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Resumo  

As doenças inflamatórias intestinais (DII), que incluem a doença de Crohn (DC) e a 

colite ulcerosa (CU), representam uma condição inflamatória crónica do trato digestivo. A 

patogénese da DII é complexa e multifatorial, resultando da interação de fatores 

ambientais, predisposição genética, disbiose intestinal e desregulação do sistema 

imunológico; contudo, a etiologia exata da doença permanece desconhecida. A redução da 

abundância de Akkermansia muciniphila foi observada em doentes com DII, sugerindo um 

possível papel na progressão da doença e um potencial alvo para estratégias terapêuticas. 

A. muciniphila é uma bactéria degradadora de mucina, que exibe efeitos protetores na 

integridade da barreira intestinal e propriedades anti-inflamatórias, sendo reconhecida 

como um probiótico de última geração pelo seu potencial benefício na saúde intestinal. No 

entanto, o seu papel exato e os mecanismos subjacentes na DII requerem mais 

investigação.  

Os polifenóis (PPs) são compostos bioativos encontrados em alimentos de origem 

vegetal, com propriedades prebióticas, anti-inflamatórias, antioxidantes e 

antimicrobianas. Evidências emergentes sugerem um efeito "duplibiótico" onde os PPs 

aumentam a abundância de A. muciniphila e simultaneamente beneficiam a saúde 

intestinal, principalmente devido aos seus efeitos antimicrobianos. Esta tese investiga a 

interação entre PPs e A. muciniphila, explorando os seus potenciais efeitos benéficos na 

modulação da microbiota intestinal, na integridade da mucosa e na redução da inflamação 

na DII.  

Esta revisão seguiu as diretrizes PRISMA-ScR. A pesquisa bibliográfica, realizada entre 

2012 e 2023 (outubro) na PubMed, focou-se em estudos quase experimentais e 

experimentais usando modelos in vitro, modelos animais e humanos. A estratégia de 

pesquisa incluiu palavras-chave como "Polifenóis", "Doença Inflamatória Intestinal", 

"Microbiota Intestinal" e "Akkermansia muciniphila", e os estudos foram analisados 

utilizando o software Covidence. Apenas foram incluídos artigos originais que reportavam 

efeitos dos PPs na abundância de A. muciniphila na DII. As principais descobertas 

relacionadas com classe de polifenóis, modulação da microbiota intestinal e resultados 

clínicos foram sintetizadas em tabelas para avaliar o seu potencial papel terapêutico na DII.  
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Num total de 47 artigos incluídos nesta revisão, analisou-se o impacto de classes 

específicas de PPs (flavonoides, ácidos fenólicos e outros) na abundância de A. muciniphila, 

na diversidade e composição da microbiota intestinal (nomeadamente em bactérias 

aeróbicas e anaeróbicas), e em outros parâmetros relacionados com a DII.  

As evidências destacam a capacidade de classes distintas de PPs, particularmente 

flavonoides, de restaurar a função da barreira intestinal, reduzir a inflamação e promover 

a regulação imunológica, particularmente em modelos animais, bem como a capacidade 

de estimular a abundância de A. muciniphila e aumentar os seus efeitos benéficos. As 

descobertas sugerem que dietas ricas em PPs podem servir como uma terapia coadjuvante 

promissora para a DII, promovendo uma mudança em direção à eubiose e melhorando a 

função da barreira intestinal. A existência de um efeito duplibiótico dos PPs na DII devido 

à modulação específica de A. muciniphila merece investigação adicional, de forma a 

elucidar os mecanismos moleculares subjacentes, com vista a desenvolver estratégias 

terapêuticas direcionadas capazes de melhorar a qualidade de vida de doentes com DII.  

 

 

Palavras-chave: Doença inflamatória intestinal, Akkermansia muciniphila, Polifenóis, 

Microbiota intestinal, Saúde intestinal 
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Abstract 

Inflammatory bowel diseases (IBD), which includes Crohn’s disease (CD) and 

ulcerative colitis (UC), represents a chronic inflammatory condition of the digestive tract. 

The pathogenesis of IBD is complex and multifactorial, resulting from an intricate interplay 

of environmental factors, genetic predisposition, gut dysbiosis, and immune system 

dysregulation; however, the exact etiology of the disease remains unknown. Reduction of 

Akkermansia muciniphila abundance has been observed in IBD patients, suggesting a 

possible role in disease progression and a potential target for therapeutic strategies. A. 

muciniphila, a mucin-degrading bacteria, exhibits protective effects on gut barrier integrity 

and has anti-inflammatory properties, being recognized as a next-generation probiotic for 

its potential to benefit gut health. However, the precise role and underlying mechanisms 

in IBD require further investigation. 

Polyphenols (PPs), bioactive compounds found in plant-based foods, exhibit 

prebiotic, anti-inflammatory, antioxidant, and antimicrobial properties. Emerging evidence 

suggests a novel "duplibiotic" effect where PPs enhance the abundance of A. muciniphila 

while simultaneously benefiting gut health, namely by having antimicrobial effects. This 

thesis investigates the interplay between PPs and A. muciniphila, exploring their potential 

beneficial effects in modulating gut microbiota, improving intestinal mucosal integrity, and 

reducing inflammation in IBD. 

This scoping review was conducted following the PRISMA-ScR guidelines. The 

literature search, performed from 2012 to 2023 (October) in PubMed, focused on quasi-

experimental and experimental studies using in vitro models, animal models, and human 

participants. The search strategy incorporated keywords like "Polyphenols," "Inflammatory 

Bowel Disease," "Gut Microbiota," and "Akkermansia muciniphila," and studies were 

screened using Covidence software. Only original research exploring the effects of 

polyphenols on A. muciniphila abundance in IBD was included. Key findings related to 

polyphenol class, gut microbiota modulation, and clinical outcomes were synthesized and 

presented in tables to evaluate their potential therapeutic role in IBD management. 

Through a comprehensive analysis of a final number of 47 articles included in this 

scoping review, the impact of specific PPs classes (flavonoids, phenolic acids, and others) 
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on A. muciniphila abundance, gut microbiota diversity and composition (namely on aerobic 

and anaerobic bacteria), as well as on IBD-related outcomes.  

Evidence from the literature highlights the capacity of distinct PPs classes, particularly 

flavonoids, to restore intestinal barrier function, reduce inflammation, and promote 

immune regulation, particularly in animal models, as well as the ability to stimulate A. 

muciniphila abundance and enhance its beneficial effects. The findings suggest that PP-rich 

diets could serve as a promising co-adjuvant therapy for IBD, promoting a shift towards 

eubiosis and improving gut barrier function. The existence of a duplibiotic effect of PPs on 

IBD due to specific modulation of A. muciniphila deserve further clarification. In particular, 

further research is required to elucidate the precise molecular mechanisms underlying this 

interaction between PPs and A. muciniphila, in order to develop targeted therapeutic 

strategies able to improve IBD patients’ quality of life. 

 

 

Keywords: Inflammatory bowel disease, Akkermansia muciniphila, Polyphenols, Gut 

Microbiota, Gut health. 
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CHAPTER I – INTRODUCTION 

1.1. Inflammatory Bowel Disease (IBD): An overview 

1.1.1. Definition and clinical diagnosis  

Inflammatory bowel disease (IBD) encompasses a subset of inflammatory diseases 

involving the small intestine and the colon. IBD primary types are Ulcerative Colitis (UC) 

and Crohn’s Disease (CD) (Bruner et al., 2023; Hussein et al., 2023). 

 

Figure 1. Inflammatory bowel disease types. Taken from (Kotla & Rochev, 2023). 

 

UC and CD differ in key features like location and patterns of inflammation, patient 

symptoms, and histopathological conditions.  

CD can cause transmural inflammation along the gastrointestinal tract, with the 

terminal ileum or the perianal region being the most affected regions. CD results in 

extensive inflammation, often leading to deep ulcerations and formation of fistulas, and 

submucosal fibrosis. Conversely, the pathology of UC involves mucosal inflammation 
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limited to the colon and the rectum and sometimes may extend proximally up to the 

caecum (Figure 1) (Bruner et al., 2023; Saez et al., 2023; Zhang & Li, 2014). 

The most common symptoms of IBD patients are persistent abdominal pain, diarrhea, 

rectal bleeding, fatigue, and weight loss. Disease symptomatology has a significant impact 

on patient’s life quality, work productivity and health outcomes (Bruner et al., 2023; Saez 

et al., 2023). Currently, there isn’t a standardized diagnostic method for IBD. Still, it often  

relies on a full approach that combines medical history, endoscopic findings, 

histopathological examination, and imaging studies (Bruner et al., 2023; Farrell, 2000).  

Laboratory tests, including blood tests to assess inflammation markers such as C-

reactive protein (CRP), calprotectin and lactoferrin levels, hold prognostic and diagnostic 

value in IBD (Seyedian et al., 2019). Endoscopy coupled with biopsy remains the gold 

standard for definitively diagnosing IBD and distinguishing between CD and UC. Computed 

tomography and magnetic resonance imaging are two of the most used imaging techniques 

and provide complementary information regarding the extent and intensity of intestinal 

inflammation. Clinical eye examinations and rectal examinations are also utilized for 

diagnosis (Seyedian et al., 2019). 

Even though all the above methods are available for diagnosis, it can be challenging 

due to its nonspecific symptoms and the potential overlay with other gastrointestinal 

disorders, like infectious colitis or irritable bowel syndrome, leading to a wrong diagnosis. 

Consequently, a thorough clinical evaluation, involving multidisciplinary collaboration 

between gastroenterologists, radiologists, and pathologists, is crucial to establish an 

accurate diagnosis and initiate timely and tailored management strategies for individuals 

affected by IBD (Farrell, 2000). 

1.1.2. Epidemiology and prevalence 

Previously thought to primarily impact Western nations, the epidemiological landscape 

of IBD is witnessing significant changes on a global scale and experiencing exponential 

growth, particularly among the pediatric population (Borowitz, 2023; Ng et al., 2017).  

IBD is an emerging global health concern that greatly spread in the last 50 years across 

developing regions, garnering significant attention from medical and scientific 

communities who aim to deepen the knowledge about its pathophysiology and 
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therapeutics, with the overarching goal of enhancing the life quality of these patients 

(Bruner et al., 2023). 

Globally, there is some scarcity of epidemiological data that accurately reflects IBD 

reality (Figure 2). Despite IBD challenges such as diagnostic complexities, disparities in 

healthcare accessibility, varying lifestyle and risk factors, trends suggest a consistent rise in 

both incidence (new cases) and prevalence (number of total cases) of both CD and UC over 

time (Burisch & Munkholm, 2015; Kaplan, 2015; Ng et al., 2017). 

 

Figure 2. Distribution of IBD epidemiological stages in 2020. Taken from (Kaplan & Windsor, 
2021). 

 

While the onset of this pathology is commonly observed among young adults (20-30 

years), a significant proportion of patients, approximately 25%, exhibit symptoms before 

20 years of age (Borowitz, 2023; Bruner et al., 2023). 

Recent studies suggest a rising incidence of IBD in regions like South America, Eastern 

Europe, Asia, and Africa. This shift is also evident  in newly industrialized countries and 

among Asian immigrants to the Western countries, mirroring patterns observed  in the 

Western world over 50 years ago, which aligned with rapid socioeconomic growth (Ng et 

al., 2017). 

Traditionally, North America and Europe have the highest occurrence of both UC and 

CD. In Europe, it is estimated that 2.5–3 million people are affected by IBD, with a direct 

healthcare expenditure ranging from  4.6 to 5.6 billion euros annually (Burisch et al., 2013).  
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In the Western world, IBD is associated with major health challenges, including illness, 

death, with considerable costs for healthcare systems. The increasing occurrence of this 

disease in newly industrialized countries suggests a potential global epidemic of IBD 

beyond Western nations. This pattern indicates that the impact of IBD on healthcare 

systems needs to be reevaluated to revert the epidemiological patterns worldwide. 

Understanding the geographical distribution and trends of the disease will enable 

researchers and policy makers to anticipate and address the healthcare infrastructure and 

resource requirements necessary to lessen the burden of IBD (Ng et al., 2017). 

In the year 2023, in Portugal, the IBD population was estimated to comprise 24,069 

patients with approximately 11,866 individuals diagnosed with UC and 12,203 with CD. The 

total annual cost associated with IBD patients in Portugal was estimated to be 146,293 

euros, with an average annual cost of 6,075 euros per patient. These costs are further 

categorized into direct costs amounting 86,834 euros direct and indirect costs totaling 

59,459 euros (Magro et al., 2023). 

Understanding the worldwide epidemiological patterns of IBD, both prevalence and 

incidence rates, it’s essential to manage the burden of IBD over time, developing effective 

strategies to control this disease (Kaplan, 2015). 

1.1.3. Pathogenesis of IBD  

Although IBD remains etiologically unclear, some theories suggests that IBD arises from 

an abnormal immune response in genetically susceptible individuals. In addition, it appears 

evident that individuals with IBD exhibit an imbalance or disrupted intestinal microbiota. 

Besides an imbalanced microbiota, the intestinal barrier function is also impaired in IBD. 

It displays less mucus secretion by goblet cells, reduced antimicrobial peptides’ production 

by Paneth cells and several mutations in genes coding tight junction proteins, resulting in 

their dysfunction and consequent loss of barrier integrity (Ferreira et al., 2024). 

Nowadays, the most accepted theory suggests that IBD arises from a complex 

interaction between four main components: microbial and environmental factors, immune 

responses and genetic predisposition (Figure 3) (Borowitz, 2023; Bruner et al., 2023; Zhang 

& Li, 2014). 
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Genetic susceptibility, intestinal microbiota composition, external environment 

influences and immune dysregulation all play integral roles in the IBD development and 

progression, as underscored by several studies. The abnormal immune responses are 

linked with dysregulation of both adaptive and innate immune responses (Kotla & Rochev, 

2023; Saez et al., 2023; Zhang & Li, 2014). 

1.1.3.1.  Genetic predisposition  

Extensive investigations were conducted to elucidate the genetic basis of IBD. Through 

them it was possible to understand that genetic predisposition and family history are 

important determinants of disease’s phenotype, as well as the degree of irritability 

associated to IBD (Hussein et al., 2023). 

Having a close family member with IBD is the best known risk factor (Borowitz, 2023). It 

was documented that first-degree family members have an increased risk of developing 

IBD, and that 12% of IBD patients have someone in the family suffering from this disease.  

Researchers have identified over 240 risk variants associated with IBD through genome-

wide association studies (GWAS) (Saez et al., 2023). These genetic variants span pathways 

INFLAMMATORY 

BOWEL 

DISEASE 

MICROBIOME

GENETIC 
FACTORS 

ENVIRONMENT

IMMUNE 
RESPONSE

Figure 3. Understanding the multifactorial etiology of inflammatory bowel disease (IBD). Adapted 
from (Zhang & Li, 2014) 
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involved in bacteria recognition (e.g., NOD2), autophagy (e.g., ATG16L1 and IRGM), 

regulation of epithelial barrier (e.g., ECM1), and innate and adaptive immunity (e.g., IL-23R, 

IL-10, ITGAL, and ICAM1 variants) (Saez et al., 2023). Other susceptibility genes implicated 

in the pathogenesis of IBD are CARD9, IL1R2, REL, SMAD3 and PRDM1(Zhang & Li, 2014). 

Despite all these breakthroughs, further research is needed to pinpoint more clinically 

significant  associations between genetic loci and IBD susceptibility as they exhibit only 

modest effect sizes (Zhang & Li, 2014).  

1.1.3.2.  Environmental factors  

Environmental factors represent another key component proved to have a major impact 

on the development of IBD. Certain factors have been identified as either protective or 

predisposing to the disease. For instance, a plant-based or a Mediterranean diet and 

breastfeeding have been associated with reduced risk, whereas oral contraceptive use, 

highly processed diets, as well as early life antibiotic misuse have been associated with the 

development of IBD (Hussein et al., 2023). 

Vitamin D has garnered attention of researchers due to its immunological role in IBD’s 

pathogenesis. In a study carried out by Leslie et al. it was observed that low Vitamin D levels 

were common amongst diagnosed IBD patients, suggesting a potential link between 

vitamin D deficiency and disease risk (Leslie et al., 2008). 

