpressed in tumor cells (460). 

6.1.2. Morus alba 

Morus alba also known as white mulberry, is a medium-size tree to which numerous 

nutritional and medicinal properties have been attributed, especially in the Asian 

continent, where it is native (466). Since ancient times, the leaves of Morus alba have 

been widely used as functional foods and phytotherapy in traditional Chinese medicine 

against fever, constipation and diabetes (467-469). Accumulating evidence shows an 

increase in the pharmacological properties associated with mulberry leaves, which are 

rich in bioactive compounds, including flavonoid, alkaloid and phenolic acids (470). 

Quercetin, rutin, apigenin, as well as ferulic, chlorogenic and protocatechuic acids are 
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some of the major compounds present in Morus alba leaves. These compounds are 

responsible for their pharmacological properties, among which antioxidant, 

antiinflammatory, antidiabetic, antiobesity and antimicrobial properties stand out (455, 

469, 470). Moreover, cytotoxic activity against human cancer cells has been also 

reported for the root and leaves of Morus alba (471, 472). Among the molecular 

mechanisms involved in the anticancer activity described for this plant it is necessary to 

mention the induction of apoptosis via upregulation of caspase 3 and ATF6 (471, 473), 

the cell proliferation inhibition via suppression of Wnt/β-catenin pathway (474) and its 

capacity to modulate the immune response that results in the inhibition of NF-κB signaling 

pathway and the modulation of the TAM response in the tumor microenvironment (471, 

475).  

6.2.  TETRACYCLINES: A PROMISING TOOL IN THE THERAPY OF 

COMPLEX DISEASES.  

Tetracyclines are a family of broad-spectrum antibiotics used in the treatment of a variety 

of infectious diseases. Discovered as natural products from a mix of natural compounds 

produced by species of Streptomyces, tetracyclines were first reported in the scientific 

literature in 1948. The discovery of this family of antibiotics is attributed to Benjamin M. 

Duggar et al., who identified the soil bacterium Streptomyces aureofaciens as a source 

of chlortetracycline, the first tetracycline brought to light and named as Aureomycin (476). 

Since then, three generations of tetracyclines have been developed as semisynthetic 

analogues with improved pharmacokinetic and chemical properties and higher efficacy 

against resistant bacteria. Throughout history, it has been seen that the activity of these 

interesting molecules is not limited solely to combating infectious diseases, but has also 

proven to be an effective tool in the treatment of inflammatory and neurodegenerative 

diseases, and even cancer (477-479). Therefore, tetracyclines can be considered a 

promising tool for the treatment of complex diseases with an inflammatory component in 

which conventional therapies are not effective enough. 

6.2.1. Pharmacodynamics properties of tetracyclines.  

Tetracyclines were born as drugs with antibiotic activity. Their extensive use led to the 

appearance of bacterial resistance, which drove the development of new tetracyclines 

that improved the pharmacological properties of the existing ones (480). 
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6.2.1.1. Antibiotic activity. 

Tetracyclines are broad-spectrum bacteriostatic antibiotics, active against a wide range 

of aerobic and anaerobic bacteria, as well as other microorganisms. The antibiotic activity 

of tetracyclines is due to their ability to inhibit protein translation in the bacterial cell. 

Tetracyclines bind to the acceptor site at the 30S ribosomal subunit of the bacteria and 

prevent the binding of amino-acyl tRNA to this site leading to an interruption of the protein 

biosynthesis.  In general, tetracyclines are used in a wide range of infectious diseases 

such as skin infections, rickettsial and chlamydial infections, cholera, Lyme disease, 

syphilis and periodontal infections (481). New tetracyclines, omadacycline, eravacycline 

and sarecycline, have been developed to face the main problems of bacterial resistance 

and they have shown efficacy against Gram-positive, Gram-negative, anaerobic and 

aerobic bacteria (482). 

6.2.1.2. Non-antibiotic properties. 

Nowadays, the potential of tetracyclines is not restrained to their use as antibiotics. 

Several pharmacological activities have been attributed to this family of drugs, 

highlighting their ability to inhibit enzymes such as MMPs (483) and the inducible NO 

synthase (iNOS) (484), as well as their immunomodulatory properties (477, 485). 

Moreover, it has been described anticancer properties to tetracyclines due to their action 

of different events that contribute to the development of this disease, such as 

angiogenesis, metastasis, EMT and uncontrolled proliferation (479, 486-488).  

The interest of tetracyclines in the field of cancer has been in continuous rise since the 

discovery of their potential to inhibit MMP activity, followed by reports of additional 

antitumoral properties (479, 489-492). Among tetracyclines with antitumor activities, 

tigecycline, doxycycline and CMT-3 are the most promising candidates for cancer 

treatment being the authors of several papers. Tigecycline has exerted an antitumor 

effect on pancreatic ductal adenocarcinoma and multiple myeloma through the inhibition 

of cell proliferation, migration and invasion (491, 493). Doxycycline has shown efficacy in 

the management of head and neck lymphangiomas in children (494), as well as in 

prostate cancer where it inhibits cell proliferation and metastasis (495, 496). Mechanisms 

by which tetracyclines are considered promising agents in the treatment of cancer are 

encompassed within their antiproliferative (497, 498), proapoptotic (499, 500), 

antimetastatic (501, 502)  and antiangiogenic effects (503, 504). 
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OBJECTIVES 

The symbiotic relationship between gut microbiota and host is a crucial component of 

human homeostasis, participating in metabolic, immunological and protective functions. 

In fact, it is well known that the host immune system can be modulated through intestinal 

microbiota in order to balance and resolve inflammation. Moreover, the restoration of gut 

microbiota composition when a dysbiosis situation occurs can result in the enhancement 

of gut barrier function and prevention of pathogen colonization, which can also contribute 

to the prevention and treatment of inflammatory-associated diseases, including obesity-

associated CRC. The modulation of the gut microbiota can be achieved by different 

interventional approaches, including the administration of prebiotics, probiotics or 

antibiotics. Consequently, a thorough study of how the modulation of gut microbiota 

influences the host response, inflammatory status and tumor development in obesity-

associated CRC can establish the basis for new therapies and innovative biomarkers in 

this important condition. Subsequently, the hypothesis proposed in this thesis have been: 

H1: Intestinal dysbiosis constitutes a risk factor in obesity-associated colorectal 

cancer. 

H2: The modulation of gut microbiota could be considered as an optimal 

therapeutic approach  in obesity-associated colorectal cancer. 

 

Obesity is one of the main health problems worldwide that is considered as a risk factor 

of several diseases, including CRC. Both diseases, obesity and CRC share altered 

cellular pathways and gut dysbiosis associated with the release of metabolites that 

promote the tumorigenesis process. Thus, intestinal microbiota could be considered as 

a target of action for the search of new effective and safe drugs against obesity and CRC. 

For that reason, the following objectives were established:  

 

1. To evaluate therapeutic strategies able to modulate the gut microbiota in the 

management of obesity. 

Since obesity constitutes a central process in the development of different conditions,  

the treatment of obesity could be considered a valid therapeutic strategy in the prevention 

of its associated diseases, including CRC, which are mainly responsible for the high 

morbidity and mortality in obese patients.  

In this scenario, plant extracts like those obtained from the leaves of Thymus serpyllum 

and Morus alba are considered prebiotics, which exert beneficial effects in the treatment 
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of diseases with an inflammatory component, being also characterized by a good safety 

profile given their traditional use since ancient times. 

To address the first objective of this Thesis, the antiobesity effects of leaves extracts from 

Thymus serpyllum and Morus alba were evaluated in a murine model of diet-induced 

obesity with special attention to the modulation of the microbiota activity exerted by both 

extracts. The following studies were carried out: 

- Evaluation and characterization of the effect of an extract of Thymus serpyllum 

leaves in a murine model of diet-induced obesity. 

- Evaluation and characterization of the effect of an extract of Morus alba leaves 

in a murine model of diet-induced obesity. 

  

2. To evaluate therapeutic strategies able to modulate the gut microbiota in the 

management of colorectal cancer.  

The antibiotic effect of tetracyclines can cause a crucial impact on gut microorganisms 

that are involved in CRC development, thus modulating the microbiota towards healthier 

profiles. Besides, tetracyclines have shown a wide range of pharmacological activities, 

including immunomodulatory properties, anti-metastatic and anti-angiogenic effects, as 

well as ability to modulate apoptosis and cell proliferation, that can reinforce their activity 

against CRC. Among tetracyclines, tigecycline is a third generation tetracycline and one 

of the most promising drugs due to its pharmacological features, including a broader 

antibiotic spectrum, a higher capacity to inhibit mitochondrial translation and to activate 

the integrated stress response in tumor cells, inducing their death, as well as a greater 

capacity to inhibit their migration.  

Therefore, the antibiotic properties of tigecycline together with the rest of properties 

described above, make this drug a good candidate to address the second objective of 

this thesis.  

 

To assess the ability of tigecycline to influence CRC, we studied the impact of the drug 

on the different hallmarks of the disease, including the gut dysbiosis. Firstly, we want to 

evaluate the anti-proliferative and proapoptotic capacities of tigecycline in vitro in colon 

cancer cell lines. Then, we aimed to characterize the effect of tigecycline in stemness 

properties of CRC in vitro and in vivo in a mouse xenograft tumor model. Lastly, the 

antitumor effect of tigecycline was evaluated in vivo in a murine model of CAC allowing 

us to approach the complexity of the disease from several points, including the role of the 

microbiota and immune response. In all cases, molecular mechanisms involved in 
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tigecycline effects were compared with those exerted by 5-FU, the drug of choice in CRC 

chemotherapy. The following studies were performed: 

 

- Evaluation and characterization of the antiproliferative and apoptotic effects of 

tigecycline in vitro 

- Evaluation tigecycline effect on colonospheres in vitro and in vivo in a mouse 

model xenotransplanted with colon CSCs. 

- Evaluation of the antitumor effect of tigecycline in an experimental model of CAC. 

 

3. To characterize the impact of obesity in the development of colorectal cancer: 

role of the intestinal microbiota as potential therapeutic target.  

It is well known that obesity is a risk factor for CRC development and that dysbiosis 

occurred in these pathologies could act as a link between both diseases. Therefore, the 

use of therapies that modulate the microbiota in obese individuals could be considered 

an optimal strategy for cancer prevention and treatment, once both comorbidities are 

present. In this sense, prebiotics such as Thymus serpyllum or Morus alba  or antibiotics 

like tigecycline may be promising candidates for the treatment of obesity and obesity-

associated CRC.  

 

To address the third objective of the present Thesis, we first evaluated the direct impact 

of adipocytes and adipose tissue-derived stem cells (ADSCs) on colon cancer cells 

proliferation in order to know the main mediators involved in the crosstalk between 

adipose tissue and tumor. Next, we studied the complex influence of obesity in CRC 

development in vivo, in a murine model of CAC-associated to obesity. Additionally, we 

tried to determine whether the antitumor effect observed for tigecycline in previous 

assays could also be extrapolated to this model and how this treatment interfered in the 

crosstalk between obesity and cancer. Briefly, the following studies were carried out: 

- In vitro evaluation of the impact of adipose cells-derived metabolites on colon 

cancer cells malignancy in a coculture model of HCT116 cells and adipocytes or 

ADSCs.   

- In vivo characterization of the effect of obesity on the CRC development, in a 

murine model of CAC-associated obesity, and evaluation of the impact of 

tigecycline on this association. 
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MATERIALS AND METHODS 

1. REAGENTS. 

All chemicals were obtained from Sigma-Aldrich (Madrid, Spain), unless otherwise 

stated.  

1.1. Thymus serpyllum plant extract 

The dried flower aerial parts of wild thyme (Thymus serpyllum), registered in the 

European Pharmacopoeia as Serpylli herba, was produced under good manufacturing 

conditions and provided by Finzelberg GmbH & Co KG (Andernach, Germany). The 

patented manufacturing process (EP2858655B1) is based on the complete removal of 

volatile oil substances, an exhaustive aqueous extraction and a gentle spray-drying 

process with the functional excipient Dextrin. The resulting extract is characterized by its 

standardization on 70% native extract (DER native 4-8:1) and 30% Dextrin. The chemical 

analysis revealed that it contains rosmarinic acid (1.8%, HPLC) and no essential oil < 

0.1% v/w (Destillation Ph.Eur.), as well as other polyphenols, mainly Luteolin derivatives 

(505). Moreover, the extract was free of common contaminants (pesticides, aflatoxins or 

heavy metals). 

1.2. Morus alba plant extract 

The Morus alba BGMU 050 10009 genotype, corresponding to the variety Italy, was 

provided by the Germplasm Bank of the Sericulture Program at the Instituto Murciano de 

Investigación y Desarrollo Agrario y Alimentario (IMIDA) (Murcia, Spain). The leaves 

were collected and used for the obtention of a dry extract that was chemically 

characterized as previously described by Ruiz-Malagón AJ. et al., (2020) (455). 

 

1.3. Tigecycline and 5-fluorouracil. 

Tigecycline (Tygacil®, Pfizer, New York, USA) and 5-FU (Accord Farma, Polanco, 

Mexico) were kindly provided by the pharmaceutical service of the Hospital Virgen de las 

Nieves (Granada, Spain). The doses of tigecycline used in vitro and in the animals 

models were chosen according to previous results of our group in colitis murine models 

whereas the doses of 5-FU for in vitro and in vivo assays were chosen based on 

previously published studies of efficacy and toxicity (506, 507).  
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2. IN VITRO EXPERIMENTS. 

2.1. DPPH Scavenging activity. 

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) test was performed to evaluate the free radical 

scavenging activity of the thyme extract (508). Briefly, Thymus serpyllum extract and the 

positive control ascorbic acid were dissolved in methanol to reach a range of 

concentrations 1.56-100 µg/mL. Then, 10 µL of each methanolic dilution was mixed with 

90 µL of phosphate buffer at pH = 7 and a 200 µL of a DPPH solution at 100 µM. The 

plate was protected for light and incubated for 30 min at 25 °C. After incubation, the 

scavenging activity of each compound was measured at 515 nm in a Magellan® Tecan 

Infinite F50 spectrophotometer. The percentage of radical DPPH scavenging activity (% 

RSA) was calculated for each concentration using the following equation (1): 

(1)   RSA (%) = [Abs Blank − Abs Sample)/Abs Blank] × 100 

 

where Abs Blank and Abs Sample are the absorbance values at 515 nm of the blank and 

samples, respectively. The blank absorbance value is the maximum and corresponds 

with the highest levels of DPPH radical. Then, the half maximal inhibitory concentration 

(IC50) value was calculated for each compound tested. 

2.2. Colon cell lines and culture. 

The human colon cancer cell lines HCT116 and Caco2 and the murine CMT93 cell line 

were obtained from the Cell Culture Unit of the University of Granada (Granada, Spain) 

whereas de NCM356 human colonic epithelial cells were kindly provided by Laura 

Medrano González and Ezra Aksoy (William Harvey Research Institute, Queen Mary 

University of London, London, UK). The HCT116 cell line consists of an adherent 

epithelial cell line from a male adult with colorectal carcinoma that is widely used in 

research due to its tumorigenic capacity. These cells have a mutation in KRAS oncogene 

and they are positive for TGFβ1 and TGFβ2. Moreover, they have active proliferation 

signaling pathways such as Wnt/β-catenin and are able to generate tumors in nude mice 

after being xenotransplanted (HCT116 ATCC®. Accessed on 16.2.2023. Available 

online: https://www.atcc.org/products/ccl-247) (509). Caco2 are epithelial adherents cells 

isolated from an adult male with colorectal adenocarcinoma able to generate tumors in 

nude mice. These cells express EGF and have the ability to form monolayers of 

differentiated cells (Caco2 ATCC®. Accessed on 16.2.2023. Available online: 

https://www.atcc.org/products/htb-37). CMT93 is an adherent cell line with epithelial 
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morphology that was isolated from the rectum of a C57BL/icrf mouse with polyploid 

carcinoma. Moreover, CMT93 cells are able to generate spheroids and tumors in nude 

mice inoculated subcutaneously (CMT93 ATCC®. Accessed on 16.2.2023. Available 

online: https://www.atcc.org/products/ccl-223). The NCM356 cell line is an adherent 

epithelial cell line obtained from the normal colon mucosa of a 65-year-old male. These 

cells are non-tumorigenic and express cytokeratins, villin and other colonic epithelial 

markers (510).  

All colon cell lines were maintained in Dulbecco’s modified Eagle's medium (DMEM) High 

Glucose supplemented with 10% of heat inactivated fetal bovine serum (FBS), 1% L-

glutamine, 1% penicillin/streptomycin and 1% amphotericin B (called 10% supplemented 

DMEM) at 37 ºC in a humidified atmosphere of 5% CO2. Culture media were changed 

every 48-72 h and once the cultured cells reached a maximum of 80-90% of confluence 

were divided or cryopreserved in freezing media (95% FBS, 5% DMSO). For these 

purposes, cells were washed with PBS 1x and detached from the flask surface with 

TrypLE (Cat.# 12604021). After 5 min at 37ºC, cells in suspension were neutralized with 

FBS containing media and centrifuged at 300 x g for 5 minutes at room temperature. 

Then, cells were counted with trypan blue and resuspended in culture media or freezing 

media at the desired concentration. All cell culture reagents were purchased from 

Gibco®-Invitrogen (Thermo Fisher Scientific, Waltham, MA, USA) unless otherwise 

indicated.  

For the evaluation of the impact of tigecycline on the Wnt/β-catenin pathway, HCT116 

were cultured for 24h in the presence of 100 ng/mL of Wnt3a and, simultaneously, with 

50 µM tigecycline or 50 µM 5-FU. Then, RNA and cytoplasmic and nuclear proteins were 

isolated for Taqman qPCR and Western blot, respectively, as will be described later.  

2.3. Adipose-derived cell lines and coculture. 

Human adipose-derived stem cells (ADSCs) were kindly provided by Francisco Javier 

Ruiz-Ojeda (University of Granada, Centre for Biomedical Research, E-18016, Granada, 

Spain). For adipogenic differentiation, 4000 cells/cm2 were seeded into 6-well plates. 

Cellular differentiation was induced using 10% supplemented DMEM plus 10 µg/mL 

insulin, 0.2 mM indomethacin, 2 µM dexamethasone and 50 µM 3-Isobutyl-1-

methylxanthine (IBMX). In parallel, cells maintained in 10% supplemented DMEM were 

used as negative differentiation controls. Culture medium was replaced every 3-4 days. 

After 4 weeks, cellular differentiation was assessed via morphological examination of the 

cellular accumulation of lipid droplets.  
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In order to investigate the effect of adipose-derived cells in the progression of colon 

cancer, HCT116 cells were cultured in a cell coculture model, in which 1x105 HCT116 

cells were cultured on transwell (ThinCerts™-6 well, Greiner bio-one, Madrid, Spain 

Cat.# 657641) of 0.4 μm pore size membrane (up chamber) and confluent ADSCs 

undifferentiated or differentiated (adipocytes) were cultured on the bottom chamber of 

the culturing well. Also, a negative control was included that consisted in HCT116 cells 

cultured on the surface of the transwell with no cells in the bottom chamber. Moreover, 

10% supplemented DMEM was used in this coculture system. After 48 h of incubation at 

37 ºC in a humidified atmosphere of 5% CO2, HCT116 cells were harvested, washed and 

used for protein extraction, as will be described later. 

2.4. Generating Colonospheres. 

The cell lines HCT116 and CMT93 were used to generate colonospheres following the 

patented protocol WO2016020572A1 (511). Primary colonospheres were maintained in 

DMEM/F-12 nutrient mixture without FBS and supplemented with 1 x B-27 (B-27™ 

Supplement (50x) Minus Vitamin A; Invitrogen), 4 ng/mL heparin, 10 µg/mL insulin 

(Insulin-Transferrin-Selenium [100x], Invtitrogen), 1 µg/mL hydrocortisone, 10 ng/mL of 

epidermal growth factor, 10 ng/mL fibroblast growth factor, 10 ng/mL interleukin 6 

(Miltenyi Biotec, Bergisch Gladbach, Germany, Cat.# 130-095-365) and 10 ng/mL 

hepatocellular growth factor (Miltenyi Biotec, Auburn, CA, USA, Cat.# 130-093-872). 

Secondary colonospheres were generated from the primary colonospheres. For this 

purpose, primary colonospheres were left with this enriched culture medium in Corning® 

Costar® ultra-low attachment plates for 72 h. Then, they were washed with PBS 1x  and 

disaggregated with TrypLE for 5 minutes at 37°C. Next, FBS containing media was used 

to neutralize the TrypLE enzyme activity and the cell suspension was washed to remove 

traces of the serum. Finally, single cells were resuspended in new low-attachment plates 

with the conditioned medium to generate the secondary colonospheres.  

2.5. Colonosphere-forming efficiency. 

Sphere forming efficiency (SFE) was evaluated as previously described by Cruz-Lozano, 

M. et al., (2018) (512). Briefly, primary spheres obtained after seeding 1000 cells/well in 

a 96-well ultra low attachment plate were maintained in DMEM/F-12 supplemented 

medium without FBS and treated with tigecycline at 25 µM or 50 µM for 48 h. Then, these 

primary spheres were washed with PBS 1x, dissociated with TrypLE and re-plated in a 

new 96-well ultra-low attachment plate at a density of 500 cells/well in DMEM/F-12 

supplemented medium without FBS. After 72 h of incubation at 37ºC and 5% CO2, 
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secondary colonospheres with a diameter greater than 50 µM were counted under an 

Olympus-CKX41 inverted microscope (Olympus Europa SE & Co. KG, Germany). SFE 

was calculated by dividing the number of secondary colonospheres by the number of 

cells seeded to obtain these secondary spheres.  

2.6. Cell proliferation assay 

HCT116 and NCM356 attached cells were treated with different doses of tigecycline (1 

µM - 75 µM) or 5-FU (5 µM - 100 µM) for 48 h (n=8). After that, cell viability was measured 

using a MTS assay according to the manufacturer’s instructions (CellTiter 96® AQueous 

One Solution Cell Proliferation Assay, Promega, Madison, USA, Cat.#G3582) 

To evaluate the proliferation rates of CSCs, secondary spheres derived from HCT116 

and CMT93 were treated with tigecycline (1 µM - 50  µM) for 48h (n=6). Then, cell viability 

was measured using the Cell Counting Kit-8 following the manufacturer protocol. 

2.7. Migration assay 

A wound healing assay was carried out in HCT116 cells in order to evaluate the impact 

of the tigecycline on cell migration. For this purpose, HCT116 were seeded in a 6-well 

plate and once they reached confluence, monolayers were scraped with a 200 µL pipette 

tip coupled to a vacuum system in order to generate a straight line wound. Then, cells 

were treated with tigecycline (25 µM and 50 µM) and photos of the scratches were taken 

at 0, 12, 24 and 48 h with an Olympus-CKX41 inverted microscope. The migration index 

was calculated based on the percentage of wound regeneration and considering 100% 

of migration the regeneration of the controls at 24 h.  

2.8. Colony formation assay 

HCT116, Caco2 and NCM356 cells were plated into 6-well plates at 200 cells/well for 

HCT116 and 400 cells/well for Caco-2 and NCM356. From the following day, fresh media 

supplemented with different doses of tigecycline (1 µM - 50 µM) or 5-FU (1 µM - 50 µM), 

were added every 48 h for 1 week. Then, culture medium was removed, the cells were 

fixed with absolute ethanol and the colonies were stained with 2.3% crystal violet and 

counted with Image J software after taking the images.  

To evaluate the impact of tigecycline on the clonogenicity of CSCs, a colony formation 

assay in soft agar was carried out as previously described by Griñán-Lisón C. et al., 

(2020) (513). Briefly, secondary colonospheres were treated with tigecycline at 25 µM or 

50 µM for 48h and then washed and disaggregated with TrypLE. The surface of a 6-well 

plate was covered with 1mL of 0.4% agar base layer diluted in supplemented DMEM 



 

- 61 - 
 

mixed with PBS (1:1 dilution). Then, 1x104 cells were seeded on top of 1 mL of 0.8% agar 

base layer. Cells were incubated for 28 days at 37ºC and 5% CO2 with supplemented 

DMEM and culture media were changed every 48 h. After this period, colonies were 

stained with 1 mg/mL of iodonitrotetrazolium chloride in PBS at 37ºC and 5 % of CO2 

overnight. Next, colonies were counted using a Leica DM5500 B fluorescence 

microscope equipped with Leica CW4000 software.  

Similarly, in an independent assay, cells were seeded in a 0.8% agar base layer as 

commented above and, after 24 h at 37ºC and 5 % of CO2 they started to be treated with 

tigecycline at 25 µM or 50 µM. The culture medium and the treatments were restored 

every 48 h. Also, after this period, colonies were stained and counted. The assays were 

conducted by duplicate in three independent experiments.  

In order to study the impact of the metabolites released by ADSCs and adipocytes on the 

proliferation of the HCT116 tumor cell line, conditioned media from these adipose cells 

were prepared. For this purpose, ADSCs and adipocytes were seeded in 6-well plates 

and once they reached confluence, the medium was replaced with fresh 10% 

supplemented DMEM and incubated for 24 h at 37ºC and 5% of CO2. Then, the 

conditioned medium was harvested, centrifuged at 500 x g and stored at -20 ºC in aliquots 

until use.  These conditioned media were used for performing a colony forming assay in 

HCT116 tumor cell line. For this purpose, HCT116 cells were seeded in 6-well plates 

(200 cells/well) and left in the incubator for 24 h at 37ºC and 5% of CO2 to adhere to the 

plate surface. Then, cells were cultured in control or conditioned media from ADSCs or 

adipocytes, both diluted 1:1 with fresh basal medium. The culture media were changed 

every 48 h for 2 weeks and then, cells were washed, fixed with absolute ethanol and the 

colonies were stained with 2.3% crystal violet and counted with Image J software after 

taking the images.  

2.9. Annexin V (ANXV) and propidium iodide (PI) assay. 

Apoptosis and necrosis were evaluated by flow cytometry using FITC ANXV apoptosis 

detection kit with PI (Immunostep, Salamanca, Spain, Cat.# ANXVF-200T). For this 

purpose, HCT116 attached cells were treated with different concentrations of tigecycline 

(1 µM - 50 µM) for 48 h (n=5). Then, attached cells and those present in the supernatant 

were collected, washed with cold PBS and stained with FITC-ANXV and PI. Labeled cells 

were acquired on a BD FACsAria Illu cell CAC sorter (BD Biosciences, Becton, Dickinson 

and Company, Franklin Lakes, NY, USA) and data were analyzed using the FlowJo 

v10.6.2 software (FlowJo LLC, Ashland, OR, USA).  
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To study the impact of tigecycline on CSCs, secondary colonospheres derived from 

HCT116 and CMT93 were treated with tigecycline at 25 µM or 50 µM for 72 h (n = 4) and 

then they were harvested, washed dissociated with TrypLE, stained with FITC-ANXV and 

PI and analyzed with FACsAria Illu Cell CAC sorter, as commented above. 

2.10. TUNEL assay. 

In order to confirm the apoptotic capacity of the treatments, the Terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) assay was carried out in HCT116 cells 

treated with tigecycline (25 µM and 50 µM) or 5-FU (50 µM) for 48 h (n = 3). After the 

treatment, attached cells and those present in the supernatant were collected, washed 

and fixed in PFA 4%. Fixed cells were subjected to cytospin for being attached in slides. 

The TUNEL assay kit - HRP DAB was used for the staining following the manufacturer’s 

protocol (Abcam, Cambridge, UK, Cat.# ab206386). Images were taken from three 

random sites on the same slide and ImageJ software was used for counting positive 

nuclei.  

2.11. CSCs characterization by FACS. 

ALDH1 activity was analyzed with the ALDFLUOR™ kit assay following the 

manufacturer’s instructions (StemCell Technologies, Vancouver, Canada. Cat.# 01700) 

and cells were acquired on a BD FACsAria Illu cell CAC sorter (BD Biosciences, Becton, 

Dickinson and Company, Franklin Lakes, NY, USA). This assay is based on BODIPY-

aminoacetaldehy reaction, which is a fluorescent substrate converted into  BODIPY-

aminoacetate by ALDH1 enzyme and then retained inside the cell. N,N-

diethylaminobenzaldehyde (DEAB), a specific inhibitor of ALDH1, was used as control. 

To perform the assay, 1x106 HCT116 and CMT93 cells derived from secondary 

colonospheres were treated with tigecycline 25 µM and 50 µM for 72 h, resuspended in 

the ALDEFLUOR™ kit buffer and incubated with ALDH1 substrate for 60 min in the dark 

at 37ºC and 5% of CO2 (n = 4). Negative controls were simultaneously treated with DEAB. 

Next, cells were centrifuged at 1500 rpm 5 minutes at 4ºC, resuspended in a cold buffer 

and analyzed by FACS.  

