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Résumé  

Introduction : Le cancer colorectal (CRC) génère un microenvironnement tumoral 

(TME) complexe, connu pour altérer profondément la fonction et le phénotype des 

cellules immunitaires, y compris les monocytes. Les aspects clés de cet 

environnement peuvent être reproduits par le milieu conditionné tumoral (TCM). La 

metformine a émergé comme un candidat prometteur pour contrer la dérégulation 

immunitaire et inflammatoire induite par le TCM. Par conséquent, cette étude vise à 

évaluer les effets de la metformine sur l’expression de l’inflammasome NOD-like 

receptor family pyrin domain containing 3 (NLRP3), la distribution des sous-

populations des monocytes et l’accumulation de gouttelettes lipidiques (LD) lors de 

l’exposition au TCM colorectal. 

Matériels et méthodes : Les essais ont été réalisés sur des monocytes humains 

primaires exposés au TCM colorectal en présence ou en absence de metformine. 

Résultats : Le TCM a significativement augmenté la production d’oxyde nitrique (NO, 

p < 0,001) et de peroxyde d’hydrogène (H2O2, p < 0,001), les niveaux d’ions de calcium 

intracellulaires libres (ifCa2+) (p < 0,001), l’expression du facteur nucléaire kappa-light-

chain-enhancer des cellules B (NF-κB p65/RelA, p < 0,001), de NLRP3 (p < 0,01) et 

de l’interleukine-1 bêta (IL-1β, p < 0,0001), ainsi que les triglycérides intracellulaires 

(iTAGs, p < 0,05), le contenu cellulaire total en cholestérol (tccCHOL, p < 0,001) et 

l’accumulation de gouttelettes lipidiques (p < 0,05). Il a également altéré l’activité 

phagocytaire (p < 0,05) et modifié le phénotype des monocytes, avec une orientation 

vers un phénotype CD14low, CD16high (p < 0,0001 pour les deux marqueurs). 

Notamment, le traitement par la metformine a exercé des effets inverses larges et 

significatifs, en particulier sur l’explosion respiratoire (NO, p < 0,05 ; H2O2, p < 0,01), 

les niveaux de ifCa2+ (p < 0,01), l’expression de NF-κB p65/RelA et de NLRP3, ainsi 

que la production d’IL-1β (p < 0,0001 pour tous), et l’accumulation de gouttelettes 

lipidiques (p < 0,0001), des iTAGs (p < 0,001) et du tccCHOL (p < 0,01). La metformine 

a également restauré de façon significative l’expression de CD14 (p < 0,05) et 

augmenté le taux des monocytes CD14+ (p < 0,01), tout en réduisant l’expression de 

CD16 (p < 0,05) et la fréquence des monocytes CD16+ (p < 0,01). Cependant, elle n’a 

eu aucun effet significatif sur la phagocytose des monocytes exposés au TCM (p > 

0,05). 

Conclusion : Nos résultats démontrent que la metformine exerce une action ciblée de 

reprogrammation immunométabolique sur les monocytes exposés aux signaux 

tumoraux colorectaux. Ces données soutiennent son intérêt en tant qu’agent 

immunomodulateur spécifique du contexte tumoral et ouvrent la voie à de futures 

recherches translationnelles visant à évaluer son utilisation comme agent adjuvant 

dans les cancers associés à l’inflammation. 

Mots clés : Cancer colorectal ; NF-Κb p65/RelA ; NLRP3 inflammasome ; Gouttelettes 

lipidiques ; Metformine ;  Microenvironnement tumoral ; Monocytes ; Milieu conditionné 

tumoral.
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Abstract  

 
Background: Colorectal cancer (CRC) generates a complex tumor microenvironment 

(TME) known to profoundly alter the function and phenotype of immune cells, including 

monocytes. Key aspects of this environment can be mimicked by tumor-conditioned 

medium (TCM). Metformin has emerged as a promising candidate to counteract TCM-

induced immune and inflammatory dysregulation. Therefore, this study aimed to 

evaluate the effects of metformin on NOD-like receptor family pyrin domain containing 

3 (NLRP3) inflammasome expression, monocyte subset distribution, and lipid droplet 

(LD) accumulation upon exposure to colorectal TCM.  

Methods: Assays were performed on primary human monocytes exposed to colorectal 

TCM in the presence or absence of metformin. 

 Results: TCM significantly increased nitric oxide (NO, p < 0.001) and hydrogen 

peroxide (H2O2, p < 0.001) production, intracellular free calcium ions (ifCa2+) (p < 0.001) 

levels, expression of nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB p65/RelA, p < 0.001), NLRP3 (p < 0.01), and interleukin-1 beta (IL- 1β, p < 

0.0001), as well as intracellular triacylglycerols (iTAGs, p < 0.05), total cellular 

cholesterol content (tccCHOL, p < 0.001), and lipid droplet accumulation (p < 0.05). It 

also impaired phagocytic activity (p < 0.05) and altered monocyte phenotype, along 

with a shift toward a CD14low, CD16high phenotype (p < 0.0001 for both markers). 

Notably, metformin treatment exerted broad and significant reversing effects, 

specifically on respiratory burst (NO, p < 0.05; H2O2, p < 0.01), ifCa2+ levels (p < 0.01), 

NF-κB p65/RelA and NLRP3 expression, and IL-1β production (p < 0.0001 for all), and 

the lipid droplet accumulation (p < 0.0001), iTAGs (p < 0.001), and tccCHOL (p < 0.01). 

Metformin also significantly restored CD14 expression (p < 0.05) and increased CD14+ 

monocyte frequency (p < 0.01), while reducing CD16 expression (p < 0.05) and CD16+ 

monocyte frequency (p < 0.01). However, it had no significant effect on phagocytosis 

in TCM-exposed monocytes (p > 0.05).  

Conclusions: Our findings highlight metformin’s selective immunometabolic 

reprogramming capacity in monocytes exposed to colorectal tumor-derived signals, 

supporting its potential as a context-specific immunomodulator. This study lays the 

groundwork for future translational research on metformin as an adjunctive agent in 

inflammation-driven tumor settings. 

Keywords: Colorectal cancer ; NF-κB p65/RelA ; NLRP3 inflammasome ; Lipid 

droplets ; Metformin ; Monocyte subsets ; Tumor microenvironment ; Tumor-

conditioned medium.
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                    ملخص                                                                                                                         
، والتي تؤثر بشكل (TME) بيئة دقيقة معقدة تعُرف ببيئة الورم الدقيقة (CRC) ينُتج سرطان القولون والمستقيم :مقدمة

عميق على وظيفة وخاصيات الخلايا المناعية، بما في ذلك الوحيدات. ويمكن محاكاة الجوانب الرئيسية لهذه البيئة بواسطة 

وقد برزت الميتفورمين كخيار واعد لمواجهة الاضطرابات المناعية والالتهابية التي  (TCM) الوسط المشروط بالورم

 NOD-like receptor لذلك، هدفت هذه الدراسة إلى تقييم تأثير الميتفورمين على تعبير الجسيم الملتهب TCM يسببها الـ

family pyrin domain containing 3 (NLRP3)ة للوحيدات، وتراكم القطرات الدهنية، وتوزيع الأنماط الفرعي 

(LD) عند التعرض للـ TCM المشتق من سرطان القولون والمستقيم. 

القولوني والمستقيمي في وجود أو غياب  TCM أجُريت التجارب على وحيدات بشرية أولية عُرضت للـ :الوسائل والطرق

 .الميتفورمين

 وبيروكسيد الهيدروجين  (NO, p < 0.001)ج أوكسيد النتريكإلى زيادة ملحوظة في إنتا  TCMأدى الـ: النتائج

, p < 0.001)2O2(Hومستويات الكالسيوم الحر داخل الخلية ،p < 0.001)2+, Caif( وتعبير عامل النسخ ،κB -NF 

p65/RelA (p < 0.001)و ، NLRP3 (p < 0.01)بيتا 1-، والإنترلوكين (IL-1β, p < 0.0001).  كما تسبب

 )CHOL, p tcc، وإجمالي محتوى الكوليسترول الخلوي )TAGs, p < 0.05)iلدهون الثلاثية داخل الخلايافي زيادة ا

وأحدث تحولاً في نمط  (p < 0.05) كذلك قلل من النشاط البلعمي .(p < 0.05) ، وتراكم القطرات الدهنية(0.001 >

الواسمين(. بشكل لافت، أظهر علاج لكل من  p < 0.0001) CD14^low, CD16^high الوحيدات نحو النمط

،  (H2O2, p < 0.01؛ NO, p < 0.05)الميتفورمين تأثيرات عكسية واسعة ومهمة، خصوصاً على الانفجار التنفسي

لجميعها1β (p < 0.0001 -IL  ،)، وإنتاج NLRP3و κB p65/RelA -NF، وتعبير 2+ Caif(p < 0.01)ومستويات

،  )TAGs, p < 0.001)i، والدهون الثلاثية داخل الخلايا (p < 0.0001)نيةبالإضافة إلى تراكم القطرات الده

  > CD14 (pكما أعاد الميتفورمين بشكل ملحوظ التعبير عن )CHOL, p < 0.01). tccوالكوليسترول الكلي الخلوي

 حيداتوتواتر الو CD16 (p < 0.05) ، بينما خفض تعبيرCD14+ (p < 0.01) وزاد من نسبة الوحيدات (0.05

CD16+ (p < 0.01). ومع ذلك، لم يكن له تأثير كبير على البلعمة في الوحيدات المعرضة للـ TCM (p > 0.05). 

تبُرز نتائجنا قدرة الميتفورمين على إعادة برمجة المناعة والتمثيل الغذائي بشكل انتقائي في الوحيدات المعرضة  :الاستنتاجات

ني والمستقيمي، مما يدعم دوره كمنظم مناعي نوعي في سياق الأورام. وتضع هذه للإشارات المشتقة من الورم القولو

 .الدراسة الأساس لأبحاث مستقبلية تطبيقية حول الميتفورمين كعامل مساعد في البيئات الورمية المرتبطة بالالتهاب

  NLRP3 ; الجسيم الملتهب p65/RelA ; بي-العامل النووي كابا ; القولون والمستقيم سرطان :الكلمات المفتاحية

.الوسط المشروط بالورم ; البيئة الدقيقة للورم ; الأنماط الفرعية للوحيدات ; الميتفورمين ; القطرات الدهنية
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1 
 

Introduction  

Colorectal cancer ranks among the most prevalent and deadly cancers worldwide [1]. 

In addition to genetic and epigenetic alterations, its progression is strongly shaped by 

the tumor microenvironment [2], a complex network of cytokines, chemokines, 

metabolites, and other soluble mediators released by tumor and stromal cells [3,4]. 

These factors not only support tumor growth and immune evasion but also exert 

profound effects on the function and phenotype of surrounding immune cells [5]. 

Among its key effector cells, monocytes play a central role in pathogen sensing, 

phagocytosis, and the orchestration of inflammatory responses [6–9]. Their remarkable 

plasticity allows them to dynamically adapt to environmental cues, particularly within 

the tumor context. The functional distribution of monocyte subsets, often characterized 

by CD14 and CD16 expression [10], reflects their activation state and determines 

whether they adopt proinflammatory or tissue- reparative functions [11]. 

While the tumor microenvironment is highly complex and shaped by diverse cellular 

components, it can be partially mimicked by tumor- conditioned media [12], which 

contains a mixture of cytokines, metabolites, and danger-associated molecular 

patterns (DAMPs), capable of influencing the behavior and polarization of immune 

cells, including monocytes. These factors can reprogram monocyte function, notably 

by modulating intracellular inflammatory mediators such as the NLRP3 inflammasome 

and the transcription factor NF-κB [13,14]. Of note, certain transformed cancer cells 

have been reported to influence the metabolic landscape of immune cells, potentially 

affecting lipid metabolism and storage [15]. However, the extent to which tumor-derived 

soluble factors modulate lipid droplet accumulation in monocytes re- mains to be fully 

elucidated. 
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Given the potential of the tumor microenvironment to reprogram immune cell 

metabolism and function, there is growing interest in pharmacological strategies 

capable of counteracting these effects are of growing interest. Among them, metabolic 

modulators such as metformin (1,1- dimethylbiguanide hydrochloride), widely used as 

a first-line treatment for type 2 diabetes, have garnered attention for their broad actions. 

Beyond its glucose-lowering effect, metformin has been shown to exert 

immunomodulatory effects in diverse experimental settings, including cancer [16]. 

Moreover, it has been reported to influence lipid metabolism and mitigate inflammatory 

responses [17], positioning it as a promising candidate for modulating immune cell 

dysfunctions observed in the colorectal cancer microenvironment [18]. 

In particular, metformin has been shown to interfere with key inflammatory signaling 

pathways such as NF-κB and the NLRP3 inflammasome, both of which play central 

roles in chronic inflammation and cancer-related immune dysregulation [19,20]. NF-

κB, a nuclear transcription factor, governs the expression of various proinflammatory 

genes, while NLRP3, a component of the inflammasome complex, pro- motes 

caspase-1 activation and thereby the maturation and release of interleukin-1β (IL-1β) 

[21], a key effector cytokine in inflammation and in the immune dysfunction associated 

with tumors [22,23]. Importantly, recent findings suggest that metformin may suppress 

the activation of NF-κB through the inhibition of reactive oxygen species (ROS) and 

the activation of AMP-activated protein kinase (AMPK), thereby indirectly dampening 

NLRP3 inflammasome signaling [18,24]. However, the direct link between metformin 

and NLRP3 inflammasome regulation, particularly in primary human monocytes 

exposed to tumor-derived conditions, remains insufficiently understood and largely 

unexplored. Addressing this critical gap is the central aim of our study. Building on this 
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context, the present study investigates the effects of metformin on NLRP3 

inflammasome expression, monocyte subset distribution, and lipid droplet 

accumulation in response to colorectal tumor-conditioned medium.
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1.1.  Colorectal cancer  

1.1.1. Epidemiology 

Colorectal cancer (CRC) represents a major global public health burden and remains 

one of the most commonly diagnosed malignancies worldwide. According to recent 

estimates, CRC ranks as the third most frequently diagnosed cancer  [27] and the 

second leading cause of cancer-related mortality globally, with more than 1.93 million 

new cases and 935 000 deaths globally in 2020  [1]. The incidence of CRC continues 

to rise, particularly in low- and middle-income countries, largely as a consequence of 

epidemiological transition and the increasing adoption of Westernized lifestyles, 

including dietary changes, physical inactivity, and obesity [25]. 

 In Algeria, colorectal cancer is among the most frequently diagnosed cancers in adults 

and represents a growing cause of cancer-related morbidity and mortality. Data derived 

from regional cancer registries and hospital-based studies indicate a steady increase 

in CRC incidence over recent decades, predominantly affecting individuals over the 

age of 50, with a slight male predominance [26]. 

1.1.2. Histological types  

More than 90% of colon tumors are adenocarcinomas and arise from a benign colonic 

adenoma or polyp [29].  

Several other histological types have also been described: 

1.1.2.1.  Medullary carcinoma  

This is a very rare type of cancer, characterized by sheets of regular, highly cohesive 

cells in which no glandular structure remains. A high number of intraepithelial 
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lymphocytes is observed [30]. This cancer consistently shows microsatellite instability 

(MSI) with mutations induced by defects in the mismatch repair (MMR) system, which 

normally corrects errors produced by DNA polymerase during replication. Microsatellite 

unstable colorectal carcinomas generally have a more indolent clinical course and a 

more favorable prognosis than microsatellite stable colorectal carcinomas [31]. 