Infectious gastroenteritis episodes can also induce an abnormal immune response and 

increase the risk of IBD up to 40% (Hussein et al., 2023).  

Some studies have reported that breastfeeding has protective effects against the 

development of IBD, corroborating the probiotic and prebiotic effects of breast milk 

described in the literature (Moossavi et al., 2018). 

In a study carried to assess the impact of diet on the risk of developing IBD, it was verified 

that diets high in total fats, omega-6 fatty acids, and meat correlates to increased risk to 

IBD, while a higher fruit intakes decreases the risk for CD and a high intake of vegetables 

decreases the risk for UC (Hussein et al., 2023). 

Furthermore, the excessive use of antibiotics, particularly in early childhood, has been 

associated with IBD development. Despite the paradoxical nature of this association given 

the efficacy of antibiotics in certain IBD patients, it may be justified by impaired commensal 
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microbiota and immune dysregulation in genetically susceptible subjects (Glassner et al., 

2020). Nevertheless, much remains to be understood about the complex interplay between 

antibiotics, microbiota, and IBD pathogenesis. 

1.1.3.3.  Immune system dysregulation 

The immune system performs a wide number of vital functions for our body´s defense, 

including the recognition and identification of invading agents, phagocytosis, innate and 

adaptive immune responses along with inflammatory reactions, antibody production, 

among others. It comprises both the innate and adaptative arms, representing our body's 

frontline defense mechanism against foreign invaders. Innate immunity acts as the first line 

of defense against pathogens, eliciting rapid responses primarily through myeloid cells 

among other essential components. In turn, adaptative immunity develops over time as we 

are exposed to pathogens throughout our lives. 

From an early age, we are taught that the immune system exists to protect the body 

from external threats. However, the immune system can also fail, resulting in the 

erroneous targeting of the body's own cells, leading to an auto-immune pathological 

condition, like IBD. Herein, the immune system becomes dysregulated, resulting in the 

erroneous targeting of the body's own cells in the digestive tract, leading to a generalized 

inflammatory environment and tissue damage. 

Dysregulated immune responses lie at the core of IBD pathogenesis and understanding 

their impact has been a primary focus of research. In IBD context, the innate immune 

system takes precedence, promptly responding to pathogen-associated molecular patterns 

(PAMPs) and to molecules released from damaged or dying cells, known as damage-

associated molecular patterns (DAMPs) through pattern recognition receptors (PRRs) such 

as toll-like receptors (TLRs) and Nod-like receptors (NLRs). Components of the innate 

immune system, including granulocytes (neutrophils, eosinophils, and basophils), 

monocytes, macrophages, and dendritic cells, alongside non-immune cells like intestinal 

epithelial cells (IECs) and myofibroblasts, detect these patterns, thereby triggering 

responses aimed at enhancing the protection of epithelial barrier and mitigating 

inflammation (Saez et al., 2023). 
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In acute inflammatory responses, granulocytes are rapidly recruited to the inflammatory 

site with the aim to neutralize and remove DAMPs and PAMPs, and for defense against 

microbial invasion. After that, neutrophils secrete antibacterial proteins, myeloperoxidase, 

tissue-degrading enzymes, and reactive oxygen species (ROS), leading to an oxidative burst 

reaction to destroy microbes. However, these processes inadvertently induce local tissue 

damage and foster additional inflammation, characterized by edema, hyperemia, and 

further epithelial damage (Rogler, 2017). The development of chronic inflammation in IBD 

is posited by some theories as a failure to resolve acute inflammation, although the 

intricacies of this phenomenon are far from linear and underscore the multifactorial nature 

of IBD (Figure 4) (Rogler, 2017). Thus, it appears unlikely that IBD arises solely from a failure 

to resolve acute inflammation, as the disease process is influenced by a multitude of 

complex factors. As previous evidenced, IBD is a multifactorial disease, suggesting a more 

complex etiology beyond merely unresolved acute inflammation. 

 

 

 

  

Figure 4. The four phases leading to chronic inflammation in IBD. Taken from (Rogler, 2017). 
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1.1.3.4. Gut microbiota dysbiosis  

The gut microbiota is a complex and dynamic ecosystem characterized by wide inter and 

intra-individual variability based on factors such as diet, genetics, age, and overall health. 

The gut microbiota community plays a pivotal role in host susceptibility responsible for 

several diseases, including IBD (Caruso et al., 2020). 

Within the human intestinal tract resides an impressively diverse array of 

microorganisms, numbering around one hundred trillion and encompassing at least 15,000 

to 36,000 bacterial species, alongside viruses, fungi and other microbes (Hussein et al., 

2023). These symbionts microorganisms coexist in a balanced relationship, contributing to 

crucial physiological processes such as the regulation of the epithelial barrier, modulation 

of the host immune system, digestive and metabolic functions, and protection against 

pathogen colonization. 

Changes in the composition and/or function of the microbiota are known as dysbiosis. 

Dysbiosis refers to a disruption in the normal balance of microorganisms in the gut, 

characterized by changes in their types and numbers, which can lead to an imbalance 

between beneficial and harmful bacteria (Santana et al., 2022). The reduced gut microbiota 

diversity is also referrer as dysbiosis. These alterations are associated with various health 

conditions, including metabolic syndrome, IBD, allergies and autoimmune diseases 

(Hussein et al., 2023). Numerous studies have highlighted that individuals with IBD exhibit 

an imbalance or disrupted intestinal microbiota, underscoring its importance in the 

pathogenesis (Hussein et al., 2023). These changes in microbiota composition include 

reductions in beneficial bacteria, increases in harmful bacteria, and alterations in the 

abundance and activity of certain bacterial strains (Qiu et al., 2022). Each microbiota is 

unique, therefore there are clearly differences between patients with UC and CD. Qiu et al, 

reviewed that in UC there's a reduction in beneficial bacteria like Bifidobacterium longum 

and Akkermansia muciniphila (A. muciniphila), along with an increase in harmful bacteria 

like Bacteroides fragilis and Escherichia coli. Conversely, in CD patients, reductions in 

beneficial bacteria, Eubacterium rectal, Faecalibacterium prausnitzii, Roseburia intestinalis 

were observed, while harmful bacteria like Bacteroides fragilis, Ruminococcus torques, and 

Ruminococcus were increased. 
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Nevertheless, the causal relationship between this dysbiosis and the disease remains 

ambiguous – is it a cause or a consequence of IBD? (Borowitz, 2023).  

1.1.3.5.  Disruption of mucosal barrier integrity  

The dysregulation of the immune system in IBD individuals can compromise the integrity 

of the intestinal barrier, leading to increased permeability and subsequent bacteria and 

antigens translocation. This, in turn, triggers an exaggerated immune response.  

The intestinal epithelium act as a protective barrier, preventing the passage of bacteria 

and antigens into circulation through tightly sealed intercellular epithelial junctions. 

However, in a IBD condition, these junctions can become compromised and defective due 

to either a failure in primary barrier function or as a result of severe inflammation (Hussein 

et al., 2023). The compromised integrity of the intestinal barrier, arising from defective 

intercellular junctions, and immune dysregulation can lead to persistent tissue damage in 

individuals with IBD. This sustained immune response against gut antigens fuels chronic 

inflammation, facilitating the production of inflammatory mediators such as cytokines and 

ROS, thereby exacerbating tissues damage over time (Hussein et al., 2023). 

Moreover, mucosal barrier defects and alterations can arise from a multifactorial 

interplay involving dietary, environmental, genetic and microbial factors. Recent evidence 

suggests that damage to the mucosal lining may culminate in compromised barrier function 

and increased permeability (Kotla & Rochev, 2023). Additionally, the inflamed mucosal 

barrier releases ROS and metalloproteinases, further exacerbating tissue damage and 

necrosis (Kotla & Rochev, 2023). These factors can disturb the balance within the mucosa 

and alter gut microbiota composition, ultimately contributing to adverse outcomes, such 

as colorectal cancer and associated neurological diseases (Kotla & Rochev, 2023). 

Therefore, ensuring healthy and functional mucosal barrier is paramount to prevent the 

onset and progression of such diseases. 
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1.1.4. Current therapeutic approaches for IBD  

Current treatments for IBD aim not only to reduce inflammation, relieve symptoms such 

as rectal bleeding, bloody diarrhea, abdominal cramps and pain but also to enhance the 

patient's quality of life and address dysbiosis to restore microbiota balance (Hussein et al., 

2023; Kotla & Rochev, 2023). 

The current treatment options usually involve a combination of lifestyle habits 

modification, pharmacotherapy and in some cases surgical interventions.  

1.1.4.1. Lifestyle modification 

a) Exercise: exercise helps to mitigate the cardiovascular risk and the elevated rates 

of anxiety/depression often seen in IBD patients and is considered a crucial strategy to 

improve overall health (Bruner et al., 2023); 

b) Healthy dietary patterns: nutritional deficiencies can arise due to the disease 

symptomatology as well as some treatment interventions. Some individuals find symptoms 

relief by avoiding certain foods, such as spicy foods, dairy, or high-fiber foods. Meanwhile, 

the Mediterranean diet, known for its health benefits and diverse food options, may be 

reasonable for IBD patients (Bruner et al., 2023); 

c) Smoking cessation: patients should be advised to stop smoking to improve 

treatment outcomes (Bruner et al., 2023); 

d) Stress management: stress can exacerbate IBD symptoms, so techniques like 

mindfulness, meditation, and counselling can be helpful (Bruner et al., 2023). 

1.1.4.2. Surgery 

In some cases of IBD presentations, surgery becomes an inevitable recommendation 

(Farrell, 2000). The purpose of the surgery is to relieve symptoms and improve the patient's 

quality of life. Collaboration with healthcare professionals, including nutritionists, 

psychologists, and gastroenterologists, is essential for developing personalized treatment 

plans tailored to individual needs, ensuring optimal outcomes for patients with IBD. 
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1.1.4.3. Pharmacotherapy 

a) Anti-inflammatory drugs: these include aminosalicylates (e.g., 5-aminosalicylic 

acid and its prodrugs), corticosteroids (e.g., prednisone, budesonide) and 

immunomodulators (e.g., azathioprine, 6-mercaptopurine) which primary inhibit local 

colonic inflammation and immune system hyperreactivity (Kotla & Rochev, 2023); 

b) Antibiotics: considered for IBD treatment due to the microbial abnormalities and 

the presence of known pathogens, antibiotics are used to address bacterial overgrowth or 

infections in the gut (Santana et al., 2022); 

c) Probiotics: strains such as E. coli Nissle 1971, Bacillus subtilis, and VSL#3 are used 

to reduce luminal pH and normalize intestinal flora (Kotla & Rochev, 2023);  

d) Biologic therapies: novel therapeutic agents such as anti-tumor necrosis factor 

(TNF) agents (e.g., infliximab, adalimumab), JAK inhibitors (e.g., tofacitinib), anti-interleukin 

(IL) agents (e.g., Ustekinumab) and anti-adhesion agents (e.g., natalizumab) target specific 

molecules involved in the inflammatory process (Kotla & Rochev, 2023). 

Since current therapeutic interventions mainly target established chronic inflammation 

(phase 4), future approaches should also focus on resolving of acute inflammation (phase 

3), currently a hot topic of research (Rogler, 2017). 

1.1.4.3.1. Gut microbiota as an amenable target for therapeutic modulation 

Given that current therapies achieve complete remission in fewer than 50% of patients, 

the development of new therapeutic approaches targeting intestinal microorganisms hold 

promise for treating IBD. The effectiveness of fecal microbiota transplantation (FMT) in 

treating recurrent C. difficile infection by restoring the gut microbial diversity underscored 

the potential of  microbiota-modulating  therapies, both pre-, pro- and symbiotics (Caruso 

et al., 2020). Accordingly, the nutraceutical potential of A. muciniphila in IBD will be 

underscored in the next sections. 
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1.2. Akkermansia muciniphila: a next-generation probiotic  

1.2.1. Impact of A. muciniphila on gut health  

Akkermansia muciniphila, a bacterium with an oval shape, is strictly anaerobic, non-

motile, gram-negative, and it does not form endospores. Its discovery dates back to 2004 

at Wageningen University of the Netherlands during the quest for a new mucin-degrading 

microorganism in human feces (Derrien et al., 2004). Notably, A. muciniphila stands as the 

inaugural member and sole representative of the phylum Verrucomicrobia within the 

human gut (Derrien et al., 2010; Hoskins et al., 1985), rendering it relatively straightforward 

to detect (Rajili C-Stojanovi & De Vos, 2014). 

A. muciniphila thrives within the host's intestinal mucosal layer, most notably in the 

caecum, and is widely distributed in the intestine of both healthy adults and infants, 

constituting 1–4% of the total gut microbiota from early life (Ghotaslou et al., 2023). 

Initially categorized as a strict anaerobe (Derrien et al., 2004), A. muciniphila has recently 

been found to exhibit tolerance to small quantities of oxygen, leading to its reclassification 

as an aerotolerant anaerobe (Machado et al., 2020; Reunanen et al., 2015). 

Throughout our lifespan, A. muciniphila remains a stable gut symbiont (Collado et al., 

2007). This bacterium establishes its presence in the human gut within the first-year post-

birth, eventually attaining similar abundance levels to those found in healthy adults, albeit 

diminishing gradually in the elderly (Collado et al., 2007; Derrien et al., 2008). 

Numerous phylogenetic and metagenomic investigations involving hundreds of subjects 

have consistently identified A. muciniphila as one of the top 20 most prevalent species in 

the human gut (Collado et al., 2007; Drell et al., 2015; Thomas et al., 2014). Moreover, 

research indicates the presence of A. muciniphila in human milk (Collado et al., 2008), 

suggesting that it may serve as a conduit for the transmission of A. muciniphila from 

mothers to infants, thereby explaining its colonization in the gastrointestinal tract of 

newborns (Collado et al., 2007). During the developmental stage, A. muciniphila 

successfully establishes itself in the gastrointestinal tract, aided by an active acid resistance 

system and the capability to degrade human milk oligosaccharides present in the 

newborn's stomach (Bosscher et al., 2001). In adulthood, the abundance of A. muciniphila 

varies across the gastrointestinal tract, as shown in Figure 5. 
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Figure 5. The distribution and abundance of A. muciniphila throughout the gastrointestinal tract. 
Taken from (Ghotaslou et al., 2023). 

A. muciniphila has a significant role in regulating host metabolic processes (Cani & 

Knauf, 2021; Everard et al., 2013; Katiraei et al., 2020; Yang et al., 2019). Its capacity to 

reduce gut permeability has emerged as a key mechanism through which it influences host 

metabolism (Chelakkot et al., 2018; Rao et al., 2021). While the gut mucus serves as an 

initial line of defense by capturing bacteria and preventing epithelial damage, the tight 

junction barrier prevents the escape of bacterial antigens from the lumen into epithelial 

tissues (Ermund et al., 2013; Jiang et al., 2014). Despite its well-known role in mucin 

degradation, A. muciniphila also stimulates mucin production by augmenting both the 

number and density of goblet cells in mice induced with a high-fat diet (HFD), thus restoring 

mucus layer thickness and fortifying the intestinal barrier (Everard et al., 2013; Shin et al., 

2014). Additionally, Amuc_1100, an outer membrane protein of A. muciniphila, has been 

shown to reduce body weight and fat mass while enhancing epithelial tight junctions in 

HFD-induced obese mice (Plovier et al., 2017). Meanwhile, advances have been made on 

the underlying molecular mechanisms through which A. muciniphila ameliorates metabolic 

diseases (Everard et al., 2013; Shin et al., 2014). 
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1.2.1.1. Features and Next-Generation potential of A. muciniphila  

The term "probiotic" originates from a Greek word meaning "for life” (Sankarapandian 

et al., 2022). The FAO/WHO group defines probiotics as “living microorganisms that, when 

administered in sufficient quantities, offer a health benefit”(Binetti et al., 2020).  

Currently, next-generation probiotics (NGPs) are classified through the 5W1H (Which, 

Where, When, How, What, and Why) method, to provide an overall perspective on their 

features and properties. 

Succinctly, this perspective is based on clarifying Which microorganisms are involved 

(bacteria like A. muciniphila; Faecalibacterium prausnitzii), Where: the ecological niche 

(gastrointestinal tract), When they are implemented (prevention, maintenance, 

therapeutic intervention), How they are formulated in terms of production and delivery 

(O2 exclusion, animal component avoidance), in What processes they might interact or 

promote health improvement (gut barrier integrity; anti-inflammatory; insulin regulation; 

adiposity reduction), and Why they are used and which emerging diseases (such as 

metabolic and inflammatory disorders) these probiotics are intended to target (Almeida et 

al., 2020). 