To further characterize the impact of tigecycline on CSC populations, HCT116 and 

CMT93 secondary colonospheres were treated with tigecycline at 25 µM and 50 µM for 

72 h at 37ºC and 5 % of CO2. Then, these spheres were harvested, washed and 

dissociated with TrypLE for 5 min at 37ºC and 5 % of CO2. Next, cells were counted and 

5x105 cells were stained for 30 min at 4ºC with anti-human CD133-FITC (Miltenyi Biotec, 

Auburn, CA, USA, Cat.# 130-113-673) and anti-human CD44-APC (Miltenyi Biotec, 
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Auburn, CA, USA, Cat.# 130-113-893) antibodies for HCT116; and anti-mouse CD133-

BV421 (BioLegend, San Diego, CA, USA. Cat.# 141213), anti-mouse CD44-PECy7 

(BioLegend, San Diego, CA, USA. Cat.# 103029) and anti-mouse LGR5-PE (Miltenyi 

Biotec, Auburn, CA, USA. Cat.# 130-111-201) antibodies for CMT93 cells. Antibodies 

were diluted in the FACS buffer (0.1% Bovine Serum Albumin (BSA) and 2 mM EDTA) 

and fluorescence minus one (FMO) controls were also stained. Compensation controls 

were prepared using OneComp eBeads™ (eBioscience, San Diego, CA, USA). Data 

were acquired using either the BD FACSCantoTM II flow cytometer or BD FACSAriaTM 

IIIu cell sorter (BD Biosciences, San Diego, CA, USA) and analyzed using the Flowjo 

v10.6.2 software (FlowJo LLC, Ashland, OR, USA). 

2.12. Immunocytochemistry. 

HCT116 cells were seeded in a sterile slide with a removable 8 well silicone chamber for 

cell culture and immunofluorescence staining (Ibidi GmbH, Gräfelfing, Germany). When 

cells reached a 60-70% confluence the medium was removed and they were treated with 

tigecycline at 25 µM and 5-FU at 50 µM for 48h at 37ºC and 5% of CO2. Then, the medium 

was removed, cells were washed with cold PBS and fixed with 4% paraformaldehyde 

(PFA) in PBS at pH 7.4 and washed three times with PBS. Permeabilization and blocking 

were carried out for 1 h at room temperature with saponin solution (0,1% saponin, 0,05% 

sodium azide in PBS) and 1% of BSA. Then cells were incubated with the primary 

conjugated anti-Ki67-AlexaFluor488 antibody (ThermoFisher Scientific, Waltham, MA, 

USA. Cat.# 11-5698-82. 1:100 dilution in blocking buffer) at 4ºC overnight. Nuclei were 

stained with Hoechst 33342 (Invitrogen, ThermoFisher Scientific). Images were acquired 

with a fluorescence microscope Leica DM5500B (Centre for Scientific Instrumentation, 

University of Granada) and then analyzed with ImageJ Software that allows the counting 

of Ki67 positive nuclei and measuring the fluorescence intensity of the labeling with Ki67 

antibody. Images were taken from three random sites on the same slide and the 

experiment was conducted in triplicate.  

 

2.13. Analysis of gene expression profile in HCT116 cell monolayer 

and secondary spheroids. 

To evaluate the impact of the treatments on the gene expression of several mediators 

involved in apoptosis, proliferation, stemness and angiogenesis, total RNA was isolated 

from attached HCT116 cells after being treated with 25 µM of tigecycline and 50 µM of 

5-FU for 24h. For total RNA isolation Maxwell® 16 Total RNA Purification Kit (Promega, 
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Madison, Wisconsin, United States) with DNase treatment was used following the 

manufacturer’s recommendations. RNA was then quantified using NanoDrop™2000 

(ThermoFisher Scientific, Waltham, MA, USA) and reverse transcribed using the High-

Capacity cDNA reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA; 

Thermo Fisher Scientific) following the manufacturer’s instructions. 12.5 ng/mL of cDNA 

was used for qPCR analysis. qPCR was performed using FAST qPCR Master Mix and 

predesigned TaqMan assays (ThermoFisher Scientific, Waltham, MA, USA): human 

MYC (Hs00153408_m1), human AXIN2 (Hs00610344_m1) and Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (4326317E). 

Secondary colonospheres derived from HCT116 were treated with tigecycline 25 µM or 

50 µM for 6 h and total RNA was then extracted using cold NucleoZOL (Macherey-Nagel, 

Düren, Germany, Cat.#740404.200) following the manufacturer’s indications, followed by 

standard phenol/chloroform isolation. Then, RNA was quantified in a NanoDrop™2000 

and 3 μg of total RNA was reverse transcribed into complementary DNA (cDNA) using 

the M-MLV reverse transcriptase (Cat.# M1705), oligo (dT) primers (Cat.# C110A), 

RNasin® ribonuclease inhibitor (Cat.# N2511) and a 10 mM dNTP mix (all from Promega, 

Madison, WI, USA) following the manufacturer’s indications. Next, cDNA samples were 

stored at -20ºC until further use. MasterMix qPCR SyGreen kit (PCR Biosystems Ltd, 

London, UK) was used for carrying out qPCRs of different genes. This MasterMix 

employs SYBR green as reported. Each reaction was performed in optical-grade 48-well 

plates, employing an Eco™ Real-Time PCR thermocycler (Illumina, San Diego, CA, 

USA). Results were normalized to the expression of GAPDH transcripts. Relative 

expression levels were calculated according to the 2–ΔΔCt method, and samples were 

measured in triplicate. Specific primer sequences are presented in Table 3.  

 

2.1. Analysis of protein expression in HCT116 and CMT93 cell 

lines. 

For evaluating the levels of selected proteins in attached HCT116 cells, these were 

treated with tigecycline (25 µM or 50 µM) and 5-FU (50 µM) for 48 h (n=3). Similarly, 

secondary spheroids obtained from HCT116 and CMT93 cell lines were treated with 

tigecycline at 25 µM or 50 µM for 48 h (n=3). In both cases, cells in the supernatant and 
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Gene 

name 

Primer sequence 5’→3’ Species Annealing 

T (⁰C) 

RefSeq 

accesion 

number 

Gapdh FW 5′- CCATCACCATCTTCCAGGAG 

RV 5′- CCTGCTTCACCACCTTCTTG 
Mouse/Human 60 NM_001289726.1 

CDH1 
FW 5'-TACATCTCCCTTCACAGC 

RV 5'-ATAGATTCTTGGGTTGGGTC 
Human 55 

NM_004360.5 

SNAI1 
FW 5'-TGCCCTCAAGATGCACATCCGA 

RV 5'-GGGACAGGAGAAGGGCTTCTC 
Human 55 

NM_005985.4 

CD44 
FW 5'- GTGATGGCACCCGCTATGTC 

RV 5'- AACCTCCTGAAGTGCTGCTCC 
Human 55 

NM_001202555.2 

NOTCH2 
FW 5'-GGGACCCTGTCATACCCTCT 

RV 5'-GAGCCATGCTTACGCTTTCG 
Human 55 

NM_024408.4 

SOX2 
FW 5'- GCTACAGCATGATGCAGGACCA 

RV 5'- TCTGAGAGCTGGTCATGGAGTT 
Human 55 

NG_101211.1 

NANOG 
FW 5'-TCCTGAACCTCAGCTACAAAC 

RV 5'-GCGTCACACCATTGCTATTC 
Human 55 

NM_001355281.2 

CDH2 
FW 5'- GTTTTATGGTGAAGTTCCTGAG 

RV 5'- TATGGGGTTGATCCTTATCG 
Human 55 

NM_001792.5 

CTNNB1 
FW 5'- CTTGGAATGAGACTGCTG- 

RV 5'- AGAGTGAAAAGAACGATAGC 
Human 55 

XM_047447477.1 

Tnfa FW 5′- AACTAGTGGTGCCAGCCGAT 

RV 5′- CTTCACAGAGCAATGACTCC 
Mouse 56 NM_001278601.1 

Il6 FW 5′- TAGTCCTTCCTACCCCAATTTCC 

RV 5′- TTGGTCCTTAGCCACTCCTTC 
Mouse 60 NM_031168.2 

Il17a FW 5'- TCCAGAAGGCCCTCAGACTA 

RV 5'- AGCATCTTCTCGACCCTGAA 
Mouse 59 NM_010552.3 

Il23a FW 5'- AATCTCTGCATGCTAGCCTG 

RV 5'- AGTTGGCTGAGTCCTAGTAG 
Mouse 55 NM_031252.2 

Ccnd1 FW 5'- AACACTTCCTCTCCAAAATG 

RV 5'- GAACTTCACATCTGTGGC 
Mouse 55 NM_001379248.1 

Angpt2 FW 5'- CAACTACAGGATTCACCTTAC 

RV 5'- GTACTGTGCATTCAAGTTGG 
Mouse 55 NM_007426.4 

Mmp9 FW 5'- TGGGGGGCAACTCGGC 

RV 5'- GGAATGATCTAAGCCCAG 
Mouse 59 NM_013599 

Table 3. RT-qPCR primer sequences and associated RefSeq accession numbers 
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those attached were subjected to protein extraction with RIPA buffer (Cat.# R0278) mixed 

with a cocktail of proteases and phosphatases inhibitors (aprotinin, leupeptin, 

dithiothreitol, sodium orthovanadate, phenylmethanesulfonyl fluoride, iodoacetamide, 

sodium fluoride and sodium molybdate) (Sigma-Aldrich, Madrid, Spain) following the 

manufacturer’s instructions. 

For nucleus fractionation, Abcam protocol (Accessed 17/02/2023. Available online: 

https://www.abcam.com/ps/pdf/protocols/Nuclear%20fractionation%20protocol.pdf) was 

followed. Briefly, after 48 h of treatment, supernatant was removed and cells were 

scratched in the presence of NP-40 lysis buffer composed of HEPES, MgCl2, KCl, 1,4-

Dithiothreitol (DTT) and NP-40. Then, cells were rested on ice for 30 minutes and 

centrifuged at 3000 rpm for 10 min at 4 ºC. Cytoplasmic proteins remained in the 

supernatant and the pellet was lysed with a buffer composed of HEPES, MgCl2, EDTA, 

DTT, glycerol and NaCl. Sonicator was used for proper homogenization and samples 

were centrifuged at 17000 G after being rested on ice for 30 minutes. The lysate 

contained the nuclear fraction.  

Once the proteins were extracted, the total amount of these were quantified by 

bicinchoninic acid (BCA) (Cat.# D8284) method described by Smith et al., (1985) (514). 

Then, 40-60 µg of protein were heated at 96 °C for 5 minutes in a 4x Laemmli sample 

buffer (Bio-Rad, California, USA) mixed with 10% of β-mercaptoethanol. Proteins were 

separated on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE, 

6-12% polyacrylamide under reducing conditions) and electro-transferred to a PVDF 

membrane (Cat.# IPVH00010). Membranes were blocked with 3% BSA or 5% non-fat 

dry milk in PBS plus 0.1% Tween 20 according to the manufacturer instructions for each 

antibody. The utilized primary antibodies were incubated at 4°C overnight and are 

included in Table 4. We also used anti-mouse IgG (1:3000 dilution, Cat.# 7076 [Cell 

signaling]) and anti-rabbit IgG (1:5000 dilution, Cat.#A9169) HRP-conjugated secondary 

antibodies for 1 h of incubation at room temperature. Finally, selected proteins were 

detected with the Western Lightning™ Chemiluminescence Reagent Plus (PerkinElmer 

Spain SL). Signal acquisition was performed using a LAS-4000 image system (Fujifilm, 

Life Science, Cambridge, MA, USA) or a ChemiDoc image system (Bio-Rad). Control of 

protein loading and transfer was conducted by detection of β-actin (ACTB) levels for 

cytoplasmic proteins, and β1-laminin (LMNB1) for nuclear proteins. The quantification of 

bands was performed by densitometric analysis using ImageJ software (Free Software 

Foundation Inc). Antibodies were used following the manufacturer’s indications and are 

presented in Table 4. 
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Antibody Reference Company 

Anti-phospho AMPKα 4188 Cell signaling 

Anti-AMPKα 2532 Cell signaling 

Anti-phospho MAPK(p38) 9211 Cell signaling 

Anti-MAPK(p38) 9212 Cell signaling 

Anti-UCP1 sc-293418 Santa Cruz 

Anti-COX2 12282 Cell signaling 

Anti-phospho-AKT 9271 Cell signaling 

Anti-AKT 9272 Cell signaling 

Anti-IL6 12912 Cell signaling 

Anti-CTNNB1 9587S Cell signaling 

Anti-phospho-CTNNB1 9566S Cell signaling 

Anti-MYC sc-40 Santa Cruz 

Anti-LMNB1 12586S Cell signaling 

Anti-ACTB sc-47778 Santa Cruz 

Anti-STAT3 9139 Cell signaling 

Anti-phospho-STAT3 9131 Cell signaling 

Anti-CASP8 sc-81656 Santa Cruz 

Anti-BID 2002 Cell signaling 

Anti-CASP9 sc-56076 Santa Cruz 

Anti-CASP7 9492 Cell signaling 

Anti-CASP3 9661S Cell signaling 

Anti-PARP1 9542S Cell signaling 

Anti-BAX sc-7480 Santa Cruz 

Anti-BCL2 sc-7382 Santa Cruz 

Anti-Cytocrhome C oxidase 4280 Cell signaling 

Anti-TP53 sc-126 Santa Cruz 

Anti-BIM 2933s Cell signaling 

Anti-ATF6 IMG-273 LuBioScience 

Anti-HSPA5 3177S Cell signaling 

Anti-DDTI3 2895S Cell signaling 

Anti-phospho-JNK/SAPK 9251S Cell signaling 

Anti-JNK/SAPK 9252S Cell signaling 

Anti-phospho-JUN 2361S Cell signaling 

Anti-JUN 9165S Cell signaling 

Anti-SNAI1 sc-271977 Santa Cruz 

Anti-CDH1 sc-21791 Santa Cruz 

Table 4. Primary antibodies used in Western Blot assays. 
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3. IN VIVO STUDIES 

All studies were carried out in accordance with the “Guide for the Care and Use of 

Laboratory Animals” as promulgated by the National Institute of Health and the protocols 

approved by the Ethic Committee of Laboratory Animals of the University of Granada 

(Spain) (Ref. No. 28/03/2016/030 and 23/10/2019/174). The experimental procedures 

were performed in accordance with the ARRIVE guidelines (515, 516). All the animals 

were housed in makrolon cages, maintained in an air-conditioned atmosphere with a 12 

hour light-dark cycle and provided with free access to tap water and food.  

3.1. High fat diet induced obesity model  

Male C57BL/6J mice (7–9 weeks old) were obtained from Charles River Laboratories 

(Lyon, France) and fed with either a standard chow diet (13% calories from fat, 20% 

calories from protein, and 67 % calories from carbohydrates) (Global diet 2014; Harlan 

Laboratories, Barcelona, Spain) or a HFD with 60 % of its caloric content derived from 

fat (Purified diet 230 HF; Scientific Animal Food & Engineering, Augy, France). Then, two 

independent assays were performed to separately evaluate the activity of both plant 

extracts Thymus serpyllum and Morus alba.  

In the first one, mice were randomly assigned to different groups (n = 10): control SD, 

control diet treated with thyme extract (150 mg/kg), obese (HFD) and three obese groups 

treated with different doses of the thyme extract (50, 100 and 150 mg/kg). The selection 

of these extract doses were made based on previous results obtained in our research 

group (465). 

In the second one, mice were randomly divided into four groups (n = 10): control SD, 

control obese (HFD) and two obese groups treated with metformin (250 mg/kg) or Morus 

alba leaf extract (10 mg/kg). The selection of this extract dose and metformin dose were 

made based on previous results obtained in our research group (455, 517). 

The administration of the extracts and metformin (dissolved in 0.1 mL of sterile water) 

was performed daily by oral gavage from the beginning of the experiment. The control 

groups received daily the same volume of the vehicle used to administer the extract. The 

treatments were followed for 10 weeks and animal body weight as well as food and water 

intakes were regularly measured twice a week. Energy efficiency was calculated as the 

ratio of weight gain (g) to caloric intake (Kcal). After mice were sacrificed by cervical 

dislocation, liver and abdominal, epididymal and scapular brown fat were collected, 

cleaned, and weighed. Liver and fat weight indices were calculated by dividing their 
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weights (g) by tibia length (cm). The samples were then frozen in liquid nitrogen and 

stored at -80 ºC until further analysis. 

3.2. Colitis-associated colorectal cancer model 

Female C57BL/6 mice (7–9 weeks old) (Charles River Laboratories, Lyon, France) were 

subjected to a process of CAC induction by administering one intraperitoneal initial dose 

of AOM at 10 mg/kg followed by three cycles of DSS (36-50 KDa, MP Biomedicals, Illkirch 

Cedex, France) added in the drinking water. Each DSS cycle consisted of 2% DSS for 1 

week followed by a recovery period of 2 weeks with normal drinking water. Mice were 

divided into five groups (n = 10): healthy control, CAC control, and three CAC groups 

treated daily with tigecycline 25 mg/kg or tigecycline 50 mg/kg by oral gavage or every 

three days with 5-FU 15 mg/kg intraperitoneally. The treatment started 50 days after the 

beginning of the assay, on the day of initiation of the third cycle of DSS, and lasted for 7 

weeks. The control groups received PBS following the same protocol.  

On the day of the mice sacrifice, spleen, mesenteric lymph nodes (MLNs) and colon were 

aseptically excised, rinsed with PBS and weighed. The colon length was also measured 

under a constant load (2 g). Then, bowels were open longitudinally along the 

antimesenteric border, trying to avoid cutting through the tumor. Macroscopic tumors 

were counted, and images were acquired for measuring the size of each tumor with the 

ImageJ software (Free Software Foundation Inc). Colon samples were taken for RT-

qPCR, Western blot, flow cytometry and fixed for histological studies.  

3.3. Tumor xenograft model. 

HCT116 secondary colonospheres-derived cells were xenotransplanted into 8-week-old  

NOD scid mice gamma (NSG). Two different assays were performed. In the first one, 

secondary colonospheres were treated with tigecycline 50 µM for 48 h, counted and then 

subcutaneously inoculated in the left flank of NSG mice (n = 8). The same number of 

untreated cells (60.000 cells) derived from these secondary colonospheres were injected 

into the right flank of the same mice to compare the tumor evolution in both conditions. 

In the second assay, untreated cells derived from secondary colonospheres (60.000 

cells) were subcutaneously injected in the right flank of NSG mice and then randomly 

divided into three different experimental groups (n = 8): a control untreated group and 

two groups of mice treated with two doses of tigecycline (25 mg/kg/day and 50 

mg/kg/day). Mice started to be treated 2 weeks after cell injection and they were treated 

for 3 weeks by oral gavage. Cells were injected in both assays in 0.05 mL matrigel and 
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0.05 mL supplemented DMEM without FBS. Moreover, tumor growth was assessed twice 

weekly using a caliper and the tumor volume was calculated by the following formula (2): 

(2)    V = length2 x width x π/6 

 

At the end of the assay, control mice and those orally treated with tigecycline 50 mg/kg 

(n = 3-4) were intravenously injected with 100 µL of  2-deoxyglucose marked with a 

fluorescent probe (Xenolight, PerkinElmer, Waltham, Massachusetts, USA, Cat.# 

760561) and after 3 hours, animals were observed under the image in vivo system IVIS 

Spectrum (Caliper Life Sciences, Perkinelmer, Waltham, Massachusetts, USA) 

(Excitation: 745 nm and Emission: 820 nm). Images were taken and the intensity of 

fluorescence was measured with the IVIS software.  

After mice sacrifice, tumors were weighed and samples were taken and stored for further 

expression, Western blot and histological analysis. 

3.4. Obesity-associated colorectal cancer model. 

Eight-week-old female C57BL/6 mice (Charles River Laboratories, Lyon, France) were 

fed using SD and HFD described above (section 3.1) for 10 weeks.  Then, CAC was 

induced in all mice as commented above, in section 3.2. At the beginning of the third 

cycle of DSS, HFD-fed mice were randomly divided into two groups, one of them was 

used as HFD control and the other was treated with tigecycline at 25 mg/kg. Therefore, 

the following groups of mice were used in this study (n = 7): control SD with CAC, control 

HFD with CAC and a group of HFD mice with CAC and treated daily with tigecycline (25 

mg/kg) for 7 weeks. The control groups received PBS following the same protocol. 

On the day of the mice sacrifice, colons were harvested, rinsed with PBS, and the weight 

and length were measured. As commented in section 3.2., colons were open 

longitudinally and the number and size of tumors were analyzed with ImageJ software 

(Free Software Foundation Inc). Additionally, samples of inguinal fat were taken from 

each mice and together with colon specimens were stored until further analysis.  

3.5. Disease activity index evaluation in AOM/DSS models. 

The severity of the colitis in both AOM/DSS models was macroscopically evaluated by 

the disease activity index (DAI) score in each DSS cycle by a blind observer. The DAI 

(scale 0-4) was determined by considering the weight loss, stool consistency and the 

presence of fecal blood according to the criteria previously described (477) and indicated 

in Table 5. 
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Score Weight loss Stool consistency Rectal bleeding 

0 None Normal None 

1 1-5% Mucous traces Perianal blood traces 

2 5-10% Loose stools Blood traces on stools 

3 10-20% Diarrhoea Bleeding 

4 >20% Gross diarrhoea Gross bleeding 

Table 5. DAI value is the media of weight loss, stool consistency and bleeding 

scores 

3.6. Colonoscopy 

Day before the euthanasia in the AOM/DSS study, both tumor number and size was 

assessed via colonoscopy. Moreover, the tumor score was obtained according to the size 

of the tumor as previously described by Becker C et al., (518) by a blind observer. For 

the colonoscopy, mice were fasted for 12 hours and anesthetized with isoflurane (IsoVet, 

BBraun, Barcelona, Spain). Then, the Coloview Mini Endoscopic System (Karl Storz, 

Tuttlingen, Germany) connected to an air pump was inserted into the mouse colon and 

videos were acquired for evaluating the tumor score. 

3.7. Glucose tolerance test. 

Those mice used to develop the HFD induced obesity model and the obesity-associated 

CRC model were subjected to a glucose tolerance test one week before the end of the 

experiment. For this purpose, mice fasted for 6 h and were given a 2 g/kg of body weight 

glucose solution by intraperitoneal injection. Blood was collected from the tail vein at 0, 

15, 30, 60 and 120 min after injection. A handheld glucometer (Contour XT, Ascensia 

Diabetes Care, S.L., Barcelona, Spain) was used to determine glucose levels. 

3.8. Plasma determinations. 

At the end of the treatment, mice were fasted overnight and sacrificed under isoflurane 

anesthesia. Blood samples were collected by cardiac puncture in tubes containing 

heparin, centrifuged for 20 min at 5000× g at 4 ºC and the plasma frozen at −80 ºC. 

Plasma glucose, insulin, LDL (low-density lipoprotein)-cholesterol and HDL (high-density 

lipoprotein)-cholesterol concentrations were measured by colorimetric methods using 

Spinreact kits (Spinreact, S.A., Girona, Spain). The Insulin Resistance Index was 

calculated according to the homeostatic model of insulin resistance (HOMA-IR) using the 

following formula (3):  

(3)   HOMA-IR = Fasting Glucose (mM) × (Fasting Insulin (µunits/mL)/22.5) 
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Moreover, plasma levels of LPS were measured using a Pierce™ Chromogenic 

Endotoxin Quant Kit (Thermo Scientific, Inc.,Waltham, MA, USA, Cat.# PIA39552) 

following manufacturer’s instructions. 

3.9. Histological studies. 

Histological studies were carried out in different samples: (1) colonic longitudinal sections 

for swiss roll technique; (2) colon cross sections taken 1 cm from the rectum; (3) liver; (4) 

epididymal adipose tissue and (4) tumor sections. Regardless of source, these sections 

were fixed in 4% PFA for 24 h and embedded in paraffin. Depending on the further 

application, tissues were then dehydrated in distinct solutions. 

- Increasing concentrations of ethanol (70%, 85%, 95% and 100%) followed by 

paraffin embedding and trimming in 5 μm sections for haematoxylin and eosin 

staining. 

- Increasing concentrations of sucrose (15% and 30%) followed by OCT (Tissue-

Tek® O.C.T. Compound, Sakura® Finetek, Torence, CA, USA) embedding, 

frozen with isopentane at -40 ºC and trimming in a cryostat in 8 μm sections for 

oil red staining and immunofluorescence experiments.  

A pathohistological evaluation was performed by an independent pathologist. Thus, the 

histological index was calculated based on macroscopically visible damage (normal 

mucosa, adenoma, adenocarcinoma, invasive adenocarcinoma) as previously described 

by Yang et al., (2022) (421). Moreover, adipocyte size was measured in adipose tissue 

sections using Fiji imaging software with the Adiposoft v1.16 plugin. 

3.9.1. Haematoxylin and eosin staining. 

Sectioned paraffin samples (colon, liver, adipose tissue and tumors) were deparaffinized 

by immersing them two times in xylene (20 minutes/each) and rehydrated with 

decreasing concentrations of ethanol (100%, 96%, 80%, 70% 50%, dH2O and tap water) 

for 10 minutes/each. For colon samples, first, histochemical staining of mucins was 

performed using 1% of alcian blue and 3% of acetic acid (in 70% ethanol) for 30 minutes. 

Next, running tap water was used to remove the excess staining and conventional 

haematoxylin and eosin staining was performed. Briefly, slides were immersed for 1 

minute in undiluted Harris Haematoxylin (Casa Álvarez, Cat.# 10-2332) and treated with 

3% acetic acid for differentiation and bluing. Then, slides were dipped in 0.5% eosin 

(Casa Álvarez, Cat.# 10-3002) for 30 seconds, dehydrated in increasing concentrations 

of ethanol and clarified in xylene before being mounted with DPX media (Casa Álvarez, 

Cat.# 10-3500). Images were taken from three random sites on the same slide under a 
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light microscope (Carl Zeiss Primo Star, Oberkochen, Germany) from the Centre for  

Scientific Instrumentation, University of Granada.  

3.9.2. Oil red staining  

Cryosections were rinsed with 2-propanol at 60% in distilled water for 20 seconds and 

stained with freshly prepared Oil Red O working solution (0.5 g Oil Red O powder (Cat.# 

O0625), 60% 2-propanol in dH2O, boiled and filtered) for 20 minutes. Then, samples were 

immersed in 2-propanol 60% for 40 seconds and washed in dH2O. Finally, slides were 

mounted with aqueous mounting medium (100 mL dH2O, 100 g glycerol, 17 g gelatin and 

1 g phenol). Images were taken from three random sites on the same slide under a light 

microscope (Carl Zeiss Primo Star, Oberkochen, Germany) from the Centre for Scientific 

Instrumentation, University of Granada.  

3.9.3. Immunofluorescence. 

Cryosections of PFA-fixed OCT-included colonic tissue were used for 

immunofluorescence assays. For this purpose, slides were brought to room temperature 

for 10 minutes and then OCT was carefully removed from the tissue surroundings. An 

hydrophobic pen (Cat.# Z377821) was used to delimit the staining area. These slides 

were then used for different purposes: 

3.9.3.1. Assessment of cell proliferation by Ki67 staining 

In order to evaluate the cell proliferation levels in colonic specimens, delimited 

cryosections were hydrated with PBS 1x for 10 min at room temperature. Then, 

permeabilization, blocking and staining with anti-Ki67-AlexaFluor488 and Hoechst 33342 

steps were achieved as detailed in 2.12. section. Mouse colonic images were taken on a 

confocal laser microscope ZEISS LSM900 of the Unit of Optical Microscopy and Cellular 

Imaging of the ibs.GRANADA. Samples were excited with the 405-nm solid-state laser 

for visualization of Hoeschst labeling and the 488-nm laser for AF488 labeling. Images 

were captured using a 20x dry objective with a numerical aperture of 0.8 and analyzed 

with ImageJ Software that allows the counting of Ki-67 (marker of proliferation Ki-67) 

positive nuclei and measuring the fluorescence intensity of the labeling with anti-KI67 

antibody.  

3.9.3.2. Assessment of apoptosis by TUNEL assay 

Apoptosis in colonic sections was evaluated using the DeadEnd Fluorometric TUNEL 

system (Promega, Madison, Wisconsin, USA, Cat.# 3250) following the manufacturer’s 
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indications. Briefly, after tissue delimitation with the hydrophobic pen, samples were 

hydrated with PBS 1x for 10 minutes at room temperature. Then, tissue permeabilization 

was carried out with proteinase K (20 µg/mL). After 10 minutes, samples were washed 

and equilibrated for 10 minutes with equilibration buffer (200 mM dimethylarsinic acid, 25 

mM Tris-HCl, 0.2 mM DTT, 0.25 mg/ml BSA and 2.5 mM cobalt chloride). Then, slides 

were incubated with the terminal deoxynucleotidyl transferase (rTdT) enzyme for 1 hour 

at 37ºC in presence of the equilibration buffer and a nucleotide mix fluorescently labeled. 

Negative controls were incubated without the rTdT enzyme. Finally, colonic sections were 

washed with 2x saline sodium citrate buffer and PBS 1x. Hoechst 33342 (Invitrogen, 

ThermoFisher Scientific, Waltham, MA, USA) was used to stain the nuclei, and the 

images were acquired with a Leica DM5500B fluorescence microscope (Leica Camera 

AG, Wetzlar, Germany) (Centre  for  Scientific  Instrumentation,  University  of  Granada).  

Acquisition of green channel (positive signals) was performed using the 470 nm excitation 

laser. Images were taken from three random sites on the same slide and ImageJ software 

(Free Software Foundation Inc) was used for counting positive nuclei. 