1.1.2.2.  Mucinous adenocarcinoma 

This type represents 5 to 15% of colorectal cancers. Its extracellular mucoid material 

accounts for more than 50% of the tumor mass, and it is also associated with the MSI 

phenotype [32]. 

1.1.2.3.  Signet-ring cell carcinoma 

Very rare, representing 1 to 2.4% of colorectal cancers, this type is defined by the 

presence of more than 50% of isolated cells containing intracytoplasmic mucin 

vacuoles that fill the cytoplasm and displace the nucleus toward the cell membrane. It 

may appear as pools of mucin or as a diffuse infiltrative process with less mucin. In 

about one-third of cases, this type is associated with the MSI phenotype [33]. 

1.1.2.4. Adenosquamous carcinoma 

For this type to be defined, several small foci of squamous differentiation must be 

present. These tumors show features of both squamous cell carcinoma and 

adenocarcinoma, which may appear within the tumor as either separate or intermixed 

areas [30]. 

1.1.2.5. Undifferentiated carcinoma 

These are rare and genetically distinct tumors, usually associated with the MSI 

phenotype but lacking morphological, immunophenotypic, or molecular markers of 
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differentiation. They are associated with a poor prognosis  [34].  

There are also other types that are very rare and have a poor prognosis, namely the 

micropapillary and cibriform or poorly diferenciated adenocarcinomas. 

 

 

 

 

Figure 1.1. Histological Types of colorectal cancer [35]
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1.1.3. Risk factors  

1.1.3.1.  Diet and lifestyle 

a. Dietary patterns  

Certain diets have been implicated in the onset of colorectal cancer, such as diets high 

in red meat, high in fat, and low in fiber. The same applies to certain cooking methods, 

including frying and grilling. Studies have shown that these foods generate fat- and 

protein-rich compounds known as advanced glycation end products (AGEs). These 

compounds induce oxidative stress and chronic inflammation, thereby creating a 

favorable environment for colorectal carcinogenesis [1].  

b. Sugar 

A high sugar intake can lead to obesity, insulin resistance, and type 2 diabetes. It also 

promotes the production of AGEs, thereby causing chronic inflammation and increased 

sensitivity of the colorectal epithelium, ultimately leading to cellular damage [36]. 

 

c. Obesity and sedentary lifestyle 

These two factors are closely associated with the development of colorectal cancer. A 

study conducted in 2017 showed that for every 5 kg/m² increase in body mass index 

(BMI), the risk of developing colorectal cancer increased by 30% in men and by 12% 

in women [37]. Obesity is a major contributor to metabolic syndrome, elevated IGF-1 

levels, and insulin resistance, all of which are associated with a higher risk of CRC [38]. 

 

 



Chapter 1 : bibliographic review________________________________________    

9 
 

1.1.3.2.  Chronic Inflammatory Bowel Diseases (IBD) 

IBD results from genetic predispositions, immune disorders, or environmental factors 

and is represented by two distinct entities: 

 Crohn’s disease (CD): characterized by chronic inflammation that can extend from 

the mouth to the anus and is transmural in nature. 

 Ulcerative colitis (UC): a chronic non-transmural inflammation of the rectum that 

extends upward throughout the colon. 

CD and UC share common histopathological features, including the presence of 

lymphoplasmacytic infiltrates and neutrophils, which are responsible for maintaining 

inflammation. In some cases, this persistent inflammation leads to colorectal cancer or 

high-grade dysplasia. 

1.1.3.3.  Hereditary Factors 

Approximately 28% of early-diagnosed colorectal cancers have a family history. 

Patients with a first-degree relative affected by CRC have a fourfold increased risk of 

developing the disease [39,40]. 

The most well-known hereditary syndromes that confer a particularly high risk of CRC 

are Lynch syndrome and familial adenomatous polyposis (FAP, linked to APC gene 

mutations) (APC) [1].   

1.1.4. Oncogenesis 

Colorectal cancer is a heterogeneous disease in which the transformation of a normal 

epithelial cell into a cancerous cell is linked to the successive accumulation of 
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mutations in oncogenes and tumor suppressor genes [41]. 

There are three main mechanisms of colorectal carcinogenesis: 

1.1.4.1.  Chromosomal Instability (CIN or LOH) 

This type of cancer represents about 85% of sporadic cases and is characterized by 

the accumulation of numerous mutations in oncogenes and tumor suppressor genes, 

such as the inactivation of the APC (adenomatous polyposis coli) gene, which initiates 

colorectal carcinogenesis. Other mutations frequently observed include KRAS, P53, 

PIK3, and TGFβ, all of which promote tumor progression [42]. 

a. Adenomatous polyposis coli (APC) 

The APC gene is part of the Wnt signaling pathway, which regulates cytoplasmic levels 

of β-catenin. β-catenin, in turn, is involved in maintaining cytoskeletal integrity. A 

mutation in the APC gene induces elevated levels of β-catenin, leading to weak cell-

cell adhesion and reduced migration of cells toward the base of the crypts. As a result, 

these cells accumulate and form neoplastic polyps in the gastrointestinal tract, thereby 

increasing the risk of carcinoma. 

           b. KRAS 

KRAS belongs to the MAPK pathway and represents the second most common 

mutation in CRC. It induces increased Ras activity, accompanied by enhanced ERK 

activity, which is responsible for the pathogenesis, progression, and cellular 

proliferation observed in CRC [43]. 

c.  BRAF 

BRAF is part of the ERK/MAPK pathway and encodes a serine-threonine kinase of the 

Raf family. This mutation is also responsible for promoting cell proliferation through 
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increased kinase activity and is associated with a poor prognosis [44]. 

 

Figure 1.2. MAPK signaling pathways [43] 

 

 

d. P53 

P53 is a protein that maintains cell cycle stability. It halts the cell cycle at the G1/S 

checkpoint in the presence of mutations and induces apoptosis. However, when P53 

itself is mutated, apoptosis is inhibited, thereby favoring CRC pathogenesis [44].  

 

1.1.4.2.   Microsatellite Instability (MSI) 

Microsatellite instability is a state of genetic hypermutability and instability in highly 

repeated DNA sequences caused by defects in the DNA mismatch repair (MMR) 
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system, resulting in a specific tumor phenotype known as dMMR (deficient mismatch 

repair). This system is composed of several genes responsible for correcting errors in 

newly synthesized DNA strands, including MLH1, MSH2, MSH6, and PMS2. 

MSH2 and MSH6 form a heterodimer called MutSα, which identifies errors on the DNA 

strand and initiates repair by recruiting another heterodimer, MutLα, formed by MLH1 

and PMS2. This heterodimer enables exonuclease activity to remove the erroneous 

bases, thereby allowing DNA replication to resume with correct base pairing [45]. 

 

Figure 1.3.  Mismatch repair MMR system [45] 

Such defects may arise from somatic origins, as in 10–15% of sporadic CRC cases 

[46] or more rarely from genetic predisposition syndromes such as Lynch syndrome, 

which accounts for 2–5% of CRC cases [45].  

1.1.4.3.   CpG Island Methylator Phenotype (CIMP) 

CpG islands (CGIs) are short sequences rich in cytosine-guanine dinucleotides, 

located in the 5’ regions of about half of human genes. Hypermethylation of these CGIs 

is associated with loss of gene expression and serves as an alternative mechanism for 

transcriptional inactivation of certain tumor suppressor genes involved in CRC. Nearly 

half of these genes have been found to be aberrantly methylated in certain sporadic 

cancers, including Rb, VHL, P16, hMLH1, and BRCA1[47]. 
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Almost all sporadic MSI CRCs are CIMP+ due to hypermethylation of the MLH1 

promoter. 

1.2. Tumor Microenvironment of Colorectal Cancer  

Within the tumor microenvironment, various types of molecular interactions regulate 

anti-tumor immune responses and strongly modulate inflammation, including: 

1.2.1. Cell-cell interactions  

This represents one of the most important interactions, occurring between different cell 

types, and may occur either through direct contact such as: 

 Recognition of tumor antigens by T cells via the TCR–MHC interaction. 

 Apoptosis mediated by death ligands such as Fas/FasL. 

 Activation of NK cells due to loss of MHC or through stress signals such as MICA, 

which binds to NKG2D and allows NK cells to activate and secrete cytotoxic 

granules. 

 Inhibition of phagocytosis via “do not eat me” signals such as CD47, expressed 

by tumor cells. 

 Transfer of receptors from an immune cell to a tumor cell via trogocytosis, thereby 

promoting immunosuppression. 

 Extravasation of immune cells into the tumor microenvironment. 

Cell–cell interactions may also be indirect, as in: 
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 Antibody-mediated interactions, such as antibody-dependent cellular cytotoxicity 

(ADCC), where antibodies bound to tumor cells interact with FcγR on NK cells, 

triggering cytotoxic granule release and tumor cell death. 

 Efferocytosis, which is the ability of phagocytes to recognize apoptotic cells and 

debris displaying phosphatidylserine on their surface. This allows phagocytes to 

bind via bridging proteins and phagocytose apoptotic material. 

1.2.2. Soluble immunomodulatory Factors  

Cells secrete numerous soluble factors that orchestrate immune responses, 
including: 

 Cytokines (chemokines, interleukins, interferons), the most abundant soluble 

proteins in the tumor microenvironment. These are secreted by immune cells, 

tumor cells, or stromal cells, and can exert either anti-tumoral or pro-tumoral 

effects depending on their nature and target cell. 

 Proteases and protease inhibitors, which strongly regulate immune mechanisms 

by remodeling the microenvironment. Various protease families are present in 

cell membranes as well as intra- and extracellular spaces. 

 Release of receptors in soluble form through proteolytic cleavage, such as 

soluble FasL (sFasL) released by colon tumor cells, which binds to Fas on T cells 

and induces their apoptosis. 

 Nucleic acids in the tumor microenvironment, which influence anti-tumoral 

responses. 
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 Amino acid depletion required for immune responses, e.g., arginine reduction by 

arginase (highly expressed in myeloid cells) limits nitric oxide (NO) production, 

thereby impairing a potent anti-tumoral and antimicrobial effector pathway. 

 Reactive oxygen species (ROS) and reactive nitrogen species (RNS), present in 

the tumor microenvironment as a result of metabolic dysregulation and hypoxia, 

which impact both innate and adaptive immunity. 

1.2.3. Tumor Immunomodulation Mediated by the Extracellular Matrix (ECM) 

The extracellular matrix regulates cell behavior by controlling adhesion and the 

spatiotemporal release of soluble factors with key immunomodulatory roles, such as: 

 Biomechanical scaffold regulation, controlled by molecules such as fibrillar collagen, 

which is highly abundant in the colorectal cancer ECM. This makes the ECM 

extremely dense and rigid, modulating immune cell recruitment and function by 

blocking cytotoxic T cells while promoting the infiltration of immunosuppressive 

macrophages. 

 Reservoir of proteins, storing secreted soluble factors and regulating their spatial 

and temporal release near target cells. 

 Direct signaling, whereby ECM components are biologically active and directly 

signal to immune receptors. 

 Indirect immunomodulation, mediated by antimicrobial peptides (AMPs) that can 

exert direct cytotoxic actions on tumor cells. 

 



Chapter 1 : bibliographic review________________________________________    

16 
 

1.2.4.  Tumor Immunomodulation Mediated by the Microbiome 

The microbiome is a hallmark of cancer, as it modulates tumor-associated 

inflammation in several ways: 

 Interaction between the microbiota and immune cell populations maintains 

intestinal immune homeostasis. 

 Pro- and anti-tumorigenic microbial inflammation, mediated by specific bacterial 

strains frequently present in tumors, which may induce persistent inflammation and 

promote CRC. 

 Tumor immunomodulation via microbiome–cell interactions can be induced 

through several mechanisms, including: 

o Activation of immune cells through PRR stimulation upon detection of bacterial 

components. 

o PRR activation by bacterial extracellular vesicles (EVs), leading to cytokine 

secretion. 

o Immunomodulation by short-chain fatty acids (SCFAs) produced during bacterial 

fermentation. 

o Indirect immunomodulation by bacterial toxins. 

o Induction of cytokine production upon bacterial adhesion to the cell surface [48]. 
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Figure 1.4. Immunomodulatory interactions within the tumor microenvironment 

in colorectal cancer (CRC) [48] 

 
 
1.3.   Role of the Immune System in Cancer 

The immune system is capable of recognizing and eliminating primary tumors. This 

theory was first proposed in 1909 by Ehrlich [49], Initially rejected due to a lack of 

evidence, the concept re-emerged as immune surveillance, described by Burnet and 

Thomas [50] This hypothesis was first studied in immunodeficient mice with 

spontaneous mutations and later confirmed in humans [51]. 

The immune system protects the host against tumor formation while also selecting 

tumors with reduced immunogenicity. This process is referred to as immunoediting, or 

the “three Es theory” (elimination, equilibrium, escape). The elimination phase 
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corresponds to immune surveillance, during which the immune system identifies and 

eliminates tumors whose intrinsic tumor suppressor mechanisms have failed [49]. 

 Elimination phase  

This phase consists of eradicating tumor cells that have formed due to defects in 

intrinsic tumor suppressor mechanisms [49], Both innate and adaptive immune 

systems are involved. Tumor cells express stress molecules such as calreticulin and 

tumor antigens on MHC-I, which are presented by DCs to NKT cells and recognized 

by CD8+ T cells, NK cells, and γδ T cells. Once activated, these cells secrete IFN-γ, 

which: 

i. Recruits additional innate immune cells such as macrophages and granulocytes, 

which in turn secrete IL-12, TNF-α, IL-1, and ROS with strong anti-tumoral activity. 

ii. Exerts anti-tumoral effects by inhibiting proliferation and angiogenesis. Activated 

CD8+ T cells express co-stimulatory molecules, enabling them to eliminate tumor cells 

through Fas/FasL and TRAIL pathways, as well as by secreting granzymes and 

perforins [50]. 

In cases of partial tumor elimination, a state of equilibrium may develop between the 

immune system and the progressing tumor [49]. 

 Equilibrium phase  

Tumor cells that survive elimination enter the equilibrium phase, the longest of the 

three, which can last for years [52], During this phase, tumor cells remain quiescent 

but continue to accumulate genetic and epigenetic alterations. Equilibrium is 

maintained by selective pressure from adaptive immune cells, which establish a 

balance between pro-tumoral cytokines (IL-10, IL-23) and anti-tumoral cytokines (IL-



Chapter 1 : bibliographic review________________________________________    

19 
 

12, IFN-γ). This process ultimately selects tumor variants capable of resisting, 

avoiding, or suppressing anti-tumoral immunity, leading to the escape phase [53]. 

 Escape phase  

In this phase, the immune system is no longer able to control the tumor, allowing its 

progression and the clinical appearance of a detectable mass [49]. Tumor cells lose 

recognition molecules (MHC-I, NKG2D ligands), becoming less immunogenic, and 

express resistance molecules such as STAT3, anti-apoptotic proteins (BCL2), and 

immunosuppressive molecules (TGF-β, IL-10, PD-L1). These factors induce the 

appearance of CTLA-4 and Tregs, reducing CD8+ T-cell function and inducing 

apoptosis. Tumor cells also secrete cytokines such as VEGF, IL-6, and M-CSF, which 

promote angiogenesis [50] by expanding populations of immature myeloid cells. These 

cells not only help tumors suppress immune responses but also facilitate the 

construction of new blood vessels for tumor growth and metastasis [54].  