The International Scientific Association of Probiotics and Prebiotics, in 2019, convened 

a panel of experts specialized in nutrition, microbial physiology, gastroenterology, 

pediatrics, food science and microbiology to review the definition and scope of the non-

viable microorganisms or their cell fragment and metabolites that had health benefits – 

hitherto known as inactivated probiotics, heat-inactivated probiotics, non-viable 

probiotics, dead probiotics, tyndallized probiotics, ghost probiotics, paraprobiotics, 

postbiotics, cell fragments, and cell lysates (Salminen et al., 2021; Vinderola et al., 2023). 

The need to convene this panel arose due to the lack of uniform terminology, which 

represented several inconveniences for the field, so standardizing the language used 

became urgent (Salminen et al., 2021). Later on, international scientific associations and 

key-industrial stakeholders advance a set of criteria that probiotic strains must meet the 

following criteria to be qualified in foods or dietary supplements, namely: (i) be thoroughly 

characterized; (ii) be safe for their intended use; (iii) be backed by at least one positive 

human clinical trial conducted according to accepted scientific standards or local/national 
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authority recommendations; and (iv) remain alive in the product at an effective dose 

throughout its shelf life. 

The concept of traditional probiotics stems from ancestral knowledge that regular 

consumption of lactic acid bacteria fermented dairy products was associated with 

improved health and longevity among the elderly in Bulgaria. This association led to the 

term “probiotics” being linked to beneficial bacteria for health promotion, although its 

precise definition has evolved over time (Azad et al., 2018; Chang et al., 2019; Tsai et al., 

2019). Current understanding suggests that chronic inflammation-related diseases are 

primarily due to gut microbiota dysbiosis, which is characterized by altered composition, 

reduced diversity and stability, and increased levels of lipopolysaccharide-containing, 

proinflammatory bacteria (Chang et al., 2019). These chronic inflammations can develop 

locally in the intestine and systemically throughout the host. Factors such as abnormal diet 

intake, antibiotic use, and changes in sanitation can contribute to this dysbiosis. To combat 

diseases related to gut microbiota dysbiosis and leaky gut syndrome, probiotics are 

considered an optimal choice. Probiotics can influence nutrition, metabolism, physiology, 

and immunity, thereby alleviating diseases and maintaining the host's health. Among 

traditional probiotics, several Lactobacillus spp. (belonging to Firmicutes) and 

Bifidobacterium spp. (Actinobacteria) are dominant (Chang et al., 2019; Tsai et al., 2019). 

However, most microorganisms inhabiting the human gut have remained unidentified 

due to their anaerobic nature, making them difficult to cultivate. Advances in modern 

microbiology, particularly polymerase chain reaction (PCR) of the 16S rRNA gene, next-

generation sequencing, and bioinformatics, have enabled the precise identification and 

detection of various bacterial strains in the gut. Recent developments in complete genome 

sequencing and culture techniques have facilitated the isolation and characterization of 

numerous novel microbes from the human microbiome with promising health benefits, 

leading to the concept of next-generation probiotics (Abouelela & Helmy, 2024). NGPs are 

defined as “living microbes identified through comparative microbiome investigations that 

confer health advantages to their host when consumed in appropriate amounts” (Morelli 

& Capurso, 2012). The term "probiotic" now includes more species beyond the well-

recognized lactic acid bacteria and bifidobacteria. NGPs, which include species with no 

history of use as probiotics, show potential in managing inflammatory diseases, cancer, and 

metabolic disorders and are likely to be regulated under drug frameworks (Cunningham et 
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al., 2021). Examples of NGPs include A. muciniphila, Roseburia intestinalis, Eubacterium 

spp., Faecalibacterium prausnitzii, and Bacteroides spp. (Abouelela & Helmy, 2024). 

Unlike traditional probiotics, NGPs offer physiological benefits, such as the production 

of folate, serotonin, indoles, and short-chain fatty acids (SCFAs) like butyrate, propionate, 

and acetate, all of which play significant roles in regulating the host's physiological 

phenotype. Transforming these novel species into industrially beneficial probiotics poses 

significant challenges due to their need for expensive, complex rich culture media and 

anaerobic conditions. Therefore, research in defining optimal fermentation and industrial 

processes for these species is a critical challenge(Cunningham et al., 2021). 

A. muciniphila, a symbiont microbe that lives in the human intestinal mucosal layer, is a 

promising next-generation probiotic. A. muciniphila plays a crucial role in boosting 

metabolic functions and strengthening immune responses. Additionally, A. muciniphila is 

garnering increasing attention, with numerous animal experiments corroborating its 

beneficial effects in multiple diseases. Figure 6 pinpoints a chronologic workflow of A. 

muciniphila, from its isolation to characterization and health-related outcomes.  

 

1.2.1.2. A muciniphila and gut microbiota ecosystem 

Various gut bacteria, including A. muciniphila, reside within the mucus layer and engage 

in intricate interactions. While some bacteria lack the ability to degrade mucin, they benefit 

from the presence of mucin-degrading bacteria. A. muciniphila generates sugars derived 

Figure 6. The research process of A. muciniphila focusing on infectious diseases. Taken from (Li et al., 
2024). 
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from mucus and short-chain fatty acids (SCFAs) like acetate and propionate. Non-mucus-

degrading bacteria such as Anaerostipes caccae, Eubacterium hallii, and Faecalibacterium 

prausnitzii utilize sugars degraded from mucin by A. muciniphila for their growth. Mucin 

degradation by A. muciniphila supports the growth of A. caccae and enhances butyrate 

production (Chia et al., 2018).  

A. muciniphila modulates the gut microbiota, fostering a more balanced microbial 

environment. It accomplishes this by lowering the abundance of Alistipes, Lactobacilli, 

Tyzzerella, Butyricimonas, and Blautia, while enhancing the populations of 

Ruminiclostridium, Oscillibacter, Allobaculum, Anaeroplasma, and Rikenella (Wu et al., 

2023). This modulation is driven by its capacity to use mucin as a nutrient source, which 

provides A. muciniphila with a competitive edge over other gut microbes and suppresses 

host genes associated with sterol (Davey et al., 2022). As a crucial regulator of microbiota 

homeostasis, the depletion of A. muciniphila during extended antibiotic use can lead to 

notable shifts in microbiota composition, specifically altering the A. 

muciniphilaceae/Lachnospiraceae ratio and impairing microbiome functionality (Chen et 

al., 2023). Furthermore, A. muciniphila positively influences the gut microbiome by 

decreasing the abundance of Enterobacteriaceae and Enterococcaceae, enhancing SCFAs 

production, and maintaining bile acid levels, which collectively contribute to mitigating 

Clostridioides difficile infection (Wu et al., 2022). It further encourages the growth of 

beneficial bacteria like Muribaculaceae while simultaneously decreasing harmful bacteria 

such as Escherichia_Shigella (Xu et al., 2023). 

1.2.1.3 A. muciniphila and intestinal mucosal barrier 

The thickness of the mucus layer in the intestine serves as a crucial gauge of intestinal 

permeability, which tends to decrease in cases of diet-induced obesity and IBD. Goblet cells 

secrete intestinal mucus, comprising roughly 20% protein and 80% carbohydrates, thereby 

acting as a substrate and nutrient source for A. muciniphila. This mucus can be categorized 

into two layers: an inner layer devoid of bacteria and a thicker layer inhabited by 

commensal bacteria (Johansson et al., 2008). Functioning as a physical barrier, the mucus 

prevents harmful agents and microorganisms from directly contacting epithelial cells and 

potentially entering circulation. 
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Thinner mucus layers and heightened gut permeability facilitate the translocation of 

lipopolysaccharide (LPS) from the intestine into circulation, consequently leading to 

inflammation and metabolic endotoxemia. Various studies indicate that A. muciniphila can 

enhance mucus thickness, thereby fortifying gut barrier integrity. Previous research 

unveiled that A. muciniphila colonization in mice fosters goblet cells, which were notably 

diminished due to colitis induced by C. rodentium infection (Mao et al., 2021). Additionally, 

studies have demonstrated that oral administration of viable or pasteurized A. muciniphila 

significantly increases the population of mucin-secreting goblet cells, thereby replenishing 

lost mucus during obesity (Everard et al., 2013). This increase in goblet cells is attributed to 

A. muciniphila stimulating mucus turnover rate (Everard et al., 2013). As A. muciniphila 

breaks down mucin into SCFAs, which are the preferred energy source for goblet cells, 

mucin synthesis can experience a significant boost. Conversely, the quantity of mucin can 

impact the abundance of A. muciniphila. Earley et al. proposed that the reduced presence 

of A. muciniphila, as observed in patients with UC, may be due to a deficiency in 

sulphomucin, a substrate utilized by A. muciniphila. This theory was supported by the 

correlation observed between inflamed mucosa and diminished sulphomucin levels in 

acute UC patients (Earley et al., 2019). However, the absence of sulphomucin is unlikely to 

be the sole contributing factor, as changes in glycosylation and reduced MUC2 mucin levels 

may also influence microbial survival (Larsson et al., 2011). Consistent with these findings, 

a prior study conducted by their team demonstrated that mice colonized with A. 

muciniphila exhibited significantly increased goblet cell numbers in the colon, leading to 

upregulated expression of genes encoding mucin, including muc1, muc5, and muc13. These 

findings suggest a protective role of A. muciniphila against colitis by regulating the mucus 

barrier in the gut (Everard et al., 2013). 

Furthermore, A. muciniphila extracellular vesicles (AmEVs), composed of lipid, protein, 

lipopolysaccharides, and other molecules, have been shown to regulate intestinal barrier 

permeability by modulating tight junction protein expression. Administration of AmEVs 

promotes the expression of major tight junction proteins responsible for maintaining 

barrier integrity, thus mitigating reductions observed during HFD treatment (Everard et al., 

2013). This improvement is likely mediated by Amuc_1100 activating TLR2, a receptor 

responsible for regulating tight junction proteins such as occludin (Everard et al., 2013). In 

vitro studies indicate that AmEVs enhance Caco-2 cell barrier integrity via AMPK activation, 
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possibly facilitated by increased SCFA levels (Gonzalez et al., 2019). Additionally, A. 

muciniphila has been observed to up-regulate occludin and ZO-1 in Apoe-/- mice, thereby 

mitigating inflammation and endotoxemia induced by a Western diet (Li et al., 2016). 

1.2.1.4. A. muciniphila and gut mucosal immunity  

The intestinal barrier comprises both physical diffusion and immunological components 

that contribute to maintain gut health (Söderholm & Perdue, 2001). A. muciniphila plays a 

significant role not only in maintaining the physical barrier but also modulates immune 

responses within the gut. 

Adaptive immune cells, particularly through immunoglobulin (Ig) A, play a crucial role 

for preserving the integrity of the intestinal mucosal barrier and the immune homeostasis 

in the gut (Belkaid & Harrison, 2017). While T cells can recognize a broad spectrum of 

intestinal microorganisms independently of IgA activity, they rely on IgA activity to identify 

a specific subset of microbes (Bunker & Bendelac, 2017). Traditionally, IgG activity was 

thought to restricted to instances of compromised mucosal barriers or the presence of 

pathogens (Zeng et al., 2016). However, recent in vivo research has unveiled that T cells are 

broadly activated in response to gut microbiota through pathways independent of anti-

IgG2b and IgG3, predominantly reliant on the presence of TLRs (Kristi et al., 2017). Certain 

gut microbes strains can elicit antigen-specific T cell responses despite the myriad of 

foreign bacterial antigens encountered during intestinal equilibrium (Xu et al., 2018). 

Emerging evidence suggests that abnormal T cell responses are implicated in IBD (Noble et 

al., 2019), and it is believed that anti-commensal T cell responses play a critical role in 

controlling intestinal infections (Castro-Dopico et al., 2019).  

A. muciniphila has been shown to induce immunoglobulin G1 (IgG1) and specific T cell-

related responses in mice. These T-cell-dependent responses occur independently of 

follicular T-cells, highlighting the crucial interaction between the microbiota and host 

immunity during gut homeostasis (Ansaldo et al., 2019). Additionally, A. muciniphila 

triggers the production of specific IgG1 antibodies through B cells, aided by T-follicular 

helper (TFH) cells induced in mesenteric lymph nodes that migrate to the lamina propria 

(Ansaldo et al., 2019). This bacterium also promotes the differentiation of CD4+ T cells into 

the TFH lineage, supports the in vivo expansion of regulatory T cells (Tregs), and prevents 
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colitis in mice (Kuczma et al., 2020). Furthermore, A. muciniphila abundance correlates 

positively with an expansion of the T-helper 17 (Th17) cells in the caecal and colonic 

mucosa, as well as with IgA-coated bacteria in fecal contents of spondylarthritis rat models 

(Asquith et al., 2016). 

Recent studies have explored the interaction between A. muciniphila and macrophages, 

which are essential for pathogen destruction and tissue repair in inflammation. A. 

muciniphila can modulate macrophage polarization, a process in which these cells exhibit 

remarkable plasticity depending on local signals cells (Shapouri-Moghaddam et al., 2018). 

Macrophages are typically classified into two phenotypes: pro-inflammatory M1 

macrophages, polarized by LPS or Th1 cytokines (e.g. IFN-γ) which produce pro-

inflammatory mediators (e.g. IL-1β, IL-6, IL-12, IL-23, and TNF-α); and anti-inflammatory 

M2 macrophages, and polarized by Th2 cytokines (e.g. IL-4 and IL-13) which release anti-

inflammatory cytokines (e.g. IL-10 and TGF-β) (Shapouri-Moghaddam et al., 2018). 

An outer protein membrane of A. muciniphila called Amuc has been the focus of 

experimental studies. In a study exploring its role in modulating the immune 

microenvironment for gastric cancer treatment, Fang and colleagues reported that Amuc 

promoted the expression of macrophage proinflammatory factors such as IL-23 and TNF-α 

and inhibited the expression of TGF-β, ultimately promoting M1 polarization and inhibited 

M2 polarization (Fang et al., 2024). Another recent study supported this finding by showing 

that the acute stimulation of macrophages with live A. muciniphila induced a pro-

inflammatory M1 phenotype (Peña-Cearra et al., 2024). However, contradictory results 

have emerged regarding the macrophage phenotypes influenced by A. muciniphila in 

different IBD contexts. In one study, IL-10 knockout mice gavaged with a daily dose of 

2x108CFUs of A. muciniphila  showed increased IL-6 production in bone marrow-derived 

macrophages, indicative of an M1 response (Zheng et al., 2023). In contrast, another study 

found that oral administration of an A. muciniphila-secreted protein (P9) for 8 weeks led to 

an increased number of M2 macrophages in C57BL/6J mice (Zheng et al., 2023). These 

findings suggest that A. muciniphila’s influence on macrophage polarization depends on 

the context of immune stimulation. Further studies are needed to understand in which 

contexts the M1 and M2 phenotypes are favored. 

Overall, previous studies have demonstrated that A. muciniphila enhances gut health by 

improving by intestinal barrier integrity, increasing mucus layer thickness, and promoting 
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epithelial connectivity. These immunomodulatory effects highlight the critical role of A. 

muciniphila to maintain gut homeostasis and protect against various diseases.  

 

 

1.2.2. A. muciniphila and inflammatory bowel disease 
 

The gut microbiota plays an indisputable role in the development of IBD, making the 

modulation of gut microbiota one of the most promising challenges within IBD therapy (Lee 

& Chang, 2021; Liu et al., 2020). 

Numerous case-control studies have consistently shown a significant decrease in the 

relative abundance of A. muciniphila in both UC and CD patients compared to healthy 

controls, although one study reported an opposite trend in a subset of CD patients 

(Abdulkhakov et al., 2021; Png et al., 2010; Presti et al., 2019; Zhang et al., 2020). 