3.10. Protein extraction and quantification, Western blot analysis 

and TBARS. 

Colonic, liver, adipose tissue and tumor samples were weighed and suspended in a lysis 

buffer (1:5 w/v) containing 20 mM of HEPES (pH 7.5), 10 mM EGTA, 40 mM β-

glycerophosphate, 2.5 mM MgCl2, 1% Igepal®, protease inhibitors – 1mM DTT, 2 μg/mL 

aprotinin (Cat.# A1153), 5 μg/mL leupeptin (Cat.# L9783), 1 mM phenylmethylsulfonyl 

Fluoride (PMSF) (Cat.# P7626), 1 μg/mL iodoacetamide (Cat.# I6125) – and 

phosphatase inhibitors – 2 mM sodium orthovanadate (Cat.# S6508), 5 mM sodium 

fluoride (Cat.# S1504) and 1 mM sodium molybdate (Cat.# 331058). Lysis was performed 

for 2 hours in a tube rotator at 4ºC. Next, lysates were stored at -80ºC until further use. 

Subsequently, samples were defrosted and centrifuged at 10.000xg for 15 minutes at 

4ºC. Supernatants were collected and the concentration of protein was measured with 

the BCA method and used for Western blot analysis as previously described at 2.14. 

section, using the antibodies presented in Table 4. 

Liver and colonic lysates from mice were used to determine the lipid oxidation by 

measuring the amount of thiobarbituric acid reactive substances (TBARS) (519). Briefly, 

the malondialdehyde (MDA) resulting from lipid peroxidation reacts with the thiobarbituric 

acid (TBA) dissolved in dimethyl sulfoxide (DMSO), which was used in the extraction 

method. The products of the reaction are TBARS, a pink chromogen which was 
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measured at 535 nm. TBARS levels were expressed as µM/mg protein in liver and colonic 

tissue. 

 

3.11. Analysis of gene expression by RT-qPCR. 

Total RNA from liver, colon and inguinal fat samples from mice was isolated using the 

RNeasy® Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. 

A NanoDropTM2000 (ThermoFisher Scientific, Waltham, MA, USA) was used to 

measure the total RNA amount and sample purity considering the 260/230 and 260/280 

ratios. Then RNA from these tissues was reverse transcribed into cDNA, which was used 

for qPCR, employing an Eco™ Real-Time PCR system (Illumina, San Diego, CA, USA), 

as were normalized to the expression of Gapdh transcripts and relative expression was 

calculated using the 2–ΔΔCt method. Samples were measured in triplicate and the 

specific primer sequences are presented in Table 3. 

3.12. Vascular Reactivity Studies and NADPH Oxidase Activity. 

The isometric tension measurement was studied using thoracic aortic rings isolated from 

mice and suspended in the myograph (model 610M, Danish Myo Technology, Aarhus, 

Denmark) (520) with Krebs solution (mM: NaCl 118, KCl 4.75, NaHCO3 25, MgSO4 1.2, 

CaCl2 2, KH2PO4 1.2 and glucose 11) at 37 ºC and gassed with 95% O2 and 5% CO2 (pH 

7.4). Length-tension characteristics were obtained via the myograph software (Myodaq 

2.01 (Danish Myotechnologies, Hinnerup, Denmark)), and the aortae were loaded to a 

tension of 5 mN. After a 90 min stabilization period, cumulative concentration-response 

curves to acetylcholine (10-9 M–10-5 M) were performed in intact rings that were pre-

contracted with U46619 (10-8 M). Relaxant responses to acetylcholine were expressed 

as a percentage of pre-contraction. 

Moreover, NADPH oxidase activity in aortic rings was determined by the lucigenin 

enhanced chemiluminescence assay (521). Aortic rings from all experimental groups 

were incubated for 30 min at 37 ºC in HEPES-containing physiological salt solution (pH 

7.4) of the following composition (in mM): NaCl 119, HEPES 20, KCl 4.6, MgSO4 1, 

Na2HPO4 0.15, KH2PO4 0.4, NaHCO3 1, CaCl2 1.2 and glucose 5.5. Aortic production of 

O2
- was stimulated by the addition of NADPH (100 M). Rings were then placed in tubes 

containing physiological salt solution, with or without NADPH. Subsequently, lucigenin 

was injected automatically at a final concentration of 5 mol/L. NADPH oxidase activity 

was determined by measuring luminescence over 200 s in a scintillation counter (Lumat 

LB 9507, Berthold, Germany) in 5-s intervals and calculated by subtracting the basal 
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values from those in the presence of NADPH. Vessels were then dried and dry weight 

determined. NADPH oxidase activity was expressed as relative luminescence units 

(RLU)/min/mg dry aortic ring. 

3.13. Flow cytometry. 

The abundance of immune cell populations in different tissues was analyzed using flow 

cytometry. More detailed information has been provided below. 

 

3.13.1. Colonic tissue. 

Colons from AOM/DSS mice were removed and washed with PBS 1x. Then, cells from 

the colon were isolated using an enzymatic digestion media composed of DNase I (Cat.# 

DN25) 50 U/mL, Collagenase XI (Cat.# C7657) 300 U/mL and Dispase II (Roche Applied 

Systems, Basel, Switzerland, Cat.# 04942078001) 0,08 U/mL for 40 minutes at 37 ºC 

while shaking. After this time, 2 mM EDTA diluted in PBS was used for neutralizing the 

enzyme activity. Then,  in order to obtain the cell pellet, the samples were filtered with a 

70 µm cell strainer and centrifuge at 500 x g for 5 minutes at 4ºC. Lastly, cells were 

counted and stained as detailed at the end of this section. 

 

3.13.2. Mesenteric lymph nodes  

MLNs were harvested from AOM/DSS mice and mashed between two 70 µm filters using 

a syringe plunger in a precooled plate. Cell suspension was then filtered through a 70 

µm filter, counted and incubated with phorbol 12-myristate 13-acetate (PMA) (50 ng/mL) 

(Cat.# 79346) and ionomycin (1 µg/mL) (Cat.# I0634) in the presence of GolgiPlug™ 

(1:1000 dilution) (BD Bioscience, Thermo Fisher Scientific, Waltham, MA, USA, Cat.# 

555029) for 4 h at 37ºC in order to stimulate the intracellular cytokines production. After 

this, cells were centrifuged at 400 x g for 5 minutes at 4ºC and stained as detailed at the 

end of this section 

3.13.3. Blood. 

Blood samples were collected from anesthetized AOM/DSS mice (xylazine [10 mg/kg] 

and ketamine [100 mg/kg]) by cardiac puncture with a 25 gauge heparinized needle and 

transferred to tubes containing heparin. Then, erythrocytes were lysed with a red cells 

lysis buffer (155 mM NH4Cl, 12 mM KHCO3 and 0.1 mM EDTA in distilled water at pH 

7.25) and blood cells were counted and stained as detailed below. 
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For staining, colon and MLNs derived cells were first incubated with Fixable Viability Dye 

eFluor™ 780 (eBioscience™ Thermo fisher Scientific, Waltham, MA, USA, Cat.# 65-

0865-14) while Zombie Aqua fixable viability dye (BioLegend, San Diego, CA, USA, Cat.# 

423102) was used for blood cells for 20 min at 4ºC. At the same time, samples were 

incubated with FcR blocking reagent (Miltenyi Biotec, Auburn, CA, USA, Cat.# 130-092-

575) and 123 counting eBeads™ (Invitrogen, ThermoFisher Scientific, Cat.# 01-1234-

42) previously diluted in PBS 1x. Next, samples and FMO controls were stained with 

intracellular and surface‐staining antibodies for 30 min at 4°C with a different mix of 

antibodies diluted in FACS buffer (0.1% BSA and 2 mM EDTA) following the 

manufacturer's indications as detailed in Table 6. Then, samples were washed with PBS 

1x to remove excess antibody and fixed with a paraformaldehyde solution (Invitrogen, 

ThermoFisher Scientific, Cat.# 00-8222). Finally, cells were resuspended in 200 μL of 

PBS 1x and acquired using a BD FACSymphony™ A5 Cell Analyzer. Results were 

analyzed with the Flowjo v10.6.2 software (FlowJo LLC) following the different gating 

strategies (Figure 11-13). 

 

Figure 11. Gating strategy employed for the analysis of colon myeloid populations 

in AOM/DSS mice.  
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Figure 12. Gating strategy employed for the analysis of MLNs lymphoid 

populations in AOM/DSS mice.  

 

Figure 13. Gating strategy employed for the analysis of blood monocytes 

populations in AOM/DSS mice.  
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3.14. Microbiota analysis. 

Stool samples from each mouse were aseptically collected on the end-point day of the 

assay. Faecal DNA was isolated using the QIAamp PowerFecal Pro DNA Kit (Qiagen, 

Hilden, Germany). Total DNA was amplified and a library for the V3–V4 or V4-V5 region 

of 16S rRNA was constructed in accordance with the 16S Metagenomic Sequencing 

Library Preparation Illumina protocol. Sequencing was executed using the MiSeq 2 × 300 

platform (Illumina Inc., San Diego, CA, USA) in accordance with the manufacturer’s 

instructions.  

4. STATISTICAL AND CORRELATION ANALYSIS 

Statistical analysis was performed using the GraphPad Prism version 7 software 

(GraphPad Software, Inc, San Diego, CA, USA) with statistical significance set at P<0.05. 

All data are represented as mean (SEM) of at least 3 independent experiments/biological 

replicates unless otherwise stated in the figure legends. The Mann-Whitney U test for 

nonparametric data was used for the analysis of the DAI. For the rest of the data, multiple 

comparisons between groups were performed using the one-way ANOVA followed by 

Tukey's test. In the present Thesis, two different methods were used for indicating 

statistical significance and the method used is indicated at the bottom of each figure. The 

system that uses the “*” and “#” symbols, P-values are as follow: *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001; and #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. 

Moreover, the letter-based system has been used for in vivo assays and in this occasion, 

when P<0.05, different letters among groups were used and groups that share the same 

letter do not statistically differ. When no statistical significance among any of the 

compared groups was obtained, the graph showed any letter or symbol. 

In the study that evaluate the effect of a the thyme extract on a murine model of diet-

induced obesity, different parameters were intercorrelated with the “R” statistical software 

package (version 4.0.0; https://www.r-project.org/, accessed on 1 December 2021) using 

the “rcorr()” function in the “Hmisc” package to compute the significance levels for 

Pearson’s correlations and the function “corrplot()”, in the package of the same name to 

create a correlogram. The correlation matrix was reordered according to the correlation 

coefficient using the “hclust” method. 

Moreover, in the study that evaluate the effect of tigecycline in a murine model of CAC, 

a heat map depicting the macroscopic parameters, molecular changes and patterns of 
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microbial abundance of untreated CAC mice and those treated with both doses of 

tigecycline was constructed within the “R” statistical software using the “Hmisc” and 

“ggplot2” packages. Spearman’s correlations of each parameter were previously 

calculated with “R” software. 

 

Bioinformatic analysis of gut microbiota samples were performed using QIIME2 software 

package (2021.11 version) and “R” statistical software package (version 3.6.0; 

https://www.r-project.org/). Demultiplexed sequences were loaded into the program and 

quality control was performed by trimming and filtering, depending on the quality scores 

of the sequences (522). Sequence data were obtained as FASTQ files, which were 

further processed using Mothur and DADA2 and Operational Taxonomic Units (OTUs) or 

amplicons sequence variants (ASVs) were obtained, respectively. Taxonomic 

assignment was calculated against the RDP (Ribosomal Database Project) (523) or 

SILVA reference database (524)  and they were filtered to discard both Archaea and 

Eukaryota features. Additionally, those features that had a frequency lower than 10 were 

also removed from the data.  

Alpha diversity and beta diversity were determined by the q2-diversity plugin in QIIME2. 

Differential abundance analysis was performed using the Wald test implemented 

DESeq2 v1.30.1 as previously described (525) within the “R” statistical software (version 

4.0; https://www.r-project.org/). EnhancedVolcano package was used for constructing 

volcano-plots. Log2-fold-change (Log2FC) normalized values and the adjusted P-value 

(Padj) were used to construct Venn diagrams (Limma package) of differentially microbial 

communities up-regulated (log2FC>1.5 and Padj<0.05) and downregulated (log2FC<1.5 

and Padj<0.05) among groups. 

 

 

 

 

 

 

 

 

 

 



 

- 81 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

RESULTS



 

- 82 - 
 

 

RESULTS 

I. EVALUATION OF THE EFFECT OF PLANT EXTRACTS 

WITH PREBIOTIC PROPERTIES IN HIGH FAT DIET-

INDUCED OBESITY: THYMUS SERPYLLUM AND 

MORUS ALBA. 

 

1. EFFECT OF THE THYME EXTRACT ADMINISTRATION 

IN HIGH FAT DIET-INDUCED OBESITY.  

1.1. Thyme extract reduces body weight gain in HFD-fed mice and 

improves glucose and lipid metabolic profile.  

The administration of a HFD to mice resulted in a significant body weight gain increase 

compared to mice fed a SD (Figure 14A). Interestingly, the administration of the thyme 

extract at any of the doses tested (50, 100 and 150 mg/kg/day) ameliorated the body 

weight gain, leading to a significant reduction of this parameter from day 6 onwards, in 

comparison to control HFD-fed mice (Figure 14A). On the other hand, the treatment with 

the highest dose of extract to SD mice did not cause any differences in body weight gain 

when compared to untreated SD-fed mice (Figure 14A). Furthermore, we observed that 

this beneficial effect on body weight gain was achieved even though food intake was 

similar in all groups of mice fed with a HFD (Figure 14A). Consequently, the treatments 

were able to significantly decrease energy efficiency in comparison with untreated HFD-

fed mice (Figure 14A). In concordance with the body weight gain, untreated obese mice 

exhibited heavier fat deposits (abdominal, epididymal and brown fat) than SD -fed mice 

and HFD-fed mice treated with thyme extract (Figure 14B). Additionally, liver weight was 

significantly increased in HFD-fed mice when compared to SD mice and the treatment 

with thyme extract led to a substantially reduction in the weight of this organ (Figure 14B).  
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Figure 14. Effects of Thyme extract administration on: (A) body weight evolution, 

energy efficiency and energy intake and (B) liver and fat deposits weights. Data are 

graphed as means ± SEM (n = 10). Groups with different letters statistically differ (p < 

0.05). 

 

Histological studies carried out in the epididymal fat tissue showed that adipocytes of 

HFD control mice were significantly larger than those derived from the adipose tissue of 

A)

B)
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SD mice (Figure 15). This effect was evidenced by a substantially increase in the area 

and perimeter of adipocytes in control obese mice. Conversely, mice treated with thyme 

extract exhibited a statistically significant reduction in both adipocyte area and perimeter, 

as well as in immune cell infiltrations (Figure 15).  

 

Figure 15. Effects of the treatment with thyme extract on epididymal adipose tissue 

histology. (A) Haematoxylin and eosin staining (scale bar = 20 μm) and on 

area/perimeter of epididymal adipocytes. Data are presented as means ± SEM (n = 10). 

Control SD SD + Thyme (150 mg/kg)

Control HFD

HFD + Thyme (150 mg/kg)HFD + Thyme (100 mg/kg)

HFD + Thyme (50 mg/kg)
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Groups with different letters statistically differ (p < 0.05). Red arrows show cell immune 

infiltrations. 

Similarly, the histological study of the liver sections showed important obesity-associated 

steatosis, mainly characterized by intense fat deposition, as well as the infiltration of 

inflammatory cells. The oil red staining marked the lipid droplet accumulation in the 

tissue, and thus, the red coloration was more evident in samples from non-treated obese 

mice than in non-obese mice (Figure 16A). Conversely, the administration of thyme 

extract to HFD-fed mice clearly improved hepatic steatosis that was evidenced in the 

obese mice without treatment (Figure 16A).  

 

Figure 16. Impact of Thyme extract treatment on fat deposits in liver tissue sections 

stained with (A) oil red and haematoxylin and (B) with haematoxylin and eosin. Yellow 

arrows indicate the presence of lipid vacuoles in the cytoplasm of hepatocytes and red 

arrows show cell immune infiltrations. 
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Correspondingly, hepatic steatosis was evidenced by the increase of both fat deposition 

and infiltration of cells when these sections were stained with haematoxylin and eosin, 

since the number of fat drops observed (yellow arrows), the cell infiltration (red arrows), 

and the ballooning process was higher in the hepatocytes from HFD-fed mice and the 

administration of thyme extract resulted in a significant reduction of these steatosis 

markers (Figure 16B) 

Also, thyme extract ameliorated the glucose metabolism impairment observed in control 

obese mice, as evidenced by the glucose tolerance test performed one week before the 

endpoint of the study. Control obese mice showed significantly higher glucose level 

peaks than non-obese groups; however, thyme extract treatment to obese mice 

significantly reduced plasma glucose levels in comparison with the untreated HFD group 

from 30 min onwards, which resulted in a significant reduction in the area under the curve 

(AUC) (Figure 17A). At the end of the assay, plasma samples were taken to determine 

different biochemical parameters, including glycemic levels. Blood glucose levels 

determined at the end of the assay were significantly higher in control HFD mice when 

compared to lean groups, and the treatment with thyme reduced them dose-dependently 

(Figure 17B). Although there were no differences in insulinemia between different groups, 

thyme extract was able to reduce insulin resistance indicated by HOMA-IR index (Figure 

17B).  

Glucose transporter type 2 (GLUT2), which is mainly expressed in the liver, has an 

important role in the glucose uptake by hepatocytes. A downregulation in the expression 

of this transporter has been reported in obesity-associated insulin resistance (526), which 

has been confirmed in the present study. However, the treatment with thyme extract 

significantly upregulated the expression of Glut2 in hepatocytes (Figure 17C). Similarly, 

AMP-activated protein kinase (AMPK) is a key component in the regulation of metabolism 

and it acts suppressing anabolic pathways and stimulating the catabolic ones, thus 

resulting in the heightening of energy expenditure (527). Accordingly, we observed a 

statistically significant downregulation of Ampk gene expression in the liver from 

untreated HFD-fed mice compared to those receiving a SD, thus revealing the situation 

of altered glucose and lipid metabolism in obese mice (Figure 17D). In turn, thyme extract 

at 150 mg/kg/day significantly restored the expression of Ampk in comparison with control 

obese mice (Figure 17D). These results were supported by Western blot analysis of the 

phosphorylated and active form of AMPK and total levels of this enzyme. An increase in 

the pAMPK/AMPK ratio was observed in HFD mice treated with the thyme extract 

compared to control HFD mice (Figure 17D).  
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Figure 17. Effects of thyme extract treatment on: (A) glucose tolerance test (GTT), 

(B) plasma glucose and insulin levels, as well as on HOMA-IR (C) Glut2 gene expression 

in liver. (D) Ampk gene expression and pAMPK/AMPK ratio evaluated by Western blot. 

(E) Plasma LDL- and HDL-cholesterol levels, as well as on LDL/HDL ratio. (F) Expression 

of genes involved in adipogenesis in epididymal fat (Cebpa, Fabp4 and Srebp1). Data 
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are presented as means ± SEM (n = 10). Groups with different letters statistically differ 

(p < 0.05). 

 

In addition, control HFD-fed mice displayed modifications in lipid metabolism since 

obesity was associated with hypercholesterolemia in comparison with non-obese mice, 

and increased levels of both LDL-cholesterol and HDL-cholesterol were observed (Figure 

17E). Interestingly, thyme extract administration resulted in significant reductions of LDL-

cholesterol and HDL-cholesterol (Figure 17E). In fact, the administration of the extract 

(100 and 150 mg/kg) significantly ameliorated LDL/HDL ratio in comparison with 

untreated obese mice (Figure 17E). 

Also, we aimed to characterize the impact of the treatment with thyme on adipogenesis 

markers. Obesity induction was associated with an increase in the expression of the 

transcription factors CCAT/enhancer binding protein (C/EBPɑ), fatty acid binding protein 

4 (FABP4) and sterol regulatory element-binding protein-1 (SREBP1) (Figure 17F). The 

administration of thyme resulted in a significant downregulation of these transcription 

factors (Figure 17F).  

1.2. Thyme extract mitigates the chronic inflammation associated 

with obesity.  

Obese phenotype was intimately related to a higher degree of inflammation, highlighted 

by an increased gene expression of Tnfa, Il6, Mcp1 in liver and Tnfa and Il6 epididymal 

fat of control obese mice (Figure 18A). However, the administration of thyme extract to 

obese mice resulted in a significant reduction in the expression of these proinflammatory 

mediators in both liver and fat (Figure 18A). Moreover, the expression of JNK proteins 

was significantly increased in control obese mice, both in the liver (Jnk2) and fat (Jnk1 

and Jnk2), when compared with non-obese mice, but reduced by the administration of 

thyme extract (Figure 18B). 

LPS plays an important role in the development of chronic inflammation in obesity 

through the promotion of a metabolic endotoxemia (394), which is correlated with 

increased expression of Toll-like receptor (TLR) 4 (528). A significant increase in plasma 

LPS levels in control obese mice was observed and it was correlated with an upregulation 

of Tlr4 expression in the liver (Figure 19A). Importantly, thyme administration to obese 

mice significantly reduced both plasma LPS levels and Tlr-4 expression (Figure 19A). 

LPS absorption is associated with an increase of intestinal permeability. This impairment 

of epithelial barrier integrity was observed in control obese mice that showed a 

downregulation of the expression of different proteins associated with the intestinal 
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barrier function, such as zonula occludens 1 (Zo-1), Occludin and Mucin (Muc) 1 and 3 

(Figure 19B). However, the administration of thyme extract to obese mice significantly 

increased the expression of these proteins (Figure 19B). 

 

Figure 19. Impact of Thyme extract treatment on: (A) Tnfa and Il6 gene expression 

levels in liver and fat, as well as Mcp1 in liver (B) and Jnk1 and Jnk2 in liver and fat. Data 

are expressed as means ± SEM (n = 10). Groups with different letters statistically differ 

(p < 0.05). 
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Figure 19. Effects of the treatment with the thyme extract on: (A) plasma LPS levels 

and Tlr4 gene expression in liver. (B) mRNA levels of some markers of intestinal barrier 

integrity Zo-1, Occludin, Muc-1 and Muc-3. Data are expressed as means ± SEM (n = 

10). Groups with different letters statistically differ (p < 0.05). 
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1.3. Thyme extract administration prevents endothelial 

dysfunction and exerts an antioxidant response.  

Aorta endothelium-dependent vasodilator responses to acetylcholine were evaluated in 

the different experimental groups. We found a significant relationship between obesity 

and endothelial dysfunction, since control obese mice showed a reduction in the maximal 

relaxant response to acetylcholine in comparison with SD mice (Emax values were 44.5 

± 3.9% and 79.4 ± 3.8% in the HFD and SD groups, respectively) (Figure 20A). 

Conversely, the administration of thyme extract to HFD mice ameliorated the relaxation 

response induced by acetylcholine without obtaining statistical differences in the Emax 

values compared to control SD mice (Figure 20A). 

 

Figure 20. Impact of thyme extract on endothelial function and oxidative stress. (A) 

Endothelium-dependent relaxation to acetylcholine after contraction with U46619. (B) 

DPPH activity scavenging of thyme extract and ascorbic acid and their IC50 values. (C) 

Aortic NADPH oxidase activity. (D) TBARS production in liver lysates. Data are 
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expressed as means ± SEM (n = 10). Groups with different letters statistically differ (p < 

0.05). 

The antioxidant activity of the extract was also evaluated. Firstly, we aimed to determine 

the ability of the extract to neutralize the organic free radical DPPH, which is widely used 

in the evaluation of the antioxidant capacity of numerous compounds. We observed that 

thyme extract was able to neutralize the DPPH free radicals via hydrogen donating 

activity by 29.8%, 45.2%, 52.4% and 54.3%, at concentrations of 12.5, 25, 50 and 100 

mg/mL, respectively (Figure 20B). Moreover, the IC50 value for thyme extract was 22.8 ± 

4.5 mg/mL whereas the IC50 determined for ascorbic acids was 11 ± 0.1 mg/mL (Figure 

20B). 

Similarly, when NADPH oxidase activity was evaluated in aortic rings, this was 

significantly higher in HFD mice than in non-obese mice (Figure 20C); however, thyme 

extract significantly decreased it (Figure 20C). The antioxidant capacity of thyme extract 

was also evaluated by the TBARS assay in liver samples. According to reported studies, 

our analysis indicated that the mice that consumed the HFD exhibited TBARS values 

significantly higher than both SD groups (Figure 20D). Conversely, the administration of 

thyme extract in HFD-fed mice was able to significantly reduce the TBARS values (Figure 

20D). 

1.4. Thyme extract treatment restores gut dysbiosis in HFD fed 

mice.  

Obesity-associated dysbiosis was observed when a microbiome analysis of the intestinal 

contents was performed in the different experimental groups (Figure 21). In fact, beta 

diversity determination through the principal coordinate analysis (PCoA) revealed clear 

differences in the microbial communities of control SD and untreated HFD mice (Figure 

21A). Additionally, PCoA analysis showed a higher similarity between the microbial 

communities present in thyme-treated mice (100 and 150 mg/kg/day) and control lean 

mice than those present in the control HFD group (Figure 21A). Additionally, it was found 

that the most representative phyla in the gut microbiota of the different experimental 

groups were Bacillota (previously named Firmicutes) and Bacteroidota (previously 

named Bacteroidetes) (Figure 21A). Moreover, we evaluated the impact of the treatment 

on the F/B ratio, which is widely used as a marker of gut dysbiosis. This ratio was found 

significantly increased in control HFD mice compared to SD mice and the treatment with 

thyme extract at 150 mg/kg/day substantially restored the values of this ratio (Figure 

21A).  
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Moreover, a significant decrease in the alpha diversity indexes (Chao1, phylogenetic 

diversity whole tree and Shannon) was observed in untreated obese mice in comparison 

with control SD-fed mice (Figure 21B). However, the highest dose of the thyme extract 

was able to significantly increase the Chao1 richness, obtaining similar values to those 

in non-obese mice (Figure 21B).  

 

Figure 21. Effects of Thyme extract administration on: (A) Beta-diversity by principal 

coordinate analysis score plot, bacterial community (phyla) and the F/B ratio; (B) 

microbiome alpha diversity (Chao1, PD whole tree and Shannon index) and (C) SCFAs-

producing bacteria levels in each group of mice. Data are expressed as means ± SEM (n 

= 10). Groups with different letters statistically differ (p < 0.05). 
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Then, the relative abundance of the different microbial genera present in the intestinal 

microbiota was studied and control HFD mice exhibited an increased proportion of 

Faecalibaculum and Roseburia (phylum Bacillota), Mucispirillum (phylum 

Deferribacteres) and Rikenella (phylum Bacteroidota), in comparison with non-obese 

mice (Figure 21C). Importantly, the proportion in the sequences of these bacterial genera 

was normalized with thyme treatment in obese mice (Figure 21C).  

Lastly, SCFA-producing bacteria levels were analyzed in the faecal contents of each 

experimental group (Figure 21D). Levels of butyrate- and propionate-producing bacteria 

were found significantly downregulated in control HFD mice compared to untreated SD 

mice (Figure 21D). However, the treatment with the highest dose of thyme resulted in a 

significant increase in the counts of these bacteria (Figure 21D).  

 

2. EFFECTS OF THE MULBERRY LEAF EXTRACT 

ADMINISTRATION IN HIGH FAT DIET-INDUCED 

OBESITY.  

Different studies have previously reported the pharmacological properties exerted by 

extracts obtained from the leaves of Morus alba, including antioxidant, anti-inflammatory 

and anti-obesogenic activities (455, 529, 530). In order to know if the prebiotic properties 

of this extract could be involved in these actions, it was assayed in the experimental 

model of obesity induced by HFD in mice, with special attention to its impact on gut 

microbiota modulation. All these effects were compared with those obtained with 

metformin, a drug currently used in the treatment of type 2 diabetes.  

2.1. Morus alba extract prevents body weight gain, reduces fat 

deposits and improves glucose tolerance. 

As previously shown, the HFD consumption resulted in an increase in body weight gain 

in comparison with those mice fed with a SD from the first week (Figure 22A), which was 

significantly reduced by the treatment with metformin (Figure 22A). Similarly, the 

administration of the extract (10 mg/kg/day) significantly reduced the increase in body 

weight from day 10 onwards (Figure 22A). Interestingly, the inhibition in body weight gain 

shown by both treatments was not associated with a satiating effect; in fact, no significant 

differences were observed when energy intake was evaluated in the different HFD-fed 

groups of mice (Figure 22B). Then, both treatments induced a lower feed efficiency when 

compared to the control HFD fed group (Figure 22B). 
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Consistent with the body weight gain data, the deposits of epididymal, abdominal and 

brown fat were significantly higher in untreated HFD mice when compared to the SD 

group (Figure 23). Conversely, the treatment with the Morus alba extract resulted in a 

significant reduction of epididymal fat deposits. Similarly, mice treated with metformin 

exhibited a lower accumulation of epididymal and abdominal fat (Figure 23A). The 

expansion of fat depots is linked to a hypertrophy of the adipocytes, which was evidenced 

by a significant increase of the epididymal adipocyte area in untreated HFD-fed mice in 

comparison to SD-fed mice (Figure 23B). This adipocyte hypertrophy was significantly 

reduced in those mice treated with metformin or the plant extract (Figure 24B and C). In 

addition, mice treated with either Morus alba extract or metformin exhibited a lower 

infiltration of immune cells in epididymal adipose tissue sections when compared to 

untreated HFD-fed mice (Figure 23C) 

 

Figure 22. Effects of mulberry extract administration on body weight evolution, 

energy intake and feed efficiency. Data are graphed as means ± SEM (n = 10). * = p 

< 0.05 vs. HFD control group. Groups with different letters statistically differ (p < 0.05). 
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Figure 23. Impact of Morus alba extract supplementation on (A) epididymal fat 

deposits weight and (B) on adipocyte area from (C) epididymal fat stained with 

haematoxilin and eosin. Groups with different letters statistically differ (p < 0.05). Yellow 

arrows show cell immune infiltrations. 