 

Figure 1.5. Immunoediting mechanism [55] 
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1.4.  Monocytes 

1.4.1. General overview  

Monocytes are a population of mononuclear leukocytes characterized by their large 

size, bean-shaped nucleus, and ability to migrate into tissues in response to 

inflammatory or infectious signals. They play a crucial role in the innate immune 

system. Monocytes develop in the bone marrow, originating from dividing monoblasts 

[56]. Once formed, they leave the bone marrow to enter the bloodstream, where they 

account for 5–10% of leukocytes. They then migrate into peripheral tissues where 

they differentiate into macrophages or dendritic cells [57], Their primary functions 

include host defense, phagocytosis and clearance of cellular debris, as well as the 

production of pro-inflammatory cytokines. Monocytes are identified by the expression 

of CD14 (a receptor for polysaccharides) and CD16 (FcγRIII) and are subdivided into 

different subsets [58]. 

1.4.2.  Classification of monocytes 

A. Classical monocytes  

These monocytes are CD14⁺⁺ CD16ˉ and represent about 90% of the total monocyte 

population. They express CCR2 and FcγRI (CD64), and produce small amounts of IL-

10 following lipopolysaccharide (LPS) stimulation [59], They also exhibit high 

phagocytic capacity [60] and produce TNF-α, nitric oxide, and reactive oxygen species 

[61]. 

B. Intermediate monocytes  

This group is CD14⁺⁺ CD16⁺, expresses high levels of CCR5 and CCR2, and low levels 

of CX3CR1. They rapidly migrate to sites of infection and produce TNF-α, nitric oxide, 
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and reactive oxygen species [61]. These monocytes are considered pro-inflammatory 

[58].  

C. Non classical monocytes 

Also known as patrolling monocytes, these are CD14⁺ CD16⁺⁺, expressing high levels 

of CX3CR1. They patrol capillaries, eliminate debris, and rarely migrate into tissues 

[62], Compared to classical monocytes, they display lower phagocytic activity [60].  

 

 

Figure 1.6. Human monocytes subpopulations [10]. 

 

1.4.3.  Monocyte fate  

Monocytes have a short lifespan in the blood, estimated at 2–3 days [63], During 

inflammation or tissue injury, classical pro-inflammatory monocytes migrate into 

tissues and differentiate into macrophages. Conversely, non-classical monocytes can 

reside in non-inflammatory tissues, acquiring dendritic cell-like characteristics [64] [57]. 
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Inflammatory monocytes contribute to immune defense by directly migrating to infected 

tissues. Pro-inflammatory signals from the infection site induce the migration of 

monocytes from the bone marrow and circulating classical monocytes via the 

upregulation of adhesion molecules (integrins, selectins) and chemokines such as 

CCR2/MCP-1 (monocyte chemoattractant protein-1) on local endothelial cells. This 

process is known as chemotaxis [58]. 

Inflammation is associated with the production of cytokines, chemokines, and other 

mediators, which recruit monocytes. Once recruited, these cells differentiate into 

macrophages, which can polarize into M1 or M2 phenotypes depending on the 

Th1/Th2 cytokine balance in the microenvironment [57]. 

1.4.4.  Involvement of Monocytes in the Tumor Microenvironment of 

Colorectal Cancer 

In colorectal cancer (CRC), tumor cells secrete chemokines (e.g., CCL2/MCP-1) that 

recruit monocytes into the tumor. Once infiltrated, these monocytes predominantly 

differentiate into tumor-associated macrophages (TAMs), although some retain 

intermediate phenotypes or evolve into dendritic cells [65]. TAMs derived from 

monocytes can adopt different functional profiles, ranging from pro-inflammatory M1-

like to immunosuppressive M2-like phenotypes. In CRC, the M2 phenotype generally 

predominates, promoting immune tolerance, tumor cell proliferation, angiogenesis, 

migration, and metastasis [66] . Functionally, monocytes infiltrating the colorectal TME 

undergo profound alterations in their phenotype and activity [67]. Exposed to an 

environment enriched in cytokines (IL-6, TGF-β, IL-10), growth factors (VEGF), 

hypoxic signals (HIF-1α), metabolic by-products, and ROS [44], their transcriptional 
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and metabolic profiles are profoundly reprogrammed. A major mechanism of this 

reprogramming is activation of inflammatory signaling pathways, particularly the NF-

κB pathway, which regulates transcription of many cytokines, pro-inflammatory 

enzymes, and surface molecules [68]. Moreover, several studies have shown that 

tumor-educated monocytes also activate the NLRP3 inflammasome, a cytosolic 

multiprotein platform that responds to danger-associated molecular patterns (DAMPs). 

This leads to caspase-1 activation and production of mature cytokines such as IL-1β 

and IL-18, which in turn sustain chronic inflammation, a recognized driver of colorectal 

tumorigenesis [69]. In parallel with these functional changes, monocytes in contact with 

the TME undergo deep metabolic alterations. Tumor signals may drive the 

accumulation of lipid droplets (LDs), which are not merely inert energy stores but 

actively modulate inflammatory responses [70]. Indeed, LDs are now recognized as 

pro-inflammatory signaling platforms, involved in the sequestration or production of 

bioactive lipid mediators [71]. In CRC, the changes given in lipid metabolism of 

monocytes are often correlated with alterations in phagocytic activity and cytotoxic 

potential, thereby contributing to tumor progression [72]. 

1.5.  Cholesterol, Triglycerides, and Lipid Droplets: Lipid Metabolism and 

Immune Implications 

Cellular lipid metabolism encompasses the full set of biochemical processes involved 

in the synthesis, degradation, storage, and transport of lipids within cells [73]. Among 

these, cholesterol and triglycerides play key roles in membrane structure, cell 

signaling, and energy supply [74]. Lipid droplets (LDs), dynamic intracellular structures, 

ensure the storage of these neutral lipids and actively participate in regulating lipid 
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homeostasis [75]. In the immune system, lipids are essential regulators of immune cell 

function, particularly monocytes and macrophages, by influencing their activation, 

polarization, and responsiveness to inflammatory cues. However, in pathological 

contexts such as cancer, lipid metabolism is profoundly altered. Both tumor cells and 

tumor-infiltrating immune cells undergo metabolic reprogramming that favors the 

accumulation of cholesterol and triglycerides, often stored as lipid droplets. 

These perturbations contribute to the establishment of an immunosuppressive tumor 

microenvironment, conducive to tumor progression and immune escape [76].    

1.5.1. Cholesterol  

1.5.1.1. Définition 

Cholesterol is an essential lipid for cell survival, predominantly localized in the plasma 

membrane, where it interacts with other lipids to regulate membrane rigidity, fluidity, 

and permeability. Beyond its structural role, cholesterol is involved in cell signaling, 

modulation of membrane trafficking, and host-pathogen interactions, and it also serves 

as the common precursor of all steroid hormones. Given such crucial functions across 

diverse physiological contexts, disturbances in cholesterol metabolism are associated 

with numerous diseases, including cancer [77]. 

1.5.1.2.  Biosynthesis, Transport, and Regulation of Cholesterol 

Cholesterol can be synthesized de novo from acetyl-CoA through a cascade of about 

30 enzymatic reactions. The rate-limiting steps of this pathway are catalyzed by two 

major enzymes: 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) and 
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squalene monooxygenase (SM). In addition to this endogenous synthesis, cells can 

acquire circulating cholesterol carried by low-density lipoproteins (LDL), via the LDL 

receptor (LDLR) localized on the basal membrane of polarized cells such as 

enterocytes (intestine) and hepatocytes (liver). 

Dietary or biliary cholesterol can also be absorbed by these cells through the 

transporter NPC1L1 (Niemann–Pick C1-like 1), assisted by flotillins on the apical 

membrane (Figure 1.7)  [77]. 

To maintain cellular homeostasis, cholesterol metabolism is tightly regulated, mainly 

through two mechanisms: 

 Transcriptional regulation: Sterol Regulatory Element-Binding Proteins 

(SREBPs), especially SREBP-2, play a central role. Under cholesterol depletion, 

SREBP-2 is activated and stimulates transcription of genes encoding HMGCR, 

LDLR, and other enzymes involved in cholesterol biosynthesis. 

 Feedback control by intracellular cholesterol: When cholesterol levels 

increase, SREBP maturation is inhibited, reducing expression of genes involved 

in synthesis and uptake. Furthermore, free cholesterol can stimulate ACAT (acyl-

CoA:cholesterol acyltransferase, also known as SOAT) activity, promoting its 

esterification and storage in lipid droplets within the cytoplasm or incorporation 

into lipoproteins for secretion [78]. 
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Figure 1.7. Biosynthesis and transport of cholesterol [77] 

 

1.5.1.3.  Cholesterol Metabolism in Macrophages 

Macrophages rapidly and profoundly reprogram their cholesterol metabolism in 

response to activation signals, particularly those derived from pathogen recognition 

receptors (PRRs) and other pro-inflammatory stimuli, in order to support host defense 

mechanisms. This reprogramming depends on the nature of the signal received and 

leads to distinct metabolic profiles depending on the context. Studies have shown that 

activation via MyD88-dependent PRRs induces a rapid increase in cholesterol 

biosynthesis, leading to overall accumulation of cellular cholesterol[79]. However, 
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excessive accumulation of free cholesterol can cause severe cellular dysfunction and 

activate the inflammasome, resulting in interleukin-1β (IL-1β)-mediated inflammation 

[78]. 

1.5.2.  Lipid droplets (LDs) 

1.5.2.1. Definition and composition 

Lipid droplets are dynamic cytoplasmic organelles, nearly ubiquitous across cell types. 

They are characterized by their unique composition: a hydrophobic core of neutral 

lipids, mainly sterol esters (SE) and triacylglycerols (TAG), surrounded by a 

phospholipid monolayer separating them from the cytosol (Figure 1.8)  [75].  

 

 

Figure 1.8. Structure of lipid droplets [75] 
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1.5.2.2.   Origin of stored lipids : focus on triglycerides 

 Triglycerides 

Also known as triacylglycerols, these are the main storage forms of fatty acids in cells. 

They consist of a glycerol backbone esterified to three fatty acids and are primarily 

stored as lipid droplets [80]. TAGs are mainly synthesized in the endoplasmic 

reticulum, catalyzed by the enzymes acyl-CoA: diacylglycerol acyltransferase (DGAT), 

specifically DGAT1 and DGAT2 [75] .  

1.5.2.3.  Lipid droplets functions 

 
Lipid droplets are involved in many cellular functions, including storage of lipids for 

energy production and membrane synthesis, viral replication, and degradation of 

certain proteins [75]. Increasingly, they are recognized as regulators directly or 

indirectly of other cellular processes, ranging from storage of hydrophobic vitamins and 

signaling precursors to managing endoplasmic reticulum (ER) stress, oxidative stress, 

and production of inflammatory mediators [80]. 

1.5.2.4.  Lipid Droplet Accumulation During Inflammation and Cancer 

In chronic pathological states such as persistent inflammation, infections, and 

particularly in the tumor microenvironment (TME), a marked accumulation of lipid 

droplets is often observed in myeloid cells, notably monocytes and macrophages. This 

accumulation results from a complex metabolic reprogramming involving increased 

lipid uptake, stimulation of neutral lipid synthesis (triacylglycerols and cholesterol 

esters), and alterations in lipid storage and mobilization pathways. 
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TME signals—such as pro-inflammatory cytokines, growth factors, hypoxia, excess 

tumor-derived lipids, and lactate—modulate the expression and activity of several 

metabolic regulators: fatty acid transporters (CD36, FATP), triglyceride synthesis 

enzymes (DGAT1/2), and cholesterol esterification enzymes (ACAT/SOAT). At the 

same time, transcriptional pathways such as SREBPs (for neutral lipids) and LXR 

receptors can be reprogrammed, leading either to increased lipid biosynthesis or 

altered lipid distribution (release vs. storage). The outcome is enhanced biogenesis of 

lipid droplets from the endoplasmic reticulum. 

In the TME, a high lipid droplet burden can contribute to two seemingly contradictory 

but complementary effects: 

 Metabolic support for immune cells in nutrient-poor environments (promoting 

survival and specific functions). 

 Functional reprogramming toward an immunosuppressive phenotype (reduced 

phagocytosis, impaired antigen presentation), particularly in TAMs [74]. 

During inflammation, lipid droplet accumulation regulates inflammatory responses 

through their interaction with key signaling pathways, notably NF-κB and the NLRP3 

inflammasome. 

 NF-κB activation, often triggered by PRR signals (e.g., TLR4/MyD88), acts as a 

“priming” step by inducing transcription of pro-inflammatory genes, including 

NLRP3 and pro-IL-1β. In parallel, metabolic changes associated with this 

activation promote lipid droplet formation, particularly via increased triacylglycerol 

synthesis and cholesterol esterification. 
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Excessive lipid load, oxidized lipid derivatives, and cholesterol crystals can provide the 

necessary “triggering” signals (signal 2) for NLRP3 inflammasome activation. This 

occurs through mechanisms such as enhanced reactive oxygen species (ROS) 

production, membrane perturbation, or lysosomal stress. Collectively, these events 

lead to caspase-1 activation and maturation of pro-inflammatory cytokines like IL-1β 

[81]. 

1.6. Inflammasome 

 

1.6.1. Definition and components   

The NLRP3 inflammasome is a key element of innate immunity. It consists of the 

NLRP3 protein (NLR family pyrin domain-containing 3), the adaptor ASC (apoptosis-

associated speck-like protein), which contains a caspase recruitment domain (CARD) 

and pro-caspase-1, the effector component. 

The NLRP3 protein has three functional domains: 

 an N-terminal pyrin domain (PYD), which interacts with the PYD of ASC to initiate 

inflammasome assembly, 

 a central nucleotide-binding and oligomerization domain (NACHT), essential for 

activation, and a C-terminal leucine-rich repeat (LRR) domain, recently shown 

to be non-essential for NLRP3 inflammasome assembly. 

The adaptor ASC recruits and binds pro-caspase-1 via their respective CARD 

domains, triggering its auto cleavage and activation. Activated caspase-1 then 
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promotes the release of the inflammatory cytokines interleukin-1β (IL-1β) and 

interleukin-18 (IL-18), and cleaves gasdermin D (GSDMD), thereby inducing a specific 

form of programmed cell death called pyroptosis [68]. 

1.6.2. Mecanisms of activation 

1.6.2.1.  Priming 

The priming phase of NLRP3 inflammasome activation is mainly orchestrated by the 

transcription factor NF-κB, particularly its p65/RelA subunit. When a pattern recognition 

receptor (PRR) such as TLR4 is stimulated by lipopolysaccharide (LPS), the adaptor 

pathway MyD88 activates the IKK complex, which phosphorylates the inhibitor IκBα. 

Its degradation releases the p65/RelA–p50 dimer, allowing it to translocate into the 

nucleus [82]. 

Once in the nucleus, p65/RelA binds to κB sequences in the promoters of genes 

encoding NLRP3, pro-IL-1β, and pro-IL-18, thereby inducing their transcription and 

preparing the cell for rapid activation upon receiving the second signal. 

Phosphorylation of p65, particularly at serine 536, enhances its ability to recruit 

transcriptional co-activators and sustain expression of these pro-inflammatory genes 

[83]. 