A. muciniphila demonstrates anti-inflammatory properties within the intestinal 

microenvironment, an area of active exploration within IBD research. Among the proposed 

mechanisms, the production of SCFAs has been extensively investigated. SCFAs have been 

shown to mitigate colitis by increasing the population of regulatory T cells expressing 

forkhead box P3 (Foxp3+) in the colon and by activating the G-protein coupled receptor 43 

(GPR43) present on immune cells and colonic epithelium (Kim et al., 2019; Maslowski et 

al., 2009). Studies by Wang et al. and Bian et al. demonstrated that administration of A. 

muciniphila could ameliorate dextran sulfate sodium (DSS)-induced colitis in mice by 

reducing levels of macrophages and CD8+ cytotoxic T lymphocytes in the colon and 

downregulating pro-inflammatory cytokines and chemokines, respectively (Masotti et al., 

2019; Wang et al., 2020; Bian et al., 2019). Additionally, A. muciniphila administration has 

been shown to enhance intestinal stem cell proliferation and promote differentiation of 

Paneth and goblet cells in both healthy mice and those with gut damage (Kim et al., 2021). 

A. muciniphila also reinstated the mRNA expression of tight junction proteins such as 

zonulin-1, occludin, and claudin-1 in mouse models of DSS-induced colitis. This restoration 

led to a reduction in gut permeability and a reshaping of the intestinal microbiota towards 

eubiosis. These beneficial effects were attributed to the administration of Amuc:2109, a β-

acetylaminohexosidase secreted by this microorganism (Qian et al., 2022). 
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Conversely, an increased abundance of A. muciniphila has been reported in preclinical 

models of IBD. Intriguingly, administration of A. muciniphila to mice with non-DSS-induced 

colitis exacerbated symptoms. Similarly, in a mouse model with a background microbiota 

of eight bacterial species, A. muciniphila administration worsened symptoms of 

Salmonella-typhimurium-induced gut inflammation. Additionally, A. muciniphila may have 

contributed to the worsening of colitis in IL10−/− mice (Ganesh et al., 2013). The varied 

effects of A. muciniphila could be interpreted in multiple ways, potentially influenced by 

the different mouse models used. It can be speculated that the increased abundance of A. 

muciniphila in colitis models might represent either a causative factor or a reactive 

response. Interestingly, when A. muciniphila was administered in IL-10 −/− mice colonized 

with a simplified human gut microbiota, it did not promote inflammation, suggesting the 

involvement of other environmental conditions (Ring et al., 2019; Seregin et al., 2017). 

Lastly, there is limited research on the predictive effect of A. muciniphila after FMT in 

IBD patients. Zhang et al. demonstrated that washed microbiota transplantation (WMT) 

significantly increased the colonization rate of A. muciniphila. Moreover, there was a 

positive correlation between the abundance of A. muciniphila in patients and donors after 

WMT, suggesting its potential role as a predictive factor of WMT efficacy. Similar findings 

were reported by Kump et al. in treatment-refractory UC patients, where donors with 

higher bacterial richness and relative abundance of A. muciniphila, Ruminococcaceae, and 

Ruminococcus spp. were more likely to induce remission. Particularly, A. muciniphila was 

nearly absent in baseline samples but significantly increased the day after FMT in patients 

achieving remission (Kump et al., 2017; Zhang et al., 2020). 

In conclusion, although current evidence presents conflicting findings to some extent, it 

suggests a potential role for A. muciniphila in the treatment of IBD (Zhang et al., 2021). 
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1.2.3. Challenges of A. muciniphila culture and delivery methods 

While A. muciniphila holds promise as a potential therapeutic agent for various health 

conditions, there are several challenges associated with its culture and delivery methods, 

including: 

Culturing difficulties: A. muciniphila can be challenging to culture in laboratory settings 

due to its fastidious growth requirements and sensitivity to oxygen. Maintaining optimal 

culture conditions to ensure viability and purity is essential but can be technically 

demanding (Diaferia et al., 2023; Meng et al., 2024).  

Limited viability: A. muciniphila may have limited viability outside its natural habitat in 

the gut, particularly during storage, transportation, and manufacturing processes. Ensuring 

the viability and stability of live cultures in formulations presents a significant challenge for 

the development of probiotic products (Diaferia et al., 2023; Ouwerkerk et al., 2017). 

Specific growth substrate: A. muciniphila primarily feeds on mucin, the glycoprotein 

present in the gut mucosal layer. Mimicking this complex substrate in laboratory media or 

designing delivery vehicles that effectively deliver mucin-like compounds can be 

challenging and may impact the growth and viability of the bacterium (Diaferia et al., 2023; 

Ropot et al., 2020). 

Gut colonization: Delivering A. muciniphila to the gut and ensuring its successful 

colonization poses a challenge. Factors such as competition with resident microbiota, host 

immune response, and environmental conditions within the gastrointestinal tract can 

influence the colonization efficiency of exogenously administered bacteria (Diaferia et al., 

2023; Ropot et al., 2020). 

Delivery methods: Identifying effective delivery methods to ensure the targeted delivery 

of live A. muciniphila to the gut is crucial. Various delivery vehicles, such as capsules, 

powders, beverages, or food matrices, need to be optimized to protect the bacteria from 

gastric acidity and bile salts and facilitate their release in the intestine (Diaferia et al., 2023; 

Druart et al., 2021; Ropot et al., 2020).  

Regulatory considerations: Regulatory requirements for the development and 

commercialization of live biotherapeutic products, including probiotics containing A. 

muciniphila, can be stringent. Meeting safety, efficacy, and quality standards established by 

regulatory agencies adds complexity and costs to the development process. In 2021, the 
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European Food Safety Authority verified the safety of pasteurized A. muciniphila and 

granted approval for its utilization as a novel food source (Turck et al., 2021). 

Addressing these challenges requires interdisciplinary efforts involving microbiologists, 

bioengineers, clinicians, regulatory experts, and industry partners. Advanced technologies, 

such as synthetic biology, microencapsulation, and targeted drug delivery systems, may 

offer innovative solutions to overcome these hurdles and harness the therapeutic potential 

of A. muciniphila for improving human health. 

1.2.4. Strategies to enhance A. muciniphila abundance 

1.2.4.1. Supplementation with viable A. muciniphila 

Supplementing with viable A. muciniphila has been a subject of research for nearly two 

decades, yet there is a scarcity of direct human studies on A. muciniphila supplementation, 

particularly for patients with IBD. Nevertheless, numerous intervention studies on mice 

have shown significant protective effects of A. muciniphila against intestinal inflammation. 

Bian et al. conducted a study focusing on viable A. muciniphila, dividing mice into three 

groups: the control group (CP), experimental group (DP), and A. muciniphila group (AKK). 

In this study, 2% (wt/vol) DSS was administered in the drinking water of DP and AKK groups 

for 7 days (day 0-6) before returning to normal water. A. muciniphila was exclusively 

administered to the AKK group through oral gavage for 14 consecutive days (day -7 to day 

7). Their findings supported the modulatory role of A. muciniphila in barrier function, 

demonstrating the alleviation of DSS-induced colitis symptoms (e.g., weight loss, colon 

shortening) following A. muciniphila administration in mice (Bian et al., 2019; Turck et al., 

2021). Moreover, A. muciniphila improved gut microbial composition by promoting species 

such as A. muciniphila and Rikenellaceae, although some studies yielded inconsistent 

results regarding changes in gut microbiota profile (aside from A. muciniphila itself) (He et 

al., 2022). Similar experimental designs were employed to assess the effects of varying 

concentrations of A. muciniphila on different mice models: a lower daily dose of A. 

muciniphila (1× 109 - 2× 109 CFU) was found to alleviate colitis in BALB/c and AAA mice, 

respectively (He et al., 2022; Mao et al., 2021). Additionally, APOE-/- and E3L.CETP mice fed 

a Western diet experienced reduced intestinal permeability and systemic inflammation 

after 8 weeks and 4 weeks of A. muciniphila supplementation, respectively, as 
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demonstrated by studies conducted by Li et al. and Katiraei et al (Katiraei et al., 2020; Li et 

al., 2016). 

1.2.4.2. Supplementation with pasteurised or heat-killed A. muciniphila 

In addition to live A. muciniphila, there is growing interest in researching pasteurized 

and heat-killed forms of A. muciniphila, along with Amuc_1100, to assess their abilities in 

regulating gut microflora and mucosal functions. In a study by Everard et al., mice fed either 

a standard or HFD were administered either live A. muciniphila MucT (ATTC BAA-835, 2.108 

cfu/0.2mL) or heat-killed A. muciniphila via oral gavage. The group treated with live A. 

muciniphila exhibited a significantly higher abundance of viable bacteria of interest in their 

caecal and colonic content compared to counterparts in the HFD and heat-killed bacteria 

group. Furthermore, heat-killed A. muciniphila was unable to restore colonic mucus 

impairments or metabolic defects induced by a HFD and obesity. While live A. muciniphila 

mitigated HFD-induced metabolic endotoxemia and reduced mucus layer thickness, heat-

killed A. muciniphila did not yield significant improvements, suggesting the necessity of A. 

muciniphila being alive to exert its regulatory effect on the mucosal barrier (Everard et al., 

2013). 

Wang et al. investigated the effects of pasteurization-inactivated A. muciniphila on 

attenuating colitis development and associated tumorigenesis. They administered 1.5×108 

CFU of pasteurized A. muciniphila to mice models of colitis or colorectal cancer induced by 

DSS and azoxymethane. Results from qPCR, 16S rRNA sequencing, and flow cytometry 

confirmed that pasteurized A. muciniphila positively influenced the host's immune system 

by reducing infiltrating macrophages and decreasing proportions of CD8+ cytotoxic T 

lymphocytes in the colon, ultimately ameliorating colitis in mice. These findings suggest 

that pasteurized A. muciniphila holds promise as a preventive and therapeutic strategy for 

IBD (Wang et al., 2020). 

1.2.4.3. Supplementation with probiotics 

Administering various strains of probiotics has been shown to promote the abundance 

of A. muciniphila. Alongside direct administration of A. muciniphila, a single probiotic 

treatment with Lactobacillus pentosus in mice with DSS-induced colitis increased A. 
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muciniphila abundance. This treatment also alleviated inflammatory cell infiltration, and 

colonic injuries caused by colitis, thereby impeding disease progression (Ma et al., 2020). 

Similarly, other members of the Lactobacillus species have been extensively researched as 

promising probiotics to regulate gut microbiota and enhance intestinal health, although 

not all strains have been directly associated with promoting A. muciniphila or improving 

IBD. For instance, Lactobacillus plantarum strain WCFS1 has been found to enhance TLR2 

signaling activities and bolster mucosal barrier integrity in the gut (Karczewski et al., 2010). 

This modulation could potentially correlate with an increase in A. muciniphila levels. Recent 

research supported this notion by demonstrating that four weeks of daily administration 

of 3 × 1010 CFU of Lactobacillus plantarum to healthy triathletes significantly boosted A. 

muciniphila abundance (Huang et al., 2020). 

Several probiotic combinations have also been identified as capable of restructuring gut 

microbiota composition and consequently ameliorating IBD. A combination of 

Bifidobacterium infantis, Lactobacillus acidophilus, Enterococcus faecalis, and Bacillus 

cereus collectively enhances A. muciniphila abundance, nearly restoring gut microflora to 

a normal state (Chen et al., 2020). Another study revealed that administering 

Bifidobacterium animalis subsp. lactis LMG P-28149 or a mixture with Lactobacillus 

rhamnosus for 14 weeks can rebalance host gut microbiota composition and significantly 

elevate A. muciniphila abundance. Furthermore, this mixture enhances the production of 

SCFAs like butyrate and acetate, which may promote mucin growth and consequently 

contribute to an increase of A. muciniphila levels, bringing favorable changes to host 

intestinal immunity. It's noteworthy that the protective effect of the mixture is likely 

attributed to Bifidobacterium animalis subsp. lactis, as administering Lactobacillus 

rhamnosus alone decreased A. muciniphila abundance (Alard et al., 2016). 

1.2.4.4. Supplementation with prebiotics 

Prebiotics are dietary substances that stimulate the growth or activity of specific species 

in the gut microbiota, leading to beneficial effects for the host. Bu et al. investigated the 

effects of 7-day prebiotic administration on the gut microbiota of mice. Interestingly, mice 

treated with the total flavone of Abelmoschus Manihot (TFA), a prebiotic of A. muciniphila, 

exhibited a direct dose-dependent promotion of A. muciniphila within a certain range. 
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Moreover, the inhibitory effect on pro-inflammatory cytokines was enhanced with 

increased concentrations of TFA, consequently contributing to improved gut barrier 

permeability and immunity. Notably, experimental colitis reduced the mRNA expression of 

KLF4, MUC2, and ZO-1. KLF4 is a transcription factor associated with intestinal cell 

proliferation, especially goblet cells. Mucin MUC2 blocks pathogens in the gut lumen, and 

deficiency in MUC2 leads to the destruction of the symbiotic bacterial habitat. ZO-1 is 

involved in maintaining the integrity of the gut barrier and contributes to the recruitment 

of other components during the assembly of tight junctions. Treatment with TFA improved 

the expression of KLF4, MUC2, and ZO-1 (Bu et al., 2021). 

Hyaluronan, a glycosaminoglycan polymer, has also demonstrated prebiotic properties 

by maintaining gut homeostasis and ameliorating IBD symptoms. Previous studies have 

shown that hyaluronan attenuates C. rodentium-induced colitis by increasing A. 

muciniphila abundance, promoting the expression of antimicrobial peptides, restoring gut 

microbiota composition, and subsequently protecting against C. rodentium infection (Bu et 

al., 2021). 

Dietary supplements of prebiotics have been extensively investigated for their effects 

on promoting A. muciniphila. For instance, vitamin D3 supplementation has been found to 

promote A. muciniphila, along with other beneficial probiotics such as Bifidobacterium, in 

healthy human participants. Additionally, intake of inulin, a fermentable fructo-

oligosaccharide, has been associated with increased levels of A. muciniphila in both healthy 

and obese individuals. Another study revealed that anthocyanin-containing purple 

potatoes in the diet alleviated DSS-induced colitis, significantly increasing A. muciniphila 

abundance (Roopchand et al., 2015; Wu et al., 2021). 

Administration of dietary polyphenols, natural antioxidants with significant 

antimicrobial properties, has yielded inconsistent results in mice studies. While some 

polyphenols like those found in Concord grapes and green tea promoted A. muciniphila 

abundance and attenuated colitis symptoms, others did not induce significant changes 

(Axling et al., 2012). These results suggest that the effects of dietary PPs may depend on 

their sources, doses and presentations (Zhang et al., 2020). 
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1.3. Polyphenols and A. muciniphila modulation: A novel approach for IBD 

management?  

1.3.1. Polyphenols: Chemistry and dietary sources 
 

The health benefits of natural food products have long been recognized, but given their 

increasing importance, studies on plant’s secondary metabolites have significantly rise over 

the last decade, and they are drawing attention for their capacity to improve human health 

(Rasouli et al., 2017). 

Polyphenols (PPs) are bioactive compounds found in fruits and vegetables (plant-based 

foods) contributing to their colour, flavour and pharmacological activities (Yahfoufi et al., 

2018). These phytochemicals are recognized for their pivotal role in plant adaptation to the 

natural environment facilitating essential life functions such as growth, development, 

respiration, storage, and reproduction(Rasouli et al., 2017). Briefly, PPs constitute a large 

group of bioactive phytochemicals and include multiple sub-classes such as flavonoids, 

phenolic acids, stilbenes, lignans, curcuminoids, coumarins and tannins, as presented in 

Figure 7 (Jamieson et al., 2023).  

PPs are characterized by multiple phenolic units, comprising over 8000 structural 

varieties identified, ranging from small molecules like coumarins to larger ones like tannins 

(Jamieson et al., 2023). Although simple phenolic acids technically do not qualify as PPs due 

to their single phenol group, their structural resemblance and abundance alongside PPs in 

nature and human metabolism justify their inclusion in discussions about PPs (Jamieson et 

al., 2023). 
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Phenolic compounds can be broadly categorized into two main groups: flavonoids and 

non-flavonoids. The distinctive feature of phenolic compounds is the presence of one or 

more aromatic rings with hydroxyl groups attached to them (Rasouli et al., 2017). 

The dietary sources of polyphenol vary depending on the specific compound, as outlined 

in the examples provided below and detailed in the Table 1.  