 

Considering the impact of the extract against the HFD diet induced adiposity, the hepatic 

steatosis process was also studied. As compared to SD control mice, exposure to HFD 
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24), which was characterized by the presence of lipid droplets (yellow arrows) within 

hepatocytes cytoplasm (Figure 24). The administration of the extract or metformin 

resulted in a significant reduction in hepatic steatosis, since hepatocytes displayed mainly 

a single small-sized lipid droplet or multiple lipid vesicles of very small size in their 

cytoplasm (Figure 24).  

 

Figure 24. Impact of the Morus alba extract supplementation in hepatic steatosis 

induced by HFD-fed mice evaluated by (A) oil-red staining and (B) haematoxilin and 
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eosin staining. Yellow arrows indicate the presence of lipid vacuoles in the hepatocyte 

cytoplasm. 

The effect of the Morus alba extract in the glucose homeostasis was also assayed 

through the glucose tolerance test in which glucose was intraperitoneally administered 

and glycemic levels were determined at different times. As it is shown in the glycemic 

curves represented in Figure 25A, control HFD-fed mice showed a higher peak of the 

glycemic values 15 min after glucose injection in comparison with control SD mice (Figure 

25A).  

 

Figure 25. Impact of Morus alba extract (MAE) in (A) glucose tolerance test and 

area under glycemic curve (AUC). (B) Plasmatic levels of glucose, LDL-cholesterol and 

triglycerides. Data are presented as means ± SEM (n = 10). Groups with different letters 

statistically differ (p < 0.05). 
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mice was observed (Figure 25A). Of note, the antidiabetic drug metformin was able to 

significantly reduce the peak of glycemia and maintain glucose levels below those 

obtained in control HFD-fed mice (Figure 25A), thus leading to a significant reduction of 

glycemic AUC (Figure 25A). Remarkably, mice receiving the extract also showed lower 

plasma glucose concentrations at all time points compared to untreated HFD-fed control 

mice (Figure 25A), also resulting in a significant reduction in the AUC (Figure 25A). 

Similarly, levels of blood glucose were determined at the end of the assay, and they were 

lower in both groups of treated mice than in the obese control group, although the 

significant differences were only achieved in those mice treated with metformin (Figure 

25B).  

The biochemical results also evidenced the obesity-induced alterations in lipid profile. 

Consequently, HFD supplementation to mice resulted in hypercholesterolemia and 

hypertriglyceridemia in comparison with control diet-fed mice, with higher levels of both 

LDL-cholesterol and triglycerides (Figure 25B). The impaired lipid homeostasis was 

significantly restored by the administration of Morus alba extract  to obese mice, reducing 

LDL and triglycerides (Figure 25B).  

2.2. Morus alba extract administration improved the inflammatory 

status and redox homeostasis.  

It is well known that HFD-induced obesity is associated with a systemic inflammatory 

status and leads to a metabolically activation of different tissues such as adipose tissue 

and the liver. Therefore, the effect of the extract on the inflammatory status in liver and 

fat tissue was evaluated. Thus, the results revealed an increase of the different 

proinflammatory mediators in both tissues, including IL-6, MAPK, AKT, UCP1 and COX-

2. In epididymal fat tissue, HFD-fed mice showed a higher expression of phosphorylated 

p38 MAPK and AKT in comparison with lean mice, which is associated with the glucose 

and lipidic alterations described above (Figure 26). Surprisingly, only the extract 

treatment was able to significantly counteract this effect (Figure 26). Additionally, the 

protein expression of COX-2 was also determined. It has been reported that HFD 

increases COX-2 levels produced by metabolically activated fat tissue macrophages 

(531). Correspondingly, the HFD-fed mice showed a significant increase of COX-2 

expression on fat tissue compared to lean control mice (Figure 26), which was reduced 

in those treated obese mice; however, although no statistical differences were obtained 

in comparison with the obese control group, no differences were observed either when 

compared with control lean mice (Figure 26). Mitochondrial uncoupling protein-1 (UCP1) 

is the hallmark of brown adipocytes responsible for cold- and diet-induced 
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thermogenesis. Although UCP1 is not properly an inflammatory marker, many reports 

have indicated that UCP1 deficiency exacerbates the systemic and vascular 

inflammatory process. Accordingly, the protein quantification performed in fat tissue 

showed that HFD supplementation significantly reduced the UCP1 expression compared 

to the control lean group (Figure 26). Interestingly, both treatments, Morus alba extract 

and metformin, significantly restored the UCP1 protein expression levels (Figure 26).  
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Figure 26. Impact of the Morus alba extract on inflammatory and metabolic-related 

markers analyzed in epididymal adipose tissue. Data are presented as means ± SEM 

(n = 10). Groups with different letters statistically differ (p < 0.05). 

 

In the liver, HFD-fed mice showed a higher expression of phosphorylated p38 MAPK and 

IL-6, in comparison with the SD control group, being closely related with the hepatic 

steatosis and the inflammatory cell infiltration that occurred in the liver (Figure 27A). Of 

note, both the extract and metformin showed a significant reduction of the protein 

expression from these mediators (Figure 27A).  

 

Figure 27. Effect of Morus alba extract on (A) inflammatory markers studies in liver 

samples and (B) LPS plasmatic levels.  Data are presented as means ± SEM (n = 10). 

Groups with different letters statistically differ (p < 0.05). 
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In addition, the impairment in glucose and lipid metabolism evidenced in HFD-fed mice 

was related to a notable increase of the plasma levels of LPS (Figure 27B). As 

commented before, HFDs increase the intestinal permeability and the systemic exposure 

to bacterial LPS and, subsequently, the metabolic endotoxemia is established. In this 

sense, the Morus alba extract supplementation and metformin administration significantly 

reduced the metabolic endotoxemia through decreasing plasma LPS (Figure 27B). 

Cardiovascular problems are one of the main comorbidities associated with obesity. 

Since obesity-associated oxidative stress can have an important role in the development 

of the cardiovascular complications, through the excessive generation of ROS, the 

activity of the enzyme NADPH oxidase, the main source of ROS in aortic rings, was 

measured. The results showed that there was a significant increase of NADPH oxidase 

activity in HFD-fed mice, whereas the treatments with Morus alba or metformin were able 

to significantly reduce it (Figure 28A). Additionally, and in order to confirm the antioxidant 

effects of this plant extract (455, 532), the TBARS quantification was determined. In line 

with previous reports, HFD consumption significantly increased TBARS values compared 

to SD group (Figure 28B), and the administration of the extract or metformin to HFD-fed 

mice reduced these TBARS values (Figure 28B).  

 

Figure 28. Effect of Morus alba extract on (A) NADPH oxidase activity and (B) 

TBARS levels. Data are presented as means ± SEM (n = 10). Groups with different 

letters statistically differ (p < 0.05). 
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2.3. Morus alba extract treatment ameliorates gut dysbiosis in 

obese mice. 

As previously commented, it has been widely reported that obesity is associated with 

changes in gut microbiome composition, thus leading to a situation of dysbiosis. 

Therefore, to investigate the effects of the Morus alba leaf extract on gut microbiota in 

HFD-induced obese mice, the 16S rDNA sequencing was evaluated in the intestinal 

contents. Firstly, the alpha diversity, characterized by Shannon diversity, Observed ASVs 

and Simpson index,  was determined. The results revealed that HFD intervention did not 

have a significant impact on these ecological features evaluated (Figure 29A). Secondly, 

the PCoA plot visualizing the beta diversity with Bray–Curtis distance showed a clear 

separation between HFD group and SD-fed mice (p-value = 0.006) (Figure 29B). 

Conversely, dissimilarity-based PCoA indicated no significant clustering of the gut 

microbiota between the treatments and HFD-fed mice (Figure 29B).  Moreover, the 

effects of the Morus alba leaf extract on the abundance of gut microbiota at the phylum 

level was measured. The results indicated that the phyla taxonomic profiling was mainly 

composed of Actinomycetota, Bacteroidota, Bacillota, Desulfobacterota, 

Pseudomonadota and Verrucomicrobiota (Figure 29C). When HFD group was compared 

to SD control, the obese mice exhibited a notable increase in the Bacteroidota, 

Pseudomonadota and Verrucomicrobia abundance and a significant decrease in the 

Actinomycetota, Bacillota, Desulfobacterota abundances, thus resulting in a reduction of 

F/B ratio (FigureVIIID). Morus alba leaf extract supplementation significantly modulated 

the phyla abundance, thus showing a profile more similar to SD group (Figure 29C). 

Correspondingly, the F/B ratio was significantly reestablished by the treatment (Figure 

29D).  

At the genus level, significant differences in the relative abundances of Akkermansia, 

Alistipes, Alloprevotella, Parabacteroides, Desulfovibrio, Enterorhabdus, Lactobacillus, 

Turibacter were obtained (Figure 29E). Specifically, in the control HFD-fed group, 

Akkermansia, Alistipes and Parabacteroides abundances were boosted whereas 

Desulfovibrio, Enterorhabdus, Lactobacillus and Turicibacter abundances were 

diminished compared to the SD control group (Figure 29E). Morus alba leaf extract 

administration was able to significantly reduce Alistipes compared to the HFD group 

(Figure 29E). Remarkably, the plant extract treatment provoked an increase of two 

exclusively genus, Faecalibaculum and Pseudomonas (Figure 29E). Correspondingly, 

the determination of the histogram of linear discriminant analysis (LDA) and volcano plot 

indicated that obese mice group was characterized by a significantly higher proportion of 
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Alistipes, while in the group treated with the extract, Pseudomonas abundance increased 

significantly (Figure 30A and B). 

Lastly, the Venn diagram showed that the SD, HFD, Morus alba extract and metformin 

contained 22, 7, 8 and 14 ASVs, respectively (Figure 30C). Additionally, there was 1 

common ASV between the SD and HFD groups. Only 1 common ASV was obtained 

between the plant extract group and HFD-fed mice (Figure 30C). 

 

Figure 29. Effects of Morus alba extract supplementation on: (A) alpha diversity 

indexes (Observed ASVs, Shannon and Simpson); (B) beta diversity analyzed by Bray-

Curtis similarity index; (C) bacterial phyla composition; (D) F/B ratio and (E) bacterial 

genera relative abundance in each group of mice. Data are expressed as means ± SEM. 

Groups with different letters statistically differ (p < 0.05). 
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Figure 30. Effect of Morus alba extract on gut microbiota profile. (A) Volcano plot 

indicating the upregulated and downregulated ASVs in HFD-fed mice when compared to 

SD mice (up) and those upregulated and downregulated in Morus alba-treated mice in 

comparison with untreated HFD mice (down). (B) Histogram of the LDA scores for 

differentially abundant bacterial genera in each experimental group. Negative LDA scores 

represent bacterial genera over-abundant in HFD-fed groups of mice while positive 

represent bacterial groups overrepresented in SD-fed mice. (C) A Venn diagram showing 

the number of ASVs which are unique and common to each experimental group.  
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II. EVALUATION OF THE EFFECT OF TIGECYCLINE ON 

COLORECTAL CANCER. 

 

1. TIGECYCLINE EXERTS AN ANTIPROLIFERATIVE 

EFFECT IN VITRO 

The antiproliferative effect of tigecycline was evaluated using clonogenic and MTS 

assays in the colon cancer cell lines HCT116 and Caco-2, as well as in the epithelial cell 

line derived from the normal colon mucosa NCM356. Treatment with tigecycline reduced 

proliferation (Figure 31A) and clonogenic capacity (Figure 31B) of all the cell lines tested 

in a dose-dependent manner. Similar results were obtained when these cells were 

treated with 5-FU, although a more pronounced cytotoxic effect was observed in the MTS 

assay (Figure 31A).  

The antiproliferative effect exerted by tigecycline was confirmed by immunofluorescence 

assay using the antibody anti-Ki67 (Figure 31C). Ki67 is a protein used as a proliferation 

marker that is highly expressed in the nucleus of cycling cells but strongly down-regulated 

in resting cells that are in phase G0 (533). Tigecycline and 5-FU caused a significant 

reduction of the percentage of cells in proliferation, based on the ratio between the Ki67+ 

cells and the total number of cells (Figure 31C).  As expected, this result was 

accompanied by a significant reduction in the Mean Fluorescence Intensity (MFI) of the 

anti-Ki67 antibody (Figure 31C), indicating reduced levels of this marker in the nucleus 

of treated cells. 

Then, we studied the molecular mechanisms involved in the anti-proliferative effects of 

tigecycline, focusing on the role of β-catenin (CTNNB1), which is a component of the Wnt 

signaling pathway that plays an important role in the development of several types of 

cancer, including CRC (534-536). In normal conditions, β-catenin is located in the cell 

cytoplasm and it is phosphorylated to subsequently undergo proteasome degradation. 

The presence of a stimulus, such as Wnt, or a pathological situation like cancer, promotes 

the aberrant accumulation of β-catenin, and its translocation to the nucleus. Then, 

nuclear β-catenin is involved in the overexpression of proliferation and survival genes 

such as MYC and AXIN2. Western blot analysis performed in nuclear lysates revealed 

that levels of nuclear CTNNB1 were reduced in those cells treated with tigecycline or 5-
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FU in comparison with untreated cells (Figure 32A). This effect was associated with an 

increase in CTNNB1 cytoplasmic levels thus lowering nuclear/cytoplasmic ratio in 

comparison with non-treated cells (Figure 32A).  

 

Figure 31. In vitro anti-proliferative effect of tigecycline and 5-FU. (A) Cell 

proliferation evaluated by MTT assay (B) Clonogenic assay in HCT116, Caco-2 and 

NCM356 cell lines treated with different doses of tigecycline or 5-FU. (C) 

Immunofluorescence representative images of Ki67 (green) staining in HCT116 cells 

non-treated or treated with tigecycline or 5-FU, cells in proliferation based on ki-67 

positive cells and total cells (right and up) and ki-67 mean fluorescence intensity (MFI) 

(right and down). Scale bar: 50 μm. Data are presented as mean ± SEM. *P < 0.05, **P 

< .01, ***P < .001 vs. control. 
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This result indicates that the antibiotic hinders the translocation of this CTNNB1 to the 

nucleus and it could be explained considering the ability of tigecycline to increase the 

phosphorylation of cytoplasmic CTNNB1, a step that is required for its degradation 

(Figure 32A). Consequently, tigecycline and 5-FU reduced MYC levels (Figure 32A), a 

downstream component of Wnt/β-catenin pathway. In addition, tigecycline also inhibited 

STAT3 activation (Figure 32A), which promotes nuclear accumulation of CTNNB1 (145). 

 

Figure 32. Molecular mechanisms involved in the anti-proliferative effect of 

tigecycline and 5-FU: effect on Wnt/β-catenin pathway. (A) Impact on β-catenin nuclear 

and cytoplasmic levels analyzed by Western blot in basal conditions or (B) stimulated 

with Wnt3a (C) Effect on the expression of Wnt/β-catenin target genes in the presence 
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or absence of Wnt. Data are presented as mean ± SEM. *P < 0.05, **P < .01, ***P < .001, 

****P<.0001 vs. control. #P < 0.05, ##P < .01, ###P < .001, ####P<.0001 vs. control + Wnt. 

 

To confirm these results, additional experiments were performed in which the Wnt/β-

catenin pathway was stimulated with Wnt3a in HCT116 cells. As expected, the 

stimulation caused a reduction of the CTNNB1 phosphorylation, together with an 

increment of nuclear CTNNB1 (Figure 32B), thus resulting in the upregulation of AXIN2 

and MYC. Importantly, tigecycline and 5-FU enhanced CTNNB1 phosphorylation and 

reduced its nuclear translocation, evidenced by lower nuclear CTNNB1 levels in treated 

cells (Figure 32B). Downregulated expression of CTNNB1 target genes, MYC and 

AXIN2, was also observed with tigecycline and 5-FU (Figure 32C). Therefore, we 

confirmed that tigecycline and 5-FU act as inhibitors of the Wnt/β-catenin pathway in 

colon tumor cells, both in basal and Wnt3a-stimulated proliferation. 

3. TIGECYCLINE SHOWS PRO-APOPTOTIC EFFECTS IN 

COLON CANCER CELL LINES. 

The pro-apoptotic capacity of tigecycline was evaluated using the ANXV / PI assay in 

HCT116 cells. We observed a dose-response effect in the percentage of ANXV+PI- cells 

(Figure 33A), thus revealing its ability to promote early apoptosis after 48 h of treatment. 

No significant differences in the number of late apoptotic or necrotic cells (ANXV+PI+) 

were found. These results were confirmed by performing a TUNEL assay. As expected, 

tigecycline significantly increased the staining of brown (apoptotic) nuclei (Figure 33B). 

Similarly, the control drug 5-FU achieved a significant increase in the percentage of 

apoptotic cells (Figure 33B).  

Next, we aimed to characterize the molecular mechanisms by which tigecycline drove its 

apoptotic effect by investigating the impact of the drug on the three molecular pathways 

involved in the programmed death process: extrinsic, intrinsic and ER-mediated 

apoptosis. We observed that the cellular pathways involved in 5-FU-mediated apoptosis 

were slightly different from those engaged by tigecycline (Figures 34, 35 and 36). 

When considering the extrinsic pathway, tigecycline (25 µM) increased the levels of 

cleaved CASP8, as well as the ratio between the cleaved and the full-length form (Figure 

34) with a trend to reduce full-length CASP8, without statistical significance (Figure 34). 

Caspase 8 is considered to be a caspase initiator, which requires its proteolytic cleavage 

for activation. Moreover, it has been reported that the cleavage of CASP8 is necessary 

for the recognition of other substrates, such as executioner caspases and the pro-
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apoptotic BCL2 family member BID. Subsequently, the impact of the treatments in the 

last steps of the extrinsic apoptosis pathway was also evaluated. Tigecycline increased 

significantly CASP9 and the cleaved form of the executioner CASP7 (Figure 34). Levels 

of CASP9 and cleaved CASP7 were also increased by 5-FU, which also upregulated 

CASP3 and their active forms (Figure 34). CASP3 and CASP7 activation lead to the 

cleavage of PARP, which is responsible for creating breaks in the DNA to cause cell 

death (163). We found that tigecycline promoted the cleavage of PARP and reduced the 

levels of full length PARP leading to a significant increment of the ratio (Figure 34). This 

action was even more intense with the 5FU treatment (Figure 34). These results support 

that treatment with tigecycline exerts a pro-apoptotic effect, as shown by 5-FU. 

 

Figure 33. Pro-apoptotic effect of tigecycline and 5-FU in vitro. (A) Apoptosis study 

by ANXV-PI assay in HCT-116 cell line (B) Tunel assay in HCT-116 cell. Data are 

presented as mean ± SEM. *P < 0.05, **P < .01, ***P < .001, ****P<.0001 vs. control.  
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Besides, tigecycline increased the levels of both BID and tBID, even though this increase 

was not statistically significant (Figure 34). Truncation of BID (tBID) by cleaved CASP8 

on the mitochondrial membrane is required for the formation of pores and the release of 

cytochrome C oxidase to the cytosol,  and it has been reported that BID acts as a link 

between the extrinsic pathway and the intrinsic pathway of apoptosis (537). Interestingly, 

the incubation of tumor cells with either tigecycline or 5-FU significantly upregulates the 

levels of BAX and its oligomer (Figure 35). BAX is a member of the BCL2 family proteins 

that oligomerizes and promotes a mitochondrial outer membrane permeabilization (538). 

BCL2 binds BAX and inactivates it and its pore-forming function. Therefore, BCL2 favors 

cell survival, being the ratio BAX/BCL2 an indicator of the cell apoptosis state. Although 

the levels of BCL2 protein were not significantly modified by tigecycline or 5-FU, both 

compounds increased the BAX/BCL2 ratio (Figure 35). Consequently, cytochrome C 

oxidase was upregulated in those cells incubated with tigecycline (Figure 35). 

Additionally, TP53 protein also plays an important role in the intrinsic apoptotic pathway 

and we found that it was upregulated by 5-FU, but not by tigecycline (Figure 35) that acts 

downstream increasing BCL2L11 (BIM) levels (Figure 35). 

 

 

Figure 34. Pro-apoptotic effect of tigecycline and 5-FU in vitro. Impact on extrinsic 

apoptotic pathway. (A) Western blot bands of several markers involved in extrinsic-

mediated apoptosis and (B) their quantification. Data are presented as mean ± SEM. *P 

< 0.05, **P < .01, ***P < .001, ****P<.0001 vs. control.  
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Figure 35. Pro-apoptotic effect of tigecycline and 5-FU in vitro. Impact on 

mitochondrial apoptotic pathway. (A) Western blot bands of several markers involved 

in intrinsic-mediated apoptosis and (B) their quantification. Data are presented as mean 

± SEM. *P < 0.05, **P < .01, ***P < .001, ****P<.0001 vs. control.  

 

The pro-apoptotic effects of both tigecycline and 5-FU also involve the ER pathway, 

although in different ways (Figure 36).  

 

Figure 36. Pro-apoptotic effect of tigecycline and 5-FU in vitro. Impact on ER-

mediated apoptosis. (A) Western blot bands of several markers involved in ER-mediated 

apoptosis and (B) their quantification. Data are presented as mean ± SEM. *P < 0.05, 

**P < .01, ***P < .001, ****P<.0001 vs. control.  
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Tigecycline increased the levels of the ER-stress marker immunoglobulin heavy chain-

binding protein (HSPA5, also called BIP or GRP78) (Figure 36). Similarly, tigecycline 

induced the cleavage and activation of ATF6, which resulted in an upregulation of CHOP 

(DDIT3) (Figure 36), a protein that links the ER and mitochondrial pathways. Conversely, 

5-FU did not significantly modify the levels of ATF6 or DDIT3 (Figure 36) but increased 

the levels of the phosphorylated active form of JNK (Figure 36), which justifies its ability 

to promote apoptosis through ER pathway. Although tigecycline also increased the levels 

of phospho-JNK, this was only observed when the p54 isoform was considered, and with 

a lower efficacy in comparison with 5-FU (Figure 36). Furthermore, both, tigecycline and 

5-FU, significantly increased the ratio between phospho-JUN and JUN (Figure 36), thus 

favoring the activation of this proapoptotic ligand. 

4. EFFECT OF TIGECYCLINE ON STEMNESS 

PROPERTIES IN VITRO. 

CSCs are considered to be responsible for the initiation of the cancer process, as well as 

other cancer-associated malignancies such as metastasis, multidrug resistance and 

tumor recurrence. Therefore, CSCs could be considered one of the most promising 

targets for cancer treatment. In fact, much of current research focuses on the 

characterization of these CSCs, and the search for new effective therapies against them. 

Tetracyclines have proven to be effective against metastasis, one of the main 

complications in cancer. This beneficial effect is mainly due to their capacity to interfere 

with the activity of MMPs and angiogenesis. Considering all the above, tigecycline could 

have a beneficial impact against the initiation of tumor process by acting on CSCs. To 

confirm this, we first obtained colonospheres from colon cancer lines and characterized 

the effects of tigecycline against the malignancy properties of CSCs.  

4.1. TIGECYCLINE REDUCED VIABILITY AND CLONOGENICITY 

OF COLONOSPHERES. 

To evaluate the effects of tigecycline on colon CSCs, colonospheres were obtained from 

HCT116 and CMT93 cancer cell lines (Figure 37A). Then, the impact of tigecycline on 

the functional characteristics of CSCs was assayed through the analysis of SFE, cell 

viability and their clonogenicity capacity.  
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Figure 37. Impact of tigecycline on colon spheroids. (A) Representative images of 

HCT116 (up) and CMT93 (down) colonospheres formed from different tigecycline doses 

(0, 25 and 50 µM). Scale bar = 50µM. (B) Sphere-forming efficiency (SFE) percentage 

after the treatment of HCT116 (left) and CMT93 (right) colonospheres with tigecycline (0, 

25 and 50 µM) (n=3-4) (C) Cell viability evaluated by CCK8 assay after treatment with 

tigecycline (0, 1, 5, 10, 25 and 50 µM) for 48 h in HCT116 (left) and CMT93 (right) derived 

colonospheres (n=6). (D) Representative images of HCT-116 (left) and CMT-93 (middle) 

colonies after being pretreated with tigecycline for 48 h or treated every 48h for 21 days 

once seeded with different doses (0, 25 and 50 µM) and quantification of the number of 

colonies in each cell line and condition (right). (D) Wound healing assay performed on 
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HCT116 cells treated with tigecycline at 0, 25 and 50 µM. Images were taken at 0, 24 

and 48 h after wounding. Scale bar: 200 µm (E) Migration index based on the results of 

wound healing assay.  Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001 vs. Control). 

 

The incubation of HCT116 and CMT93-derived colonospheres with tigecycline resulted 

in morphological and size changes (Figure 37A). Indeed, tigecycline markedly reduced 

their size and induced a disruption of their integrity as it is shown in Figure 37A. The 

reduction in spheroids volume and number resulted in significantly lower levels of the 

SFE parameter in those colonospheres treated with tigecycline (Figure 37B), thus 

interfering in the self-renewal capacity of CSCs. In concordance with these results, 

HCT116 and CMT93-derived CSCs showed a significant reduction in their viability after 

being incubated with tigecycline 25 µM, 50 µM and, even 10 µM in HCT116 CSCs (Figure 

37C). Regardless of murine or human origin of these cells, the clonogenicity of CSCs 

was reduced when they were pre-treated or treated every 48h with tigecycline (Figure 

37D). These data suggest that tigecycline was able to diminish the viability, clonogenicity 

and self-renewal capacities of CSCs derived from HCT116 and CMT93 cell lines.  

 

Cell migration is a key process that occurs throughout the entire development of the 

tumor and it is of special relevance in the invasion of adjacent tissues, as well as in cancer 

metastasis (539). The migratory capacity of HCT116 cells was evaluated in presence of 

tigecycline by the wound healing assay. We observed that tigecycline reduced the 

migration of HCT116 (Figure 37E) resulting in a significant reduction of the migration 

index (Figure 37F), which was calculated as the percentage of wound regeneration 

considering 100% regeneration in control cells. These results demonstrate that 

tigecycline is able to reduce the number of invading cells, which can prevent the 

metastasis process.  

CSCs are further characterized by presenting enhanced resistance to apoptosis. 

Therefore, targeting the apoptotic pathway to induce cell death has been long considered 

a promising therapeutic strategy for cancer. Based on the pro-apoptotic effect of 

tigecycline described in the first objective, we aimed to investigate if this drug was also 

able to induce apoptosis in CSCs derived from HCT116 and CMT93 cell lines. Using 

ANXV/PI flow cytometry we observed that tigecycline at 25µM and 50µM was able to 

induce apoptosis in HCT116 cell line, thus significantly increasing the levels of ANXV+PI+ 

cell population (Figure 38A and B). On the other hand no significant differences in the 

number of late apoptotic or necrotic cells (ANXV+PI+) were found (Figure 38B). Moreover, 
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the treatment did not cause any impact on apoptosis (ANXV+PI- population) or necrosis 

(ANXV+PI+) of CMT93 cells (Figure 38A and C). These results suggest that HCT116 cells 

are more sensitive to tigecycline-induced apoptosis than CMT93 cells, thus contributing 

this action to the reduction of CSCs viability observed. 

 

 

Figure 38. Tigecycline induces apoptosis in colon CSCs. (A) ANXV PI flow cytometry 

analysis carried out in HCT116 (up) and CMT93 cells derived from secondary spheroids 

and treated with tigecycline at 0, 25 and 50 µM for 72h. Percentage of (B) HCT116 and 

(C) CMT93 cells in apoptosis (left) and late apoptosis or necrosis (right) after tigecycline 

treatment. Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P 

< 0.0001 vs. Control). 

 

4.2. COLON CSCs POPULATIONS WERE REDUCED BY 

TIGECYCLINE TREATMENT 

Molecularly, colorectal CSCs are identified via a group of surface markers among which 

CD133, CD44, LGR5, and increased ALDH1 activity stand out (540, 541). Thus, these 

markers were evaluated in these cells in order to confirm if the effects observed after 
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their incubation with tigecycline on colonospheres viability, clonogenicity and apoptosis 

were linked to a reduction of CSC population (Figure 39). 