1.6.2.2.  Activation  

After the priming phase, which ensures NLRP3 and pro-cytokine expression, a second 

signal is required to trigger full inflammasome assembly. This signal is provided by 
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various danger stimuli pathogens, stress signals, or metabolic disturbances that alter 

cellular homeostasis and are indirectly sensed by NLRP3. 

Key mechanisms include: 

 intracellular Ca²⁺ flux, 

 K⁺ efflux, 

 increased ROS production, 

 lysosomal rupture, release of endogenous damage-associated molecular 

patterns (DAMPs) or pathogen associated molecular patterns (PAMPs), and 

mitochondrial dysfunction. 

Well-known stimuli include nigericin, extracellular ATP, and cholesterol crystals, all 

capable of inducing ionic disturbances or cellular stress that activate NLRP3 [68,84]. 

Lipid droplet accumulation, rich in triglycerides and cholesterol esters, is also known to 

activate the inflammasome, often associated with: 

increased mitochondrial ROS due to lipid overload, the presence of cholesterol crystals 

that disrupt lysosomes, and metabolic reprogramming that modifies cell signaling and 

facilitates activation of pro-inflammatory pathways such as NF-κB and NLRP3 [85]. 

Once assembled, the inflammasome induces proteolytic cleavage of inactive pro-

caspase-1 into active caspase-1. Caspase-1 then processes pro-IL-1β and pro-IL-18 

into their mature, biologically active forms. Mature IL-1β is a major pro-inflammatory 

mediator, critical for recruiting innate immune cells to the infection site and modulating 
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adaptive responses. Mature IL-18 stimulates interferon-γ (IFN-γ) production and 

enhances cytolytic activity of NK cells and T lymphocytes. 

In parallel, caspase-1 activation cleaves Gasdermin D (GSDMD), releasing its N-

terminal domain, which inserts into the plasma membrane to form pores. These pores 

cause pyroptosis a pro-inflammatory form of cell death characterized by cell swelling, 

membrane rupture, and massive release of inflammatory mediators. While this process 

amplifies immune responses, excessive activation can cause tissue damage [84]. 

 
 

 

Figure 1.9. priming and activation of NLRP3 inflammasome [68] 
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1.6.3.  Inflammasome and colorectal cancer 

The inflammasome, particularly the NLRP3 complex, plays a central role in intestinal 

inflammation and the development of colorectal cancer (CRC). Its activation leads to 

the production of pro-inflammatory cytokines (IL-1β, IL-18) and promotes various 

immune responses [68]. 

 Pro-tumoral mechanisms: Chronic activation of NLRP3 stimulates epithelial cell 

proliferation and survival, angiogenesis, and tumor invasion. High expression of 

NLRP3 in human CRC tissues is associated with invasion, migration, and poor 

prognosis. Polymorphisms in the NLRP3 gene are linked to increased IL-1β/IL-6 

levels and reduced patient survival [86]. 

 Anti-tumoral mechanisms and protective role: Conversely, several murine 

studies have shown that the absence of Nlrp3, Asc, Caspase-1/11, or IL-18 

makes mice more susceptible to CRC [87]. NLRP3-derived IL-18 enhances the 

cytotoxic activity of hepatic NK cells and limits metastatic growth. A hyperactive 

NLRP3 can even confer resistance to colitis and CRC [88]. 

 

 

 

 

 



Chapter 1 : bibliographic review________________________________________    

35 
 

1.7.  Metformin 

1.7.1.  Definition 

Metformin (METF hydrochloride, 1,1-dimethylbiguanide) is a synthetic insulin-

sensitizing semi-biguanide, consisting of two methyl groups bound to a nitrogen 

nucleus, as shown in (Figure 1.10). It is a hypoglycemic agent originally derived from 

the plant Galega officinalis, known for its potent normoglycemic properties [89] , Also 

referred to as Glucophage, it is prescribed to approximately 100 million type 2 diabetes 

(T2D) patients annually [90]. 

 

 

 

Figure 1.10. chemical structure of metformin [91] 

 
1.7.2.  Mechanism of Action of Metformin in Diabetes 

Metformin improves insulin sensitivity in the liver, muscles, and adipose tissue. 

 In the liver, it inhibits hepatic glucose production and reduces plasma glucose 

by 25–30% through decreased gluconeogenesis. 

 It activates the insulin receptor substrate 2 (IRS2) signaling pathway, increases 

glucose uptake by enhancing GLUT-1 (glucose transporter-1) translocation, and 

acts at the mitochondrial level by inhibiting the respiratory chain, leading to 
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decreased ATP (adenosine triphosphate) and activation of AMPK (5’ AMP-

activated protein kinase), thereby suppressing gluconeogenesis [92,93]. 

 

 

Figure 1.11. The action of metformin on hepatic cells [93] 

 

1.7.3.  Link between Type 2 Diabetes and Colorectal Cancer 

Type 2 diabetes (T2D) is a metabolic disorder characterized by chronic hyperglycemia, 

insulin resistance, and compensatory hyperinsulinemia [94], These metabolic 

alterations contribute to the development and progression of several cancers, including 

CRC. Major mechanisms include: 

1.7.3.1.  Hyperinsulinemia and IGF-1: Excess insulin activates the insulin receptor (IR) 

and stimulates production of insulin-like growth factors (IGF-1), which promote cell 

proliferation and inhibit apoptosis through PI3K/AKT and MAPK pathways [95]. 

1.7.3.2.  Hyperglycemia: Provides a favorable energy environment for tumor cells by 

fueling aerobic glycolysis (Warburg effect). It also increases ROS production, both 

directly via glucose auto-oxidation and indirectly through advanced glycation end-
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products (AGEs) that activate RAGE receptors [73]. These processes cause DNA 

damage and activate pro-inflammatory factors such as NF-κB, thereby promoting 

carcinogenesis [96]. 

1.7.3.3. Insulin Resistance: Disrupts energy metabolism and results in excess 

circulating growth factors, creating a pro-inflammatory and proliferative tumor 

microenvironment [97]. 

1.7.4. Mechanism of Action of Metformin in Colorectal Cancer  

Studies have shown that, among type 2 diabetic patients, metformin treatment is 

associated with an approximate 37% reduction in CRC risk [98]. The anti-tumoral effect 

of metformin is explained by both its direct effect on cancer cells through inhibition of 

multiple pathways involved in metastasis and survival and its indirect effect of 

maintaining physiological glucose and insulin levels [89]. 

1.7.4.1.  Molecular mecanisms  

1.7.4.1.1. AMPK activation: Metformin activates AMPK, which regulates energy 

metabolism, inhibits the mTOR pathway, and decreases protein and lipid synthesis 

necessary for tumor growth [99]. 

1.7.4.1.2. Metformin and mTOR: The mTOR protein regulates cellular energy 

homeostasis by modulating protein synthesis and autophagy. Activated AMPK inhibits 

mTOR activity through phosphorylation of the tumor suppressor complex TSC2, leading 

to AMPK-dependent inhibition of mTOR signaling. In addition, mTOR can also be 

inhibited independently of AMPK via metformin-mediated suppression of IGF-1 signaling 

[100]. 
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1.7.4.1.3. Effect on cancer stem cells (CSCs): Metformin reduces CSC markers (e.g., 

CD44, CD133, Lgr5) in CRC, thereby impairing their sphere- and tumor-forming capacity 

[101]. 

1.7.4.1.4. Anti-inflammatory effect: Metformin inhibits pathways such as NF-κB, 

TLR4/MyD88, and MAPK, thereby reducing production of pro-inflammatory cytokines 

and reshaping the immune microenvironment [102]. 

1.7.4.1.5. Effect on lipid/cholesterol metabolism: Certain studies show that 

metformin reduces HMG-CoA reductase expression and influences the mevalonate 

pathway, thereby limiting cholesterol and its derivatives necessary for tumor growth 

[101]. 

 Antiproliferative and pro-apoptotic effects: AMPK activation strongly 

suppresses cell proliferation in both malignant and non-malignant cells. Several 

mechanisms are involved: 

 Cell cycle regulation: Upregulation of the p53–p21 axis and reduction of Cyclin 

D1 levels, leading to inhibition of cyclin-dependent kinases (CDKs), thereby 

inducing G1 cell cycle arrest. 

 Protein synthesis inhibition: Mediated primarily via suppression of the mTOR 

pathway as previously described [99]. 
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Figure 1.12. Metformin effect on colorectal cancer  [99] 
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1.8.  Problematic and objectives  

 
1.8.1. Problematic 

 

Colorectal cancer (CRC) remains one of the most frequently diagnosed malignancies 

and a leading cause of cancer-related mortality worldwide. Beyond the genetic 

alterations occurring within tumor cells, it is now well established that tumor 

progression is strongly influenced by the tumor microenvironment (TME), a highly 

complex ecosystem composed of immune cells, inflammatory mediators, metabolic 

factors, and soluble signals released by cancer cells. 

Among the immune cell populations present in the TME, monocytes and macrophages 

play a pivotal role due to their remarkable functional plasticity and their ability to rapidly 

adapt to environmental cues. In the context of CRC, tumor-derived soluble factors, 

commonly studied through tumor-conditioned medium (TCM), profoundly reshape 

monocyte phenotype, metabolism, and effector functions. This immunometabolic 

reprogramming may contribute to chronic inflammation, impairment of antitumor 

immune responses, and the establishment of a microenvironment that favors tumor 

growth and progression. 

Increasing evidence highlights the central role of chronic inflammation and metabolic 

dysregulation—particularly alterations in lipid metabolism and lipid droplet 

accumulation in the activation of key pro-inflammatory pathways such as nuclear factor 

kappa B (NF-κB) and the NLRP3 inflammasome. Activation of the NF-

κB/NLRP3/interleukin-1β (IL-1β) axis represents a critical mechanistic link between 
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innate immunity, inflammation, and colorectal tumorigenesis, especially within myeloid 

cells exposed to tumor-derived signals. 

In parallel, metformin, a widely prescribed antidiabetic drug, has attracted growing 

interest beyond its metabolic effects. Emerging data suggest that metformin may exert 

anti-inflammatory and immunomodulatory actions by influencing NF-κB signaling, 

inflammasome activation, and cellular lipid metabolism. However, the precise 

mechanisms by which metformin modulates monocyte responses within the colorectal 

tumor microenvironment particularly in relation to lipid droplet formation and NLRP3 

inflammasome activation remain incompletely understood. 

Therefore, elucidating the interactions between colorectal cancer–derived TCM, 

monocyte lipid metabolism, activation of the NF-κB/NLRP3/IL-1β axis, and the 

potential modulatory role of metformin is essential for a deeper understanding of 

tumor–immune crosstalk and for identifying novel immunometabolic strategies in 

colorectal cancer. 
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1.8.2. Objectives  

In this study, we aimed to: 

1. Investigate the effect of colorectal tumor-conditioned medium (TCM) on 

monocytes, focusing on their functional and phenotypic alterations. 

2. Analyze the impact of metformin on monocytes exposed to TCM, particularly 

regarding their lipid and cholesterol metabolism. 

3. Assess the formation and accumulation of lipid droplets in monocytes under 

TCM stimulation and metformin treatment. 

4. Explore the activation of the NF-κB pathway and its implications in the regulation 

of monocyte inflammatory responses. 

5. Evaluate the activation of the NLRP3 inflammasome and the secretion of pro-

inflammatory cytokines, especially IL-1β, in the tumor context. 

6. Characterize the phenotypic subsets of monocytes (classical, intermediate, and 

non-classical) in response to TCM and metformin treatment. 

1.8.3. Aim  

The aim of this work is to elucidate how the colorectal tumor microenvironment, through 

its conditioned medium, shapes monocyte phenotype, inflammatory signaling, and lipid 

metabolism, and to determine how metformin may modulate these processes with a 

particular focus on NF-κB, NLRP3, IL-1β, and lipid droplet dynamics. 
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Background: Colorectal cancer (CRC) generates a complex tumor microenvironment (TME) known to profoundly 

alter the function and phenotype of immune cells, including monocytes. Key aspects of this environment can be 

mimicked by tumor-conditioned medium (TCM). Metformin has emerged as a promising candidate to counteract 

TCM-induced immune and inflammatory dysregulation. Therefore, this study aimed to evaluate the effects of 

metformin on NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome expression, 

monocyte subset distribution, and lipid droplet (LD) accumulation upon exposure to colorectal TCM.  

Methods: Assays were performed on primary human monocytes exposed to colorectal TCM in the presence or 

absence of metformin. 

Results: TCM significantly increased nitric oxide (NO, p < 0.001) and hydrogen peroxide (H2O2, p < 0.001) 

production, intracellular free calcium ions (ifCa2+) (p < 0.001) levels, expression of nuclear factor kappa-light- 

chain-enhancer of activated B cells (NF-κB p65/RelA, p < 0.001), NLRP3 (p < 0.01), and interleukin-1 beta (IL- 

1β, p < 0.0001), as well as intracellular triacylglycerols (iTAGs, p < 0.05), total cellular cholesterol content 

(tccCHOL, p < 0.001), and lipid droplet accumulation (p < 0.05). It also impaired phagocytic activity (p < 0.05) 

and altered monocyte phenotype, along with a shift toward a CD14low, CD16high phenotype (p < 0.0001 for both 
markers). Notably, metformin treatment exerted broad and significant reversing effects, specifically on respiratory 

burst (NO, p < 0.05; H2O2, p < 0.01), ifCa2+ levels (p < 0.01), NF-κB p65/RelA and NLRP3 expression, and IL-1β 

production (p < 0.0001 for all), and the lipid droplet accumulation (p < 0.0001), iTAGs (p < 0.001), and tccCHOL 

(p < 0.01). Metformin also significantly restored CD14 expression (p < 0.05) and increased CD14+ 

monocyte frequency (p < 0.01), while reducing CD16 expression (p < 0.05) and CD16+ monocyte frequency (p 

< 0.01). However, it had no significant effect on phagocytosis in TCM-exposed monocytes (p > 0.05). 

Conclusions: Our findings highlight metformin’s selective immunometabolic reprogramming capacity in 

monocytes exposed to colorectal tumor-derived signals, supporting its potential as a context-specific 

immunomodulator. This study lays the groundwork for future translational research on metformin as an 

adjunctive agent in inflammation-driven tumor settings. 
 

1. Introduction 

 

Colorectal cancer ranks among the most prevalent and deadly 

cancers worldwide [1]. In addition to genetic and epigenetic alterations, 

its progression is strongly shaped by the tumor microenvironment [2], a 

complex network of cytokines, chemokines, metabolites, and other 

soluble mediators released by tumor and stromal cells [3,4]. These 

factors not only support tumor growth and immune evasion but also 

exert profound effects on the function and phenotype of surrounding 

immune cells [5]. Among its key effector cells, monocytes play a central 

role in pathogen sensing, phagocytosis, and the orchestration of 

inflammatory responses [6–9]. Their remarkable plasticity allows them 

to
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dynamically adapt to environmental cues, particularly within the tumor 

context. The functional distribution of monocyte subsets, often 

characterized by CD14 and CD16 expression [10], reflects their activation 

state and determines whether they adopt proinflammatory or tissue- 

reparative functions [11]. 

While the tumor microenvironment is highly complex and shaped by 

diverse cellular components, it can be partially mimicked by tumor- 

conditioned media [12], which contains a mixture of cytokines, 

metabolites, and danger-associated molecular patterns (DAMPs), capable of 

influencing the behavior and polarization of immune cells, including 

monocytes. These factors can reprogram monocyte function, notably by 

modulating intracellular inflammatory mediators such as the NLRP3 

inflammasome and the transcription factor NF-κB [13,14]. Of note, 

certain transformed cancer cells have been reported to influence the 

metabolic landscape of immune cells, potentially affecting lipid 

metabolism and storage [15]. However, the extent to which tumor-

derived soluble factors modulate lipid droplet accumulation in 

monocytes re- mains to be fully elucidated. 