 

 

 

 

 

 

Figure 7. Classification and chemical structures of (poly)phenols. Taken from (Jamieson et al., 2023). 
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Table 1. Main dietary sources of polyphenols by specific compound. Adapted from (Luca et al., 2020) 

POLYPHENOL SUBCLASS MAIN DIETARY SOURCES 

RESVERATROL Stilbene 
Specific fruits: grapes, berries and peanuts (high 

variability of its content) 

CURCUMIN Curcuminoid Turmeric rhizome 

QUERCETIN Flavonoid (Flavonols) 
Lettuce, pepper, onion, black chokeberry, tomato, 

broccoli and apple 

RUTIN Flavonoid (Flavonols) 
Fruits and vegetables, namely buckwheat, grapes, 

apples, berries, citrus fruits, capers, onions, 
asparagus and rooibos tea 

DAIDZEIN 
GENISTEIN 

Flavonoids 
(Isoflavones) 

Soy (daidzin and genistin) 

ELLAGITANNINS Tannins (hydrolyzable) 
Fruits (pomegranate, raspberry, blueberry, 

blackberry), nuts (walnuts, hazelnuts, pecans), 
honey and certain medicinal plants (geranium, oak) 

PROANTHOCYANIDINS Tannins (condensed) 
Cinnamon bark, sorghum grains, grape seeds, 
baking chocolate, chokeberries and hazelnuts, 

blueberries, apples, pears and red wine 

. 

 
 

1.3.2. Polyphenols: ADME and biological activities  
 

The absorption, distribution, metabolism and excretion (ADME) of PPs is a complex but 

vital field for understanding the biological effects of each polyphenol. 

The absorption and metabolism of PPs are conditioned by their chemical structure 

including glycosylation or degree of polymerization, molecular size, and solubility. Unlike 

PPs administered as supplements that are likely to have greater bioavailability, PPs present 

in foods are usually present as complex mixtures and exist mainly as esters, glycosides or 

polymers, which are not easily absorbed. The majority of PPs are hydrolytically converted 

into their matching aglycone in the stomach or small intestine where they are absorbed by 

passive diffusion. Once the absorption has occurred, the metabolic transformation is driven 

by phase I and II detoxifying enzymes with the purpose of producing glucuronides and 

sulfates. Lastly, a variable proportion of conjugated PPs is eliminated through urine or bile, 

where they re-enter the small intestine (Jamieson et al., 2023). 

The bioavailability of PPs depends on their transformation in the gastrointestinal tract 

and their bioaccessibility. The first refers to the amount of compound that remains 
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bioactive in the intestinal phase after the digestive process, whereas bioaccessibility is the 

amount of the active compound available for absorption. The PPs bioavailability varies 

significantly among their different classes and ranks as follows, from the highest to the 

lowest bioavailability: phenolic acids > isoflavones > flavonols > catechins > flavanones, 

proanthocyanidins > anthocyanins (Lorenzo et al., 2021).  

Curcumin is known for its poor solubility in water, chemical instability and low 

pharmacokinetic profile. Although being recognized as effective and safe, its therapeutic 

potential is still up for debate due to its poor bioavailability in humans, even at high doses 

(up to 12g/day). The major factors contributing to the low bioavailability of curcumin are 

the limited absorption in the small intestine, extensive metabolism in the liver and 

elimination through the gall bladder (Lorenzo et al., 2021). Curcumin undergoes extensive 

phase I and II biotransformation, primary in the liver but also in the intestine, namely by 

gut microbiota. Even though it presents poor oral bioavailability, curcumin can cross the 

blood-brain barrier due to its lipophilicity. Therefore, is able to reach the brain in 

biologically effective concentrations promoting neuroprotection (Lorenzo et al., 2021). 

Research acknowledges that a PP-rich diet protects against chronic pathologies by 

modulating numerous physiological processes, such as cellular redox potential, enzymatic 

activity, cell proliferation and signaling transduction pathways (Luca et al., 2020). There is 

a comprehensive list of the various ways polyphenols can impact human health, 

highlighting their versatility and potential therapeutic benefits across different 

physiological systems. This list includes immunologic modulation and anti-inflammatory 

properties, antioxidant and free radical scavenging properties, anti-atherosclerosis and 

cardio protection, neuroprotective effects on anti-aging and neurodegenerative diseases, 

antimutagenic/anticarcinogenic properties, improvement of endothelium functions, 

protective effect on immune cell functions, antiallergic activity, antidiabetic effects, 

regulation of cell cycle progression, modulation of hormonal effects and contraceptive 

activity (Fraga et al., 2019). 
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As demonstrated by several studies, PPs exhibit immune-modulating effects through 

diverse mechanisms. Some PPs can impact immune cells population, modulate the 

expression of inflammatory genes and affect cytokine production, while others can 

scavenge radicals, chelate metal ions, inhibit ROS production and promote ROS 

detoxification, promoting an anti-inflammatory effect (Yahfoufi et al., 2018), as presented 

in Figure 8. 

1.3.3. Polyphenols and inflammatory bowel disease  

By reducing oxidative stress and inflammation, PPs may lower the risk of chronic 

diseases such as cardiovascular disease, cancer or chronic inflammatory conditions such as 

IBD. Quercetin, for instance, regulates gene expression, has anti-proliferative and 

antiallergy effects and fights influenza A virus, among other well-known health-benefits 

(Rasouli et al., 2017). Dabeek & Marra reviewed a great number of studies regarding the 

effectiveness of quercetin on hypertension, inflammation, and cardiovascular risk. They 

found out that quercetin supplements as low as 150mg of aglycone were effective in 

reducing blood pressure in individuals, as well as oxidative stress and vascular damage 

Figure 8. Key molecular targets of polyphenols important in IBD and proposed systemic effects. 
Taken from (Jamieson et al., 2023). 



 

34 

markers. Moreover, they concluded that the most effective dose in lowering inflammatory 

markers, TNF-α and IL-6 was 500 mg of aglycone (flavonols in their free forms) (Dabeek & 

Marra, 2019). 

Cytokines are important cellular mediators with pro and anti-inflammatory effects. Both 

in vivo and in vitro studies demonstrated that PPs affect macrophages through inhibition 

of multiple key regulators of inflammatory response such as TNF-α, IL-1-β, and IL-6 (pro-

inflammatory cytokines), reducing inflammatory states (Yahfoufi et al., 2018). 

The antioxidant properties of PPs are mainly mediated by ability to down-regulate the 

nuclear factor NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells), 

modulating crucial cell signaling pathways involved in inflammation and cancer (Mileo et 

al., 2019). NF-κB is a complex protein that plays a key role in deoxyribonucleic acid (DNA) 

transcription, cytokine production and cell survival. It controls immune responses, 

inflammation, cellular stress, proliferation and apoptosis. A great number of studies have 

reported that NF-κB signaling pathways are closely related to cancer metastasis. PPs have 

been shown to inhibit NF-kB, disrupting the metastatic potential of cancer, possibly 

offering huge benefits in controlling inflammatory condition (Yahfoufi et al., 2018). 

Given their broad biological activity and minimal side effects, PPs have emerged as 

promising therapeutic agents for IBD, being a hot topic in biomedical research. They 

possess the capacity to alleviate inflammation, shield cells from damage, alter cellular 

communication, and influence factors implicated in IBD progression (Jamieson et al., 2023; 

Niedzwiecki et al., 2016; Yahfoufi et al., 2018). 

1.3.4. Bilateral relationship between polyphenols and gut microbiota 

Research over the years has led to the conclusion that PPs and the gut microbiota share 

a bilateral relationship. PPs can modulate the composition and activity of gut microbiota 

(Bao et al., 2020), bolstering beneficial bacteria and inhibiting harmful ones (Makarewicz 

et al., 2021). In exchange, gut microbiota can metabolize PPs into bioactive compounds 

that praise their health benefits, for example, their antioxidant and anti-inflammatory 

effects (Fraga et al., 2019). This reciprocal relationship is crucial for maintaining gut health 

and the general well-being of individuals. 
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1.3.4.1. Polyphenols and bacterial catabolic pathways  

Undigested and unabsorbed PPs are thought to reach the large intestine and impact the 

bacteria inhabiting there and only these can undergo enzymatic biotransformation 

(Makarewicz et al., 2021). This biotransformation process results in metabolites with 

greater bioavailability and variable pharmacological properties compared to the parent 

compound (Jamieson et al., 2023).  

Gut microbiota transformations can be grouped into three major catabolic pathways: 

hydrolysis (O-deglycosylations and ester hydrolysis), cleavage (C-ring cleavage; 

delactonization, demethylation), and reductions (dehydroxylation and double bond 

reduction) (Espín et al., 2017; Makarewicz et al., 2021): 

a) Hydrolysis – Gut microbiota can deconjugate the native PPs releasing the 

corresponding aglycones that are better absorbed (Espín et al., 2017). Anthocyanidins, 

plant pigments responsible for flower, fruit and vegetable color are an important class of 

flavonoids. Anthocyanidins are generally present in the form of glycosides, called 

anthocyanins, and then suffer hydrolytic conversion into their corresponding 

anthocyanidins (Makarewicz et al., 2021).  

Some dietary polyphenols, like isoflavones, can suffer glycosylation. Generally, the first 

step in isoflavones’ biotransformation is glycoside hydrolysis by the bacteria in the gut, 

which release the aglycon fraction, improving the absorption rate. For example, daidzin 

(daidzein 7-O-glycoside) can be hydrolyzed to daidzein by Eubacterium ramulus 

(Makarewicz et al., 2021). 

b) Ring-cleavage and carbon removal from side chains A – These catabolic reactions 

are carried out under the anaerobic conditions of the gut by the enzymatic activities of 

bacteria such as Clostridium and different Coriobacteriaceae. The aglycones released by 

the hydrolases are then catabolized through C-ring cleavage, in the case of flavonoids 

(Espín et al., 2017). 

c) Reductions – Gut microbes also catalyze different reduction reactions of PPs, 

including hydrogenation of double bonds, carbonyl reductions and specific 

dehydroxylations (Espín et al., 2017). The conversion of caffeic acid into 3’,4’-dihy 

droxyphenyl propionic acid is an emblematic hydrogenation reaction (Espín et al., 2017). 
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Another catabolic pathway is metabolic activation, which consists in breaking down PPs  

into bioactive metabolites, as the case of isoflavones (Steinert et al., 2016). Daidzein and 

genistein, isoflavones, are bioactivated through Slackia isoflavoniconvertens, which is 

responsible for the formation of EQUOL (bioactive metabolite) and 5-hydroxy-equol, 

respectively (Makarewicz et al., 2021). 

1.3.4.2. Polyphenols and prebiotic effects  

Polyphenols can trigger significant ecological shifts, resulting in major changes to the 

structure and functions of microbial ecosystems, thereby leading to the reconfiguration of 

alternative states (Costello et al., 2012). The polyphenol-induced shifts are evident in the 

formation of enterotype-like clusters within the gut microbiota. 

PPs possess the capacity to: i) open up ecological niches by inhibiting potential 

opportunistic pathogens; ii) restore the proper functioning of the mucosal epithelial barrier 

along with its immunological response; iii) decrease oxidative agents such as ROS and free 

radicals (Magrone et al., 2019). These three actions promote the proliferation of beneficial 

gut bacteria that confer health benefits to the host, thereby showcasing their indirect 

prebiotic-like effect. A notable instance of this phenomenon is observed in the case of A. 

muciniphila. 

Similar to carbohydrate-associated enzymes utilized by prebiotic-stimulated bacteria, 

many beneficial bacterial genomes encode a variety of polyphenol-associated enzymes 

(PAZymes) specifically involved in metabolizing PPs (Arumugam et al., 2011; Ley et al., 

2008). When PPs are present, bacteria producing PAZymes can utilize these compounds to 

enhance their fitness and persistence in intestinal environments (Bäckhed et al., 2007; Shin 

et al., 2015). Accordingly, PPs have been shown to increase the growth and settlement of 

the probiotic bacterial families such as Bifidobacteriaceae and Lactobacillaceae, to name 

just a few  (Plamada & Vodnar, 2022). In addition, they can also stimulate the production 

of mucus by Paneth cells, maintaining or improving the mucosal lining (Qiu et al., 2022; Ray 

& Mukherjee, 2021). In vitro cultures with PPs also showcase the ability of PPs to enhance 

total and individual SCFAs, end products of bacterial catabolism (Qiu et al., 2022). Notably, 

recent studies demonstrated the beneficial effect of PPs by stimulating bacteria such as A. 

muciniphila, in mice under diet supplemented with red grapes (Plamada & Vodnar, 2022). 
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Such a case may result from a reduced competition caused by PPs inhibitory action on 

opportunistic microbes. As such, it is an indirect stimulation and may not be considered a 

prebiotic effect, as its (poly)phenol-degrading ability has not been established (Rodríguez-

Daza et al., 2021a). 

One can consider that PPs exert their beneficial effects as prebiotic substrate, on the 

one hand, by increasing the growth and settlement of the probiotic bacterial families such 

as Bifidobacteriaceae and Lactobacillaceae and, on the other hand, by reducing the number 

of pathogenic bacteria such as Escherichia coli, Clostridium perfringens, and Helicobacter 

pylori, with subsequent health benefits. This mechanism is associated with modification in 

the permeability and the rigidity of the bacterial membrane through modifications of the 

bacteria ratio (beneficial/pathogenic), leading to a change in the composition of SCFAs, 

thus decreasing inflammation (Plamada & Vodnar, 2022). 

1.3.4.3. Polyphenols and antimicrobial effects 

The use of herbs dates to antiquity, when plants were recognized as having great healing 

properties and were widely spread within folk medicine, and well as used as natural food 

preservatives (Makarewicz et al., 2021). Studies in literature prove that herbs such as 

thyme, oregano, rosemary, sage and mint, and spices can inhibit Gram-positive and Gram-

negative bacteria, including pathogens (Makarewicz et al., 2021). 

Polyphenols grant the plants their antimicrobial activity. The antimicrobial mechanisms 

of PPs against bacteria depend on the polyphenol structure, the dosage assigned and the 

strain of microorganism (Makarewicz et al., 2021). Moreover, differences in cell wall 

composition render Gram-positive bacteria more sensitive to polyphenols (Corrêa et al., 

2019). 

PPs can exert their antimicrobial effects through several mechanisms, including the 

below detailed as the most important ones (highlighted in Figure 9): 

a) Reaction with proteins: PPs can bind to bacterial proteins and form soluble or 

insoluble complexes. Such bonds affect the function of both the polyphenol and the 

protein, causing changes in the protein structure, solubility, hydrophobicity, thermal 

stability, which can lead to the inactivation of essential enzymes and proteins, hindering 

the bacteria's ability to survive and reproduce (Makarewicz et al., 2021). 
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b) Inhibition of nucleic acid synthesis by bacterial cells or DNA damage: Flavonoids are 

inhibitors of topoisomerases, enzymes crucial for DNA replication and transcription, and 

play an important role in their antimycobacterial activity. By blocking topoisomerase, PPs 

inhibit the synthesis of nucleic acids leading to inhibition of bacteria functions and, 

ultimately, death (Makarewicz et al., 2021). Furthermore, PPs can damage bacterial DNA, 

leading to mutation or ultimately death (Makarewicz et al., 2021). 

c) Interaction with the bacterial cell wall or inhibition of cell wall formation: 

Differences in cell surface structures between positive and negative Gram species may 

affect their susceptibility to antimicrobial agents, therefore impacting on their 

antimicrobial activity strength. Gram-positive bacteria appear to be more sensitive to the 

action of phenolic acids than Gram-negative bacteria, as they lack an outer membrane, 

which smooths phenolic acid diffusion through cell wall, leading to intracellular 

acidification. The hyper acidification, alters the membrane permeability and potential 

disrupting the sodium-potassium ATPase pump resulting into cell death (Makarewicz et al., 

2021). Regarding the inhibition of cell wall formation, has already been demonstrated that 

quercetin and apigenin inhibit D-alanine ligase, a crucial enzyme for bacterial wall 

synthesis. In addition, they can inhibit the FabZ enzyme in H. pylori (Makarewicz et al., 

2021). 

d) Alteration of cytoplasmic membrane function: PPs can alter the properties of the 

bacterial cell membrane, such as permeability and fluidity. They have the ability to cause 

membrane dysfunction/damage, increase cell permeability and fluidity, which causes 

leakage of small intracellular constituents and eventual cell death (Makarewicz et al., 2021) 

e) Inhibition of energy metabolism: Many cellular metabolic processes count on ATP 

production and consumption, the universal energy exchange factor facilitates catabolism, 

anabolism, motile contraction, phosphorylation and active nutrients transport. The ATP 

production through phosphorylation or photophosphorylation depends on membrane 

bound F1F0ATP synthase, an enzyme from bacteria. Research has shown that morin, 

baicalein and epicatechin completely inhibit ATPase activity. Meanwhile, hesperidin, 

chrysin, kaempferol, diosmin, apigenin, genistein, and rutin partially inhibit ATPase activity 

by about 40-60% (Makarewicz et al., 2021). 

f) Changes in cell attachment and inhibition of biofilm formation: Biofilm is a 

collection of microbial cells attached to a surface, with bacteria integrated in a self-
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produced extracellular matrix of biopolymers. Its formation is crucial for most pathogenic 

bacteria and is linked to quorum sensing (QS) or cell-to-cell communication (Makarewicz 

et al., 2021). Curcumin acts as an anti-QS agent inhibiting biofilm formation of pathogens 

such as Escherichia coli, Pseudomonas aeruginosa PAO1, Proteus mirabilis and Serratia 

marcescens. It possibly interferes with their QS systems, disrupting biofilm maturation 

(Makarewicz et al., 2021). 

g) Substrate and metal deprivation: PPs, like proanthocyanidins, can chelate essential 

metal ions, and deprive the bacteria of the substrate required for their growth, especially 

essential mineral micronutrients such as iron and zinc. Both processes end up removing the 

nutrients and cofactors crucial to bacteria, impairing their metabolic functions and growth 

(Makarewicz et al., 2021). 