 

Figure 39. Colon CSCs population is reduced by tigecycline in secondary 

colonospheres derived from HCT116 and CMT93 cell lines. (A) Flow cytometry 

analysis of CD133+/CD44+ cell populations in HCT116 cells derived from secondary 
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colonospheres and treated with tigecycline for 72 h.  (B) Flow cytometry analysis of 

CD133+/CD44+/LGR5+ cell populations in CMT93 cells derived from secondary 

colonospheres and treated with tigecycline for 72 h. (C) Representative histograms 

showing CD44 and CD133 staining and quantification of the median fluorescence 

intensity for each marker in HCT116 cells after being treated with tigecycline. (D) 

Representative histograms showing CD44, CD133 and LGR5 staining and quantification 

of the median fluorescence intensity for each marker in CMT93 cells after being treated 

with tigecycline. (E) Percentage of CD44+CD133+ and CD44+CD133+LGR5+ cell 

populations in CMT93 derived from secondary colonospheres. Data are graphed as 

mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Control). 

 

First, the cells that integrated the colonospheres obtained from HCT116 and CMT93 cell 

lines were positive for CD133, CD44 (Figure 39A and B) and LGR5 (Figure 39B), thus 

supporting the fact that these colonospheres were mainly integrated by CSCs. Then, 

when the impact of tigecycline on colon CSC populations was evaluated, the results 

revealed that the compound was able to significantly reduce the expression levels of the 

different markers expressed by CSCs in both HCT116 and CMT93 cells (Figure 39C and 

D). Indeed, tigecycline reduced the expression of CD133 and CD44 in HCT116, as 

evidenced by a reduction of the median fluorescence intensity of these markers (Figure 

39C). This effect was also observed in CMT93 cells, although it showed statistical 

significance only for the CD44 marker and when cells were treated with the highest 

concentration (50 µM) (Figure 39D). However, when double (CD44+CD133+) triple 

positive (CD44+CD133+LGR5+) populations were considered, a significant decrease of 

their expression levels was observed when cells were treated with tigecycline (Figure 

39E).  

 

The impact of tigecycline on the CSC population was confirmed when ALDH activity was 

analyzed. The enzyme ALDH has been reported to play a key role in the development of 

cancer drug resistance (542). As it is shown in Figure 40A and B, both HCT116 and 

CMT93 cells expressed ALDH and the activity of this enzyme were significantly inhibited 

in presence of tigecycline (Figure 40A and B), and neutralized when cells were treated 

with the ALDH inhibitor DEAB (not shown). 
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Figure 40. Colon CSC ALDH activity is reduced by tigecycline in secondary 

colonospheres derived from (A) HCT116 and (B) CMT93 cell lines. The treatment with 

tigecycline lasted for 72 h and the ALDH inhibitor N,N-diethylaminobenzaldehyde (DEAB) 

was used as positive control. Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001 vs. Control). 

4.3. IMPACT OF TIGECYCLINE ON PLURIPOTENCY AND EMT-

RELATED GENES IN COLON CSCs 

It is widely accepted the importance of the EMT process in the generation of CSCs; for 

this reason, the ability of tigecycline to impair this process was evaluated as a mechanism 

to decrease the levels of colon CSCs.  

 

Preliminary results carried out in HCT116 cell monolayer revealed that levels of e-

cadherin (CDH1), an epithelial cell marker, was significantly lower in untreated cells than 

in those treated with tigecycline (Figure 41A), thus indicating that tigecycline is able to 

hinder the EMT process and favors the epithelial phenotype over the mesenchymal one. 

The increased levels of CDH1 observed after tigecycline incubation could be associated 

with a significant reduction of the transcription factor SNAI1 (Figure 41A), which is 

considered a repressor of CDH1 that favors the EMT. Surprisingly, this action was 

observed with tigecycline, but not with the control drug 5-FU (Figure 41A). In 
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concordance with these results, the expression of CDH2, the n-cadherin gene, was 

significantly decreased in those cells treated with tigecycline (Figure 41B). Unlike e-

cadherin, n-cadherin promotes the EMT process, thus favoring the formation of CSCs 

(543).  

 

Figure 41. Tigecycline reduces the EMT process in HCT116 cell monolayer. (A) 

Representative western blot bands and quantification of EMT-related markers expressed 

in HCT116 cell monolayer after being treated with tigecycline or 5-FU. (B) Expression 

levels of CDH2 gene in HCT116 cell monolayer treated with tigecycline or 5-FU for 24h. 

Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

vs. Control). 

 

Then, the effects of tigecycline on the EMT process was also evaluated in secondary 

colonospheres obtained from HCT116 and CMT93 cancer cell lines. In line with the 

results obtained for HCT116 cell monolayer, tigecycline was also able to reduce SNAI1 

levels in both HCT116 (Figure 42A) and CMT93 cells (Figure 42B). 

 

Moreover, RT-qPCR analysis supported the results obtained by Western blot analysis 

revealing that HCT116 colonospheres treated with tigecycline showed an upregulation of 

CDH1 accompanied by an downregulation of SNAI1 gene expression (Figure 32C). 

Moreover, tigecycline also reduced the expression of OCT4B, a short isoform of OCT4 

that induces EMT and cancer dissemination (544). Stemmer et al., (2018) reported that 

SNAI1 can interact with CTNNB1 and stimulate the Wnt/β-catenin pathway, which also 

promotes the EMT (234). As it was reported in the first objective of the present Thesis, 

tigecycline was able to reduce CTNNB1 levels. This effect was also carried out in 

HCT116 cells derived from secondary colonospheres where tigecycline achieved a 

reduction of CTNNB1 expression (Figure 32C) and protein levels (Figure 32D). 
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Figure 42. Tigecycline reduces the levels of pluripotency and EMT-related genes 

in secondary colonospheres. Impact of tigecycline in SNAI1 levels evaluated by 

Western blot on (A) HCT116 and (B) CMT93 cancer cell lines. (C) Expression levels of 

EMT-related genes in HCT116 colonospheres treated with tigecycline at 0, 25 or 50 µM 

for 6h. (D) Impact of tigecycline treatment on CTNNB1 protein levels on HCT116 

colonospheres. Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001 vs. Control). 
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4.4. IMPACT OF TIGECYCLINE ON TUMORIGENESIS IN A HCT116 

XENOGRAFT MURINE MODEL 

In order to know if the beneficial effects achieved by tigecycline could be extrapolated in 

vivo, two different experiments were designed. In the first experiment, secondary 

colonospheres were incubated for 48h with tigecycline (50 µM), and then, they were 

subcutaneously injected in the right flank of NSG mice, whereas untreated cells were 

injected in the left flank as control. As it is shown in Figure 43A and B, tumors generated 

by non-treated cells displayed higher volume than those generated by treated cells.  

 

 

Figure 43. Tumorigenic capacity of HCT116 xenograft after being treated with 

tigecycline 50 µM ex vivo. (A) Tumor volume evolution. (B) Representative image of 

the tumor size of both groups of mice. (C) Tumor weight. (D) Representative images of 

H&E staining of tumor sections from mice receiving tigecycline-treated or untreated cells. 

Scale bar: 200 µm for 4x images;  50 µm for 10x images; and 20 µm for 40x images. (E) 

Gene expression analysis of CSC and EMT-related genes in untreated and tigecycline-

treated HCT116 cells. Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001 vs. Control). 
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Moreover, 28 days after cell inoculation, mice were sacrificed and tumors were removed 

and weighed, obtaining a significantly lower weight in those tumors generated from 

treated cells than in those generated by untreated cells (Figure 43C). Histologically, 

typical tumor cell morphology was observed in control xenograft characterized by high 

nucleus/cytoplasm ratio, cytoplasmic basophilia and active mitosis (Figure 43D). 

Conversely, the structural integrity of the tumor was altered when cells were previously 

treated with tigecycline, which induced apoptotic features such as loss of intercellular 

contact, presence of a high amount of connective tissue in intercellular spaces, as well 

as an increase in cells in an apoptotic state (cytoplasm and chromatin condensation) 

(545, 546) (Figure 43D). Moreover, gene expression analysis carried out in these cells 

showed significant differences in CSC-related genes (CDH1, SNAI1, CD44 and 

NOTCH2) between untreated and treated cells (Figure 43E).  

In the second experiment, the effects of orally administered tigecycline (25 and 50 

mg/kg/day) were evaluated in a HCT116 xenograft model in mice. With this aim, 

secondary spheres were injected in the right flank of NSG mice, starting the tigecycline 

treatment two weeks later. Interestingly, a significant reduction in tumor volume evolution 

was observed in those mice treated with the highest dose of tigecycline (Figure 44A and 

B), accompanied by a marked decrease in tumor weight at the end of the assay (Figure 

44C).  

 

The antitumor effect of tigecycline was also evidenced by a reduction in tumor 

metabolism in those treated mice (Figure 44D). Moreover, tumors from mice treated with 

tigecycline showed a higher expression of CDH1 when compared with control mice. In 

addition, expression levels of EMT-related genes such as SNAI1, SOX2 and NANOG 

were significantly higher in control mice than in those treated with tigecycline (Figure 

44E). In accordance with the effects obtained in vitro, the treatment with tigecycline 

resulted in a significant reduction of CTNNB1 levels (Figure 44F and G) 
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Figure 44. Effect of oral administration of tigecycline on HCT116 xenograft mice. 

(A) Tumor volume evolution. (B) Representative image of the tumor size of each group 

of mice. (C) Tumor weight. (D) Representative IVIS imaging obtained at the end of the 

assay (up) of a negative control mouse (up and left), two control-untreated mice (up and 

middle) and two mice treated with tigecycline 50 mg/kg (up and right). Average of 

fluorescence in the tumor region (down). (E) Gene expression analysis of CSC and EMT-

related genes. (F) Western blot bands and (G) their quantification of CTNNB1 levels in 

control mice and in those treated with tigecycline 25 or 50 mg/kg/day. Data are graphed 

as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Control). 

 

5. TIGECYCLINE ATTENUATES TUMORIGENESIS IN 
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In order to confirm the anti-tumoral effects of tigecycline evidenced in vitro, the antibiotic 
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differences in survival rates were observed among groups (Figure 45A). As evidenced 

by colonoscopy images and score (calculated as previously described by Becker C. et 

al., (518), the administration of either tigecycline or 5-FU exerted beneficial effects 

ameliorating tumoral progression (Figure 45B). This amelioration of the disease was 

confirmed the day of the end of the experiment when colons were obtained, rinsed and 

longitudinally opened in order to count the number of tumors. Importantly, tigecycline and 

5-FU were able to significantly reduce the number and size of tumors (Figure 45C-F). 

Additionally, histological analysis confirmed these observations and showed a higher 

number of adenocarcinomas in non-treated CAC mice than in treated mice (Figure 46A).  

 

Figure 45. Effect of tigecycline and 5-FU on murine CAC model and impact on 

tumorigenesis. (A) Survival rates. (B) Representative colonoscopy images and tumor 

score based on the size of the tumor evaluated by colonoscopy (B). (C) Representative 

colon images of CAC, CAC-T25, CAC-T50 and CAC-FU mice, (D) tumor number, (E) 

tumor size and (F) tumor volume. Data are presented as mean ± SEM. Bars with different 

letters differ statistically (P<0.05). 

 

Furthermore, the immunofluorescence analysis carried out with anti-Ki67 supports the 

antiproliferative effect of tigecycline and 5-FU, which results in a reduction of the 

proliferation index (Figure 46B). 

Additional determinations were performed to characterize the molecular mechanisms 

underlying these antiproliferative effects. Thus, the inhibitory effects exerted by 
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tigecycline on CAC progression seemed to be mediated by modulation of the Wnt/β-

catenin signaling pathway, thus confirming the in vitro results commented above. In fact, 

and similarly to that observed in vitro, tigecycline inhibited STAT3 activation in CAC mice, 

resulting in a reduction of the ratio phospho-STAT3/STAT3 (Figure 47A and B). 

Subsequently, the treatment ameliorated the expression of the downstream genes Ccnd1 

and Mmp9, which were upregulated in control CAC mice (Figure 47B). Furthermore, a 

trend to reduce the colonic levels of CTNNB1 was observed with both tigecycline and 5-

FU (Figure 47A and B). The antiproliferative effect observed may be also due to the 

inhibitory effects of tigecycline on AKT activation, thus resulting in a reduction of the 

phospho-AKT/AKT ratio, which was increased in control CAC mice (Figure 47A and B). 

This effect was also observed with 5-FU treatment and it could be associated with a 

significant downregulation of Angpt2, an important mediator in the angiogenesis process.  

The effects of tigecycline on CSCs populations were also evaluated by flow cytometry 

analysis. An increase in LGR5+ and LGR5+CD44+ CSCs populations was found in control 

CAC mice, whereas the treatment with tigecycline significantly reduced the levels of both 

populations (Figure 47C). When the impact of tigecycline on CSCs formation was 

evaluated, a significant reduction in SNAI1 levels was observed in those mice treated 

with tigecycline in comparison with the CAC group (Figure 47D). 

 

 

 

Figure 46. Histological study of colon from CAC mice treated with tigecycline and 

5-FU. (A) Representative colon sections stained with haematoxylin, eosin and alcian 
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blue. Adenocarcinomas are indicated with red arrows, adenomas with blue arrows and a 

lymph node with black arrow. (B) Ki67 immunofluorescence staining (green) was 

conducted to identify actively proliferating cells and proliferation index was calculated 

from the percentage of ki67-positive cells in ratio to total cells per field. Data are 

presented as mean ± SEM. Bars with different letters differ statistically (P<0.05). 

 

 

Figure 47. Impact of tigecycline and 5-FU on cell proliferation and stemness in CAC 

mice. (A) Western blot bands, (B) protein quantification and gene expression of several 

markers involved in cell proliferation evaluated and detected in colon.(C) Representative 

flow cytometry analysis of LGR5+ population and quantification of LGR5+ and 

LGR5+CD44+ cell populations in each experimental group. (D) Changes in SNAI1 levels 

induced by the CAC process and tigecycline treatment analyzed by western blot in colon. 

Data are presented as mean ± SEM. Bars with different letters differ statistically (P<0.05). 

Moreover, the anti-tumor effect of tigecycline was also related to a pro-apoptotic impact. 

The TUNEL assay showed an increase in the number of apoptotic cells in mice treated 

with either tigecycline or 5-FU (Figure 48A). In accordance with the in vitro results 
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described above, the apoptosis induction exerted by tigecycline in CAC mice involved 

the increase the levels of CASP7, both full length and cleaved (Figure 48B and C). 

Moreover, tigecycline and 5-FU treated mice also normalized the levels of BCL2 

compared to CAC-mice (Figure 48B and C), which can also contribute to the pro-

apoptotic effect.  

 

Figure 48. Apoptotic effect of tigecycline and 5-FU on CAC mice. (A) Representative 

fluorescence images of Tunel assay-stained (apoptosis) colonic tissue sections from 

CAC, CAC-T25, CAC-T50 and CAC-FU mice. Apoptotic cells are stained in green and 

nuclei in blue (Hoechst). The apoptosis index was calculated as Tunel⁺ cells/total cells 

per field. (B) Western blot bands and (C) quantification of several markers Data are 

presented as mean ± SEM. Bars with different letters differ statistically (P<0.05).involved 

in apoptosis and cell survival analyzed in colon tissue.  

The inflammatory status of the disease was assessed throughout the induction process 

by monitoring the DAI (Figure 49A). 5-FU treatment did not show any statistical 
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differences in comparison with the CAC control group at the end of the assay, but 

tigecycline significantly reduced DAI values (Figure 49A). Accordingly, tigecycline 

inhibited the expression of some cytokines involved in the tumor-associated inflammatory 

response in the colon, like Tnfa, Il6, Il17a and Il23a (Figure 49B). 

 

Figure 49. Effect of tigecycline and 5-FU on CRC-associated inflammation. (A) DAI 

score. (B) Impact on the cytokines gene expression quantified by real-time qPCR. Fold 

increase was calculated vs. control group. Data are presented as mean ± SEM. Bars with 

different letters differ statistically (P<0.05). 

When the impact of the tigecycline on the myeloid populations from colon 

(CD45+CD11b+) and lymphoid cells in MLNs (CD3+CD4+/CD3+CD8+) was analyzed, a 

reduced infiltration of myeloid cells (CD45⁺CD11b⁺) into the colon was observed (Figure 

49A). Also, similar numbers of CD3+CD4+ cells among the T cells from MLNs were 

observed in the different groups, together with a significant reduction of CD8⁺ CTLs in 

CAC group (Figure 49B and C). When the CD3+CD4+IFNγ+ (Th1 phenotype) population 

was considered, the highest dose of tigecycline produced a significant increase (Figure 

49C). Interestingly, this increment has been associated with a protective response 

against CAC through favoring the recruitment of CTLs (547). In fact, when CTL 

population was analyzed, tigecycline and 5-FU increased its level in comparison with 
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non-treated CAC-mice (Figure 49C), particularly those CTLs with interferon-γ (IFNγ) 

production (Tc1) (Figure 49C).  

 

Figure 49. Effect of tigecycline and 5-FU on cell immune populations in CAC mice. 

(A) Representative dot plots from HEALTHY, CAC, CAC-T25, CAC-T50 and CAC-FU 

mice showing the CD4 vs. CD8 T lymphocyte distribution. (B) CD3+CD4+, Th1, 

CD3+CD8+, Tc1 and (C) CD45+, CD11b+ and Neutrophils populations levels in HEALTHY, 

CAC, CAC-T25, CAC-T50 and CAC-FU mice groups. Data are presented as mean ± 

SEM. Bars with different letters differ statistically (P<0.05). 

The effect of tigecycline treatment on gut dysbiosis was also explored since this 

microbiota alteration plays a pivotal role in CRC development, as evidenced both in 

human and in experimental models. The analysis of 16S rRNA sequencing results 

confirmed that microbiota composition was clearly modified in control CAC mice 
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compared to healthy mice. However, the administration of tigecycline (25 mg/kg) or 5-FU 

treatment showed a clear impact on gut microbiota composition, since the treatments 

significantly increased alpha diversity, calculated by different indexes (observed species, 

Shannon, ACE, and Simpson), in comparison with untreated CAC group (Figure 50A). 

Conversely, diversity indexes were lower in those mice treated with the highest dose of 

tigecycline (50 mg/kg) (Figure 50A), most probably due to the antibiotic effect exerted at 

this dose. Besides, the beta diversity determined by weighted unifrac analysis revealed 

a clear separation in the PCoA between healthy and control CAC group, indicating that 

the homeostasis of gut microbiota was dramatically disrupted by the AOM/DSS 

administration to mice (Figure 50B). Remarkably, the 5-FU mice and the lowest dose of 

tigecycline showed more resemblance to the healthy group (Figure 50B). Consistently, 

the Venn diagram (prevalence 75%) showed that there were only 4 common OTUs 

among healthy and CAC groups, and that the highest number of shared OTUs was 

presented among healthy group and tigecycline group (25 mg/kg, 48 shared OTUs) 

(Figure 50C). 

The gut microbiota composition and their abundance were also determined in more 

detail. As shown in Figure 50D, the relative taxonomic composition at the phylum level 

mainly contained Bacillota, Bacteroidota, Pseudomonadota and Verrucomicrobiota. 

Additionally, the relative abundance of Bacillota and Actinomycetota was diminished in 

the control CAC group in comparison with the healthy group, whereas Bacteroidota, 

Pseudomonadota, and Verrucomicrobiota levels were increased (Figure 50D). Notably, 

the administration of tigecycline attenuated the modification in the gut microbiota 

composition caused by AOM/DSS administration (Figure 50D). Furthermore, the control 

CAC group showed a significant reduction of the F/B ratio when compared to healthy 

control mice. Importantly, the treatment with the lowest dose of tigecycline significantly 

increased this ratio (Figure 50E). At genus level, the heatmap showed that the 

abundance of some of the bacteria was increased in the CAC group when compared to 

healthy mice (Akkermansia, Turicibacter, Lachnospiraceae, Desulfovibrio and 

Enterorhabdus) (Figure 50F), whereas other genera were reduced (Coriobacteriaceae, 

Lactobacillus, and Dubosiella) (Figure 50F). 
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Figure 50. Effect of tigecycline and 5-FU on gut microbiota composition. (A) 

Microbiome diversity indexes calculated after fecal microbiota Illumina sequencing: 

observed species, Simpson index, Shannon index and ACE index. (B) β-diversity by 

principal coordinate analysis score plot. (C) A Venn diagram showing the number of 

OTUs which are unique and common to each experimental group. (D) Distribution 

histogram of relative abundance of taxa. (E) Bacillota/Bateroidota (named F/B) ratio in 

each experimental group (F) A heatmap showing the taxonomic signatures at the genus 
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level. Data are presented as mean ± SEM. Bars with different letters differ statistically 

(P<0.05). 

The Volcano plots provide information about the amount of OTUs that are downregulated 

and upregulated with respect to the control CAC group. Specifically, in healthy and CAC-

FU the higher number of OTUs were upregulated, 93 and 130 OTUs, respectively (Figure 

51A). When the Venn diagram was determined with the upregulated OTUs the results 

showed that none of them were shared among the four groups. Conversely, one of them, 

corresponding to Parabacteroides genus, was observed among the three treated groups 

(Figure 51B). Moreover, 6 OTUs were up-regulated and shared among mice treated with 

the two doses of tigecycline (Figure 51B): Enterobacteriaceae family, Akkermansia and 

Bacteroides genera, as well as, Parabacteroides distasonis and uncultured Bacteroidales 

bacterium bacterial species (Figure 51B). Additionally, in tigecycline-treated mice, the 

higher number of OTUs were found downregulated when compared to the control CAC 

group: 87 and 130 OTUs, respectively (Figure 51B). Three of them were significantly 

downregulated, and shared in the three groups of treated mice: Dubosiella genus and 

Dubosiella newyorkinensis and Clostridium sp. ASF502 bacterial species (Figure 51B). 

When tigecycline treated groups were compared only two bacterial genera 

(Faecalibaculum and A2 from Lachnospiraceae) were decreased and shared (Figure 

51B).

 

Figure 51. Effect of tigecycline and 5-FU on gut microbiota composition. (A) 

Volcano plot indicating the upregulated and downregulated OTUs in Healthy, CAC-T25, 

CAC-T50 and CAC-FU in comparison with those OTUs determined on CAC group. (B) 

Healthy versus CAC CAC-T25 versus CAC

CAC-T50 versus CAC CAC-FU versus CAC

Up-regulated OTUs

Down-regulated OTUs

A) B)
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Venn-diagrams that show the down-regulated shared OTUs and the up-regulated shared 

OTUs between Healthy, CAC-T25, CAC-T50 and CAC-FU when compared with the CAC 

group.  

When focused on OTUs shared in both treated and healthy mice, Ruminococcus 1 and 

Erysipelatoclostridium genera, Lachnospiraceae bacterium COE1 and Clostridium sp. 

Clone-47 species were found down-regulated in healthy, CAC-T50 and CAC-FU groups 

(Figure 51B). Additionally, the genus Ruminococcaceae UCG-013 was decreased in 

healthy and tigecycline 50 mg/kg treated mice (Figure 51B). 
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III. CHARACTERIZATION OF THE IMPACT OF OBESITY 

IN CRC DEVELOPMENT: IMPACT OF TIGECYCLINE IN 

A OBESITY-ASSOCIATED CAC MODEL. 

1. ADIPOSE CELL-DERIVED METABOLITES 

CONTRIBUTE TO THE PROLIFERATION AND 

CLONOGENICITY OF TUMOR CELLS. 

As it is widely known, overweight and obese patients suffer from hypertrophy and 

hyperplasia in adipose tissue that lead to fat accumulation. It has been reported that 

adipocytes are a source of metabolites that can be involved in the pathogenesis of cancer 

(548), thus justifying that obesity has been considered as a risk factor for the development 

of CRC. Therefore, and in order to study the association between obesity and cancer, 

the impact of the conditioned medium of ADSCs and differentiated adipocytes on the 

clonogenicity of HCT116 colon cancer cells was evaluated. A significant increase in the 

number of colonies and size of HCT116 cells was observed when they were incubated 

with the conditioned medium of both ADSCs and differentiated adipocytes (Figure 52A).  

 

Figure 52. Adipose cells increase the tumorigenicity of colon cancer cells. (A) 

Clonogenicity capacity of HCT116 cells is increased after being incubated with 10% 
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conditioned medium (CM) of ADSCs or adipocytes. (B) Western blot analysis of survival 

and proliferation markers carried out in HCT116 cells co-cultured with adipocytes. Data 

are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. 

Control). 

These results suggested that adipose cells secrete metabolites that contribute to the 

clonogenicity of tumor cells. Then, additional experiments were performed to characterize 

the molecular mechanisms involved in this effect, i.e., in the growth of tumor cells induced 

by adipose cells. The results revealed that the coculture of HCT116 with adipocytes 

expressed higher levels of the survival marker BCL2, as well as further activation of AKT 

and STAT3, although only the latter showed statistical differences (Figure 52B). 

Therefore, these results may provide a mechanistic explanation by which adipose cells 

could increase the tumorigenesis of colon cancer cells.  

2. TIGECYCLINE MITIGATES THE DISEASE SEVERITY IN 

A MODEL OF OBESITY-ASSOCIATED CAC. 

In order to further study the complex relationships between obesity and CRC, a murine 

model that combined both pathologies was designed. As shown in Figure 53A, C57Bl/6 

mice were fed SD or HFD for 10 weeks and then, AOM was intraperitoneally administered 

to these mice. Subsequently, mice were subjected to three cycles of DSS at 2% in 

drinking water to promote CAC. At the beginning of the third cycle, a group of HFD mice 

was treated with tigecycline at 25 mg/kg/day in order to evaluate the impact of this drug 

in obesity-associated CAC.  

As expected, mice fed HFD resulted in a significant increase in body weight when 

compared to those mice fed SD (Figure 53B). Obesity is characterized by impairment of 

the glucose  metabolism due to the development of insulin resistance, with high levels of 

insulin and glucose in plasma, and this metabolism alteration has been associated with 

a higher risk of colon cancer development development (549). Thus, the GTT was 

performed one week before the end of the experiment, and the results revealed that 

control obese CAC mice showed significantly higher blood glucose levels than the SD-

fed group (Figure 53C). Conversely, tigecycline treatment resulted in a faster recovery of 

blood glucose levels, although there were no significant differences in the AUC of 

glycemia when compared to untreated obese mice (Figure 53C and D).   

The presence of both comorbidities, CRC and obesity resulted in higher mortality, 

although no significant differences were found with respect to that obtained in lean mice 
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with CAC (Figure 53E). The treatment with tigecycline was not able to reverse the 

mortality percentage suffered by obese mice submitted to CAC (Figure 53E).  

 

 

Figure 53. Tigecycline attenuates the disease severity in a model of obesity-

associated CAC. (A) C57Bl/6 mice were fed with a SD or HFD before being subjected 

to CAC induction through the intraperitoneally injection of 10 mg/kg of AOM followed by 
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three cycles of DSS interspersed with weeks of rest. A group of obese mice with cancer 

was treated with tigecycline during the last 7 weeks of the assay. Moreover, a week 

before the endpoint a glucose tolerance test and a colonoscopy were carried out. (B) 

Body weight of mice at the end of the experiment. (C) Glucose tolerance test. (D) Area 

under the curve (AUC) of glycemia of each group of mice. (E) Percentage survival. (F) 

Disease Activity Index (DAI) and (G) weight loss index were determined daily during the 

three DSS cycles. (H) Colon weight/length (W/L) ratio. Data are graphed as mean ± SEM 

(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. CAC control SD mice and #P < 

0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. CAC control HFD mice). 

 

Moreover, it has been reported that obesity negatively influences the inflammatory status 

in IBD patients, thus accelerating the development of the CAC process (382, 550). In 

accordance with previous studies, obese mice with CAC presented more severe 

inflammatory features than SD mice, as evidenced by the DAI score measured in each 

cycle of DSS incorporation to drinking water (Figure 53F). Conversely, the 

antiinflammatory properties associated to tigecycline resulted in an amelioration of the 

cancer-associated inflammation, since a significant reduction in DAI score values in these 

animals were observed when compared to untreated obese mice (Figure 53F). In 

addition, the severity of the disease was associated with a higher percentage of weight 

loss in obese mice with cancer that was attenuated by the tigecycline treatment (Figure 

53G). During colitis development there is a shortening and thickening of the colon, thus 

resulting in an increase in the colon weight/length (W/L) ratio, being this a marker 

commonly used to evaluate colitis severity (551). In correlation with DAI score values, 

control obese mice showed a significant increase in the W/L ratio when compared to SD 

fed mice and those obese mice treated with tigecycline (Figure 53H).  

 

3. TIGECYCLINE ADMINISTRATION REDUCED THE 

TUMORIGENESIS IN OBESITY-ASSOCIATED  CAC 

MICE. 

The evaluation of the tumorigenesis process in the different experimental groups by 

colonoscopy revealed an increase in tumor number and size grade in untreated HFD-

mice when compared to those fed with SD (Figure 54A), thus resulting in an increase of 

endoscopic index of tumor severity (Figure 54B). Conversely, obese mice treated with 
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tigecycline exhibited a significant reduction in tumor number and size, which resulted in 

a significant reduction in the endoscopic index of tumor severity when compared to 

untreated obese mice (Figure 54B).  