Given the potential of the tumor microenvironment to reprogram 

immune cell metabolism and function, there is growing interest in 

pharmacological strategies capable of counteracting these effects are of 

growing interest. Among them, metabolic modulators such as metformin 

(1,1-dimethylbiguanide hydrochloride), widely used as a first-line 

treatment for type 2 diabetes, have garnered attention for their broad 

actions. Beyond its glucose-lowering effect, metformin has been shown 

to exert immunomodulatory effects in diverse experimental settings, 

including cancer [16]. Moreover, it has been reported to influence lipid 

metabolism and mitigate inflammatory responses [17], positioning it as 

a promising candidate for modulating immune cell dysfunctions 

observed in the colorectal cancer microenvironment [18]. 

In particular, metformin has been shown to interfere with key 

inflammatory signaling pathways such as NF-κB and the NLRP3 

inflammasome, both of which play central roles in chronic inflammation 

and cancer-related immune dysregulation [19,20]. NF-κB, a nuclear 

transcription factor, governs the expression of various proinflammatory 

genes, while NLRP3, a component of the inflammasome complex, pro- 

motes caspase-1 activation and thereby the maturation and release of 

interleukin-1β (IL-1β) [21], a key effector cytokine in inflammation and 

in the immune dysfunction associated with tumors [22,23]. Importantly, 

recent findings suggest that metformin may suppress the activation of 

NF-κB through the inhibition of reactive oxygen species (ROS) and the 

activation of AMP-activated protein kinase (AMPK), thereby indirectly 

dampening NLRP3 inflammasome signaling [18,24]. However, the 

direct link between metformin and NLRP3 inflammasome regulation, 

particularly in primary human monocytes exposed to tumor-derived 

conditions, remains insufficiently understood and largely unexplored. 

Addressing this critical gap is the central aim of our study. Building on 

this context, the present study investigates the effects of metformin on 

NLRP3 inflammasome expression, monocyte subset distribution, and 

lipid droplet accumulation in response to colorectal tumor-conditioned 

medium. 

 

2. Materials and methods 

 

2.1. Experimental design and ethical compliance 

 

All procedures involving human-derived materials and in vitro 

experimentation were conducted in strict accordance with institutional 

ethical guidelines. The study received prior approval from the local 

Ethical Committee of Tlemcen University, and informed written consent 

was obtained prior to sample collection. Experiments were carried out 

on four groups of monocytes: (i) metformin-untreated and tumor- 

conditioned medium (TCM)-unexposed, (ii) metformin-treated and 

TCM-unexposed, (iii) metformin-untreated and TCM-exposed, (iv) 

metformin-treated and TCM-exposed. Each experiment was 

independently repeated at least four times and conducted in 

duplicate or triplicate. The study flowchart and design are summarized 

in Fig. 1. 

 

2.2. Preparation of TCM 

 

TCM was prepared from primary colorectal cancer cells isolated from site-

specific tumor specimens obtained from patients undergoing surgery at 

the Surgery Department B of CHU Tlemcen. Tissue samples were processed 

immediately after surgical resection to ensure cell viability and integrity. 

The specimens underwent enzymatic digestion using 0.25 

% trypsin at 37 ◦C for 18 h, followed by differential centrifugation to 

isolate viable tumor cells [25,26]. The isolated cells were then seeded at a 

density of 2 × 105 cells/mL in T75 culture flasks containing RPMI 1640 

medium supplemented with 10 % fetal bovine serum (FBS) and 

antibiotics, including gentamycin at a final concentration of 50 μL/mL. 

Cultures were maintained under standard conditions until reaching 70–

80 % confluency [27]. Subsequently, the medium was replaced with 

RPMI 1640 supplemented with 0.2 % FBS to reduce exogenous growth factors. 

After 24 h of incubation, the conditioned medium was collected, 

centrifuged to remove debris, filtered through a 0.22 μm sterile membrane, 

and stored at —80 ◦C for future experimental use [28–30]. 

 

2.3. Monocytes isolation and purification 

 
Monocytes were isolated from human peripheral blood mononuclear 

cells (PBMCs) of anonymous healthy blood donors. To obtain PBMCs, 

blood was diluted in PBS, added carefully to Histopaque Ficoll (d = 

1.077, Sigma-Aldrich, Germany), and then centrifuged at 400 × g for 20 
min at room temperature. Thereafter, the PBMC rings were collected, 

resuspended and washed twice with PBS by centrifugation at 400 × g for 
10 min at room temperature [31]. The pellet was suspended in 1 mL of 

RPMI 1640 for cell counting and testing for viability. Viable cells 

numbering was assessed by Neubauer chamber on light microscopy (Zeiss, 

Germany) using Trypan Blue Exclusion Test (TBET) [32]. Finally, 

monocytes were isolated from PBMCs thanks to adherence method [31,33]. 

For the assay, PBMCs were cultured in RPMI-1640, supplemented 

with 10 % FBS and 50 μg gentamicin, placed in a 24-well plate, and then 

incubated for 1 h at 37 ◦C and 5 % CO2 to allow monocyte cells adhesion. 

The purity of monocytes exceeded over 90 % as routinely evaluated. 

 

2.4. Monocytes activation 

 

For iTAG, tccCHOL, H2O2, NO, ifCa2+ assays, monocytes were 
activated by 50 U/mL IFN-γ [34], whereas, for NLRP3, NF-kB, LDs, 
and CD14 and CD16 expression assays, monocytes were activated by 50 U/ 
mL IFN-γ plus 10 ng/mL LPS [35]. 

 

2.5. Monocytes treatment 

 

2 × 105 activated monocytes/mL were treated with 1 mM metformin 
and exposed to a 1:1 ratio of TCM [28], followed by incubation for 24 h 

at 37 ◦C and 5 % of CO2 [34]. 

 

2.6. Monocytes lysis 

 

For iTAG, tccCHOL and ifCa2+ analyses, monocytes were lysed by 

adding 500 μL of 0.1 % Triton X 100 for 30 min. The reaction was 

stopped by adding Tris-HCl and MnCl2 mixture [36]. 

 
2.7. Functional phenotypic activities assays 

2.7.1. Respiratory burst 

The respiratory burst was assessed by determining the production 

levels of H2O2 [37–39] and NO [40–42]. 
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Fig. 1. Study design and experimental workflow. This study aimed to investigate the capacity of metformin to counteract immunometabolic reprogramming 

induced by colorectal tumor-conditioned medium (TCM) in human monocytes. Primary monocytes were divided into four experimental groups based on their 

exposure to metformin (MET) and/or TCM: (i) MET—TCM— (metformin-untreated and TCM-unexposed control), (ii) MET+TCM— (metformin-treated and TCM- 

unexposed), (iii) MET—TCM+ (metformin-untreated and TCM-exposed), and (iv) MET+TCM+ (metformin-treated and TCM-exposed). The study focused on four 

interconnected axes of analysis: (a) inflammatory signaling, examining NF-κB p65/RelA and NLRP3 expression and IL-1β secretion; (b) phenotypic shift, assessing 

CD14/CD16 monocyte subset distribution, (c) functional phenotypic activities, (d) cellular metabolic reprogramming and signal transduction. CD14: cluster of 

differentiation 14, CD16: cluster of differentiation 16, H2O2: hydrogen peroxide, ifCa2+: intracellular free calcium ions, IL-1β: interleukin-1 beta, iTAG: intracellular 

triacylglycerols, NF-κB p65/RelA: nuclear factor kappa-light-chain-enhancer of activated B cells subunit p65 (RelA), NLRP3: NOD-like receptor family pyrin domain 

containing 3, NO: nitric oxide, tccCHOL: total cellular cholesterol content. 

 

2.7.1.1. NO assay. NO production levels were determined on the 

supernatants based on the sensitive Griess colorimetric reaction using a 

commercial kit (nitric oxide colorimetric assay Roche applied science, 

Germany) [43]. Absorbance was read at 550 nm with an enzyme-linked 

immunosorbent assay (ELISA) plate reader (Biochrom Anthos 2020, 

Cambridge, United Kingdom). The concentration of nitrite was deter- 

mined according to a standard curve constructed using a solution of 

sodium nitrite (NaNO2). 

 
2.7.1.2. H2O2 assay. H2O2 levels were spectrophotometrically 

measured at 610 nm as described in detail [44]. Briefly, the method was 

based on the use of a buffered Phenol Red Solution (PRS) containing a 

peroxide assay buffer (PAB), 0.28 mM (0.1 g/L) of phenol red (phe- 

nolsulfonphthalein) and 8.5 U/L (50 mg/mL) of horseradish peroxidase 

(HRPO, EC 1.11.1.7). Thereafter, cell lysates were added to the assay 

mixture at a ratio of 1:4 and then incubated for 30 min at 37 ◦C. The 
reaction was stopped by adding 10 μL 1 N NAOH. Absorbance was 
determined against a blank containing PRS and NAOH at the 
appropriate concentrations. A standard curve was prepared using a 
dilutions of 30 % H2O2 [45]. 

 
2.7.2. ROS-dependent NBT-based functional phagocytosis assay 

The assay was based on nitro-blue tetrazolium (NBT) method [46], 

which serves as an indirect indicator of phagocytosis by detecting 

intracellular ROS generated during the respiratory burst. In brief, 100 μL 

of NBT (Sigma-Aldrich, Germany) was added to an equal volume 100 μL 

of cell suspension. Next, the mixture was successively incubated at 37 ◦C 

for 15 min, then at room temperature for 15 min. The percentage of cells 

with intracellular blue-black formazan deposits was assessed under a 

light microscope equipped with a video camera (Optika, Ponteranica 

BG, Italy). The phagocytosis percentage was calculated as the ratio of 

NBT-positive cells to total number of cells [47–49]. 

 

2.8. Lipid-driven inflammatory response 

 

2.8.1. Lipid droplet accumulation assay 

Lipid droplet accumulation were analyzed using Oil Red O (ORO) 

[50], a lipophilic diazo dye, commonly used for the staining of neutral 

lipids, including, triacylglycerols and cholesterol esters [51]. Briefly, 1 

× 105 monocytes were seeded in a 24-well plate, and rinsed twice with 

cold 0.01 M PBS, and fixed with 4 % paraformaldehyde for 10 min. The 

cells were then washed once with PBS for 1 min, and rinsed with 60 % 

isopropanol for 15 s to enhance lipid staining. Freshly filtered ORO 

solution was added followed by a dark incubation at 37 ◦C for 1 min. 

Excess dye was removed by destaining with 60 % isopropanol for 15 s, 

and cells were washed thrice with PBS, each lasting 3 min [52,53]. LD 

accumulation was assessed using Floid Cell Imaging Station (Thermo 

Fischer Scientific, MA USA), and analyzed by ImageJ/FIJI software (the 

National Institutes of Health, Bethesda, MD, USA) [54]. 

 

2.8.2. iTAG accumulation-based inflammatory assay 

iTAG levels were measured in cell lysates as an essential activator of 

inflammatory macrophages [55,56] using a spectrophotometric 

enzymatic method based on triglycerides-derived glycerol phosphate 

dehydrogenase (GPO)-peroxidase (POD) reactions. This approach produces 

a red colour formation measurable at 505 nm. iTAG levels are expressed in 

μg/mg protein. 
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2.9. ifCa2+-based cell signaling and activation assay 

ifCa2+ levels were spectrophotometrically determined at 570 nm by 
using the orthocresolphthalein complexone (o-CPC) method [57]. Levels of 

ifCa2+ were expressed as μg/mg proteins. 

 

2.10. tccCHOL-based trained immunity assay 

 

The levels of tccCHOL-based innate immune memory/trained im- 

munity [58,59], were spectrophotometrically measured at 505 nm based 

on Trinder end-point reaction on cell lysates by an enzymatic reaction 

[60]. 

 

2.11. Inflammasome signaling pathway assay 

 

NLRP3, NF-κB p65/RelA, and IL-1β are closely interconnected. NF- 

κB activates the expression of NLRP3, which forms the inflammasome 

upon stimulation, triggering IL-1β maturation and release, driving the 

inflammatory response [61]. Their combined assessment was therefore 

deemed essential to demonstrate the sequential and interdependent steps 

of this signaling axis. 

 

2.11.1. Preparation of monocytes for immunofluorescence assays 

After TCM exposure and metformin treatment, 1 × 105 monocytes 
were washed 3 times with PBS, then fixed with 4 % paraformaldehyde 

for 10 min at 37 ◦C, followed by a permeabilization with 0.1 % Triton X- 
100 for 15 min at room temperature. Cells were then blocked with 2 % 

BSA in PBS for 60 min [62]. 

 

2.11.2. NLRP3 and NF-κB p65/RelA expression assays 

Monocytes were incubated for 3 h at room temperature with a 

human NLRP3 antibody conjugated to Alexa Fluor® 647 (dilution 1:50, 

IC67892R, R&D System), human anti-NF-κB p65/RelA rabbit mono- 

clonal antibody conjugated to Alexa Fluor® 488 (dilution 1:50, ab204263, 

Abcam, Cambridge, UK). Stained cells were assessed using Floid Cell 

Imaging Station (Thermo Fischer Scientific, MA USA), and analyzed using 

FIJI/ImageJ software (the National Institutes of Health, Bethesda, MD, 

USA). 

 

2.11.3. IL-1β production assay 

After 24 h of metformin treatment and TCM exposure, levels of IL-1β 

were measured in monocytes supernatant by a quantitative sandwich 

ELISA, then measured using respective human ELISA kits (Sigma Aldrich 

Co., St. Louis, MO, USA). 

 

2.12. Monocyte subtypes assay 

 
After fixation and blocking, cells were stained with PE-conjugated 

mouse antihuman CD14 (1:750 dilution, cloneMEM-18 by Sigma- 

Aldrich), fluorescein isothiocyanate (FITC)-labeled mouse antihuman 

CD16 (1:200 dilution, clone 3G8 by BD). Fluorescence was assessed 

using Floid Cell Imaging Station, and analyzed using CellProfiler 

(version 4.2.8, Broad Institute, Cambridge, MA, USA) to quantify the 

percentage of CD14+, CD16+, and CD14+CD16+ cells [63]. Following 

this analysis, FIJI/ImageJ software was used to quantify corrected total 

cell fluorescence (CTCF) [64]. 

 

2.13. Statistical analyses 

 

Data were analyzed using SPSS version 21 for windows (IBM Corp., 

Armonk, NY, USA). Normality was assessed using the Shapiro-Wilk test. 

Comparisons between two groups were performed using the independent 

Student’s t-test. For comparisons involving all groups, one-way analysis 

of variance (ANOVA) followed by Tukey’s post hoc test was applied. The 

chi-square (χ2) test was used to analyze categorical variables, including 

CD14 and CD16 expression. Data are presented as mean ± standard error 

of the mean (SEM), and a p-value <0.05 was considered statistically 

significant. 

 

3. Results 

 

3.1. Metformin downregulates TCM-induced NO and H₂O₂ production 

 

As shown in Fig. 2, monocytes exposed to TCM exhibited 

significantly upregulated production of both NO and H2O2 compared to 

un- exposed controls (for both, p < 0.001 by Student’s t-test). 