 

 

Figure 9. Modulation of gut microbiome by polyphenols: putative mechanisms. Taken from 
(Jamieson et al., 2023). 



 

40 

 

1.3.5. Polyphenols-mediated A. muciniphila modulation: Unveiling a 

putative duplibiotic effect in inflammatory bowel disease 

The direct actions of PPs on the microbiota induce shifts in bacterial ecology and 

promote symbiotic relationships that further shape the composition and function of the 

microbiota. Through successive catabolic processes, intestinal PAZymes-producing 

bacteria generate phenolic metabolites that can be utilized by other beneficial bacterial 

species in intricate trophic cross-feeding networks. Recent findings suggest that certain PPs 

can be metabolized and transformed by beneficial gut microbes, such as Lactobacillus 

plantarum (Jiang et al., 2015; Reverón et al., 2015), into bioactive phenolic metabolites that 

readily traverse cell membranes, reaching target tissues where they exert localized anti-

inflammatory effects. These metabolites have the potential to modulate the immune 

system, inhibit the growth of pro-inflammatory gut bacteria, and induce ecological shifts 

within the gut microbiota. Thus, the changes brought about by PPs in the microbiome 

highlight their duplibiotic nature, an elegant term proposed by Rodríguez-Daza et al. aimed 

to provide a complete description of the dual effects of certain PPs, promoting the growth 

of symbionts that are less metabolically adapted for PPs catabolization through 

concomitant prebiotic and antimicrobial effects (Rodríguez-Daza et al., 2021). Such 

bacteria resistant to PPs, as is the case of A. muciniphila, thrive following dietary intake of 

PPs, demonstrating their ability to withstand the antimicrobial effects and opportunistically 

occupy available ecological niches (Reverón et al., 2015). 

Several studies have reported the reduced colonization of the mucin-degrading A. 

muciniphila anaerobic bacteria in IBD patients that appear to correlate with poor clinical 

outcomes. Accordingly, pharmacological and nutraceutical strategies to boost A. 

muciniphila abundance has been in the spotlight.  

Polyphenols, phytochemicals with well-demonstrated prebiotic effects, confer benefits 

to intestinal dysbiosis and have been associated to improvements of IBD clinical scores. 

Strikingly, they combine direct prebiotic effects by promoting beneficial (poly)phenol-

transforming bacteria abundance with an antimicrobial action, more pronounced against 

oxygen-dependent (aerobic) bacteria, allowing beneficial anaerobic bacteria to thrive given 

https://loop.frontiersin.org/people/976973
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the reduced competition from aerobic species (Imlay, 2013), as is the case of A. 

muciniphila. Accordingly, exploring the duplibiotic nature of PPs and A. muciniphila 

abundance remodeling is promising to advance innovative IBD therapies. 
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CHAPTER II – AIMS  

A wealth of evidence highlights polyphenol’s ability to improve anaerobic A. 

muciniphila abundance and ameliorate IBD progression. However, it is still unclear whether 

this effect may parallel a duplibiotic behavior on IBD ecological niches. Moreover, a 

differential effect of polyphenols based on their chemical classes may occur, even though 

there is scarce information on this topic. In this work, we seek to:  

1. Scrutinize polyphenols duplibiotic behavior through the simultaneous 

characterization of A. muciniphila abundance and aerobic/anaerobic bacterial 

communities remodeling in IBD upon polyphenols supplementation, as well as on 

α and β gut microbiota diversity. 

2. To unveil the therapeutic potential of polyphenols supplementation on 3 key-

features of gut health and IBD physiopathology, namely gut barrier permeability, 

mucus balance, and immune response, as well as on inflammatory and oxidative 

stress markers and disease activity index (DAI) score. 
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CHAPTER III – METHODS 

This study is a scoping review conducted in accordance with the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses extension for scoping reviews (PRISMA-

ScR) and guided by the PRISMA-ScR checklist (Tricco et al., 2018). The protocol for this 

review was registered with the Open Science Framework 

(https://doi.org/10.17605/OSF.IO/ZQHCS). 

3.1. Research Question 

The research question for this scoping review was: "Can polyphenols improve intestinal 

A. muciniphila abundance in a duplibiotic fashion in IBD?”. 

3.2. Search Strategy  

The search strategy will be designed using the Participants-Concept-Context (PCC) 

framework, using keywords such as “Polyphenols”, “Phenolic”, “Flavonoids”, 

“Anthocyanin”, “Inflammatory bowel disease”, “Colitis” “Crohn”, ”Gut microbiota” and 

“Microbiome”, combined with Boolean operators and the following syntax: (Polyphenols 

OR Phenolic OR Flavonoids OR Anthocyanin) AND (Inflammatory bowel disease OR Colitis 

OR Crohn) AND (Gut microbiota OR Microbiome). The literature search was conducted 

from 2012 to 2023 (October) in the PubMed. 

3.3. Eligibility criteria 

Only quasi-experimental and experimental studies published in English were 

considered, limited to those utilizing in vitro models, animal models and human 

participants to explore the mechanistic pathways involved.  

Studies not focusing on the effect of polyphenols in the inflammatory bowel disease, or 

not related to gut microbiota composition in particularly on the A. muciniphila abundance 

were excluded. Additionally, non-original research articles, such as systematic reviews, 

meta-analyses, and other review articles, were not included in the analysis. 

 

 

https://doi.org/10.17605/OSF.IO/ZQHCS


 

 

3.4. Study Selection 

The screening process was managed using Covidence software 

(https://www.covidence.org/). All retrieved records were imported into Covidence, where 

duplicate entries were automatically removed. Title and abstract screenings were 

conducted independently by two reviewers (Carolina Matias and André Alves), with any 

disagreements resolved through discussion with a third reviewer (Sara Nunes). Articles that 

passed the initial screening were subjected a full-text review based on the inclusion criteria 

detailed above. The results of the search and reasons for exclusion at the full-text review 

stage are presented in Figure 10. 

https://www.covidence.org/
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Figure 10. The flow chart of study selection. 

 

3.5. Synthesis of results 

Key findings from the included studies were analyzed to evaluate polyphenols class-A. 

muciniphila abundance, focusing on microbiota modulation. Polyphenols class, A. 

muciniphila abundance, microbiota composition, gut barrier permeability, mucus balance, 

immune system homeostasis, inflammatory and oxidative stress markers, along with 

relevant clinical outcomes, were synthesized and organized into tables.  
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CHAPTER IV – RESULTS  

4.1. Literature search overview 

Through the search strategy, we have retrieved 477 articles in PubMed Medline. After 

removing duplicate documents, 411 articles remained. Upon screening the title and 

abstract, 307 articles were excluded due to being reviews and unrelated topics. The 

remaining 104 articles were carefully analyzed and 57 were further excluded for following 

reasons: 1 was focused on adult population, 1 lacked sufficient information about the 

intervention, 1 was inaccessible, 2 had the wrong patient population, 4 used incorrect 

intervention, 5 had inappropriate study designs, 6 did not detect A. muciniphila, and 37 

included PPs mixtures. In the end, 47 articles met the inclusion criteria and were included. 

The detailed processes of literature selection are illustrated in Figure 10. 

The main representative classes of PPs on the included studies were flavonoids (28 

articles; 56%), phenolic acids (12 articles; 24%) and other PPs (10 articles; 20%), including 

curcuminoids, tannins, and stilbenes (Figure 11). 

Flavonoid

Phenolic acid

Other Polyphenols

56%

24%

20%

 
Figure 11. Main representative class of polyphenols in the included studies. 

Through the analysis of the included articles, it was possible to understand the 

modulation of different polyphenol classes on A. muciniphila abundance in the context of 

IBD. Among the studies focused on flavonoids as the therapeutic approach, 64.3% articles 

showed an increase in A. muciniphila abundance, 21.4% articles reported a decrease and 

14.3% showed no significant A. muciniphila modulation. Studies using phenolic acids have 

similar results: 66.7% of the articles reported an increase in A. muciniphila abundance, 25% 
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observed a decrease and 8.3% did not report any change. Lastly, among the studies focused 

on other PPs, such as curcuminoids, tannins, and stilbenes, 60% of the articles showed an 

increase in A. muciniphila abundance, 30% reported a decrease while 10 % showed no 

significant A. muciniphila modulation (Figure 12). 
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Figure 12. Number (and percentage) of studies reporting impact of distinct PPs classes on the A. 

muciniphila abundance (increased, reduced or unchanged). 

4.1.1. Flavonoids’ impact on gut microbiota  

Table 2 details the effects of various flavonoids on gut microbiota, focusing on how 

these PPs impact the abundance of A. muciniphila, microbial diversity (α- and β-diversity), 

and their specific impact/modulation on different bacterial populations, such as anaerobic 

and aerobic bacteria.  

In general, flavonoids promote an increase in A. muciniphila abundance, with a total of 

18 studies showing positive effects. However, in a few studies, such as those reporting the 

use of quercetin, dihydroquercetin and EGCG, a decrease in the A. muciniphila abundance 

was observed (Guo et al., 2021; Liu et al., 2022; Han, et al., 2021). This variability in 

microbial composition reflects the complex role of flavonoids on the gut microbiota 
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composition modulation and suggest their potential to influence the growth of beneficial 

bacteria.  

Regarding microbial diversity, α-diversity, which reflects the diversity of species within 

a microbial community, tends to increase with the majority of flavonoids studied. Only a 

few flavonoids, such as 4′,5,6,7,8-pentamethoxyflavone and EGCG, showed no significant 

effect on this parameter. In contrast, β-diversity, which measures the differences in 

microbial community composition between different environments, was increased in many 

studies, suggesting that flavonoids promote substantial shifts in the gut microbiota 

structure. 

Flavonoids also impact the abundance of facultative anaerobic bacteria, including 

Enterobacteriaceae, Lactobacillaceae, and Streptococcaceae families. Increases in 

Lactobacillaceae, a bacterial family associated with the gut health promotion, where 

commonly observed with flavonoids like apigenin, astragalin and icariin (Fu et al., 2022; 

Peng et al., 2020; Zhang et al., 2023; Zhang et al., 2021). On the other hand, a reduction of 

Enterobacteriaceae, a bacterial family often associated with inflammatory conditions and 

intestinal infections, was a positive outcome observed with flavonoids like 4′,5,6,7,8-

pentamethoxyflavon, apigenin, astragalin (Chen et al., 2021; Fu et al., 2022; Peng et al., 

2020).  

In contrast, the modulation of flavonoids on anaerobic bacterial abundance, particularly 

on the Bacteroidaceae family is less consistent, with both increases and decreases 

observed in the analyzed studies (Table 2). Flavonoids such as icariin and TFA promoted a 

reduction of the facultative anaerobic bacteria like those of the  Helicobacteraceae family 

(Wang et al., 2021; Zhang et al., 2023; Zhang et al., 2021). Despite this, a consistent 

improvement in A. muciniphila abundance along with a modulation in the abundance of 

anaerobic and facultative anaerobic bacteria, more precisely with a decrease in the 

Bacteroidaceae and an increase in Lactobacillaceae, was observed upon supplementation 

with icariin (Wang et al., 2021; Zhang et al., 2023; Zhang et al., 2021). Regarding the 

evidence reporting the effects of quercetin and dihydroquercetin, it was reported an 

inconsistent pattern of microbial composition, with conflicting result on the abundance of 

A. muciniphila and anaerobic bacteria families such as Bacteroidaceae and 

Ruminococcaceae (Li et al., 2022; Han, et al., 2021). EGCG demonstrated an ability to 

enhance both α- and β-diversity, as well as modify bacterial composition by promoting the 
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growth of beneficial bacteria (Liu et al., 2022; Wu et al., 2021). Moreover, this flavonoid 

showed variable effects on the Bacteroidaceae abundance, with both increases and 

decreases reported. 



 

 

Table 2. Impact of flavonoids on gut microbiota composition and diversity. 

Flavonoid 
A. muciniphila 

abundance  
α-diversity β-diversity Anaerobic bacteria abundance 

Facultative anaerobic 
abundance 

Aerobic bacteria 
abundance 

Refs  

4′,5,6,7,8-
pentamethoxyflavone 

↑ = ↑ 
↑ Lachnospiraceae; ↓Marinifilaceae; 

↓Rikenellaceae 
↓Enterobacteriaceae; 

↑Lactobacillacea 
___ 

(Chen et al., 
2021) 

Apigenin ↑ ↑ ___ 
↓Bacteroidaceae; ↑Erysipelotrichaceae; 

↓Peptostreptococcaceae; ↓Turicibacteraceae 
↓Enterobacteriaceae; 

↑Lactobacillaceae  
___ 

(Fu et al., 
2022) 

Astragalin ↑ ↑ ↑ 
↓Bacteroidaceae; ↓Erysipelotrichaceae; 

↑Lachnospiraceae; ↓Peptostreptococcaceae; 
↓Prevotellaceae; ↑Ruminococcaceae 

↓Coriobacteriaceae; 
↓Enterobacteriaceae;  

___ 
  

(Peng et al., 
2020) 

Dihydromyricetin ↑ ↑ ↑ 
↓Bacteroidaceae; ↓Lachnospiraceae; 

↓Peptostreptococcaceae;  
↑Lactobacillaceae; 
↓Streptococcaceae 

___ 
(Dong et al., 

2021) 

Dihydroquercetin ↑ ↑ ↑ 
↑ Bacteroidaceae; ↑Eubacteriaceae; 

↑Ruminococcaceae; ↑Turicibacteraceae  
↑Lactobacillaceae ___ (Li et al., 2022) 

Epigallocatechin-3-
gallate 

↑ = ↑ 
↑Bacteroidaceae; ↑ Enterococcaceae; 

↓Erysipelotrichidae; ↓Odoribacteraceae; 
↓Peptostreptococcaceae; ↓Turicibacteraceae;  

↑Enterobacteriaceae; 
↑Lactobacillaceae  

___ 
(Wu et al., 

2021) 

Genistein ↑ ↑ ↑ 
↓ Deferribacteraceae; ↓Lachnospiraceae; 

↑Odoribacteraceae; ↑ Oscillospiracea; 
↑Rikenellaceae; ↓Ruminococcaceae 

___ 
↓Sphingomonadac

eae 
(Fan et al., 

2021) 

Icariin ↑ ___ ___ 
↓Bacteroidaceae; ↑Lachnospiraceae; 

↓Turicibacteraceae; 
↓Helicobacteraceae; 
↑Lactobacillaceae; 

___ 
(Zhang et al., 

2021) 

Icariin-1 ↑ ↑ ↑ 

↓Bacteroidaceae; ↑Desulfovibrionaceae; 
↑Erysipelotrichaceae; ↑Eubacteriaceae; 
↑Lachnospiraceae; ↓Odoribacteraceae; 

↓Oscillospiraceae; ↓Rikenellaceae  

↓Helicobacteraceae; 
↑Lactobacillaceae 

___ 
(Zhang et al., 

2023) 

Licochalcone A ↑ ___ ___ 
↑Bacteroidaceae; ↑Bifidobacteriaceae; 

↓Defluviitaleaceae; ↑Erysipelotrichidae; ↓ 
Prevotellaceae; ↑Ruminococcaceae  

↓Bacillaceae; 
↓Enterococcaceae; 
↑Streptococcaceae 

↑Moraxellaceae 
(Zhang et al., 

2021) 

Legend: ↑-increased; ↓ - decreased; = - equal; ___ - no data 

 



 

 

Table 2. Impact of flavonoids on gut microbiota composition and diversity (continued). 