 

Figure 54. Tigecycline administration to obese mice with CAC reduces tumor 

burden and size. (A) Representative images taken from a colonoscopy carried out one 

week before mice were sacrificed. (B) Endoscopic index of tumor severity based on the 

size of the tumors observed during the colonoscopy and calculated as previously 

described by Becker and colleagues (2006) (518). (C) Representative images of colons 

removed from SD, HFD and HFD+Tigecycline after their sacrifice. (D) Tumor number, 

(E) larger diameter, (F) smaller diameter and (G) tumor volume. Values are graphed as 

mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. CAC control SD 

mice and #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. CAC control HFD mice). 

 

Once mice were sacrificed, tumor load and size were analyzed in the colonic segments. 
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increase of tumor burden compared to SD mice, while tigecycline treatment mitigated the 

tumorigenesis and resulted in a significant reduction in the number of tumors (Figure 54C 

and D). Additionally, obesity promoted the generation of larger tumors, resulting in a 

significant increase in both the larger (Figure 54E) and smaller (Figure 54F) diameter of 

tumors and, therefore, in the tumor volume (Figure 54G). The treatment with tigecycline 

not only mitigated the negative impact of obesity on tumor burden, but also managed to 

significantly reduce the size grade of the tumors (Figure 54E-G). 

The histological analysis of the representative colonic sections revealed that, in the case 

of HFD untreated-mice, all specimens analyzed showed adenocarcinoma-type lesions 

with signs of submucosal invasiveness in some cases (Figure 55A and B). Conversely, 

the lesions observed in both SD and HFD tigecycline-treated mice were adenomes, 

without signs of submucosal invasion (Figure 55A and B). Moreover, in neoplastic areas, 

higher immune cell infiltration, together with lower number of goblet cells with an altered 

pattern of mucin secretion was observed in obese untreated-mice submitted to CAC in 

comparison with both SD and HFD tigecycline-treated mice (Figure 55A). These data 

suggest that obesity accelerates the malignancy of tumors, thus turning cancer to further 

advanced stages with tissue invasive capacity, while the treatment with tigecycline 

hinders this advance.  

In order to better characterize the underlying mechanisms by which obesity aggravates 

tumorigenesis in CAC mice, cell proliferation was evaluated by the Ki67 staining in the 

colonic sections (Figure 55C). The results showed a significantly increased number of 

Ki67+ cells in untreated HFD-fed CAC mice when compared to SD-fed CAC mice, thus 

revealing a significant increase of the proliferation index (Figure 55D), calculated through 

the percentage of the ratio between Ki67+ cells and total number of cells per field. In turn, 

the treatment with tigecycline achieved a significant reduction in the number of Ki67+ cells 

leading to a reduction of the proliferation index (Figure 55D). 
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Figure 55. Tigecycline ameliorated the adenocarcinoma-like lesions with invasive 

capacity, which was associated with a reduction in the proliferation index in obese 

mice with CAC. (A) Representative colonic sections of SD, HFD and HFD+T mice 

stained with haematoxylin, eosin and alcian blue. Scale bar: 200 µm (up) and 100 µm 

(low). Green arrow: healthy tissue; Yellow arrowhead: adenome; red arrow: 

adenocarcinoma; black arrow: invasive tumor. (B) Histology score based on the lesions 

observed in each group of mice. (C) Ki67 immunofluorescence staining (green) in colonic 

sections of SD, HFD and HFD+T mice. Scale bar: 100 µm. (D) Proliferation index 

calculated from the percentage of ki67-positive cells in ratio to total cells per field. Data 

are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. CAC 

control SD mice and #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. CAC control 

HFD mice). 
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4. IMPACT OF TIGECYCLINE ON ADIPOSE-DERIVED 

METABOLITES AND THEIR INVOLVEMENT IN CAC 

DEVELOPMENT. 

As commented above, several factors, which are altered in obesity, have an important 

impact in cancer development and contribute to the activation of molecular pathways 

involved in tumor growth. In fact, it has been demonstrated that adipose-derived 

adipokines, like leptin, and cytokines, like IL-6, are involved in the overstimulation of 

proliferative molecular pathways, such as JAK/STAT3, PI3K/AKT and the widely known 

Wnt/β-catenin route (552, 553). IL-6 has been found to be increased in both obese and 

CRC patients (554, 555). In the present study, the levels of IL-6 were significantly 

upregulated in the inguinal fat deposits, as evidenced when both gene expression (Figure 

56A) and protein levels were determined (Figure 56B). In turn, mice treated with 

tigecycline exhibited a downregulation of Il6 gene expression (Figure 56A) and protein 

levels (Figure 56B).  In concordance with these results, a significant increase in the 

activation of STAT3, evidenced by an increase in the pSTAT3/STAT3 ratio, was observed 

in untreated obese mice when compared to SD mice (Figure 56C). Tigecycline 

administration significantly inhibited colonic STAT3 activation in HFD-fed CAC, which 

was associated with a significant reduction in the active form of STAT3 in these mice 

(Figure 56C).  

PPARγ is a transcription factor found in adipose tissue that plays a crucial role in 

adipocyte differentiation and function (556). Moreover, it has been linked to 

antiinflammatory and antineoplastic effects through the induction of apoptosis, as well as 

the inhibition of proliferation and angiogenesis (557-559). One of the main mechanisms 

involved in the antitumor effects of PPARγ is due to its ability to upregulate PTEN 

expression, which is a tumor suppressor gene that reduces cell migration and 

proliferation through halting PI3K/AKT signaling pathway (557, 560). Thus, when levels 

of PPARγ in inguinal fat samples were analyzed, a significant decrease was observed in 

HFD mice with CAC, regardless of the treatment (Figure 56D). Then, the state of the 

PI3K/AKT pathway was evaluated in colonic samples.  
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Figure 56. Impact of adipose-derived metabolites in tumorigenesis and its 

modulation by tigecycline. (A) Il6 gene expression and (B) IL-6 protein levels in inguinal 

fat samples. (C) Colonic western blot analysis of phospho STAT3 and STAT3 and ratio 

of their values. (D) PPARγ Western blot bands analyzed in inguinal fat samples and their 

quantification by densitometry. (E) Western blot of AKT, phospho-AKT and BAX proteins 

in colon samples and densitometric analysis. (F) Cebpa gene expression in inguinal fat 
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samples obtained from SD, HFD and HFD+tigecycline mice. (G) Quantification of 

CTNNB1 and phospho-CTNNB1 levels in colon samples by Western blot and 

quantification by densitometry. (H) Gene expression analysis of Ctnnb1, Ccnd1 and Myc 

in colon specimens. (I) TBARS production in colon.  Data are graphed as mean ± SEM 

(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. CAC control SD mice and #P < 

0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. CAC control HFD mice). 

 

As expected, there was an increase of the activation of AKT in untreated obese mice 

submitted to CAC, which resulted in a significant increase of the phosphoAKT/AKT ratio 

compared to the corresponding control SD mice (Figure 56E). This effect may be 

associated with the increased cell proliferation index observed in colon sections from 

obese control mice. Despite tigecycline was not able to restore PPARγ levels in the 

adipose tissue of CAC-obese mice, the compound interfered with the crosstalk 

PPARγ/AKT, being able to significantly reduce the activation of AKT, thus reducing the 

ratio phospho-AKT/AKT (Figure 56E). Moreover, the activation of the PI3K/AKT pathway 

is associated with the suppression of BAX activity, inducing an antiapoptotic effect in 

tumor cells (561). BAX levels were also analyzed in the colonic tissue, and no significant 

differences were observed among groups, although a trend was noted in tigecycline 

treated mice (Figure 56E). 

C/EBPɑ is another important mediator in the regulation of adipogenesis, whose levels 

have been found to be increased in obesity (562, 563). Moreover, this transcription factor 

is involved in the pathogenesis of cancer, being recently reported that its upregulation 

contributes to CRC growth, metastasis and poor survival outcome (564). Furthermore, it 

has been reported that C/EBPɑ exerts its oncogenic role by targeting the Wnt/β-catenin 

pathway, thus upregulating Myc and Ccnd1 gene expression (564). A significant increase 

in Cebpa expression was observed in the inguinal fat of untreated obese mice with CAC 

compared to SD-fed mice (Figure 56F). This action may be associated with the impact of 

obesity in total CTNNB1 levels in colonic tissue, where a significant increase of this 

marker was found in HFD-untreated mice in comparison to SD mice (Figure 56G). 

Although tigecycline did not have significant effect on Cebpa expression (Figure 56F), it 

significantly reduced total CTNNB1 protein levels (Figure 56G), although no significant 

differences were obtained with the phosphorylated form of CTNNB1 among groups 

(Figure 56G). In concordance to these results, tigecycline was able to significantly 

downregulate the expression of CTNNB1 target genes: Ccnd1 and Myc, as well as, the 

Ctnnb1 gene itself (Figure 56H). 
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Finally, lipid peroxidation has been reported to be increased in obesity, which is 

associated with increased production of MDA. As previously stated, MDA may act as a 

mutagen and induce alterations in the colonocytes that contribute to the initiation and 

progression of CRC (358, 362). A significant increase in the production of MDA was 

observed in the colonic specimens from untreated obese mice when compared to those 

fed with a SD, which was significantly reduced in those CAC-obese mice treated with 

tigecycline (Figure 56I).  

 

5. TIGECYCLINE ADMINISTRATION MODULATES THE 

IMMUNE RESPONSE INVOLVED IN CAC 

DEVELOPMENT. 

As commented above, the inflammatory process plays an important role in the initiation 

and progression of CRC. Moreover, the infiltration of immune cells, such as 

macrophages, in the tumor microenvironment may promote tumorigenesis in CRC due 

to the release of several cytokines and other mediators that can suppress the tumoricidal 

activity of lymphocytes and stimulate tumor growth (565, 566). Therefore, we aimed to 

further characterize the immune response involved in the pathogenesis of obesity-

associated CAC. In accordance with the macroscopic observations described above, the 

gene expression analysis showed an upregulation of the proinflammatory cytokines Il17a 

and Il23p19 in colonic tissue from HFD untreated mice compared to those mice fed a SD 

(Figure 57A). Both cytokines have a pivotal role in the stimulation of the Th17 response, 

which has been reported to negatively influence the prognosis of CRC (339, 567). The 

administration of tigecycline resulted in a significant downregulation of both 

proinflammatory cytokines (Figure 57A).  

The inflammatory status in HFD-untreated mice was associated with a significant 

increase in the colonic infiltration of CD45+ cells and a trend to increase CD11b+ cell 

levels in comparison to those fed SD (Figure 57B). Mice treated with tigecycline exhibited 

a slight decrease in the colonic infiltration of these immune cells (Figure 57B), although 

additional experiments to increase the number of samples analyzed is necessary to 

confirm these observations.  



 

- 146 - 
 

 

Figure 57. Tigecycline attenuates the inflammatory status altered in the colon of 

obese-CAC mice through a modulation of the myeloid compartment in blood. (A) 

Cytokine gene expression in colon tissue. (B) Percentage of CD45+ and CD11b+ with 

respect to the total number of cells analyzed by flow cytometry in colon samples. (C) 

Representative gates from SD, HFD, and HFD+T mice showing the abundance of 

CD11b+ cells (up) and monocytic cells (down) in blood. (D) Total number of CD11b+ cells, 

monocytes and classic monocytes (Ly6ChiCCR2+) in blood. (E) Representative Western-

blot bands of COX2 levels in colon tissue in the three experimental groups and their 

densitometric quantification. Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001 vs. CAC control SD mice and #P < 0.05, ##P < 0.01, ###P < 

0.001, ####P < 0.0001 vs. CAC control HFD mice). 

 

The results were more evident when monocyte populations were evaluated in blood 

samples by using flow cytometry. Regarding the number of circulating CD11b+ myeloid 
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cells, the analysis showed a clear difference between SD- and HFD-CAC control mice, 

being this population significantly higher in the latter (Figure 57C and D). Surprisingly, 

mice treated with tigecycline showed a significant reduction in CD11b+ circulating cells 

(Figure 57D), in concordance with previous studies performed with tetracyclines in the 

DSS model of experimental colitis (477). When the largest population of myeloid cells 

was considered, the monocytic-macrophagic population, differences among groups were 

also observed (Figure 57C and D). Indeed, levels of monocytic cells were significantly 

higher in HFD-fed CAC mice when compared to either SD or HFD-fed mice treated with 

tigecycline (Figure 57D). It has been reported that circulating CCR2+ monocytes are 

recruited to the tumor microenvironment by tumor cells and, once there, they become 

immunosuppressive TAMs that promote cancer malignancy (568). Then, the levels of the 

Ly6ChiCCR2+ subpopulation of monocytes were determined in blood samples, which are 

considered as classical activated monocytes. The results revealed that this classic 

monocytic population was significantly increased in HFD-fed CAC mice in comparison 

with lean CAC mice (Figure 57D). Additionally, the treatment with tigecycline reduced 

Ly6ChiCCR2+ monocyte levels, although no significant differences were observed (Figure 

57D). 

Previous studies have reported the presence of upregulated levels of COX-2 enzyme in 

peripheral blood monocytes and local macrophages in CRC patients (569). As previously 

stated, COX-2 activity linked to PGE2 overproduction has a crucial role in the 

pathogenesis and malignancy of CAC and obesity-associated CRC (328). In view of the 

described results for myeloid populations,the COX-2 levels in the colonic tissue from the 

different experimental groups of mice were evaluated. Obesity was associated with a 

significant increase in COX-2 levels in untreated HFD-fed CAC mice in comparison with 

mice fed a SD (Figure 57E). Conversely, tigecycline was able to significantly prevent this 

increase in COX-2 levels (Figure 57E). COX-2 downregulation may be associated with 

the reduction of STAT3 and AKT activation, as previously described in the present study 

(315).  

Finally, the adaptive immune response also plays an important role in the progression of 

CRC. Therefore, the immune cell population at MLNs was evaluated by flow cytometry. 

Interestingly, the samples from HFD-fed CAC mice treated with tigecycline exhibited 

more than three times the number of CD45+ cells compared to the other experimental 

groups (Figure 58A). About 15% of total CD45+ cells turned out to be CD3+ lymphocytes 

in tigecycline-treated mice, whereas this percentage was below 5% in control SD-fed or 

HFD-fed CAC mice (Figure 58A). A more detailed analysis of T cell subpopulations 

revealed that levels of CD4+ and CD8+ T cells were slightly downregulated in HFD-fed 
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CAC mice in comparison with lean mice, but this effect was masked by the marked 

increase in both cell populations in mice treated with tigecycline (Figure 58A and B). As 

it previously discussed, an increase in CD8+ T cells is associated with a better CRC 

prognosis (191). Moreover, the administration of tigecycline resulted in a marked 

increase in B cells levels in MLNs in comparison with both control groups of mice (Figure 

58A). The role of B lymphocytes in CRC development is controversial, but it has been 

reported that an increase of B cells in CRC is associated with a better prognosis due to 

their ability to cooperate with CD8+ T lymphocytes in the immune response against 

cancer (570, 571). 

 

Figure 58. Impact of tigecycline in lymphocyte populations in MLNs analyzed by 

flow cytometry. (A) Percentage of CD45+ cells, CD3+ cells, CD45+CD3+CD4+ T 

lymphocytes,  CD45+CD8+ T cells and  CD45+B220+ B lymphocytes. (B) Representative 

gates from SD, HFD, and HFD+T mice showing the abundance of CD8+ T cells in MLNs. 

Data are graphed as mean ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 

vs. CAC control SD mice and #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. CAC 

control HFD mice). 

 

 

 

SD HFD HFD+T

0

20

40

60

80

100

CD45+

%
 l
iv

e
 c

e
ll
s

* #

SD HFD HFD+T

0

5

10

15

20

CD3+

%
 C

D
4
5

+
 c

e
ll
s

* #

SD HFD HFD+T

0

5

10

15

CD45+CD3+CD4+

%
 C

D
4
5

+
 c

e
ll
s

#

SD HFD HFD+T

0

2

4

6

8

CD45+CD3+CD8+

%
 C

D
4
5

+
 c

e
ll
s * #

SD HFD HFD+T

0

10

20

30

40

CD45+B220+

%
 C

D
4
5

+
 c

e
ll
s

* #

SS
C

-A

CD8

A)

B)

HFD HFD+TSD



 

- 149 - 
 

6. TIGECYCLINE MODULATES THE GUT MICROBIOTA IN 

HFD-CAC MICE 

The impact of tigecycline on gut microbiota composition was also explored since 

dysbiosis is a common feature in both diseases, obesity and CRC. Firstly, the alpha 

diversity was analyzed by determining different biodiversity indexes (Shannon, Simpson 

and Observed ASVs). Although no significant differences were obtained among control 

groups when these indexes were analyzed (Figure 59A), their values were reduced in 

the gut microbiota from HFD-fed CAC mice treated with tigecycline (Figure 59A). Next, 

the beta diversity was determined by Bray-Curtis dissimilarity index analysis. The metric 

multidimensional scaling, called PCoA plot, showed a clear separation among the three 

experimental groups (Figure 59B), thus indicating high differences in the composition of 

the bacterial communities from each group.  

Next, we determined the composition of the bacterial phyla in each experimental group 

of mice. The two main bacterial phyla in the gut microbiota, Bacteroidota and Bacillota, 

were found downregulated in obese mice in comparison with lean mice (Figure 59C). On 

the other hand, an increase in Verrucomicrobiota phylum levels was observed in obese 

mice. In fact, this phylum became the most predominant in those mice treated with 

tigecycline (Figure 59C). Interestingly, Desulfobacterota phylum was increased in 

untreated obese mice but not in those treated with tigecycline. In the latter, an increase 

in Proteobacteria in comparison with the other two groups was reported (Figure 59C). 

Regarding the abundance of bacterial genus, it was noteworthy that obese mice exhibited 

an increase in Akkermansia genus levels, making this rise more marked in treated mice 

(Figure 59D). Moreover, the relative abundance of Alistipes was especially increased in 

untreated obese mice (Figure 59D). It is also necessary to mention that Parabacteroides 

relative abundance was higher in those mice treated with tigecycline when compared to 

control groups (Figure 59D). Lastly, when the abundance of bacterial species was 

studied, we found that Akkermansia muciniphila was the most abundant bacterial species 

in both, untreated and treated obese mice. In the latter, it is also noteworthy the increase 

in Parabacteroides goldsteinii abundance, which is the second bacterial species more 

abundant in this group (Figure 59E). On the other hand, SD fed mice showed increased 

levels of Unclassified Lachnospiraceae_NK4A136_group, Akkermansia muciniphila and 

Uncultured_Bacteroidales (Figure 59E). 
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Figure 59. Tigecycline modulates microbiota composition in HFD-fed mice with 

CAC. (A) Alpha-diversity indexes of stool microbiota (observed ASVs, Shannon index 

and Simpson index) (B) Beta-diversity index by Bray-Curtis analysis. (C) Distribution 

histogram of relative abundance of bacterial phyla; (D) genera and (E) species. Data are 

graphed as mean ± SEM (*P < 0.05 vs. CAC control SD mice and #P < 0.05 vs. CAC 

control HFD mice). 

 

Correspondingly, the volcano plot analysis showed that HFD-fed mice treated with 

tigecycline presented significantly lower levels of Muribaculaceae than control SD and 

HFD groups (Figure 60A). Moreover, tigecycline significantly increased Akkermansia, 

Parabacteroides and Enterobacter genera in comparison with SD-fed mice, being the 

latter genus also significantly increased when compared to control HFD mice (Figure 

60A). Similarly, LDA histogram indicated that the control HFD group was characterized 

by a significantly higher proportion of Alistipes, Odoribacter and Burkholderiales while in 

the HFD-fed group treated with tigecycline, levels of Parabacteroides goldsteinii, 
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Akkermansia muciniphila and Citrobacter europaeus were increased in comparison with 

the SD and HFD control groups (Figure 60B). 

Finally, the Venn diagram showed that SD, HFD and HFD-T groups only shared 2 ASVs 

being the number of shared ASVs higher between the SD and HFD-T (9) groups than 

HFD and HFD-T (4) mice groups (Figure 60C). Additionally, there was no common ASV 

between the SD and HFD groups (Figure 60C). 

 

Figure 60.  Impact of tigecycline on microbiota profile in HFD mice. (A) Volcano plot 

indicating the upregulated and downregulated ASVs in HFD-T mice when compared to 

SD mice (up) and those upregulated and downregulated in HFD-T mice in comparison 

with untreated HFD mice (down). (B) LDA scores for differentially abundant bacterial taxa 

in each experimental group. Negative LDA scores represent bacterial genera over-

abundant in HFD-fed groups of mice while positive represent bacterial groups 

overrepresented in SD-fed mice. (C) A Venn diagram showing the number of ASVs which 

are unique and common to each experimental group.  
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DISCUSSION  

Actually, obesity is considered to be one of the most relevant public health issues, with 

increasing prevalence in the last decades probably due to urbanization, sedentary 

lifestyle, and increased consumption of high-calorie processed food. In fact, WHO 

estimates that by 2025, approximately 167 million people will be overweight or obese 

(572). Of note, obesity constitutes a crucial risk factor for non-communicable conditions, 

including metabolic diseases (diabetes), cardiovascular diseases (stroke, hypertension 

or atherosclerosis), psychological problems and cancer, including colorectal cancer. 

Regarding the latter, it has been reported that obese people have a nearly doubled risk 

of suffering early-onset CRC (573). Additionally, epidemiological data suggests that 

around 11% of CRC cancer cases have been attributed to overweight and obesity in 

Europe in the last decade (345).  

Therefore, the association between obesity and CRC is well documented, although the 

link between both diseases is not fully characterized. Different hypothesis have 

suggested that alterations in insulin signaling and the development of a systemic and 

chronic low-grade inflammatory state could be involved in the convergence of obesity 

and CRC (382, 574, 575). Moreover, it has been widely demonstrated that obesity can 

induce gut dysbiosis. In fact, it has been reported that experimental obesity induced by 

HFD in mice can induce a shift in the microbial populations associated with an impairment 

of the gut barrier function and the onset of an inflammatory state that increases the risk 

of CRC through diverse mechanisms (576). The complexity of both diseases together, 

obesity and CRC, with the lack of efficacy and safety of existing drugs in certain 

population groups encourages the search for new strategies against these conditions. In 

this scenario, the main objective of the present study was to establish the role of the 

altered microbiota in the development of obesity and CRC, as well as the search for new 

therapies and targets based on the modulation of this microbiota to simultaneously act 

against both diseases. With this aim, firstly, the management of both diseases was 

addressed separately, in a murine model of diet-induced obesity and in CAC model; and, 

secondly, as a whole entity in a murine model of obesity-associated CRC.  

 

The present study was divided into three parts. In the first, two different experiments 

showed that plant extracts obtained from leaves of Thymus serpyllum and Morus alba 

exerted prebiotic effects that resulted in an amelioration of obesity. In the second, and 

based on the fact that the pharmacological profile of tigecycline combines antibiotic 
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activity and many other non-antibiotic properties, this tetracycline resulted an appropriate 

drug in the management of CRC, as evidenced in the in vitro assays and in a murine 

model of CAC. Finally, in the third part of this study, the impact of obesity in the 

malignancy of CRC was reported in a murine model of obesity-associated CRC, in which 

tigecycline achieved a substantial effectiveness. 

1. THE GUT MICROBIOME MODULATION BY PREBIOTIC 

TREATMENT AS POTENTIAL TREAMENT IN THE 

OBESITY 

Lifestyle modification is the first line of action for the management of obesity. However, 

many obese individuals do not achieve long-lasting benefits since it is difficult for them to 

adhere to the lifestyle changes due to their physical and psychological condition (577). 

Another way to address the problem of obesity is through drug therapy. The most 

commonly used drugs approved by the Food and Drug Administration (FDA) for the long-

term treatment of obesity include orlistat, phentermine/topiramate, naltrexone/bupropion, 

and liraglutide (578). Unfortunately, the lack of efficacy of some of these drugs, which 

has been questioned in recent meta-analysis, or their high cost and high incidence of 

adverse effects make their use difficult (578). Additionally, bariatric surgery yields 

substantial weight loss but its high cost and the risk of serious complications make it only 

suitable for cases of severe obesity (577). These findings have prompted the use of 

alternative therapies against obesity, highlighting the use of plant extracts with proven 

and safe anti-obesogenic properties (579, 580). In this scenario, Thymus serpyllum  and 

Morus alba  are two plant species containing different bioactive compounds, such as 

flavonoids and phenolic acids, that have previously demonstrated therapeutic potential 

against many diseases, including those metabolic disorders associated with obesity such 

as diabetes and dyslipidemia (461, 581-583) Based on these findings, in the current 

Thesis, two well chemically-characterized extracts from Thymus serpyllum and Morus 

alba were assayed in a murine model of diet-induced obesity, paying special attention to 

their capacity to modulate gut microbiota profile. 

The administration of both extracts to obese mice resulted in a significant reduction in 

body weight gain, which was associated with a reduction in the accumulation of fat 

deposits. These actions were exerted without affecting satiety of mice, as evidenced by 

a similar energy intake among the different groups fed with HFD, thus discarding an 
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anorexigenic action for these plant extracts. In consequence, other underlying 

mechanisms should be involved in the feed efficiency reduction observed.  

Rosmarinic acid, one of the major bioactive compounds presents in both extracts, has 

reported to exert anti-adipogenic activity through the downregulation of transcription 

factors involved in the maturation of human adipocytes, especially targeting C/EBPα, 

FABP4 and SREBP1 (584). Additionally, it has already been reported the ability of a 

Morus alba leaf extract to interfere with the expression of these transcription factors 

(585). Similarly, thyme treatment demonstrated a reduction in the expression of these 

makers in HFD-fed mice leading to a reduction in adiposity. It has been reported that the 

excess of fat in obese individuals facilitates accumulation and the impairment in the 

function of different organs such as the liver. In fact, one of the main disorders associated 

with obesity is the non-alcoholic fatty liver disease (NAFLD), which is characterized by 

hepatic steatosis (586). For this reason, the impact of the treatments in the development 

of fatty liver was studied, and the results obtained with the histological studies revealed 

the improvement of liver steatosis exerted by the extracts. It is well known that this 

situation of hepatic steatosis is usually linked to altered glucose and lipid metabolism, as 

well as to the development of systemic inflammation (586). This was confirmed in the 

present study, since HFD-induced obesity was associated with an alteration of the 

glucidic and lipidic metabolism, which was ameliorated in those obese mice treated with 

the thyme and mulberry extracts. Supporting this, both treatments were able to improve 

the systemic glucose intolerance associated with the obese phenotype when the glucose 

tolerance test was performed one week before sacrificing the mice.  

In a postprandial physiological situation, the increase in blood glucose stimulates the 

release of insulin from the pancreas and, once in blood, it reaches different target tissues 

and binds to its receptor. This action triggers the activation of the PI3K/AKT cascade, in 

which phospho-AKT promotes the translocation of the glucose transporter (GLUT) to the 

plasma membrane, thus inducing the entry of glucose into the cell (587). However, 

obesity is associated with an increased risk of insulin resistance development (588-590). 

This phenomenon is mainly associated with the chronic inflammatory state observed in 

obese patients and it leads to hyperinsulinemia and hyperglycemia (591). In the present 

study, although there were no differences in the insulin levels among the different groups 

of mice, it was shown a reduction in the insulin resistance in those mice treated with 

thyme, evidenced by a significant decrease of HOMA-IR, which is an index developed by 

Matthews et al. (1985) that is widely used for the estimation of insulin resistance (592). 

This amelioration of the insulin signaling induced by thyme promoted the upregulation of 
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Glut2 expression in the liver, which resulted in the improvement of glucose uptake by this 

organ and the subsequent glycemic reduction described in obese mice.  

As it was commented above, PI3K/AKT pathway has an important role in  insulin-

mediated glucose homeostasis (593). In adipose tissue, the activation of this signaling 

cascade results in the promotion of lipid biosynthesis and the suppression of lipolysis. 

Therefore, activated AKT contributes to increased fat deposits (594). Additionally, it has 

been reported that insulin resistance may result in an overactivation of PI3K/AKT 

pathway (593). This would justify that, in obese mice, the high and sustained levels of 

blood glucose would result in the activation of AKT, in comparison with lean mice. 

Moreover, this action may be involved in the increased fat accumulation observed in 

untreated obese mice. Interestingly, a reduction in the activation of AKT was observed in 

those obese mice treated with metformin or  mulberry leaf extract, which could be related 

to the amelioration of the glucidic metabolism profile and the substantial reduction of fat 

deposits observed in these mice.  

AMPK has also a pivotal role in metabolism, being considered as an energy sensor. 

When this enzyme is phosphorylated (active form), catabolic pathways such as lipid 

oxidation and glycolysis are triggered, thus increasing the energy expenditure (595). 

Thyme extract was able to increase the phosphorylation of AMPK, thus leading to its 

activation. This action may contribute to the reduction of energy efficiency observed in 

mice treated with this extract, as well as to the amelioration of the glycemic profile. In this 

scenario, it is necessary to highlight UCP1 protein, which is a major regulator of adipose 

energy expenditure and metabolic homeostasis (596). UCP1 uncouples the proton 

motive force generated in the mitochondria from ATP production to produce heat, thus 

increasing the energy expenditure. A deficiency of this protein in mice is associated with 

increased weight gain and development of obesity. Conversely, an overexpression of 

Ucp1 is associated with an anti-obesity effect (597). In fact, UCP1 is considered a 

promising molecular target to thermogenesis enhancement and obesity treatment (598). 