However, metformin treatment in the presence of TCM markedly 

downregulated NO and H2O2 levels relative to TCM-exposed, untreated 

monocytes (NO; p < 0.05, H2O2; p < 0.01 by Student’s t-test). 

Additionally, metformin had no significant effect on NO or H2O2 

production under basal (non- TCM) conditions (p > 0.05). For all 

comparisons, p-value were less than 0.01 for NO and less than 0.001 for 

H2O2, as determined by one-way ANOVA test. 

 

3.2. Metformin does not reverse TCM-induced impairment of ROS- 

dependent phagocytosis activity 

 

As depicted in Fig. 3, the phagocytic activity was significantly 

decreased in both metformin-treated and untreated TCM-exposed 

monocytes compared to controls (p < 0.05 by Student’s t-test). 

However, no significant difference was observed between the TCM-

treated and untreated groups (p > 0.05 for the two comparisons). 

According to the one-way ANOVA, all comparisons yielded p-values 

below 0.01. 

 

3.3. Metformin downregulates TCM-induced intracellular free Ca2+ levels 

 
As illustrated in Fig. 4, exposure to TCM alone led to a significant 

increase in ifCa2+ levels (p < 0.001). ifCa2+ levels in monocytes were 
significantly downregulated in metformin-treated monocytes compared 

to untreated controls. This effect was observed both in monocytes 

treated with metformin alone and in those co-treated with metformin and 

exposed to TCM (p < 0.01, Student’s t-test). Additionally, multiple 

comparisons revealed strong statistical significance (p < 0.001), as 
determined by one-way ANOVA. 

 

3.4. Metformin downregulates TCM-induced tccCHOL accumulation 

 
As shown in Fig. 5, tccCHOL levels were significantly upregulated in 

the TCM-exposed monocytes compared to controls (p < 0.001). 
Metformin treatment, however, markedly downregulated tccCHOL 
accumulation relative to metformin-untreated, TCM-exposed 

monocytes (p < 0.01 by Student’s t-test). Statistical analysis by one-way 

ANOVA yielded highly significant differences between groups (p < 
0.0001). 

 
3.5. Metformin downregulates TCM-induced iTAG and lipid droplet 

accumulation 

 
As shown in Fig. 6, monocytes exposure to TCM resulted in a 

significant increase in both lipid droplet accumulation and iTAG levels 

compared to the control group (for both, p < 0.05 by Student’s t-test). 
However, metformin not only reversed the TCM-induced effects but 

further drove both variables below baseline values (lipid droplet 

accumulation; p < 0.0001, iTAG; p < 0.001). For multiple comparisons 
assessed by one-way ANOVA, p-values were less than 0.0001 for both 
lipid droplet accumulation accumulation and iTAG. 

 

3.6. Metformin downregulates TCM-induced NF-κB p65/RelA and 

NLRP3 expression, and IL-1β production 

As shown in Fig. 7, the expression levels of NF-κB p65/RelA and 

NLRP3, as well as IL-1β production, were markedly upregulated in TCM- 
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Fig. 2. Metformin and TCM effects on NO and H2O2 production. NO and H₂O₂ levels were quantified using specific spectophotometric assays. Values are presented 

as mean ± standard error of the mean (SEM) from four independent experiments conducted for each of the four groups, using samples from three healthy donors 

without pooling (n = 12/group). MET: metformin, TCM: tumor-conditioned medium, NO: nitric oxide, H2O2: hydrogen peroxide. Monocytes were assigned to four 

experimental groups: MET—TCM— (metformin-untreated and TCM-unexposed), MET+TCM— (metformin-treated and TCM-unexposed), MET—TCM+ (metformin-

untreated and TCM-exposed), and MET+TCM+ (metformin-treated and TCM-exposed). Statistical significance between each pair of groups (MET—TCM— vs. 

MET+TCM— and MET—TCM+ vs. MET+TCM+) was assessed using Student’s t-test, while comparisons among all four groups were performed using one-way analysis 

of variance (ANOVA). Significant differences are indicated by asterisks. *p < 0.05, **p < 0.01, ***p < 0.001; ns = not significant. 

 

 

 

 

 

 

Fig. 3. Metformin and TCM effect on phagocytosis. Phagocytic activity was 

assessed using a reactive oxygen species (ROS)-dependent nitroblue tetrazolium 

(NBT) reduction assay. Values are presented as mean ± standard error of the 

mean (SEM) from four independent experiments conducted for each of the four 

groups, using samples from three healthy donors without pooling (n = 12/ group). 

MET: metformin, TCM: tumor-conditioned medium. Monocytes were assigned 

to four experimental groups: MET—TCM— (metformin-untreated and TCM-

unexposed), MET+TCM— (metformin-treated and TCM-unexposed), MET—

TCM+ (metformin-untreated and TCM-exposed), and MET+TCM+ 
(metformin-treated and TCM-exposed). Statistical significance between each pair 

of groups (MET—TCM— vs. MET+TCM— and MET—TCM+ vs. 

MET+TCM+) was assessed using Student’s t-test, while comparisons among all 

four groups were performed using one-way analysis of variance (ANOVA). 

Significant differences are indicated by asterisks. **p < 0.01; ns = 
not significant. 

 

exposed monocytes compared to controls (p < 0.001, p < 0.01, and p < 
0.0001, respectively, by Student’s t-test). Of note, metformin treatment 

reversed these effects, downregulating NF-κB and NLRP3 expression and 

IL-1β production compared to TCM-exposed but untreated monocytes (p 

Fig. 4. Metformin and TCM effect on ifCa2+. ifCa2+ levels were 

spectrophotometrically determined using the o-Cresolphthalein Complexone (o-

CPC) method. Values are presented as mean ± standard error of the mean 

(SEM) from four independent experiments conducted for each of the four groups, 

using samples from three healthy donors without pooling (n = 12/group). ifCa2+: 

intracellular free calcium ions, MET: metformin, TCM: tumor-conditioned 

medium. Monocytes were assigned to four experimental groups: MET—TCM—

(metformin-untreated and TCM-unexposed), MET+TCM— (metformin-treated 

and TCM-unexposed), MET—TCM+ (metformin-untreated and TCM-exposed), 

and MET+TCM+ (metformin-treated and TCM-exposed). Statistical significance 

between each pair of groups (MET—TCM— vs. MET+TCM— and MET—

TCM+ vs. MET+TCM+) was assessed using Student’s t-test, while comparisons 

among all four groups were performed using one-way analysis of variance 

(ANOVA). Significant differences are indicated by asterisks. **p < 0.01, ***p < 

0.001 < 0.0001 for all comparisons by Student’s t-test). For all comparisons, p- 

values were less than 0.0001 using one-way ANOVA. 

 

3.7. Metformin modulates monocyte phenotype by restoring CD14 

expression and reducing CD16 levels in TCM-exposed monocytes 

 

As demonstrated in Fig. 8, exposure to TCM alone led to a marked 
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Fig. 5. Effect of Metformin and TCM on tccCHOL. Total cellular cholesterol 

content (tccCHOL) levels were measured with spectrophotometric method after 

conversion of cholesterol esters to free cholesterol by the enzyme cholesterol 

ester hydrolase (EC 3.1.1.1.13). Values are presented as mean ± standard error 

of the mean (SEM) from four independent experiments conducted for each of 

the four groups, using samples from three healthy donors without pooling (n = 
12/group). MET: metformin, TCM: tumor-conditioned medium. Monocytes were 

assigned to four experimental groups: MET—TCM— (metformin-untreated and 

TCM-unexposed), MET+TCM— (metformin-treated and TCM-unexposed), 

MET—TCM+ (metformin-untreated and TCM-exposed), and MET+TCM+ 
(metformin-treated and TCM-exposed). Statistical significance between each pair 

of groups (MET—TCM— vs. MET+TCM— and MET—TCM+ vs. 

MET+TCM+) was assessed using Student’s t-test, while comparisons among all 
four groups were performed using one-way analysis of variance (ANOVA). 

Significant differences are indicated by asterisks. *p < 0.05, **p < 0.01, ****p 

< 0.0001. 

downregulation of CD14 expression (p < 0.001) and a pronounced 

reduction in CD14+ monocytes (p < 0.0001), along with a strong 

upregulation of CD16 expression (p < 0.0001) and an increased pro- 

portion of CD16+ monocytes (p < 0.0001), indicating a shift toward a 

CD14low/CD16high proinflammatory phenotype. Importantly, metfor- 
min exerted bidirectional control over monocyte surface markers across 

experimental conditions. Under basal conditions (i.e., in the absence of 

TCM exposure), metformin significantly reduced both CD14 expression 

levels (p < 0.05) and the proportion of CD14+ monocytes (p < 0.01), 

while significantly increasing CD16 expression (p < 0.05) and the fre- 

quency of CD16+ monocytes (p < 0.001). Under TCM exposure, met- 
formin treatment significantly reversed TCM-induced effects, increasing 

CD14 expression (p < 0.05) and the percentage of CD14+ monocytes (p 

< 0.01), while concurrently decreasing CD16 expression (p < 0.05) and 

the proportion of CD16+ monocytes (p < 0.01). For all multiple com- 

parisons assessed by one-way ANOVA, p-values were < 0.0001 for CD14 

and CD16 expression levels and their respective cell populations, < 0.05 

for CD14/CD16 co-expression, and < 0.001 for the frequency of 

CD14+CD16+ double-positive monocytes. 

 

4. Discussion 

 

This study investigated metformin’s capacity to counteract colorectal 

tumor-conditioned medium-induced immunometabolic dysregulation in 

monocytes, focusing on three interconnected axes: (a) inflammatory 
signaling (NF-κB p65/RelA/NLRP3/IL-1β), (b) immuno- metabolic 

rewiring (lipid droplet accumulation, intracellular triacylglycerol, total 

cholesterol content and respiratory burst), and (c) phenotypic polarization 
(CD14/CD16 subsets). Building on evidence that colorectal cancer-

derived soluble factors skew monocyte function toward pro-tumorigenic 

phenotypes, we demonstrated that metformin: 
suppressed TCM-driven inflammatory cascades, abrogating NF-κB 

p65/RelA and NLRP3 upregulation, and IL-1β production, (ii) restored 

selected immunometabolic homeostasis, reversing TCM-induced lipid 

droplet, intracellular triacylglycerol, and total cellular cholesterol con- 

tent accumulation, while modulating respiratory burst biomarkers (nitric 

oxide, hydrogen peroxide), (iii) reprogrammed monocyte subsets, 
attenuating the TCM-induced CD14low,CD16high shift and partially 

restoring  baseline  CD14/CD16  expression  patterns. 

 

 

 
 

Fig. 6. Effect of Metformin and TCM on iTAG and lipid droplet accumulation. Intracellular triacylglycerol (iTAG) levels were measured using a spectrophotometric 

method based on enzymatic reactions. Lipid droplet (LD) accumulation was assessed using Oil Red O (ORO) staining, and fluorescence levels were quantified by 

calculating the corrected total cell fluorescence (CTCF) using ImageJ/FIJI software. Values are presented as mean ± standard error of the mean (SEM) from four 

independent experiments conducted for each of the four groups, using samples from three healthy donors without pooling (n = 12/group). MET: metformin, TCM: 

tumor-conditioned medium. Monocytes were assigned to four experimental groups: MET—TCM— (metformin-untreated and TCM-unexposed), MET+TCM— 

(metformin-treated and TCM-unexposed), MET—TCM+ (metformin-untreated and TCM-exposed), and MET+TCM+ (metformin-treated and TCM-exposed). 

Statistical significance between each pair of groups (MET—TCM— vs. MET+TCM— and MET—TCM+ vs. MET+TCM+) was assessed using Student’s t-test, while 

comparisons among all four groups were performed using one-way analysis of variance (ANOVA). Significant differences are indicated by asterisks. ***p < 0.001, 

****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 7. Effects of metformin and TCM on NF-κB p65/RelA and NLRP3 expression and IL-1β secretion. NF-κB p65/RelA and NLRP3 expression were assessed by 

immunofluorescent staining using specific fluorophore-conjugated antibodies, and quantified by measuring the corrected total cell fluorescence (CTCF) with ImageJ/ 

FIJI software. Green fluorescence was used to detect NF-κB p65 and red fluorescence for NLRP3. IL-1β secretion levels were determined using a quantitative sandwich 

enzyme-linked immunosorbent assay (ELISA). Values are presented as mean ± standard error of the mean (SEM) from four independent experiments conducted for each 

of the four groups, using samples from three healthy donors without pooling (n = 12/group). IL-1β: interleukin-1 beta, MET: metformin, NF-κB p65/RelA: 
nuclear factor kappa-light-chain-enhancer of activated B cells subunit p65 (RelA), NLRP3: NOD-like receptor family pyrin domain containing 3, TCM: tumor- 

conditioned medium. Monocytes were assigned to four experimental groups: MET—TCM— (metformin-untreated and TCM-unexposed), MET+TCM— (metformin- 

treated and TCM-unexposed), MET—TCM+ (metformin-untreated and TCM-exposed), and MET+TCM+ (metformin-treated and TCM-exposed). Statistical 

significance between each pair of groups (MET—TCM— vs. MET+TCM— and MET—TCM+ vs. MET+TCM+) was assessed using Student’s t-test, while comparisons 
among all four groups were performed using one-way analysis of variance (ANOVA). Significant differences are indicated by asterisks. ***p < 0.001, ****p < 0.0001. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

notably metformin’s effects were context-dependent: it exhibited 

minimal impact under basal conditions but significantly counteracted 

colorectal tumor-conditioned medium-mediated perturbations, 

suggesting its actions are preferentially targeted to tumor-modified 

microenvironments. 

 

4.1. Met effect on respiratory burst in normal conditions and in the 

presence of TCM 

 
NO and H2O2 are key markers of the respiratory burst, reflecting 

immune cell activation and oxidative stress in inflammatory settings. 

NO, a gaseous free radical synthesized from L-arginine by nitric oxide 

synthases (NOS1–3), including the neuronal (nNOS/NOS1), inducible 

(iNOS/NOS2), and endothelial (eNOS/NOS3) isoforms, is involved in 

various physiological and pathological processes [65]. In colorectal 

cancer, TCM containing proinflammatory cytokines may trigger iNOS 

expression, which may lead to increased NO production. Elevated NO 

levels may, in turn, promote tumor growth, angiogenesis, and 

invasiveness, processes linked to poor prognosis [66,67]. H2O2 is 

generated through cellular metabolism and enzymatic activity, notably 

by nicotinamide adenine dinucleotide phosphate (reduced form, 

NADPH) oxidase. It contributes to immune responses and signaling, but 

may also amplify inflammation by stimulating the release of 

proinflammatory mediators such as high mobility group box 1 protein 

(HMGB1) [68,69]. Sustained levels of ROS such as H2O2 have also been 

implicated in DNA damage and mutation accumulation, contributing to 

early colorectal cancer development [70,71]. 

In our study, monocytes exposed to colorectal cancer-derived TCM 

exhibited significantly elevated levels of both NO and H2O2, indicating 

an enhanced respiratory burst likely driven by inflammatory signals. 

This concurrent elevation supports the notion of a TCM-induced 

oxidative and immuno-inflammatory phenotype in monocytes. 