Flavonoid 
A. muciniphila 

abundance  
α-diversity β-diversity Anaerobic bacteria abundance 

Facultative anaerobic 
abundance 

Aerobic bacteria 
abundance 

Refs  

Luteolin ↑ ↑ ↑ 
↑Bacteroidaceae; ↑Clostridiaceae; 

↑Lachnospiraceae; ↑Prevotellaceae 
↑Lactobacillaceae; ___ (Li et al., 2021) 

Myricetin and 
myricetin-3-O-b-D-

lactose sodium 
↑ ↑ ↑ 

↓Bacteroidaceae; ↓Clostridiaceae; 
↓Coriobacteriaceae; ↓Desulfovibrionaceae; 

↓Eggerthellaceae; ↓Oscillospiraceae; 
↓Peptostreptococcaceae; ↓Ruminococcaceae; 

↓Sutterellaceae 

↓Lactobacillaceae ___ 
(Miao et al., 

2021) 

Phloretin ↑ = = 
↑ Bacteroidaceae; ↓Hungateiclostridiaceae; 

↓Lachnospiraceae; ↓Oscillospiraceae; 
↑Rikenellaceae 

↑Lactobacillaceae ___ 
(Wu et al., 

2019) 

Proanthocyanidins ↑ ↑ ___ 
↓Bacteroidaceae; ↑Bifidobacteriaceae; 

↑Erysipelotrichaceae; 
↑Lactobacillaceae; 

↓Straphylococcaceae; 
___ 

(Chen et al., 
2023) 

Puerarin ↑ ___ ___ 
↓Lachnospiraceae; ↓Prevotellaceae; 
↓Rikenellaceae; ↓Ruminococcaceae 

___ ___ 
(Wu et al., 

2020) 

Quercetin ↑ = = 
↓Bacteroidaceae; ↓Oscillospiraceae; 
↓Ruminococcaceae; ↓Tannerellaceae 

↓Enterobacteriaceae; 
↑Flavobacteriaceae; 

___ 
 

(Liso et al., 
2018) 

Total flavone of 
Abelmoschus manihot 

↑ ↑ ↑ 
↑Bacteroidaceae; ↑Hungateiclostridiaceae; 

↑Oscillospiraceae; ↑Prevotellaceae; ↑Rikenellaceae 

↓Enterococcaceae; 
↓Helicobacteraceae; 

↓Lactobacillaceae 
___ 

(Wang et al., 
2021) 

Vitexin ↑ ___ ___ ↓Bacillaceae; ↑Clostridiaceae; ↑Erysipelotrichidae 
↓ Enterobacteriaceae; 

↓Vibrionaceae 
___ 

(Zhang et al., 
2022) 

Quercetin ↓ ___ ___ 
↓Bacteroidaceae; ↑Clostridiaceae; 

↑Lachnospiraceae; ↓Paraprevotellaceae; 
↑Lactobacillaceae ___ 

(Guo et al., 
2021) 

Baicalin ↓ ↑ ↑ 
↑Eubacteriaceae; ↑Lachnospiraceae; 

↑Odoribacteraceae; ↑Ruminococcaceae 
___ ___ 

(Zhu et al., 
2020) 

Dihydroquercetin ↓ = = 
↓Bacteroidaceae; ↑Erysipelotrichidae; 

↑Muribaculaceae; ↓Prevotellaceae 
↑Enterobacteriaceae; 

↑Lactobacillaceae 
___ 

(Han, et al., 
2021) 

Legend: ↑-increased; ↓ - decreased; = - equal; ___ - no data 

 



 

 

Table 2. Impact of flavonoids on gut microbiota composition and diversity (continued). 

Flavonoid 
A. muciniphila 

abundance  
α-diversity β-diversity Anaerobic bacteria abundance 

Facultative anaerobic 
abundance 

Aerobic bacteria 
abundance 

Refs  

Epigallocatechin-3-
gallate 

↓ ↑ ___ 

↓Bacteroidaceae; ↑Bifidobacteriaceae; 
↑Clostridiaceae; ↑Coriobacteriaceae; 

↑Desulfovibrionaceae; ↑Rikenellaceae; 
↓Sutterellaceae; 

↑Lactobacillaceae ___ 
(Liu et al., 

2022) 

Galangin ↓ ↑ ↑ 
↓Bacteroidaceae; ↑Deferribacteraceae; 

↑Odoribacteraceae 
↓Enterobacteriaceae; 

↑Lactobacillaceae  
___ 

(Xuan et al., 
2020) 

Total Flavonoids of 
Glycyrrhiza uralensis 

↓ ↑ ↑ 
↑Bacteroidaceae; ↑Lachnospiraceae; 
↑Muribaculaceae; ↑Oscillospiraceae; 

↑Rikenellaceae 
↑Lactobacillaceae ___ 

(Yue et al., 
2021) 

Diosmetin = ↑ ↑ 

↑Bacteroidaceae; ↓Coriobacteriaceae; 
↓Clostridiaceae; ↑Cyanobacteriaceae; 

↑Lachnospiraceae; ↑Odoribacteraceae; 
↑Oscillospiraceae; ↑Prevotellaceae; 
↑Rikenellaceae; ↑Ruminococcaceae; 

↑Synergistaceae 

↑ Anaeroplasmataceae 
↓Flavobacteriacea

e 
(long Li et al., 

2022) 

Linarin = ↑ ↑ 

↑Bacteroidaceae; ↓Clostridiaceae; 
↑Erysipelatoclostridiaceae; ↓Erysipelotrichidae; 

↑Lachnospiraceae; ↓Rikenellaceae; 
↑Paraprevotellaceae;  

↑Lactobacillaceae;  
↑ Enterobacteriaceae  

___ 
(Jin et al., 

2022) 

Rutin = ↑ ↑ 
↓Bacteroidaceae; ↑Bifidobacteriaceae; 
↑Clostridiaceae; ↓Deferribacteraceae; 
↓Prevotellaceae; ↑Ruminococcaceae  

↓Enterococcaceae; 
↑Lactobacillaceae 

___ 
(Power et al., 

2016) 

Taxifolin = ↑ ___ 

↑Anaeroplasmataceae; ↓Bacteroidaceae; 
↓Clostridiaceae ↑Desulfovibrionaceae; 

↑Erysipelotrichidae; ↑Hyphomicrobiaceae;  
↑ Sutterellaceae;  

↑Alcaligenaceae; 
↑Burkholderiaceae;  
↓Coprobacillaceae 

↓Sphingobacteriac
eae 

(Hou et al., 
2021) 

Legend: ↑-increased; ↓ - decreased; = - equal; ___ - no data 
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4.1.2. Phenolic acids’ impact on gut microbiota  

Table 3 show the influence of different phenolic acids on intestinal microbiota. Phenolic 

acids have varying effects on gut microbiota, particularly on A. muciniphila abundance and 

microbial diversity. Notably, phenolic acids (e.g. acteoside, caffeic acid, chlorogenic acid, 

gallic acid, p-hydroxybenzoic acid and salvianolic acid A) showed an increase in the 

abundance of A. muciniphila (Chen et al., 2023; Han et al., 2022; Liu et al., 2022; Wan, 

Zhong, et al., 2021; Wang et al., 2018; Xie et al., 2022; Zhang et al., 2017). Conversely, 

compounds like 6-gingerol, paeonol, and rosmarinic acid reduced its abundance (Li et al., 

2023; Tian et al., 2022; Zheng et al., 2022). 

Most phenolic acids (e.g. caffeic acid, chlorogenic acid, gallic acid, salvianolic acid A, and 

6-gingerol) tend to increase α-diversity and β-diversity, suggesting enhanced microbial 

richness and variation in microbial community. However, the impact on Bacteroidaceae 

abundance remains inconsistent across studies (Chen et al., 2023; Tian et al., 2022; Wan, 

Zhong, et al., 2021; Wang et al., 2018; Xie et al., 2022; Zhang et al., 2017). 

Several phenolic acids, such as acteoside, caffeic acid, gallic acid, and paenol, 

significantly reduced the abundance of pro-inflammatory bacterial families like 

Desulfovibrionaceae and Turicibacteraceae, indicating their potential anti-inflammatory 

effects (Chen et al., 2023; Y. Liu et al., 2022; Wan, Zhong, et al., 2021; Zheng et al., 2022). 

Remarkably, gallic acid, salvianolic acid A and paeonol significantly promoted the growth 

of the beneficial Lactobacillaceae family, known for its role in maintaining gut health (Chen 

et al., 2023; Wang et al., 2018; Zheng et al., 2022). In contrast, chlorogenic acid and 

rosmarinic acid effectively reduced the abundance of Enterobacteriaceae, a bacterial family 

frequently linked to dysbiosis and inflammation, highlighting their potential to mitigate gut 

imbalances and inflammatory conditions (Li et al., 2023; Xie et al., 2022). 

4.1.3. Other polyphenols’ impact on gut microbiota 

Table 4 provides a comparative analysis of the effects of other distinct PPs, such as 

curcumin, resveratrol, and tannic acid on the gut microbiota composition and diversity. 

Curcumin has been widely studied and consistently shown to increase in the abundance 

of A. muciniphila. Regarding α-diversity, curcumin generally tends to increase diversity, 

suggesting a greater species richness within the gut ecosystem. However, finding related 
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to β-diversity are less consistent, with some studies indicating an increase and others 

providing insufficient data (Guo et al., 2022; Ye et al., 2023; Zhou et al., 2023). In terms of 

its effects on anaerobic bacteria, curcumin fosters the growth of several bacterial families, 

such as Lachnospiraceae, Muribaculaceae and Odoribacteraceae (Guo et al., 2022; Zhang 

et al., 2022; Zhou et al., 2023). Moreover, curcumin shows a trend to reduce the abundance 

of the  Bacteroidaceae family (Guo et al., 2022; Ye et al., 2023; Zhang et al., 2022; Zhou et 

al., 2023). For facultative anaerobic bacteria, curcumin demonstrates a notable reduction 

in pathogenic families like Enterobacteriaceae and Enterococcaceae, while increasing 

Lactobacillaceae, a family known for its probiotic properties and positive role in 

maintaining gut health (Guo et al., 2022; Zhang et al., 2022; Zhou et al., 2023). 

Resveratrol has also exhibited similarly positive effects on the gut microbiota, not only 

increasing the abundance of A. muciniphila but also enhancing α- and β- diversity. 

Resveratrol fosters the growth of anaerobic bacteria, including Bacteroidaceae and 

Ruminococcaceae, and improves the abundance of Bifidobacteriaceae, a family critical for 

gut health (Alrafas et al., 2019).  Additionally, resveratrol reduces the abundance of harmful 

bacteria, such as Desulfovibrionaceae and Lachnospiraceae, both of which are often 

associated with inflammatory and metabolic disorders (Singh et al., 2023; Teffera et al., 

2024; Vacca et al., 2020). Resveratrol also decreases the Enterococcaceae (facultative 

anaerobes) and reduces the abundance of aerobic bacteria like Xanthomonadaceae and 

Moraxellaceae (Xu et al., 2023). 

Tannins, another polyphenol, mirrors these beneficial effects. It has been associated 

with an enhancement of A. muciniphila abundance and α-diversity, promoting a richer 

microbial environment. Furthermore, tannin acid promotes the growth of beneficial 

bacteria like Bifidobacteriaceae and Lactobacillaceae, while simultaneously reducing the 

population of the pathogenic microorganisms, including Staphylococcaceae (Chen et al., 

2023; He et al., 2023). 

Regarding the impact of PPs in the aerobic bacteria modulation, despite the limited data 

on the specific effects, available evidence suggests that polyphenols supplementation, in 

general, tends to reduce their abundance. This reduction could further contribute to a 

healthier microbial balance in the gut (Imlay, 2013).  



 

 

Table 3. Impact of phenolic acids on gut microbiota composition and diversity. 

Phenolic acid 
A. muciniphila 

abundance  
α-diversity β-diversity Anaerobic bacteria abundance 

Facultative anaerobic 
abundance 

Aerobic bacteria 
abundance 

Refs  

Acteoside ↑ = ___ 
↑Bacteroidaceae; ↓Desulfovibrionaceae; 

↑Odoribacteraceae;  
___ ___ (Liu et al., 2022) 

Caffeic Acid ↑ ↑ ↑ 
↓Bacteroidaceae; ↑Erysipelotrichidae; 

↑Rikenellaceaeceae; ↓Turicibacteraceae 
↓Lactobacillaceae ___ (Zhong, et al., 2021) 

Chlorogenic acid ↑ = ↑ 
↑Clostridiaceae; ↑Coprobacillaceae; 

↓Lachnospiraceae 

↓ Enterococcaceae; 
↑Coriobacteriaceae; 
↑Corynebacteriaceae 

___ (Xie et al., 2022) 

Chlorogenic acid ↑ ↑ ___ ↑Bacteroidaceae; ↑Cyanobacteriaceae ___ ___ (Zhang et al., 2017) 

Gallic acid  ↑ ↑ ___ 
↓Bacteroidaceae; ↑Bifidobacteriaceae; 

↑Erysipelotrichaceae 
↑ Lactobacillaceae; 

↓Straphylococcaceae  
___ (Chen et al., 2023) 

P-Hydroxybenzoic 
acid 

↑ ↑ = 
↓ Clostridiaceae; ↓Oscillospiraceae; 
↓Prevotellaceae; ↓Rhodospirillales; 

___ ___ (Han et al., 2022) 

Salvianolic Acid A ↑ ↑ ↑ 
↓Bacteroidaceae; ↑Lachnoclostridiaceae; 

↓Ruminiclostridiaceae 
↑Lactobacillaceae ___ (Wang et al., 2018) 

6-gingerol ↓ ↑ ↑ 
↑Desulfovibrionaceae; ↑Erysipelotrichaceae; 

↑Oscillospiraceae  
___ ___ (Tian et al., 2022) 

Paeonol ↓ ↑ ___ 
↑ Bacteroidaceae; ↓Peptostreptococcaceae; 

↓ Turicibacteraceae 

↓Enterobacteriaceae; 
↑Lactobacillaceae; 
↓Streptococcaceae 

___ (Zheng et al., 2022) 

Rosmarinic acid ↓ ↓ ↑ 
↓Bifidobacteriaceae; ↑Clostridiaceae; 

↓Peptostreptococcaceae 
↓Enterobacteriaceae; 

↑Lactobacillaceae 
___ (Li et al., 2023) 

Gallic acid = ↑ ↑ 
↑ Bacteroidaceae; ↓ Erysipelotrichidae; 

↓Lachnospiraceae; ↓Prevotellaceae; 
↓Sutterellaceae; ↓Turicibacteraceae  

↓ Streptococcaceae 
↑Lactobacillaceae 

___ (Li et al., 2019) 

Legend: ↑-increased; ↓ - decreased; = - equal; ___ - no data. 

 



 

 

Table 4. Effects of other polyphenols on gut microbiota composition and diversity. 