Of note, Morus alba extract was able to significantly increase the UCP1 levels 

downregulated in obese mice, and this may be considered one of the main mechanisms 

involved in the anti-obesity effects for this plant extract.   

Moreover, AMPK activation is also associated with the blockade of ATP-consuming 

anabolic pathways including fatty acid synthesis and cholesterol and triacylglycerol 

synthesis (599). Both plant extracts, thyme and mulberry, achieved a significant 

amelioration of lipid profile evidenced by a reduction in triglycerides and LDL/HDL ratio.  

AMPK not only exerts an essential role in regulating metabolism pathways, but also acts 

by controlling the inflammatory response through the the inhibition of NF-κB activation 
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pathway and reducing the expression of pro-inflammatory cytokines, such as IL-1β, TNFɑ 

and IL-6 (600). Moreover, it has been described that AMPKα1−/− mice exhibit an 

overactivation of JNK and STAT3 pathways, which are also involved in the inflammatory 

state characteristic of obesity (601). Thymus serpyllum and Morus alba leaf extracts 

showed  beneficial effects against the increased inflammation present in HFD-mice. On 

one hand, thyme extract was able to reduce the expression of the pro-inflammatory 

cytokines TNFɑ and IL-6 in both epididymal fat and the liver, as well as MCP1 chemokine 

expression in the liver. The ability of Thymus serpyllum  extract to induce the activation 

of AMPK in obese mice could explain the impact of this extract in the reduction of the 

expression of these pro-inflammatory mediators, as well as  of Jnk1 and Jnk2. On the 

other hand, Morus alba extract also exerted a beneficial impact on the inflammatory 

status evidenced in obesity by reducing the protein levels of COX-2 in epididymal fat and 

IL-6 levels in the liver. The activation of COX-2 in epididymal adipose tissue has been 

correlated with inflammation, insulin resistance and fatty liver in HFD obese rats (602). 

Moreover, HFD feeding is associated with an overexpression of Il6 in the liver that 

contributes to the low grade inflammation process observed in obesity (603). The ability 

of Morus alba extract to reduce the levels of these inflammatory mediators suggests an 

amelioration of the inflammation in obese mice.  

One of the most accepted hypotheses to explain the systemic inflammatory state linked 

to fat diet lies in the absorption of bacterial components such as LPS that causes a 

metabolic endotoxemia (604). LPS penetration is associated with gut dysbiosis and an 

impairment of the gut barrier integrity after high-fat exposure (604, 605). It has been 

reported that HFD consumption inhibits the secretion of mucin 2 through the induction of 

ER stress (605). Moreover, gut dysbiosis associated with obesity results in the release 

of LPS by Gram-negative bacteria that diffuses through the altered tight junctions or is 

incorporated into chylomicrons (394). Once in the systemic circulation, LPS binds to the 

LPS-binding protein and this complex activates the CD14 receptor, which in turn 

stimulates TLR4 activation on resident macrophages of different organs such as liver and 

adipose tissue (604). The activation of TLR4 leads to a pro-inflammatory response 

characterized by an increase of pro-inflammatory cytokine production (604).  These 

findings were confirmed in the present study, in which an increased level of plasmatic 

LPS was found in control mice fed a HFD compared to those fed a normal diet. 

Interestingly, this metabolic endotoxemia was reduced in those groups of mice treated 

with the two leaf extracts evaluated, thyme or mulberry, as well as in those mice treated 

with metformin. Moreover, an amelioration of the gut barrier integrity functions was 
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observed in mice administered with thyme extract, an action that contributes to the 

reduction of LPS absorption in these mice.  

The existence of obesity-associated gut dysbiosis was also confirmed in the present 

study. Conversely to the data presented in the first study when the thyme extract was 

evaluated the alpha diversity was not significantly modified in the mulberry evaluation 

assay. This could be explained because different methods of microbiome analysis were 

performed in both studies. In the second one, the gut microbiome was analyzed using 

ASVs. In this sense, it has been recently reported that microbial diversity results can be 

markedly affected by both the filtering strategy and ASVs- or OTUs- based analysis (606). 

Despite this,  the gut dysbiosis produced by the HFD intake was confirmed in both studies 

when the beta diversity was determined. These results suggest that HFD impacts on the 

bacterial microorganisms involved on the efficacy for energy harvesting (387-389). 

Interestingly, the treatments with both plant extract assayed were associated with a 

modulation of gut dysbiosis. Thus, when obese mice were treated with thyme extract, a 

restoration in all these dysbiosis-related indexes was observed, resulting in the increase 

of the biodiversity and richness of microbial communities in the gut of HFD mice. 

Moreover, both extract treatments normalized the levels of Bacteroidota and Bacillota 

phyla. Changes in bacteria genera were also found in obese mice compared to lean mice. 

In the evaluation of the thyme extract study, untreated HFD mice exhibited a higher 

relative abundance of Faecalibaculum and Roseburia than in SD-fed mice. It has been 

shown that these both bacteria genera are increased in experimental obesity and can 

participate in the generation of the inflammatory status, lipid disorders and gut epithelial 

barrier impairment (607-609). Consequently, the restoration of these bacteria levels 

observed in those mice treated with thyme extract could be associated with its beneficial 

effects in HFD-mice, including restoration of gut barrier integrity, amelioration of the 

systemic inflammatory response and improvement of the lipid and glucose metabolic 

function. Furthermore, SCFAs are important bacterial metabolites with well described 

anti-inflammatory properties (610), and able to enhance the intestinal barrier integrity 

(611) and regulate the body weight by controlling food intake (612). For this reason, the 

beneficial effects exerted by thyme extract could be also related with an increase in the 

SCFA-producing bacteria, especially with an increase in butyrate- and propionate-

producing bacteria. Elevated gut microbiota-derived butyrate and propionate levels are 

associated with several beneficial effects, including antiinflammatory activity (613, 614), 

improved insulin sensitivity and energy expenditure (615). When the Morus alba extract 

was evaluated, the HFD administration modified many different bacterial genus. The 

treatment significantly modulated many of them. Remarkably, a reduction of Alistipes 
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genus abundance was obtained by the extract plant treatment. Of note, there is no 

consensus about the role attribute dto these bacteria. Thus, Alistipes may have protective 

effects against some diseases, including liver fibrosis, colitis, cancer immunotherapy, and 

cardiovascular disease. However, several reports have indicated that Alistipes is 

pathogenic in CRC and is associated with gut inflammation (616). Additionally, the extract 

treatment increased Faecalibaculum content, which was reduced in the untreated HFD-

fed mice. These are gram-positive obligate anaerobes with high fermentation ability, 

especially butyrate production, and then, they have been associated with the SCFAs 

production and carbohydrate metabolism (617). Consequently, the amelioration of the 

obesity-associated dysbiosis in thyme- and Morus alba-treated obese mice may 

contribute to the beneficial effects observed in this experimental model of diet-induced 

obesity. 

Lastly, the administration of Thymus serpyllum and Morus alba leaf extracts to HFD-fed 

mice resulted in an antioxidant effect evidenced by a reduction of lipid peroxidation 

byproducts, as well as a downregulation of endothelial NADPH oxidase activity, which is 

involved in the pathophysiology of vascular diseases such as hypertension and stroke 

through the production of ROS (superoxide and hydrogen peroxide) (618, 619). In fact, 

the effect of the thyme extract on the enzymatic activity of NADPH oxidase could explain 

the enhancement of endothelial function described. This antioxidant activity together with 

the antiinflammatory and hypocholesterolemic actions may converge in a lower risk of 

atherosclerosis development and subsequent cardiovascular diseases, beneficial effect 

in which the rosmarinic acid may be involved (620).  

The effects summarized above provide convincing evidence about the ability of Thymus 

serpyllum and Morus alba leaf extracts to exhibit anti-obesity activity and ameliorate the 

associated disorders with this condition. Therefore, these extracts can be considered as 

promising candidates in the treatment of obesity, as well as in the prevention of other 

associated diseases, among them cardiovascular diseases, type II diabetes and even 

cancer.  

2. ANTITUMORAL EFFECT OF TIGECYCLINE. 

CRC incidence and mortality rates are still high at present, being the third most common 

cancer worldwide. Moreover, CRC is considered a morbidity associated with different 

diseases, among which IBD and obesity stand out. Although it is true that relevant 

advances have been made in both the diagnosis and the treatment of this cancer, the 

high side effects associated with the chemotherapy, together with the lack of an optimal 
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efficacy in some population groups, make necessary continuous research in this field to 

find new therapies that complement the existing ones. It is widely known that one of the 

main problems associated with cancer is metastasis, since, once is presented, there is a 

drastic increase in the mortality of patients, being the survival rates among people 

diagnosed with metastatic CRC approximately 70% to 75% for patients diagnosed 

beyond 1 year, 30% to 35% beyond 3 years and fewer than 20% beyond 5 years from 

diagnosis (621).  

It is well recognized for the great heterogeneity in the cells that form the tumor, which can 

also challenge current therapies. Of note, the presence of cells with stem properties has 

been associated with a higher tumor malignancy since they are responsible for 

recurrences and metastasis (622). Moreover, most current theories that attempt to 

explain cancer origin point to CSCs as key cells in this process (623). However, as it has 

been already mentioned, cancer is one of the most complex diseases in which different 

cell types are involved in addition to the tumor cells themselves. In fact, accumulating 

evidence suggests a dynamic interaction between tumor cells and their 

microenvironment, which contributes to cancer development (624). Thus, understanding 

the molecular mechanisms that govern the crosstalk between the tumor and its 

environment can be used as a novel strategy to hinder tumor progression (624). 

Additionally, gut microbiota has also an important role in the pathogenesis of CRC to the 

point that Tjalsma and colleges (2012) proposed a model in which different bacterial 

species were classified as “drivers” or “passengers”, based on their ability to initiate or 

promote the tumor process in CRC, respectively (408). Nowadays, these findings are 

being studied in depth in order to find out which microorganisms can be really involved 

in this process and even which metabolites derived from this bacteria can cause 

tumorigenesis. Recent studies have identified a family of DNA damage-inducing 

microbial metabolites called indolimines, which are produced by Gram-negative bacteria 

such as Morganella morganii. Strains of this bacteria species are enriched in the gut 

microbiota of both IBD and CRC patients, and are characterized by containing an 

enzyme, aspartate aminotransferase, which has an essential role in indolimine 

production, a metabolite that causes the exacerbation of tumor burden in a preclinical 

model of CRC (625). Also, it has been proposed that Fusobacterium nucleatum is a CRC 

“driver bacteria” that may be involved in the initiation and progression of the disease due 

to the presence of virulence factors, such as the adhesion molecule FadA, able to trigger 

the activation of Wnt/β-catenin signaling pathway, thus inducing the proliferation of colon 

epithelial cells (412, 413). These findings suggest that the altered microbiota composition 

can be considered as a target for novel therapies against CRC (626, 627). In addition, 
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some studies support the efficacy of therapies based on the modulation of gut microbiota, 

such as probiotics, prebiotics, FMT and antibiotics in the treatment of CRC (414, 437, 

628, 629). 

Tetracyclines are a family of valuable drugs that were initially discovered to deal with 

large antibiotic resistance problems in the last century. However, the chemical 

modifications introduced in these compounds not only increased their effectiveness as 

antibiotics, but also improved their pharmacological profile, endowing them with 

interesting pharmacodynamic properties that make them very attractive for the treatment 

of several diseases. In fact, numerous clinical trials are currently in progress evaluating 

the effects of different against various pathologies, including inflammatory acne (630), 

periodontitis (631), refractory high grade gliomas (632), among others. Furthermore, 

some of these pharmacological properties have made these drugs to be considered as 

promising agents in the management of cancer (489, 490). 

In the current study the effectiveness of tigecycline, a third generation tetracycline, has 

been demonstrated in the treatment of CRC both in vitro and in vivo in two murine models 

of CRC: a HCT116 xenograft model and in a CAC model. Moreover, the complexity of 

CRC has been studied in the current Thesis, addressing the impact of the treatment on 

each of the hallmarks of this disease: uncontrolled proliferation, apoptosis and immune 

evasion, as well as in the properties of CSCs, which are responsible for the origin, 

invasion and metastasis. Moreover, our findings provide the first evidence that tigecycline 

exerts an anti-proliferative and pro-apoptotic effect, as well as immunomodulatory 

properties and the ability to modulate gut dysbiosis in CRC.  

Supporting this, different antibiotic drugs, including tigecycline, have been recently 

reported to inhibit the growth of various types of tumor cells and show positive therapeutic 

effects in cancer patients (633, 634) . The antitumor mechanisms of tigecycline remain 

unidentified, but one of them could be the capacity of tigecycline to regulate cell 

proliferation rate. In this regard, almost 80% of CRC patients (110) show mutations in 

APC gene which lead to alterations on Wnt/β-catenin signaling pathway. In fact, CTNNB1 

aberrant activation and nuclear translocation boost the expression of oncogenes involved 

in cell cycle and proliferation such as AXIN2, MYC and CCND1 (108), thus increasing 

cell proliferation and promoting the tumorigenesis process, including migration, invasion, 

apoptosis evasion and chemoresistance (635). The current study demonstrates that 

tigecycline suppressed tumorigenesis by downregulating the Wnt/β-catenin signaling 

pathway, confirming previous studies in cervical squamous cell carcinoma (634). It has 

been shown that tigecycline was able to increase the phosphorylation of CTNNB1 in 

colon tumor cells, even when this signaling pathway was overactivated in presence of 
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Wnt3a ligand. This action resulted in an increased degradation of CTNNB1 and 

subsequent reduction of the translocation of this protein to the cell nucleus, hindering the 

expression of genes involved in cell proliferation such as MYC and AXIN2. In addition, 

tigecycline interfered with other molecular pathways involved in cell proliferation, and 

downregulated them. Importantly, tigecycline treatment resulted in a reduction of the 

STAT3 activation both in vitro and in vivo. In this regard, there is evidence that STAT3 

signaling contributes to the stimulation of CCND1 and MYC expression and promotes 

cell-cycle progression and proliferation (146). Moreover, STAT3 contributes to tumor 

malignancy through the up-regulation of BCL2 and MMPs such as MMP9 (636, 637). 

Accordingly, we found that tigecycline treatment decreased the expression of these 

markers, which could explain its capacity to inhibit STAT3 activation. These molecular 

mechanisms underlying the antiproliferative effect exerted by tigecycline support 

previous findings related to other tetracyclines and antibiotics (637, 638). In fact, 

tetracyclines have been shown to exert an antiproliferative effect in various cancers 

including liver cancer, cervical carcinoma and colorectal adenocarcinoma (497, 498, 

639). In addition to interfere with the molecular pathways involved in the cell proliferation, 

tigecycline has been shown to inhibit mitochondrial translation by reducing the levels of 

cytochrome c oxidase-1 and 2 and glucose-regulated protein 78 (GRP78), leading to a 

decrease in the mitochondrial membrane potential, respiration and ATP levels (640). 

Therefore, the impact of tigecycline on the mitochondrial function can contribute to the 

antiproliferative effect described in this study.  

As it is widely known, evasion of cell death is one of the hallmarks of cancer. Previous 

studies have evidenced that tetracyclines can induce apoptosis in different cell lines, 

including tumor cells (499, 500, 641). Besides, it has been previously reported that 

tigecycline is able to induce apoptosis by activating cytochrome C and caspase 3 

cleavage in different type of tumor cells (633, 642), which was corroborated by our 

findings. Interestingly, when the apoptotic activity of tigecycline was compared to that 

observed with 5-FU, both in vitro and in vivo, the molecular mechanisms involved in 

tigecycline-mediated apoptosis seemed to be different from those displayed by 5-FU. The 

latter activated intrinsic apoptosis through TP53 upregulation, whereas tigecycline 

exerted its action downstream, at BAX level. Moreover, our findings revealed that CASP3 

and CASP7 were the main apoptosis executioners in 5-FU treatment, whereas CASP7 

was involved in the tigecycline-mediated apoptosis. Importantly, both treatments led to 

PARP1 cleavage and cell death. Of note, this action has been algo previously reported 

for different anticancer drugs, such as etoposide, being considered as an early marker of 

chemotherapy-induced apoptosis (643). Furthermore, it has been demonstrated that both 
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treatments, 5-FU and tigecycline, targeted ER-mediated apoptosis markers, favoring the 

induction of cell death through this pathway. 5-FU increased the ER-mediated apoptosis 

through the activation of the two isoforms of JNK. Tigecycline also acted at this level, 

however, it only facilitated the activation of the p54 isoform, which, according to Waetzig 

V et al., 2003, was enough for taxol-mediated apoptosis (644). Unlike what occurs with 

5-FU, tigecycline also activated this pathway through its action on ATF6. These findings 

were in concordance with previous studies carried out with different tetracyclines, which 

reported the ability of minocycline to induce apoptosis through the ER pathway, both in 

vitro and in xenograft models (641). 

As it has been commented above, the idea that cancers are driven by CSCs is widely 

accepted. These CSCs are able to differentiate into the different tumor cell types 

promoting the origin of the cancer and maintaining the ability to self-renew (645). 

Besides, CSCs contribute to therapy resistance and metastasis development, thus 

making them attractive potential targets for the treatment of CRC. Previously studies 

have shown the efficacy of tetracyclines in CSCs populations, as well as in the EMT 

process, which is a key mechanism in the origin of these CSCs (646, 647). These actions, 

together with the ability of tetracyclines to inhibit MMPs, make this family of drugs 

potential candidates in the treatment of cancer metastasis (479). In the present study, 

tigecycline was able to exert beneficial effects against colon CSC populations, EMT and 

metastatic properties of colon CSCs.  

Self-renewal capacity is essential for maintenance of CSCs, conferring them an 

enhanced longevity (648). Our findings have revealed for the first time that tigecycline 

was able to inhibit colon CSCs clonogenicity and self-renewal due to its ability to alter the 

integrity and reduce the size of secondary colonospheres. This action was evidenced by 

a reduction of the sphere-forming efficiency in HCT116 and CMT93 colonospheres 

treated with tigecycline, and it resulted in a reduction of those 

CD44+CD133+LGR5+ALDH+ cells, which are identified as colon CSCs (541). 

Furthermore, apoptosis evasion is one of the main mechanisms by which CSCs remain 

latents in the stem cell niche, thus resulting in chemoresistance. In addition to the pro-

apoptotic effect previously described in vitro and in vivo, tigecycline was able to induce 

apoptosis in HCT116-derived CSCs. Therefore, these accumulating findings suggest that 

tigecycline ameliorated CRC by reducing the levels of CSCs.   

These results are in the line of those obtained by doxycycline, another member of 

tetracyclines family, which has been shown to reduce CD44 and ALDH1 expression in 

CSCs from patients with early breast cancer (649). Moreover, doxycycline was able to 

inhibit the EMT process in breast cancer cell lines. In particular, doxycycline has reduced 
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the proliferation of CSCs, its self-renewal ability as well as the expression of EMT-related 

genes such as OCT4, SOX2, NANOG, MYC and CD44 (646). Additionally, the effects of 

doxycycline on EMT process has been also evidenced in the lung cancer cells NCI-H446 

and A549, thus resulting in a suppression of the activity of EMT-related transcription 

factors such as Twist1/2, SNAI1/2, AP1 and STAT3 (650). In these studies, doxycycline 

also reduced the migration capacity of tumor cells, a key step in the tumor invasion and 

metastasis (646, 650). Supporting these results, tigecycline was able to reduce the 

migration ability of HCT116 cells and to hinder the EMT process in both HCT116 and 

CMT93 cell lines, a key event in the generation of CSCs. The underlying mechanism 

mainly involved in this activity seemed to be related with the downregulation of SNAI1, a 

transcription factor that promotes the mesenchymal phenotype through the inhibition of 

E-cadherin (651). The SNAI1 repression observed after tigecycline treatment resulted in 

an increase of E-cadherin levels and a reduction of N-cadherin (CDH2) gene expression, 

both actions associated with an epithelial phenotype rather than the mesenchymal one 

(543). 

Additionally, it has been reported that the Wnt/β-catenin pathway is also involved in CSCs 

generation (652). Indeed, increased Wnt activity has been found in CSCs from multiple 

human tumor types, including digestive tumors and breast cancer (653). Furthermore, 

LGR5 is a receptor for R-spondins that exerts an important role in the regulation of the 

Wnt/β-catenin pathway, stimulating it. In fact, LGR5 is considered a surface marker of 

CSCs both in humans and mice (654, 655). Moreover, CD44, another marker of CSCs, 

is a target gene of the Wnt/β-catenin signaling pathway. Throughout this thesis, the role 

of tigecycline in the inhibition of beta catenin has been revealed. Additionally, levels of 

this key marker have been reduced in HCT116-derived colonospheres, indicating a 

downregulation of CTNNB1 in CSCs that are part of these biological structures. 

Moreover, β-catenin is also associated with an up-regulation of the pluripotency gene 

NANOG in an Oct-3/4-dependent manner. Additionally, OCT4 is an essential 

transcription factor for maintaining the self-renewal and the pluripotency of stem cells and 

it is associated with the degree of malignancy and the drug-resistance of cancer (656). 

Furthermore, SOX2 has been linked to EMT, chemoresistance, and stem properties 

(657). Interestingly, a downregulation in the expression of NANOG, OCT4B and SOX2 

genes have been observed in those HCT116 cells treated with tigecycline. These 

underlying mechanisms carried out by tigecycline on CSC populations are responsible 

for the tumor growth reduction reported in HCT116 xenograft mice, in both cases, when 

the treatment was carried out previously to the cell inoculation and after, once the tumor 

was already embedded and growing subcutaneously.  
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As previously stated, tumor microenvironment is also an important factor to understand 

the biology of cancer. Tumor microenvironment consists of tumor stromal cells including 

fibroblast, endothelial cells and immune cells, as well as the non-cellular components of 

extracellular matrix such as collagen, fibronectin, hyaluronan… (624). Tumor 

microenvironment has an essential role in the progression and prognosis of CRC, and 

the immune cells of this environment play a dual role in cancer development (658). On 

the one hand, chronic inflammatory stimuli triggers cancer initiation and progression, as 

occurs in this experimental CAC model, and in IBD patients, who have an increased risk 

of developing CRC (659). On the other hand, the immune system also plays an important 

role attacking the tumor cells. In CRC, altered Th1/Th2 response contributes to tumor 

progression, while enhanced Th1 population is associated with a better prognosis (660). 

Furthermore, cytotoxic CD8+ T cells are the preferred immune cells for tumor surveillance, 

being the most powerful effectors in immune cancer targeting (661). Accordingly, the 

present study showed that the development of CAC was associated with a depletion of 

T cells, specifically CTLs in the colon of non-treated CAC mice; however, the treatment 

with tigecycline and 5-FU restored cytotoxic T cells levels. In fact, 5-FU and the lowest 

dose of tigecycline significantly increased Tc1 cells, which are characterized  by their 

antitumor effect, being IFNγ producers and considered an indicator of CD8+ T cells 

activation (547) . Based on these findings, tigecycline was able to modulate the immune 

response towards an antitumoral phenotype through the mitigation of the inflammatory 

response that drives CRC development, and the restoration of the adaptive response 

involved in a tumoricidal effect. Finally, it is well accepted that alterations in gut microbiota 

composition contribute to tumor development and are associated with CRC (662). 

Although it is not clear whether this dysbiosis has a causal role or its secondary to the 

environmental changes produced by tumor onset, there is enough evidence supporting 

the role of certain bacteria in cancer initiation and progression, as well as in cancer 

protection (408, 662). Therefore, modulation of this altered microbiota composition in 

CRC with drugs such as antibiotics, could be considered a complementary therapeutic 

approach (627). Correspondingly, our results in the CAC model confirm the existence of 

a dysbiotic status in the CAC control group, characterized by a reduced microbial 

diversity, as previously reported (663), being tigecycline able to restored this microbial 

diversity. Supporting the clinical importance of this activity, other antibiotics, including 

different tetracyclines, have shown the ability to modulate the dysbiosis in oncology 

patients (664). Over the last decade, several bacteria species have gained interest for 

their involvement in colorectal carcinogenesis (662). Akkermansia muciniphila stands out 

among these species for its anti-inflammatory and protective functions on gut barrier 
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(665). The relationship between Akkermansia muciniphila and CRC remains 

controversial. Different studies have shown an enrichment of Akkermansia in CRC 

patients (666), while others have reported that it can mitigate tumorigenesis in CRC with 

capacity to boost the effect of existing antitumor treatments (667). In this study we 

observed an increase in Akkermansia genus in CAC mice compared to healthy mice, as 

well as increased levels in mice treated with tigecycline, which may contribute to its 

beneficial effect. Additionally, Parabacteroides distasonis is a gram-negative anaerobic 

bacterium that has been associated with an attenuation of tumorigenesis and 

inflammation by interfering production of cytokines and proliferation mediators, such as 

AKT (668). Tigecycline treatment increased levels of P. distasonis, which can be related 

to the modulation of the inflammatory markers and the promotion of the intestinal barrier 

integrity, as reported previously in other studies (668). Indeed, the correlation analysis 

showed a negative association between Akkermansia genus or P. distasonis and some 

macroscopic parameters such as tumor number, size and DAI, as well as molecular 

markers of proliferation (STAT3, CTNNB1 and Ccnd1 gene expression), survival (BCL2), 

stemness (SNAI1) or inflammation (Il6, Il17a, Il23a, Tnfa gene expression). Moreover, 

Akkermansia sp. or P. distasonis abundance is positively correlated with apoptosis (Tunel 

and CASP7) and cytotoxic activity (CD8+ and Tc1 response) (Figure 61). Consequently, 

the connection between both bacteria species can contribute to tumorigenesis 

attenuation. 

Human colonic microbiota can process a wide range of substrates that escape digestion 

by the host. Among Bacillota, the Lachnospiraceae and Ruminococcaceae species 

hydrolyze starch and other sugars to produce butyrate and other SCFAs. Initially, these 

SCFA-producing species have been associated with an improvement of the outcomes in 

different clinical settings, including CRC and IBD (669). Despite this, other studies have 

reported an increase in Lachnospiraceae and Ruminococcus genera in CRC patients 

(670). Here, a down-regulation of Ruminococcus and Lachnospiraceae species have 

been found in healthy and treated groups when compared with control CAC. 

On the other hand, bacterial species from the Erysipelatoclostridium genus, such as E. 

ruminantium and E. ramosum, have been reported to be increased in adenoma (671). In 

this regard, we found a lower abundance of Erysipelatoclostridium in both healthy and 

tigecycline treated groups, in comparison with untreated group. Indeed, in this study, it 

has been also shown a positive correlation between tumor size and markers associated 

with tumor progression and the abundance of Ruminococcaceae UCG-013, 

Ruminococcus 1, Lachnospiraceae A2, Lachnospiraceae bacterium COE1 and 

Erysipelatoclostridium (Figure 61) 
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Figure 61. Heat-map of correlations between gut microbiota changes and different 

features analyzed in vivo between tigecycline-treated mice and untreated-CAC 

mice. 

In conclusion, this study demonstrated the capacity of tigecycline to induce a sustained 

attenuation of tumorigenesis in CRC, evidenced by a reduced tumor number and 

characterized by reduction of tumor cells proliferation, induction of apoptosis, as well as 

amelioration of inflammation and modulation of gut dysbiosis. Therefore, our data support 

the treatment with tigecycline as a novel therapeutic strategy against CRC. 

3. CHARACTERIZATION OF THE IMPACT OF OBESITY IN 

CRC DEVELOPMENT: IMPACT OF TIGECYCLINE IN A 

OBESITY-ASSOCIATED CAC MODEL. 

It is widely accepted that obesity is considered a risk factor for CRC development. 

Different epidemiological studies have identified several dietary and lifestyle factors that 

either promote or protect against CRC. Among the risk factors, a key role has been 

ascribed to high body fat accumulation in overweight and obese people (672), and 
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abdominal adiposity has been positively associated with CRC for both men and women 

(673). Different factors contribute to the crosstalk between obesity and CRC, and different 

hypotheses have been formulated to explain this association. Firstly, metabolic changes 

occurring in obese patients lead to a dysregulation in the levels of some metabolites that 

may participate in tumorigenesis, such as insulin (673). Moreover, the chronic 

inflammatory state displayed in obesity may contribute to colon cancer development 

through the release of cytokines, such as IL-6, that activates several proliferation 

molecular pathways (382). Additionally, lipid peroxidation is a key process in the 

relationship between these two comorbidities, since different byproducts (4-HNE and 

MDA) possess a toxic profile and mutagenic properties (674). Finally, obesity and CRC 

share a status of gut dysbiosis, which has been evidenced to contribute to cancer 

development. In fact, metabolites derived from this altered microbiota composition have 

been found to contribute to the tumor process (421). In this scenario, the use of therapies 

that modulate this microbiota composition may interfere in the severity of CRC induced 

by the obese phenotype. Thus, beneficial effects against CRC development have been 

proven by modulating the microbiota profile in preclinical models of obesity-associated 

CRC (423, 427). Based on these findings, and taking into account the beneficial impact 

of the tigecycline described before, the characterization of the impact of this antibiotic in 

a murine model of obesity-associated CRC was another of the objectives proposed of 

this Thesis. Interestingly, these results can be considered as the first evidence of the 

effect of tigecycline on the treatment of obesity-associated CRC.  