Interestingly, treatment with metformin selectively downregulated this 

response without affecting basal levels. This effect aligns with metfor- 

min’s known ability to activate AMPK, inhibit NOS2 expression, sup- 

press NADPH oxidase activity, and upregulate antioxidant enzymes such as 

catalase [72–74]. Moreover, the concurrent downregulation of NO and 

H2O2 by metformin highlights its potential to disrupt pro- tumorigenic 

signaling within the tumor microenvironment. Prior 

studies have shown that NO contributes to angiogenesis in colorectal 

cancer [75], while prolonged H2O2 exposure fosters DNA damage and 

stromal remodeling [76,77]. By quenching both mediators, metformin 

may deprive tumors of these malignancy-supporting factors. However, 

given the dual role of ROS in immunity, this effect could theoretically 

impair cytotoxic functions of monocytes, which rely on ROS to eliminate 

abnormal cells [78,79]. The functional outcome of this modulation 

likely depends on the immunological profile of the tumor: in “hot” tu- 

mors enriched in effector cells, ROS inhibition might blunt antitumor 

immunity, whereas in “cold” tumors dominated by proinflammatory and 

immunosuppressive pathways, it could offer therapeutic benefit. 

Altogether, these findings suggest that metformin reshapes monocyte 

responses to tumor-derived stimuli by modulating the respiratory burst. 

This mechanism may contribute to metformin’s emerging chemo- 

preventive and therapeutic properties in colorectal cancer, although 

further mechanistic investigations in vivo are needed to confirm these 

observations and define their clinical relevance. 

 
4.2. Metformin effects on TCM-induced immune and inflammatory 

metabolic reprogramming: focus on tccCHOL, iTAG and lipid droplet 

accumulation 

 
Our findings reveal that colorectal TCM induces marked immuno- 

metabolic dysregulation in primary human monocytes, characterized by 

a significant accumulation of tccCHOL, iTAG, and lipid droplets. These 

alterations reflect a metabolic reorientation toward lipid storage or 

synthesis, consistent with several reports describing the activation of the 

phosphoinositide 3-kinase/protein kinase B/mammalian target of 

rapamycin (PI3K/Akt/mTOR) axis in response to tumor-derived 

cytokines and growth factors [80–82]. This signaling cascade promotes 

the activity of sterol regulatory element-binding proteins (SREBPs), 

which enhance de novo lipogenesis and cholesterol uptake, while 

concurrently suppressing cholesterol efflux via downregulation of 

membrane trans- porters involved in cholesterol homeostasis, such as 

ATP-binding cassette transporter A1 (ABCA1) [83,84]. 

The reduction of TCM-induced lipid accumulation in monocytes 

following metformin treatment may reflect its potential to modulate 

immunometabolic alterations driven by tumor-derived signals. Tumor 
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Fig. 8. Effects of metformin and TCM on CD14/CD16 monocyte subsets. Surface expression of CD14 and CD16 was assessed by staining with specific 

fluorophore-conjugated antibodies. The corrected total cell fluorescence (CTCF) was quantified using ImageJ/FIJI software, and the percentages of CD14+, CD16+, 

and CD14+CD16+ monocytes under different experimental conditions were analyzed using CellProfiler. The red fluorescence channel corresponded to CD14 
expression, while the green channel corresponded to CD16 expression. Fluorescence imaging was performed using the Floid Cell Imaging Station. Values are 

presented as mean ± standard error of the mean (SEM) from four independent experiments conducted for each of the four groups, using samples from three healthy 

donors without pooling (n = 12/group). MET: metformin, PE-CD14: phycoerythrin-conjugated anti-CD14 antibody, FITC-CD16: fluorescein isothiocyanate- conjugated 

anti-CD16 antibody, TCM: tumor-conditioned medium. Monocytes were assigned to four experimental groups: MET—TCM— (metformin-untreated and TCM-

unexposed), MET+TCM— (metformin-treated and TCM-unexposed), MET—TCM+ (metformin-untreated and TCM-exposed), and MET+TCM+ (metformin- treated 

and TCM-exposed). Statistical significance between each pair of groups (MET—TCM— vs. MET+TCM— and MET—TCM+ vs. MET+TCM+) was assessed using 

Student’s t-test, while comparisons among all four groups were performed using one-way analysis of variance (ANOVA). Significant differences are indicated by 

asterisks. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns = not significant. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.)

microenvironments typically drive cholesterol and triacylglycerol 

storage in immune cells, promoting a lipid-laden, dysfunctional state that 

favors tumor progression [85–87]. Here, metformin not only reversed 

TCM-driven total cellular cholesterol content and intracellular tri- 

acylglycerol (tccCHOL and iTAG) accumulation but also reduced lipid 

droplet accumulation below baseline levels, suggesting that it acts 

beyond mere normalization, actively depleting lipid stores. 

Mechanistically, this aligns with metformin’s activation of AMPK [88], 

which inhibits cholesterol synthesis (via HMG-CoA reductase 

phosphorylation) 

[89] and lipogenesis (through SREBP-1c suppression) [90] while 

promoting fatty acid oxidation [91]. The sub-baseline reduction in lipid 

droplet accumulation further implies enhanced lipophagy [92], a process 

potentiated by AMPK-Unc-51 like autophagy activating kinase 1 

(ULK1) signaling [93,94]. This lipid-lowering effect synergizes with 

metformin’s previously noted downregulation of TCM-induced ROS, 

disrupting a pro-tumorigenic loop where lipid peroxidation fuels 

oxidative stress. 

Beyond metabolic correction, these lipid changes carry functional 

consequences for monocyte behavior. Lipid droplet accumulation, once 

thought to be inert storage organelles, are now recognized as active 

immunometabolic hubs that modulate inflammation and 

immunity[95,96]. In the context of cancer and chronic inflammation, 

such lipid- laden monocytes contribute to immune suppression and 

promote tumor immune evasion [97]. tccCHOL, in particular, has 

emerged as a key regulator of monocyte epigenetics and trained 

immunity [98], and our data suggest that the tumor microenvironment 

may exploit this mechanism to generate a maladaptive trained phenotype 

favoring tumor growth. 

Functionally, depleting lipid reservoirs may restore monocyte anti- 

tumor potency. Excess cholesterol in TCM-exposed monocytes can 

amplify oncogenic pathways (e.g., Wingless/Integrated–beta-catenin 

signaling [Wnt/β-catenin] pathway) [99,100], while lipid droplet 

accumulation store tumor-promoting mediators like prostaglandins, 

thromboxanes, and leukotrienes [101–103], they are also essential for 

cellular immunity, and inhibition of lipid droplet accumulation results 

in defective cellular immunity [15,104]. By reversing lipid 

accumulation, metformin likely inhibits protumor signaling and restores 

phagocytic capacity, countering the immune-paralyzing effects of the 

TCM. Moreover, the sub-baseline reduction in iTAG/lipid droplet 

accumulation suggests metformin could sensitize monocytes to 

ferroptosis, an iron-dependent cell death mechanism triggered by lipid 

peroxidation. This positions metformin as a metabolic checkpoint 

modulator, 
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Potentially reversing the lipid-induced “exhaustion” of tumor- 

infiltrating monocytes. Future studies should explore whether this 

metabolic reprogramming enhances responses to immunotherapy (e.g., 

anti–programmed cell death protein 1 [anti-PD-1]), particularly in 

“cold” tumors where lipid-laden immune cells dominate. 

Nonetheless, the therapeutic duality of lipid depletion warrants 

caution. While impairing protumor functions, excessive lipid loss might 

compromise energy reserves required for immune activation. Thus, in 

vivo validation is essential to determine whether metformin’s lipid- 

lowering effect ultimately strengthens antitumor immunity or 

inadvertently dampens monocyte effector responses in colorectal cancer 

context. 

 

4.3. Metformin and TCM effects on phagocytosis 

 

Phagocytosis, a cornerstone of innate immune defense, is frequently 

compromised within the tumor microenvironment due to tumor-driven 

functional and epigenetic reprogramming of monocyte functions [105]. 

In agreement with this, our data show that exposure to colorectal TCM 

significantly impairs the phagocytic activity of human monocytes. This 

dysfunction is consistent with prior reports implicating intracellular 

lipid overload, oxidative stress, and metabolic exhaustion in the 

impairment of phagocytic capacity in tumor-associated macrophages 

(TAMs) [106,107]. Although metformin markedly downregulated 

TCM-induced tccCHOL, iTAG and lipid droplet accumulation, it failed 

to restore phagocytosis. This observation suggests that lipid 

dysregulation, although relevant, is not solely responsible for the 

observed defect. The persistence of this effect, despite correction of key 

metabolic parameters, reveals a robust TCM-imposed immune mechanism. 

Tumor-derived factors, including immunosuppressive cytokines and 

extracellular vescles such as exosomes and microvesicles, are known to 

induce sustained epigenetic alterations, including DNA methylation, 

histone modifications, post-transcriptional RNA regulation, and 

changes in miRNA expression patterns, which are major epigenetic 

features in colorectal cancer [108,109]. These modifications can lead to 

the derepression of specific transcriptional programs affecting the 

phagocytic machinery, as recently observed in post-inflammatory 

settings [110], notably through the targeting of actin cytoskeleton 

remodeling pathways [111]. 

It is entirely possible that metformin’s inability to reverse this 

phagocytic suppression, despite improvements in metabolic indicators, 

also suggests the involvement of additional immunosuppressive 

mechanisms. Potential mechanisms may include: (i) dysregulated 

activation of transcription factors, notably signal transducer and 

activator of transcription 3 (STAT3) [112], given that metformin has 

been reported to inhibit STAT3 activity in tumor cells [113]; (ii) the 

upregulation of inhibitory immune checkpoints, particularly signal 

regulatory protein-α (SIRPα), a myeloid-specific receptor that mediates 

the “don’t eat me” signal through its interaction with CD47 [114]. While 

it remains un- known whether soluble or shed forms of CD47 are present in 

the TCM, or whether an additional agonist capable of activating SIRPα is 

involved, it is unclear at this stage whether metformin can modulate this 

axis; and (iii) persistent metabolic dysfunctions, such as elevated 

mitochondrial ROS or altered glycolytic flux, which may continue to 

impair phagocytic competence after metformin treatment [115,116]. 

Together, these findings highlight a critical therapeutic limitation: 

metformin, while metabolically reprogramming monocytes, does not 

suffice to fully restore their phagocytic competence in a TCM. This 

emphasizes the need for combinatorial strategies. Agents that 

antagonize phagocytosis-inhibitory pathways or that activate innate 

immune pathways, like stimulator of interferon genes (STING, also 

known as transmembrane protein 173 [TMEM173] and 

MPYS/MITA/ERIS) agonists [117], may act synergistically with 

metformin to reestablish phagocytic competence and overcome 

colorectal TCM-mediated immunosuppression.Importantly, metformin 

did not impair basal phagocytic activity under non-tumoral conditions, 

consistent with previous findings [118], thereby reinforcing its 

favorable safety profile and supporting its potential inclusion in multi-

agent immunometabolic strategies. However, in the context of colorectal 

cancer, our data indicate that metformin alone is insufficient to reverse 

TCM-induced phagocytic dysfunction. As such, it should be regarded as a 

supportive rather than a stand-alone agent in therapeutic approaches 

aimed at restoring antitumor innate immune responses. 

 

4.4. Metformin effect on free calcium ions in TCM-exposed monocytes 

 

As a universal and critical second messenger, ifCa2+ regulates 

essential immune cell functions, including phagocytosis [119] (notably 

by modulating cytoskeletal remodeling via calcium-sensitive proteins 

such as myosin, actin regulators, annexins, calmodulin, and the calcium- 

activated protease calpain [120–126]), signal transduction, cytokine 

secretion, and activation [127,128]. In our study, colorectal cancer- 

derived TCM significantly increased ifCa2+ levels in human mono- 
cytes. This effect is likely mediated by soluble tumor-derived factors, 

including cytokines, chemokines, growth factors, small molecule 

mediators, ATP, and danger signals [129–131], etc., that activate G-

protein- coupled receptors (GPCRs) [132] and toll-like receptors (TLRs) 

[133]. These pathways converge on phospholipase C (PLC) activation 

and to the subsequent inositol trisphosphate (IP₃) production, leading 

to calcium release from intracellular stores and influx from the 

extracellular space through specific membrane channels [134–136]. The 

tumor- induced calcium mobilization in monocytes is particularly 

important, as increased intracellular calcium has been associated with 

their activation and polarization toward an M2-like (characterized by 

calcium release-activated calcium channel protein 1 [Orai1]-dependent 

Ca2+ influx, unlike M1 cells relying on transient receptor potential 

canonical 1 [TRPC1]-mediated currents [137]), immunosuppressive 

phenotype that supports tumor progression [138,139]. However, to our 

knowledge, no previous study has directly demonstrated such a calcium 

increase in monocytes exposed to a tumor-conditioned environment, 

especially in the context of colorectal cancer. This limits direct 

comparison with existing experimental data, underscoring the novelty of 

our observations. Nevertheless, our findings are consistent with emerging 

literature highlighting the critical role of calcium signaling in regulating 

immune cell behavior within the tumor micronevironment. Several 

studies have emphasized the involvement of calcium channels and 

transporters in immune suppression, tumor-associated inflammation, and 

cancer progression [140–143]. Of great interest, we observed that 

metformin treatment reversed the TCM-induced increase in intracellular 

calcium in monocytes. Although we did not directly assess mitochondrial 

complex I-dependent respiration activity, ATP levels, or AMPK 

activation in this study, existing literature provides mechanistic insight. 

Hence, metformin is known to inhibit mitochondrial complex I and 

mitochondrial glycerol-3-phosphate dehydrogenase (mGPDH) and to 

activate sirtuin 1 (SIRT1) and SIRT3, leading to decreased ATP 

production and consequent activation of AMPK [144,145]. AMPK, in 

turn, can modulate calcium homeostasis by regulating calcium channels, 

pumps, and signaling intermediates involved in immune cell activation 

[146,147]. 

Finally, our results add to a growing body of evidence suggesting that 
metformin can reprogram immune cells through both metabolic and 
calcium-dependent mechanisms. These effects may contribute to its 
broader immunomodulatory and anti-tumoral properties, particularly in 
reshaping monocyte/macrophage responses within the tumor 
microenvironment. 

 
4.5. Metformin effect on the NF-κB–NLRP3–IL-1β axis in TCM-exposed 

monocytes 

 
Our findings reveal that TCM derived from colorectal cancer 

markedly activates the NF-κB p65/RelA–NLRP3–IL-1β axis in human 

monocytes, suggesting that these innate immune cells are among the 

k e y  
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orchestrators of inflammation within the tumor-conditioned 

microenvironment. This observation aligns with the established role of 

NF-κB p65 as a master regulator of inflammation-driven carcinogenesis, 

where constitutive activation fosters a permissive microenvironment for 

tumor initiation, progression, and immune evasion [148]. The 

upregulation of NF-κB p65 in monocytes exposed to colorectal cancer 

TCM likely stems from soluble tumor-derived factors that engage pattern 

recognition receptors (PRRs), triggering canonical signaling pathways 

[149]. 

Concurrently, NLRP3 inflammasome activation and subsequent IL- 

1β secretion, a process initiated by NF-κB signaling, in monocytes 

exposed to colorectal cancer-derived TCM may contribute to a self- 

amplifying inflammatory loop. Indeed, IL-1β has been shown to 

stimulate both NF-κB p65 activation and NLRP3 expression in 

neighboring stromal and immune cells, thereby establishing a 

feedforward cascade that reinforces inflammation and potentially 

promotes tumor progression [150]. Mechanistically, NLRP3 activation 

in colorectal cancer models has been shown to promote epithelial-to-

mesenchymal transition (EMT) through the transforming growth factor-

beta (TGF-β)/Smad signaling pathway and to facilitate metastatic 

dissemination, while IL-1β recruits TAMs that polarize toward an M2-like 

macrophages, pro- angiogenic phenotype [150,151]. This synergy 

between NF-κB p65 and NLRP3 may underpin the “tumor-promoting 

inflammation” hall- mark, where monocytes, reprogrammed by TCM, 

become architects of an immunosuppressive niche. 

Our observation that metformin effectively inhibits TCM-induced 

activation of the NF-κB p65/RelA–NLRP3 inflammasome–IL-1β axis in 

monocytes introduces a promising immunomodulatory strategy for 

disrupting tumor-promoting inflammation in colorectal cancer. While 

the immunopharmacological properties of metformin are well 

established across various experimental systems, its capacity to reverse 

proinflammatory signaling in monocytes exposed to colorectal cancer- 

derived soluble factors has, to our knowledge, yet to be documented, 

positioning our findings as a novel contribution to the field. 

Metformin’s inhibition of NLRP3 inflammasome expression in our 

model mirrors recent findings in alveolar macrophages during severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-induced acute 

respiratory distress syndrome (ARDS), where it blocks ATP-dependent 

mitochondrial DNA (mtDNA) synthesis, a critical ligand for NLRP3, 

independently of AMPK [152]. This AMPK-independent mechanism 

may account for its efficacy in TCM-exposed monocytes, as colorectal 

cancer-derived soluble factors could similarly promote mtDNA release, 

sustaining NLRP3 activation. Moreover, the downregulation of IL-1β 

observed in our study parallels metformin’s effects in chronic stress 

condition, where it attenuates NLRP3-driven neuroinflammation in both 

macrophages and hippocampal microglia [153]. These consistent 

findings suggest that metformin may engage a conserved mechanism to 

disrupt the feedforward amplification between NF-κB p65 and NLRP3 

signaling, potentially across diverse inflammatory contexts. In our 

study, the drug’s ability to inhibit NF-κB p65 expression could also 

resonate with previously reported mechanisms in vascular 

inflammation, where AMPK activation inhibits IκB kinase (IKK), 

thereby pre- venting IκBα degradation and nuclear translocation of p65 

[154]. While these pathways remain to be formally confirmed in tumor-

conditioned monocytes, such observations may offer mechanistic clues 

underpinning metformin’s immunomodulatory action in the colorectal 

cancer setting. In TCM-exposed monocytes, metformin likely exploits 

this pathway to quell NF-κB p65-driven transcription of NLRP3, IL1β, 

and chemokines that amplify immune dysfunction in colorectal cancer. 

Notably, metformin’s dual targeting of both NF-κB p65 (upstream 

initiator) and NLRP3 (downstream effector) may confer advantages over 

single-axis inhibitors. Furthermore, given the central role of IL-1β in 

shaping the inflammatory crosstalk between immune and stromal cells, 

metformin’s inhibition of its secretion warrants in vivo investigation to 

assess potential indirect effects on the neighboring tumor stroma. 

In fine, metformin’s ability to neutralize the NF-κB p65–NLRP3–IL-1β 

axis in TCM-exposed monocytes unveils a new dimension of its 

immunomodulatory prowess. Harnessing this mechanism could break 

the cycle of tumor-promoting inflammation, offering a viable adjunct to 

conventional colorectal cancer therapies. 

 

4.6. Metformin effect on monocyte subset plasticity 

 
Human primary monocytes represent a heterogeneous population 

classified into three main subsets based on CD14 and CD16 surface 

expression: classical (CD14++/CD16—), intermediate (CD14++/CD16+), and 

non-classical (CD14+/CD16++) monocytes [10]. These subsets exhibit 
distinct functional profiles, particularly in inflammation, tissue 

surveillance, and antigen presentation. 

The plasticity of monocytes in the tumor microenvironment warrants 

careful consideration. Our data show that exposure to the TCM induced 

a profound phenotypic shift in monocytes, characterized by marked 

downregulation of CD14 and strong upregulation of CD16, promoting a 

CD14low/CD16high phenotype. This reprogramming is consistent with a 

non-classical, proinflammatory subset [155], which has been associated 

with elevated NF-κB p65 activity, enhanced ROS production (including 

NO and H2O2), and high levels of IL-1β, as well as reduced phagocytic 

capacity [149,155,156]. These features suggest that the TCM drives 

monocytes toward a dysfunctional, tumor-supportive state, contributing 

to immune evasion and chronic inflammation in the tumor 

microenvironment. 

Importantly, metformin treatment reversed these TCM-induced 

alterations, significantly restoring CD14 expression while reducing 

CD16 levels. This shift suggests a reversion toward a more classical or 

inter- mediate phenotype, generally associated with controlled 

activation, improved phagocytosis, and a balanced immune response 

[157]. This phenotype change aligns with our earlier observations of 

reduced ROS, lower IL-1β production, and dampened NF-κB p65–

NLRP3 signaling under metformin treatment. 

While metformin’s impact on surface marker expression has been 

primarily explored in metabolic and inflammatory disease contexts 

[158,159], its ability to reshape monocyte phenotype in a colorectal 

tumor-conditioned setting provides new insight into its potential as an 

immunotherapeutic adjuvant. Mechanistically, this phenotypic reprog- 

ramming may reflect the observed metformin’s capacity to restore 

metabolic homeostasis and epigenetic integrity in immune cells exposed 

to various inflammatory conditions, including tumor-derived metabolic 

cues [160–165]. Indeed, TCM-driven skewing toward a CD14low/ 

CD16high subset may involve metabolic rewiring favoring glycolysis and 

redox imbalance [166], two axes known to be sensitive to metformin’s 

action on AMPK and mitochondrial function, as mentioned above. 

Although direct studies on metformin’s effect on monocyte subset 

phenotypes are limited, our results echo findings in macrophage 

populations, where metformin was shown to decrease M2-like (tumor-

promoting) macrophages and promote M1-like (proinflammatory/anti- 

tumor) polarization [157]. These parallels suggest that metformin may 

act as a broader modulator of myeloid cell plasticity, including both 

circulating and tissue-resident compartments. 

Together, these findings highlight metformin’s capacity to restore a 

monocyte phenotype more compatible with anti-tumor immunity, 

notably by reversing TCM-induced functional alterations. This pheno- 

typic reprogramming may also favor the recruitment and activation of 

key immune effectors, such as dendritic cells and cytotoxic lymphocytes, 

thereby contributing to a more robust and coordinated anti-tumor 

response. These results further support metformin’s therapeutic 

repositioning within oncological immunomodulation strategies. 

 

5. Conclusions and future prospects 

 

This study provides compelling evidence that metformin exerts 

multifaceted regulatory effects on monocytes exposed to colorectal 

TCM, reversing immunometabolic and inflammatory dysregulation. 

Specifically, metformin modulated TCM-induced respiratory burst, 
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intracellular free calcium ions, and selected immunometabolites 

accumulation. These effects are suggestive of a broader 

immunometabolic reprogramming favoring homeostasis. 

Furthermore, metformin markedly modulated key components of the 

NF-κB p65/NLRP3/IL-1β axis, a major signaling pathway implicated in 

chronic inflammation and tumor progression. This modulatory effect 

was accompanied by phenotypic reprogramming of monocyte subsets, 

notably reversing the TCM-induced shift toward a proinflammatory 

CD14low/CD16high profile and partially restoring the expression of 

classical monocyte markers. Of note, under basal conditions, metformin 

had minimal effects, reinforcing the notion of its context-dependent 

activity, primarily targeting tumor-modified or inflamed 

microenvironments. 

Despite these promising findings, metformin did not rescue the TCM- 

induced impairment of ROS-dependent phagocytic capacity, indicating 

that not all functional aspects of monocyte dysregulation are reversible 

by metformin alone. This underscores the selectivity and limitations of 

its modulatory effects and highlights the complexity of tumor–immune 

interactions. 

Taken together, the results suggest that metformin, beyond its 

canonical antidiabetic role, possesses significant immunomodulatory 

potential in the context of tumor-associated inflammation. Its ability to 

selectively restore metabolic and phenotypic homeostasis in monocytes 

exposed to tumor-derived factors may hold translational relevance, 

especially in designing adjunctive strategies for cancer immunotherapy 

or inflammation-targeted interventions. 

These findings open several avenues for future investigation. First, in 

vivo validation using preclinical models of colorectal cancer is warranted to 

confirm the observed protective effects of metformin within a more 

complex immunological and tumorigenic landscape. Second, 

investigating whether the suppression of lipid accumulation and 

inflammasome activation involves AMPK signaling could yield novel 

therapeutic targets, as suggested by prior studies in related contexts. 

Moreover, it would be of interest to explore whether combining 

metformin with other immunometabolic modulators or checkpoint 

inhibitors could achieve synergistic anti-tumoral immune 

reprogramming. Longitudinal studies evaluating metformin’s impact on 

myeloid-derived suppressor cells (MDSCs), dendritic cells, and macrophages 

in the tumor microenvironment could also extend the scope of its 

application. 

Finally, clinical investigations into metformin’s off-label use in non- 

diabetic cancer patients, particularly those exhibiting high monocyte- 

driven inflammation or lipid-rich immune phenotypes, may help to 

stratify responsive subpopulations and pave the way toward precision 

immunometabolic therapy. 
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Conclusion  

This work demonstrates that the colorectal tumor microenvironment exerts a profound 

immunometabolic pressure on monocytes, reshaping their redox balance, ionic homeostasis, lipid 

metabolism, inflammatory signaling, and phenotypic identity. Exposure of monocytes to tumor-

conditioned medium induces a marked oxidative stress characterized by increased production of 

nitric oxide and hydrogen peroxide, together with a dysregulation of intracellular calcium levels. 

These early and interconnected alterations act as potent amplifiers of inflammatory signaling and 

constitute key drivers of monocyte reprogramming within the tumor milieu. 

At the metabolic level, our findings reveal that the colorectal tumor microenvironment promotes 

excessive intracellular cholesterol accumulation, increased triglyceride storage, and enhanced 

biogenesis of lipid droplets. Far from being passive energy reservoirs, lipid droplets emerge as active 

metabolic and signaling platforms that contribute to inflammatory amplification. Their accumulation 

enhances oxidative stress, sustains NF-κB activation, and directly participates in the activation signal 

of the NLRP3 inflammasome. These lipid-driven mechanisms therefore represent a central axis 

linking metabolic dysregulation to chronic inflammation in tumor-associated monocytes. 

Consistently, activation of the NF-κB/NLRP3 inflammasome axis constitutes a pivotal event in the 

immunometabolic reprogramming observed in this study. NF-κB-mediated priming leads to 

increased expression of NLRP3 and pro-IL-1β, while metabolic stressors such as reactive oxygen 

species, calcium imbalance, cholesterol overload, and lipid droplet accumulation trigger 

inflammasome activation. The resulting increase in IL-1β production reinforces the inflammatory 

tumor microenvironment and contributes to the establishment of a self-perpetuating pro-tumoral 

inflammatory loop. 
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These molecular and metabolic alterations are accompanied by a marked phenotypic shift in 

monocytes. Tumor-conditioned medium induces a reduction in CD14 expression and an increase in 

CD16 expression, consistent with a transition toward a pro-tumoral, inflammation-associated 

monocyte subset. This phenotypic plasticity highlights the role of monocytes as highly responsive 

sensors of metabolic and inflammatory cues within the colorectal tumor microenvironment and 

underscores their contribution to tumor progression through functional and metabolic adaptation. 

Within this context, our data identify metformin as a potent immunometabolic modulator capable of 

counteracting several key alterations induced by the tumor microenvironment. Metformin 

significantly reduces oxidative stress, restores intracellular calcium homeostasis, limits cholesterol 

accumulation and lipid droplet formation, and attenuates NF-κB and NLRP3 activation. These 

combined effects result in decreased IL-1β expression and a partial restoration of a more balanced 

monocyte phenotype. Importantly, the lack of metformin-mediated recovery of phagocytic activity 

indicates that its action is selective and context-dependent, suggesting that some tumor-induced 

functional impairments may be refractory to metabolic modulation alone. 

Overall, this work positions metformin as an agent capable of mitigating inflammation and metabolic 

dysfunction in tumor-associated monocytes rather than as a global functional restorer. It highlights 

lipid metabolism and inflammasome activation as central nodes in monocyte reprogramming within 

the colorectal tumor microenvironment and underscores their relevance as therapeutic targets in 

inflammation-driven cancers. 
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Perspectives 

These findings open several important avenues for future investigation that extend both the 

mechanistic and translational relevance of this work. First, in vivo validation using preclinical models 

of colorectal cancer is warranted to confirm the protective immunometabolic effects of metformin 

within a more complex and physiologically relevant tumor microenvironment. Such models would 

allow the integration of systemic factors that cannot be fully recapitulated in vitro, including 

vascularization, immune cell trafficking, stromal interactions, and microbiota-derived signals. In 

particular, in vivo studies could clarify whether metformin modulates monocyte recruitment, 

differentiation into tumor-associated macrophages, and functional polarization during tumor 

progression, thereby validating its role as an immunometabolic regulator at the organismal level. 

Second, further investigation into the molecular mechanisms underlying the suppression of lipid 

accumulation and inflammatory activation is essential. Although AMPK activation is a well-

established downstream effect of metformin, its precise contribution to the regulation of cholesterol 

homeostasis, lipid droplet biogenesis, and inflammasome activity in tumor-exposed monocytes 

remains to be fully elucidated. Dissecting the involvement of AMPK-dependent and AMPK-

independent pathways could reveal novel regulatory nodes linking cellular metabolism to 

inflammatory signaling. Such insights may identify new therapeutic targets within lipid metabolic 

pathways, particularly those controlling lipid uptake, esterification, efflux, and storage in immune 

cells. 

Moreover, the potential of metformin as part of combinatorial therapeutic strategies deserves 

particular attention. Given its capacity to attenuate chronic inflammation and metabolic dysfunction, 

combining metformin with other immunometabolic modulators or immune checkpoint inhibitors may 
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result in synergistic reprogramming of the tumor immune microenvironment. By alleviating lipid-

driven immunosuppression and inflammasome-mediated inflammation, metformin could enhance 

the responsiveness of immune cells to immunotherapeutic interventions, thereby improving 

antitumor efficacy in otherwise resistant tumor settings. 

In addition, longitudinal studies examining the impact of metformin on other myeloid populations 

within the tumor microenvironment would significantly broaden the scope of its immunomodulatory 

potential. Investigating its effects on myeloid-derived suppressor cells, dendritic cells, and tumor-

associated macrophages could provide a more comprehensive understanding of how metformin 

reshapes myeloid-driven immune regulation over time. Such studies may reveal whether metformin 

influences the balance between immunosuppressive and immunostimulatory myeloid subsets, 

contributing to a more favorable antitumoral immune landscape. 

Finally, these experimental insights strongly support the need for clinical investigations evaluating 

the off-label use of metformin in non-diabetic cancer patients. In particular, patients exhibiting high 

levels of monocyte-driven inflammation, elevated inflammasome activity, or lipid-rich immune 

phenotypes may represent responsive subpopulations that could benefit from immunometabolic 

intervention. Stratifying patients based on immunometabolic biomarkers may pave the way toward 

precision immunometabolic therapy, positioning metformin as a cost-effective and well-tolerated 

adjuvant in colorectal cancer and potentially other inflammation-associated malignancies. 
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