High blood glucose levels and hyperinsulinemia have been associated with a higher risk 

of CRC (549). Moreover, hyperglycemia is linked to an increase in cancer malignancy 

phenotype, which may be related to high levels of the enzyme glutamine-fructose-6-

phosphate amidotransferase in colon carcinoma biopsies (675). Also, this hyperglycemia 

in obese subjects is a manifestation of insulin resistance and hyperinsulinemia. It is well 

known that the binding of insulin to its receptor activates the PI3K/AKT/mTOR and MAPK 

pathways, which subsequently exert downstream metabolic and cellular proliferation 

effects (374). Additionally, some experimental studies have evidenced that insulin can 

display antiapoptotic actions that together with its mitogenic capacity result in an 

induction of colonic tumors (676, 677). Accordingly, the HFD administration to mice 

resulted in a significant increase in body weight and higher levels of blood glucose in 

comparison with SD-fed mice. Conversely, although tigecycline treatment did not cause 

any significant differences in body weight, the drug reduced the glycemic levels and it 

may be associated with a high insulin sensitivity in these mice, probably because of the 

antiinflammatory effect exerted by this tetracycline. As previously stated, 
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hyperinsulinemia induces the activation of mitogenic pathways and this action is mainly 

carried out by an upregulation of the insulin growth factor 1 (374, 678). Furthermore, 

PI3K/AKT/mTOR molecular signaling pathway is involved in the tumor growth induced 

by insulin. Accordingly, untreated HFD-fed mice showed an increase in AKT activation in 

colonic tissue compared to SD-fed mice, thus indicating that the PI3K/AKT/mTOR 

signaling pathway is overactivated in control obese mice, and the treatment with 

tigecycline reduced it. This pathway seems to be involved in the increased cell 

proliferation rates and tumor growth observed in untreated HFD-fed mice, which showed 

a higher tumor number and size than those SD-fed mice or tigecycline-treated obese 

mice. Supporting this, it has been demonstrated that both rapamycin (as mTORC1 

inhibitor) and metformin (AMPK-activator, able to inhibit AKT/mTOR activation) have 

been shown to block tumor formation in experimentally-induced cancer models (679-

681). 

The systemic and chronic low-grade inflammatory state displayed in obese individuals 

contributes to several disorders linked to this disease, like insulin resistance, and it is 

also considered a key player in the crosstalk between obesity and CRC (574). In 

concordance with these findings, higher signs of inflammation have been seen in 

untreated obese mice when compared with control SD and HFD-treated mice. In fact, 

control HFD group exhibited higher macroscopic features of inflammation (DAI score and 

colon W/L ratio), as well as increased levels of cell immune populations in blood and 

colon, and upregulated expression of pro-inflammatory cytokines in both colon and fat 

tissue. Regarding immune cells populations, it has been reported that obese patients 

have a high number of classical monocytes in peripheral blood, which is correlated with 

BMI and body fat accumulation (682). Moreover, classical monocytes levels are 

increased in peripheral blood of IBD patients (683). Moreover, some mediators are 

released from the tumor microenvironment, such as VEGF and chemokines, that 

contribute to the recruitment of monocytes into the primary tumor (684). Classical 

activated monocytes transmigrate to colon where are differentiated into resident 

macrophages and dendritic cells depending on the cytokines and microbial products 

environment (685). In IBD-associated cancer has been found that part of these 

monocytes are differentiated into tumor-associated macrophages that contribute to the 

tumor progression (686). Similarly, a significant increase in classic monocytes 

Ly6ChiCCR2+ was found in peripheral blood of untreated obese mice when compared to 

SD-fed and tigecycline-treated groups of mice. This increment in peripheral blood 

mononuclear cells was correlated with a significant increase of CD45+ cells levels in the 

colon of control HFD mice in comparison with SD-fed mice. Subsequently, high levels of 
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the proinflammatory cytokines Il17a and Il23a, which have been described to contribute 

to tumorigenesis (687), were found in untreated obese mice in comparison with both, SD 

and HFD-tigecycline groups. Furthermore, mice treated with tigecycline exhibited a 

significant increase in CD4+ and CD8+ T lymphocytes, as well as in B lymphocytes 

(B220+) in MLN in comparison with the other two experimental groups, similarly to those 

results previously described in the present Thesis, which may contribute to anti-tumor 

effect of tigecycline.  

 

As commented above, inflammation can contribute to cancer development through 

different mechanisms including induction of oxidative stress, impairment of the immune 

response, aberrant cell signaling, upregulation of proliferative and anti-apoptotic 

pathways, as well as angiogenesis and cell migration, in which the overexpression of 

different transcription factors within tumor cells, like NF-κB, STATs or HIF1α, seems to 

play a key role (688). Confirming this, in the present study, IL6 levels were found to be 

upregulated in colon and fat deposits in untreated HFD-fed mice when compared to the 

other two experimental groups. Wunderlich CM and colleagues (2018) have reported that 

this cytokine exacerbates tumorigenesis in obesity-associated CRC through a shift in 

macrophage polarization towards CC-chemokine-ligand-20 (CCL-20)-producing 

macrophages that promote tumor development (382). Moreover, IL-6/JAK/STAT3 

signaling axis is aberrantly hyperactivated in many types of cancer, including CRC, and 

it is associated with poor clinical prognosis, since it increases the tumor malignancy 

through the promotion of cell proliferation, survival, invasiveness and metastasis (689). 

This signaling cascade has been analyzed in the obesity-associated CRC model used in 

this study and, according to these findings, an overactivation of STAT3 has been found 

in control HFD mice when compared to SD-fed mice. In concordance with previous 

results described throughout this Thesis, tigecycline was able to hinder the activation of 

STAT3, and this effect resulted in the amelioration of the disease. As commented above, 

STAT3 is involved in cell proliferation and invasiveness, which were observed in the 

histological analysis carried out in colonic samples of untreated HFD-fed mice, where 

severe neoplastic lesions with invasive and hyperproliferation features were found in 

comparison with the other two groups of mice. Moreover, it is known that STAT3 is 

involved in the activation of the Wnt/β-catenin signaling pathway, which also contributes 

to cell proliferation and tumor growth (143). As previously reported, Wnt/β-catenin axis 

was also overactivated in untreated obese mice when compared to SD-fed mice, driving 

an upregulation of β-catenin target genes such as Ccnd1 and Myc, which are involved in 

cell proliferation (421, 427). Moreover, it has been described that some metabolites that 
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are involved in adipogenesis, such as CEBP/ɑ, can increase the activity of β-catenin, 

thus linking obesity and cancer (564). Indeed, a significant upregulation of the expression 

of this marker was found in the inguinal fat of HFD-mice. In concordance with the results 

related to body weight and adiposity, tigecycline treatment did not cause any significant 

impact on Cebpa gene expression, however a significant reduction in β-catenin levels 

and β-catenin target genes was observed in colonic specimens from HFD-mice treated 

with this drug due to its inherent capacity to inhibit this proliferation marker. Similarly, 

PPARγ is another transcription factor that plays a key role in the regulation of 

adipogenesis and obesity-associated inflammation. Moreover, PPARγ is also considered 

as a tumor suppressor in CRC due to its action on different targets including a 

downregulation of β-catenin (690, 691) and an induction of apoptosis through the 

upregulation of the tumor suppressor gene TP53 (692) and the activation of the JNK 

pathway (693). In fact, some clinical trials were initiated at the beginning or this century 

to evaluate the effect of thiazolidinediones on CRC (694, 695), PPARγ ligands that have 

been used clinically to treat type 2 diabetes (696). In concordance with these findings, a 

significant reduction of PPARγ levels were found in inguinal fat samples from both obese 

mice groups when compared to lean mice. Tigecycline treatment did not cause any 

significant differences in PPARγ levels compared to control HFD mice, however the 

treatment achieved a downregulation of the activity of signaling pathways targeted by this 

transcription factor, specifically those in which AKT and the β-catenin are involved.  

Oxidative stress and lipid dysregulation in obese individuals is linked to elevated levels 

of ROS, which may cause DNA mutations directly or through the formation of reactive 

lipid peroxidation byproducts such as MDA and 4-HNE (697, 698). Therefore, these 

compounds may be considered as genotoxic agents or tumor promoters (698). 

Accordingly, lipid peroxidation was indirectly measured in colon specimens from each 

group of mice and a significant increase in the byproducts of this reaction were found in 

untreated HFD mice when compared to SD-fed mice. The treatment with tigecycline 

reduced the levels of these compounds although no significant differences were found.  

Finally, it is widely accepted that the gut microbiota plays an important role in the 

pathogenesis of obesity and CRC. Therefore, it could also act as a link between both 

pathologies worsening their prognosis and evolution. Consequently, the use of therapies 

that modulate the microbiota may constitute an optimal approach for the management of 

obesity and CRC separately as well as in patients with concomitant diseases (699, 700). 

The administration of a antibiotic cocktail (0.2 g/L ampicillin, neomycin, and 

metronidazole, and 0.1 g/L vancomycin) in drinking water to HFD mice with CRC induced 

by AOM/DSS resulted in an inhibition of tumor development (421). This beneficial impact 
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of antibiotics administration on obesity-associated CRC has also been proven by Liu et 

al., (2020)(701). They showed an acceleration of the adenoma-adenocarcinoma 

sequence in HFD mice due to the dysbiosis that takes place in mice with both co-

morbidities. Although it has been reported that HFD promotes intestinal dysbiosis, the 

impact on microbial diversity and richness is controversial. In fact, some authors have 

shown a reduction in alpha-diversity indexes in obesity-associated CRC preclinical 

models (421, 426) whereas others have reported no significant differences in microbial 

diversity and richness between HFD-fed mice and SD-fed mice with CRC (422, 423, 428). 

In this study no significant differences were observed in alpha-diversity indexes when 

comparing SD-fed mice and those fed with a HFD. This finding could be explained 

considering that both groups of mice have been submitted to a CAC induction process 

that may impair the gut microbiota composition. Moreover, these results are in the line of 

those obtained in the second assay of HFD induced obesity in which the Morus alba 

extract was assayed. However, the antibiotic effect of tigecycline resulted in a reduction 

of alpha-diversity indexes in comparison with the other two groups of mice. According to 

previous studies, the dysbiosis induced by HFD was mainly evidenced when beta-

diversity was analyzed (423). In this study, different groups of mice exhibited a significant 

dissimilarity between their microbial communities when the Bray-Curtis analysis was 

performed. Thus, the results indicated that the microbiota profile in each group of mice 

was different. Interestingly, tigecycline treatment in HFD mice modulated the gut 

microbiome composition showing a microbiota profile similar to the CAC group treated 

with tigecycline in normal weight mice. Hence, these findings suggest that regardless of 

obesity, tigecycline modulated the gut microbiota similarly. In this sense, HFD mice 

treated with tigecycline contained a higher relative abundance of Akkermansia and 

Parabacteroides bacterial genera than those mice fed a SD or a HFD. As previously 

commented, some beneficial effects have been attributed to these two bacterial genera 

when they are present in the microbiota of CRC subjects (667, 702, 703). Among the 

bacterial species of these genera, the treatment with tigecycline to HFD-fed mice 

achieved a significant increase of Parabacteroides goldsteinii, which has been positively 

correlated with an anti-tumor activity and the production of SCFAs (703).  

Moreover, it has been reported that changes in Muribaculaceae (also named family S24-

7) relative abundance occurred during tumorigenesis in AOM/DSS mice (704). 

Additionally, previous studies have identified Muribuculaceae as capable of degrading 

carbohydrates and its levels have been found downregulated with high-fat diet intake 

(705, 706). In line with these findings, Muribaculaceae family relative abundance was 

found decreased in HFD mice treated with AOM/DSS in comparison with those fed a SD 
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(422). Accordingly, LDA score carried out in this study showed that SD-fed mice 

contained higher levels of  Muribaculaceae_uncultred_bacterium than those fed a HFD 

or treated with tigecycline. However, it is noteworthy that a reduction of this bacterial 

family induced by antibiotics or probiotics supplementation is associated with a better 

prognosis of the disease (707, 708). Consequently, these findings could explain the 

correlation between the reduction of Muribaculaceae induced by tigecycline and the 

beneficial effects exerted by this drug in obesity-associated CRC. 

Additionally, the shared ASVs between the different groups were mapped in the Venn 

diagram. Curiously, Desufovibrio sp. was only found in the tigecycline treated group. 

Moreover, the results showed that this bacterial species was upregulated in tigecycline 

treated mice compared with HFD control mice. The increase of this bacterial genus has 

been associated with the inflammatory process and cell proliferation through SH2 

production (709). However, some authors have also described beneficial effects 

attributed to Desulfovibrio enrichment in AOM/DSS treated mice (710, 711). 

Finally, Alistipes is a bacterial genus whose increased levels have been also associated 

with the intake of HFD and obesity (712, 713). In line with these findings, a substantial 

gain in the relative abundance of Alistipes was found in control HFD-fed mice from the 

different studies carried out in the present Thesis. Additionally, enrichment of Alistipes 

sp. has been linked to an increase of pro-tumoral metabolites such as lysophosphatidic 

acid and lysophosphatidylcholine that result in a higher tumorigenesis in HFD-fed mice 

with CRC (421). Accordingly, a significant increase in Alistipes abundance was observed 

in untreated HFD-fed mice in comparison with SD-fed mice and HFD-fed mice treated 

with tigecycline. Consequently, these changes in Alistipes sp. richness could explain the 

significant increase of the tumorigenesis process observed in the untreated HFD group. 

Therefore, different studies performed in the current Thesis have shown that the gut 

dysbiosis situation described in the obesity induced model was similar to that observed 

in the obesity-associated cancer model. Of note, Alistipes abundance was increased in 

both untreated HFD and HFD-CAC mice. Therefore, the results obtained in this study 

would support that in both diseases, cancer and obesity, similar changes on the gut 

microbiota composition were promoted. Moreover, it has been demonstrated that 

tigecycline was able to modulate the intestinal microbiota towards similar profiles 

regardless of obesity status. In this sense, this modulation was associated with the 

increased bacterial taxa associated with beneficial effects against CRC, such as 

Parabacteroides goldsteinii, Parabacteroides distasonis and Akkermansia muciniphila. 
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CONCLUSIONS 

1. The extracts obtained from aerial parts of Thymus serpyllum and leaves of Morus 

alba showed beneficial effects in a murine model of high fat diet-induced obesity. 

The extracts ameliorated the inflammatory state, which was associated to the 

antioxidant activity of their phenolic compounds, and improved the obesity-

associated gut dysbiosis, due to their prebiotic properties. 

2. Tigecycline, a tetracycline with antibiotic and immunomodulatory properties, 

exerted an antitumor effect against several colon cancer cell lines. This effect was 

linked to an antiproliferative and proapoptotic activity, most probably mediated by 

the inhibition of the molecular pathways involved in cell proliferation, such as Wnt/β-

catenin and JAK/STAT3, and the activation of the extrinsic, intrinsic and 

endoplasmic reticulum apoptosis pathways. Besides, tigecycline interfered with the 

epithelial mesenchymal transition process leading to a reduction in colon CSC 

populations, mainly attributed to its capacity to reduce SNAI1 levels. 

3. In the murine model of AOM/DSS induced colitis-associated colorectal cancer, 

tigecycline administration reduced tumorigenesis via modulation of the immune 

system towards an anti-inflammatory status and enhancement of the T cytotoxic 

response. Moreover, tigecycline treatment reduced tumor cell proliferation and 

increased the proapoptotic effect, mainly through enhancing CASP7 levels. 

Additionally, tigecycline modulated gut microbiota by increasing specified bacterial 

taxa, such as Parabacteroides distasonis and Akkermansia sp., which have been 

associated with antitumor and anti-inflammatory profiles, and decreasing potential 

pathobionts like Dubosiella sp. 

4. Obesity promoted the aggravation of the tumorigenesis process in a murine model 

of obesity-associated CAC, which was associated with an increase of chronic low-

grade inflammation and the increased oxidative stress. Additionally, the high-fat 

diet intake induced an intestinal dysbiosis that resulted in an increase in some 

bacteria taxa involved in the crosstalk between obesity and CRC such as Alistipes 

sp.  

5. In the murine model of obesity-associated CAC, tigecycline treatment lessened 

tumor worsening induced by high-fat diet. This effect could be derived from the 

antiproliferative and immunomodulatory properties showed by tigecycline, together 

with its capacity to modulate the gut dysbiosis increasing beneficial bacterial 

species such as Parabacteroides goldsteinii and Akkermansia muciniphila. 
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6. Gut microbiota modulation by prebiotics or antibiotics as well as their combination 

could be considered as potential novel therapeutic strategies in the management 

of obesity and/or colorectal cancer. Additionally, this therapeutic target could be 

considered for the prevention of colorectal cancer in high-risk patients. 
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CONCLUSIONES 

1. Los extractos obtenidos de partes aéreas de Thymus serpyllum y hojas de Morus 

alba mostraron efectos beneficiosos en un modelo murino de obesidad inducida 

por dieta rica en grasa. En este sentido, los extractos mejoraron el estado 

inflamatorio, asociado a la actividad antioxidante de sus compuestos fenólicos, y 

mejoraron la disbiosis intestinal asociada a la obesidad, debido a sus 

propiedades prebióticas. 

2. La tigeciclina, una tetraciclina con propiedades antibióticas e 

inmunomoduladoras, ejerció un efecto antitumoral en diferentes líneas celulares 

de cáncer de colon. Este efecto se relacionó con una actividad antiproliferativa y 

proapoptótica, íntimamente asociada con la inhibición de las vías moleculares 

implicadas en la proliferación celular, como Wnt/β-catenina y JAK/STAT3, y la 

activación de la apoptosis extrínseca, intrínseca y del retículo endoplásmico. 

Además, la tigeciclina impactó en el proceso de transición epitelio-mesénquima, 

que condujo a una reducción de las poblaciones de células madre del cáncer de 

colon, atribuida principalmente a su capacidad para reducir los niveles de SNAI1.  

3. En el modelo murino de cáncer colorrectal asociado a colitis inducido por 

AOM/DSS, la administración de tigeciclina redujo la tumorigénesis a través de la 

modulación del sistema inmunitario hacia un estado antiinflamatorio y la mejora 

de la respuesta T citotóxica. Además, el tratamiento con tigeciclina redujo la 

proliferación de células tumorales y aumentó el efecto proapoptótico, 

principalmente mediante la mejora de los niveles de CASP7. Además, la 

tigeciclina moduló la microbiota intestinal aumentando  taxones bacterianos 

específicos, como Parabacteroides distasonis y Akkermansia sp., asociados a 

perfiles antitumorales y antiinflamatorios, y disminuyendo las poblaciones de 

patógenos potenciales como Dubosiella sp. 

4. La obesidad agravó la tumorigénesis en un modelo murino de obesidad asociada 

a cáncer colorrectal, efecto asociado con un incremento de la inflamación crónica 

subclínica y del estrés oxidativo. Además, la ingesta de una dieta rica en grasa 

indujo una disbiosis intestinal que resultó en un incremento de ciertos taxones 

bacterianos involucrados en la comunicación entre la obesidad y el cáncer 

colorrectal como Alistipes sp.  

5. En el modelo murino de CAC asociado a obesidad, el tratamiento con tigeciclina 

redujo el agravamiento del proceso tumoral inducido por una dieta rica en grasa. 
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Este efecto podría derivarse de las propiedades antiproliferativas e 

inmunomoduladoras que presenta la tigeciclina, junto con su capacidad para 

modular la disbiosis intestinal aumentando especies bacterianas beneficiosas 

como Parabacteroides goldsteinii y Akkermansia muciniphila. 

6. La modulación de la microbiota intestinal por prebióticos o antibióticos, así como 

por su combinación, podrían considerarse una posible estrategia terapéutica 

novedosa en el manejo de la obesidad y/o el cáncer colorrectal. Además, esta 

diana terapéutica podría llegar a convertirse en una aproximación óptima para la 

prevención del cáncer colorrectal en pacientes de alto riesgo. 
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ABBREVIATIONS 

A 

ABCB1: ATP binding cassette subfamily B 1 

ABCG1: ATP binding cassette subfamily G 1 

ADSCs: adipose tissue-derived stem cells  

AIF: apoptosis inducing factor 

ALDH1: aldehyde dehydrogenase 1  

AMPK: AMP-activated protein kinase  

ANGPT: angiopoietin  

ANXV: Annexin V 

AOM: azoxymethane  

APAF-1: apoptosis protease-activating factor-1 

APC: Adenomatous polyposis coli 

ASVs: amplicon sequence variants  

ATF: activating transcription factor  

AUC: area under the curve  

B 

BAK: BCL-2 antagonist killer 

BAT: brown adipose tissue 

BAX: BCL-2-associated x protein 

BCA: bicinchoninic acid 

Bcl: B cell lymphoma  

Bcl-xL: Bcl-extra large  

BID: BH3 Interacting Domain Death Agonist 

BIP: immunoglobulin-binding protein 

BSA: bovine serum albumin 

BSH: bile salt hydrolase  

C 

C/EBPɑ: CCAT/enhancer binding protein  

CAC: colitis-associated CRC 

CAD: caspase-activated DNAse  

CASPs: caspases 

CCL-20: CC-chemokine-ligand-20 
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CDH1: E-cadherin 1 

cDNA: complementary DNA 

CHOP: C/EBP homologous protein (DDIT3) 

CIMP: CpG island methylator phenotype  

CK1: casein kinase 1 

CM: conditioned medium 

CMS: consensus Molecular Subtypes 

COX-2: cyclooxigease-2  

CRC: colorectal cancer 

CRE: ATF/cAMP response elements  

CSC: cancer stem cell 

CSK-3: glycogen synthase kinase 3  

CTLs: cytotoxic T lymphocytes 

CTNNB1: β-catenin  

D  

DAI: Disease Activity Index  

DEAB: N,N-diethylaminobenzaldehyde, ALDH inhibitor 

DIABLO: direct IAP-binding protein with low PI 

DISC: death inducing signaling complex 

DMEM: Dulbecco’s modified Eagle's medium 

DMSO: Dimethyl sulfoxide 

DPPH: 1,1-diphenyl-2-picrylhydrazyl  

DR5: death-receptor 5  

DSS: dextran sulfate sodium 

DTT: Dithiothreitol 

E  

4E-BP1: 4E-binding protein 1 

EB1: end-binding 1 

EDTA: Ethylenediamine tetraacetic acid 

EGF: epidermal growth factor 

EGFR: epidermal growth factor receptor 

EGTA: ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

EMT: epithelial-mesenchymal transition 

ER: endoplasmic reticulum 

ERK: extracellular-signal-regulated kinase 
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F 

5-FU: 5-fluorouracil 

F/B: Firmicutes/Bacteroidetes 

FABP4: fatty acid binding protein 4  

FAP: familial adenomatous polyposis 

FasL: Fas ligand 

FasR: Fas receptor 

FBS: fetal bovine serum 

FDA: Food and Drug Administration 

FGF: fibroblast growth factor  

FLOX: 5-FU + leucovorin  

FMT: fecal microbiota transplantation  

FOLFIRI: irinotecan + 5-FU + leucovorin 

FOLFOX: 5-FU + oxaliplatin 

G  

GLUT2: Glucose transporter type 2  

GRP78: glucose-regulated protein 78  

GTT: glucose tolerance test  

 

H 

4-HNE: 4-hydroxy-2-nonenal  

HAT: histone acetyltransferases 

HCAM: homing cell adhesion molecule  

HDACs: histone deacetylase  

HDL: high-density lipoprotein 

HDLG: human disc large 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HER1: human growth factor 1 

HFD: high fat diet 

HIF1α: hypoxia-inducible factor-1α 

HOMA-IR: Homeostasis Model Assessment - Insulin Resistance  

I 

IAPs: inhibitor of apoptosis proteins  

IBD: inflammatory bowel disease. 
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IBS: irritable bowel syndrome  

IC50: half maximal inhibitory concentration 

IFNγ: interferon gamma 

IGF2: insulin-like growth factor 2 

IL-6R: IL-6 receptor  

IMIDA: Instituto Murciano de Investigación y Desarrollo Agrario y Alimentario 

iNOS: inducible NO synthase 

IP3Rs: inositol 1,4,5-trisphosphate receptors  

IRE1: inositol-requiring enzyme 1  

ISAPP: International Scientific association of Probiotics and Prebiotics 

J 

JAK: Janus kinase 

JNK: c-Jun N-terminal kinase 

L 

LDA: linear discriminant analysis  

LDL: low-density lipoprotein 

LGR5: Leucine-rich repeat-containing G-protein coupled receptor 5 

LPS: lipopolysaccharide  

M 

M1 or M2: macrophage type 1 or 2 

MAE: Morus alba extract 

MAPK: mitogen-activated protein kinase 

MDA: malondialdehyde 

MET: metformin 

MFI: Mean Fluorescence Intensity  

miRNAs: micro-RNAs or small non-coding RNAs  

MLN: mesenteric lymph nodes 

MMPs: metalloproteinases 

mTORC: mammalian target of rapamycin complex 

MTS: 5-(3-carboxymethoxyphenyl)-2-(4,5-dimethylthiazoly)-3-(4-

sulfophenyl)tetrazolium- inner salt 

Muc: Mucin 

N  

NADPH: nicotinamide adenine dinucleotide phosphate 
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NAFLD: non-alcoholic fatty liver disease  

NANOG: Nanog homeobox  

NF-κB: nuclear factor-kappaB  

NLRP3: NOD-like receptor family pyrin domain containing 3 

NO: nitric oxide 

NOXA: also called PMAIP1 (Phorbol-12-myristate-13-acetate-induced protein 

1) 

NSAIDs: non-steroidal anti-inflammatory drugs  

NSG mice: NOD scid gamma mouse (extremely immunodeficient mouse) 

O 

OTU: operational taxonomic unit 

P 

PARP: poly (ADP-ribose) polymerase  

PBS: phosphate buffered saline 

PCoA: Principal Coordinate Analysis 

PERK: protein kinase RNA-like ER kinase 

PFA: paraformaldehyde 

PGE2: prostaglandin E2  

PI: propidium iodide 

PI3K: phosphoinositide-3-kinase 

PIAS3: E3 SUMO-protein ligase  

PIP2: phosphorylates phosphatidylinositol 4,5 biphosphate  

PIP3: phosphatidylinositol 3,4,5 triphosphate 

PKB: protein kinase B 

PMSF: phenylmethylsulfonyl fluoride 

POU5F1: POU Class 5 Homeobox 1, also called OCT4 

PPI: Proton-Pump inhibitors 

PP2A: protein phosphatase 2A 

PUMA: p53 upregulated modulator of apoptosis 

 

R 

RDP: Ribosomal Database Project 

RHEB: Ras homolog enriched in brain 

ROS: reactive oxygen species 
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rRNA: ribosomal RNA 

RSA: radical DPPH scavenging activity 

RyRs: ryanodine receptors  

S 

S6K: S6 kinase 

SAPK: stress-activated protein kinase 

SCFA: short-chain fatty acids  

SCID: severe combined immune-deficient 

SD: standard diet 

Ser/THr kinase: serine/threonine protein kinase 

SERCA: sarco/endoplasmic-reticulum Ca²⁺-ATPase   

SFE: Sphere forming efficiency 

SFE: sphere-forming efficiency  

SLUG: also called SNAI2 

SMAC: second mitochondria-derived activator of caspase 

SNAI1: Snail Family Transcriptional Repressor 1  

SOCS3: suppressor of cytokine signaling 3  

SOX2: SRY-box transcription factor 2  

SREBP1: sterol regulatory element-binding protein-1  

STAT: signal transducer and activator of transcription  

T 

T25: tigecycline 25 µM (in vitro studies) / 25 mg/Kg/day (in vivo studies) 

T50:  tigecycline 50 µM (in vitro studies) / 50 mg/Kg/day (in vivo studies) 

TAMs: tumor-associated macrophages 

TBA: thiobarbituric acid 

TBARS: thiobarbituric acid reactive substances  

tBID: truncation of BID 

Tc1: cytotoxic T cell type 1 

Tcf/Lef1: T-cell factor/Lymphoid enhancer factor 1 

TGF-β: transforming growth factor-β 

Th: T-helper 

TLR: Toll-like receptor 

TMAO: trimethylamine N-oxide  

TNF: tumor necrosis factor 

TNFR1: tumor necrosis factor receptor 1 
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TNM: Tumor/Nodes/Metastasis  

TP53: tumor protein 53 

Treg: regulatory T 

TSC2: tuberous sclerosis complex 2 

TUNEL: Terminal deoxynucleotidyl transferase dUTP nick end labeling 

TWISTs: twist family helix-loop-helix transcription factors 

Tyk2: Tyrosine kinase 2 

U 

UCP1: uncoupling protein-1  

ULK1: Unc-51-like kinase 1   

UPR: unfolded protein response 

V 

VEGF: vascular endothelial growth factor  

VIM: vimentin 

W 

W/L: weight/length  

WAT: white adipose tissue  

WHO: World Health Organization 

X 

XELOX: capecitabine + oxaliplatin 

Z 

ZEBs: zinc-finger E-box-binding homeobox family proteins  

Zo-1: zonula occludens 1  
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