Other PPs PP class 
A. muciniphila 

abundance  
α-diversity β-diversity Anaerobic bacteria abundance 

Facultative anaerobic 
abundance 

Aerobic bacteria 
abundance 

Refs  

Curcumin Curcuminoid ↑ ↑ ___ 
↓Aerococcaceae; ↑Comamonadaceae; 
↑ Coprobacillaceae; ↑Lachnospiraceae; 

↑Odoribacteraceae; ↓Turicibacteraceae; 

↓Enterobacteriaceae; 
↓Enterococcacea; 
↓Planococcaceae 

___ (Guo et al., 2022) 

Curcumin Curcuminoid ↑ ↑ ↑ ↓Bacteroidaceae ___ ___ (Ye et al., 2023) 

Curcumin Curcuminoid  ↑ = ↑ 
↑ Bacteroidaceae; ↓Deferribacteraceae; 

↓ Erysipelotrichaceae; 
↑Lachnospiraceae; ↑Muribaculaceae 

 ↑Lactobacillaceae ___ (Zhou et al., 2023) 

Resveratrol Stilbenes ↑ ↑ ↑ ↑Bacteroidaceae; ↑Ruminococcaceae _____ ____ (Alrafas et al., 2019) 

 Tannic acid  Tannins ↑ ↑ ___ 
 ↓Bacteroidaceae; ↑Bifidobacteriaceae; 

↑Erysipelotrichaceae 
↓ Straphylococcaceae; ↑ 

Lactobacillaceae 
___ (Chen et al., 2023) 

Tannin acid  Tannins ↑ = ___ 
↑Bifidobacteriaceae; 

↑Erysipelotrichaceae; ↑Muribaculaceae; 
↑Turicibacteraceae 

↓Enterococcaceae; 
↑Lactobacillaceae  

___ (He et al., 2023) 

Curcumin Curcuminoid ↓ ↓ ↑ ___ ___ ___ (Wen et al., 2023) 

Curcumin Curcuminoid ↓ ___ ↑ 
↓Bacteroidaceae; ↑Cyanobacteriaceae; 
↑Muribaculaceae; ↑Odoribacteraceae; 

↓Sutterellaceae 
↓ Enterobacteriaceae ___ (Zhang et al., 2022) 

Resveratrol Stilbenes ↓ ↑ ↑ 
↑Bacteroidaceae; ↑ Bifidobacteriaceae; 

↓ Desulfovibrionaceae; 
↓Lachnospiraceae; ↓Sutterellaceae  

___ ___ (Li et al., 2020) 

Resveratrol Stilbenes = ↑ ↑ 

↓Bacteroidaceae; 
↓Lachnoclostridiaceae; 

↓Lachnospiraceae; ↓Prevotellaceae; 
↓Ruminoclostridiaceae; 

↓Ruminococcaceae;  

↓ Enterobacteriaceae 
↓ 

Xanthomonadaceae; 
↓Moraxellaceae 

(Xu et al., 2023) 

Legend: PPs, polyphenols; ↑-increased; ↓ - decreased; = - equal; ___ - no data.



 

60 

4.1.4. Impact of flavonoids on gut health 
 

Table 5 provides a comprehensive overview of various flavonoids and their impact on 

gut health, particularly focusing on key markers such as the abundance of A. muciniphila, 

gut permeability, mucus layer integrity, immune system homeostasis, inflammatory and 

oxidative stress markers, as well as on the DAI score. 

Several flavonoids, including tangeretin, dihydromyricetin, genistein, apigenin, 

phloretin, puerarin, and vitexin were found to improved gut permeability. This was 

evidenced by increased expression of tight junction proteins such as Claudin-1, Occludin, 

and ZO-1, indicating their role in strengthening the intestinal barrier and preventing the 

"leaky gut". Furthermore, certain flavonoids (e.g., apigenin, phloretin, and vitexin) have 

also been shown to enhance the mucus layer, by promoting goblet cells proliferation and 

increasing levels of proteins like MUC2, which serves as a protective barrier in the gut (Fu 

et al., 2022; Wu et al., 2019; Zhang et al., 2022). 

The immune-modulating effects of flavonoids were reflected in the increased 

prevalence of Treg cells, reduction of pro-inflammatory Th17 cells, and shifts from M1 (pro-

inflammatory) to M2 (anti-inflammatory) macrophages. Icariin-1, phloretin, and baicalin 

were particularly noted for their effects on immune cell populations, suggesting their role 

in attenuate inflammation while fostering a balanced immune response (Wu et al., 2019; 

Zhang et al., 2023; Zhu et al., 2020). 

Most flavonoids listed in Table 5 significantly reduced inflammatory markers such as IL-

1β, IL-6, TNF-α, NF-κB, as well as oxidative stress markers like malondialdehyde (MDA) and 

myeloperoxidase (MPO). Additionally, flavonoids were also found to increase anti-

inflammatory cytokines like IL-10 and enhance antioxidant enzymes such as superoxide 

dismutase (SOD), catalase (CAT), along with activate pathways like Nrf2 (Nuclear factor 

erythroid 2-related factor 2) that provide cellular defense against oxidative stress. The DAI 

score showed improvement with all flavonoids assessed. 

While the majority of flavonoids exhibited beneficial effects on increasing the A. 

muciniphila abundance, notable exceptions were detected. For instances, baicalin and 

dihydroquercetin were found to reduce A. muciniphila abundance while still improve gut 

permeability and reduce inflammation (Han, et al., 2021; Zhu et al., 2020). Similarly, 
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compounds like diosmetin and taxifolin did not significant alter A. muciniphila levels but 

nonetheless positively impact gut permeability and inflammation markers. 

 

4.1.5. Impact of phenolic acids on gut health  

Table 6 illustrates the effects of various phenolic acids on different aspects of gut health. 

Several phenolic acids, including acteoside, caffeic acid, gallic acid, salvianolic acid A, 6-

Gingerol, Paeonol, and rosmarinic acid, improve gut permeability by increasing markers 

like ZO-1, Occludin, and Claudin-1/2, which are integral proteins associated with tight 

junctions responsible to maintain the gut barrier integrity (Chen et al., 2023; Li et al., 2023; 

Liu et al., 2022; Tian et al., 2022; Wan, Zhong, et al., 2021; Wang et al., 2018; Zheng et al., 

2022). 

 Notable, chlorogenic acid and p-hydroxybenzoic acid did not show a direct impact on 

gut permeability but contributed positively to other facets of gut health (Han et al., 2022; 

Xie et al., 2022; Zhang et al., 2017). 

Several compounds, such as acteoside, caffeic acid, chlorogenic acid, p-Hydroxybenzoic 

acid, and gallic acid were found to enhance the mucus layer by the increasing the goblet 

cells proliferation and MUC2 levels (Han et al., 2022; Li et al., 2019; Liu et al., 2022; Wan, 

Zhong, et al., 2021; Zhang et al., 2017). 

Interestingly, although 6-Gingerol decreased A. muciniphila levels, it still promoted 

goblet cells activity and MUC2 production, indicating its protective role for the mucus layer 

through alternative mechanisms (Tian et al., 2022). 

Chlorogenic acid contributed to immune system homeostasis by reducing pro-

inflammatory markers, such as M1 macrophages, and enhancing markers associated with 

tissue repair and anti-inflammatory markers, such as M2 macrophages (Zhang et al., 2017). 

Additionally, gallic acid was shown to increase Treg cells populations (Chen et al., 2023). 

Compounds such as acteoside, caffeic acid, chlorogenic acid, ellagic acid, gallic acid, p-

hydroxybenzoic acid, salvianolic acid a, tannin acid, 6-gingerol, paeonol, and rosmarinic 

acid effectively decreased inflammatory markers, including IL-1β, TNF-α, IL-6, and ROS 

while boosting antioxidant defenses, such as SOD, CAT and quinone oxidoreductase 1 

(Table 6). 



 

 

Table 5. Impact of flavonoid on gut barrier permeability, mucus balance, and immune response. 

Flavonoid 
A. muciniphila 

abundance  
Gut 

permeability 
Mucus layer 

(Markers) 
Immune system 

homeostasis 
Inflammatory and 

Oxidative stress markers 
DAI score Refs 

Apigenin ↑ ↗ ↑ ___ ↘ ↗ (Fu et al., 2022) 

Astragalin ↑ ↗ ↑ ___ ↘ ↗ (Peng et al., 2020) 

Dihydromyricetin ↑ ↗ ___ ___ ↘ ↗ (Dong et al., 2021) 

Dihydroquercetin ↑ ___ ___ ___ ↘ ↗ (Li et al., 2022) 

Epigallocatechin-3-gallate ↑ ___ ↑ ___ ↘ ↗ (Wu et al., 2021) 

Genistein ↑ ↗ ___ ___ ↘ ↗ (Fan et al., 2021) 

Icariin ↑ ___ ___ ___ ↘ ↗ (Zhang et al., 2021) 

Icariin-1 ↑ ↗ ↑ + ↘ ↗ (Zhang et al., 2023) 

Licochalcone A ↑ ↗ ___ ___ ↘ ↗ (Zhang et al., 2021) 

Luteolin ↑ ___ ___ ___ ↘ ↗ (Li et al., 2021) 

Myricetin myricetin-3-O-
b-D-lactose sodium 

↑ ___ ___ ___ ___ ↗ (Miao et al., 2021) 

Phloretin ↑ ↗ ↑ + ↘ ↗ (Wu et al., 2019) 

Proanthocyanidins ↑ ↗ ___ + ↘ ↗ (Chen et al., 2023) 

Puerarin ↑ ↗ ↑ ___ ↘ ↗ (Wu et al., 2020) 

Quercetin ↑ ___ ___ + ↘ ↗ (Liso et al., 2018) 

Tangeretin ↑ ↗ ↑ ___ ↘ ↗ (Chen et al., 2021) 

Total flavone of 
Abelmoschus manihot 

↑ ↗ ↑ ___ ↘ ↗ (Wang et al., 2021) 

Vitexin ↑ ↗ ↑ ___ ↘ ↗ (Zhang et al., 2022) 

Legend: ↑-increased; ↓ - decreased; = - equal; ___ - no data; ↗ - improvement; ↘ - reduction. 

 



 

 

Table 5. Impact of flavonoid on gut barrier permeability, mucus balance, and immune response (continued). 

Flavonoid 
A. muciniphila 

abundance  
Gut 

permeability 
Mucus layer 

(Markers) 
Immune system 

homeostasis 
Inflammatory and 

Oxidative stress markers 
DAI score Refs 

Baicalin ↓ ↗ ↑ + ↘ ↗ (Zhu et al., 2020) 

Dihydroquercetin ↓ ___ ↑ ___ ↘ ↗ (Han, et al., 2021) 

Epigallocatechin-3-gallate  ↓ ___ ___ ___ ↘ ↗ (Liu et al., 2022) 

Galangin ↓ ___ ___ ___ ↘ ↗ (Xuan et al., 2020) 

Quercetin ↓ ↗ ___ ___ ↘ ↗ (Guo et al., 2021) 

Total Flavonoids of 
Glycyrrhiza uralensis 

↓ ___ ___ ___ ↘ ↗ (Yue et al., 2021) 

Diosmetin = ↗ ___ ___ ↘ ↗ (Li et al., 2022) 

Linarin = ___ ↑ ___ ↘ ↗ (Jin et al., 2022) 

Rutin = ↗ ↑ ___ ↘ ↗ (Power et al., 2016) 

Taxifolin = ↗ ___ ___ ↘ ↗ (Hou et al., 2021) 

Legend: ↑-increased; ↓ - decreased; = - equal; ___ - no data; ↗ - improvement; ↘ - reduction. 
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4.1.6. Impact of other polyphenols on gut health  

Table 7 outlines the effects of other additional PPs on markers of gut health. Curcumin 

and tannic acid are particularly effective in improving gut permeability, as evidenced by 

increased expression of proteins such as claudin-1/3, occludin, and ZO-1 (Chen et al., 2023; 

Guo et al., 2022; Ye et al., 2023). Resveratrol also enhances gut permeability, as indicated 

by elevated claudin-1 and occludin expression, despite having no significant effect on A. 

muciniphila abundance (Xu et al., 2023). 

Resveratrol contributes to an improvement in mucus balance by increasing the number 

of goblet cells, a finding also observed with the supplementation of curcumin (Alrafas et 

al., 2019; Guo et al., 2022). Additionally, resveratrol reduces the number of pro-

inflammatory immune cells such as T helper cells (CD4+) and cytotoxic T cells (CD8+) while 

promoting an increase in anti-inflammatory markers such as CD4+FOXP3+ T cells and 

CD4+IL-10+ T cells (Alrafas et al., 2019). Tannic acid similarly increases Treg cells 

populations, also by reducing pro-inflammatory markers, such as M1 macrophages, and 

enhancing anti-inflammatory markers, such as M2 macrophages (Chen et al., 2023; He et 

al., 2023). 

Resveratrol has been shown to reduce levels of IL-2, IFN-γ, and other pro-inflammatory 

markers like serum amyloid A, MPO, and TNF-α, while elevating anti-inflammatory markers 

like IL-10 (Alrafas et al., 2019; Li et al., 2020; Xu et al., 2023). 

Curcumin exhibits anti-inflammatory effect by reducing cytokines, like IL-1β, IL-6, TNF-

α, and inhibiting pathways, namely NF-kB (Guo et al., 2022; Wen et al., 2023; Ye et al., 

2023). Tannic acid and tannin acid enhances antioxidant responses by increasing markers 

like Nrf2 and heme-oxygenase 1 (HO-1), while reducing pro-inflammatory markers like IL-

6 (Chen et al., 2023; He et al., 2023). 

Most PPs, including curcumin, resveratrol, and tannic acid, demonstrates improvements 

in the DAI score. However, in one study, curcumin did not yield a significant improvement 

in the DAI score, which may be attributable to variables such as dosage or formulation. 

 

 



 

 

Table 6. Impact of phenolic acids on gut barrier function, mucus balance and immune response. 

Phenolic acid 
A. muciniphila 

abundance  
Gut 

permeability 
Mucus 

balance 
Immune system 

homeostasis 
Inflammatory and 

Oxidative stress markers 
DAI score Refs 

Acteoside ↑ ↗ ↑ ___ ↘ ↗ (Liu et al., 2022) 

Caffeic Acid ↑ ↗ ↑ ___ ↘ ↗ (Zhong, et al., 2021) 

Chlorogenic acid ↑ ___ ___ ___ ↘ ↗ (Xie et al., 2022) 

Chlorogenic acid ↑ ___ ↑ ↗ ↘ ↗ (Zhang et al., 2017) 

Ellagic acid  ↑ ___ ___ ___ ↘ ↗ (Chen et al., 2023) 

Gallic acid  ↑ ↗ ___ ↗ ↘ ↗ (Chen et al., 2023) 

P-Hydroxybenzoic acid ↑ ___ ↑ ___ ↘ ↗ (Han et al., 2022) 

Salvianolic Acid A ↑ ↗ ___ ___ ↘ ↗ (Wang et al., 2018) 

6-gingerol ↓ ↗ ↑ ___ ↘ ↗ (Tian et al., 2022) 

Paeonol ↓ ↗ ___ ___ ↘ ↗ (Zheng et al., 2022) 

Rosmarinic acid ↓ ↗ ___ ___ ↘ ↗ (Li et al., 2023) 

Gallic acid nd ___ ↑ ___ ↘ ↗ (Li et al., 2019) 

Legend: ↑-increased; ↓ - decreased; = - equal; ___ - no data; ↗ - improvement; ↘ - reduction. 



 

 

Table 7. Impact of other polyphenols on gut barrier function, mucus balance and immune response. 

Other PPs PP class 
A. muciniphila 

abundance 
Gut 

permeability 
Mucus 

balance 
Immune system 

homeostasis 
Inflammatory and 

Oxidative stress markers 
DAI score Refs 

Curcumin Curcuminoid ↑ ↑ ↑ ___ ↘ ↗ (Guo et al., 2022) 

Curcumin Curcuminoid ↑ ↑ ___ ___ ↘ ↗ (Ye et al., 2023) 

Curcumin Curcuminoid ↑ ___ ___ ___ ___ ↗ (Zhou et al., 2023) 

Resveratrol Stilbenes ↑ ___ ↑ ↗ ↘ ↗ (Alrafas et al., 2019) 

Tannic acid Tannins ↑ ↑ ___ ↗ ↘ ↗ (Chen et al., 2023) 

Tannin acid Tannins ↑ ___ ___ ↗ ↘ ↗ (He et al., 2023) 

Curcumin Curcuminoid ↓ ___ ___ ↗ ↘ ↗ (Wen et al., 2023)  

Curcumin Curcuminoid ↓ ___ ___ ___ ___ ↘ (Zhang et al., 2022) 

Resveratrol Stilbenes ↓ ___ ___ ___ ↘ ↗ (Li et al., 2020) 

Resveratrol Stilbenes nd ↑ ___ ___ ↘ ↗ (Xu et al., 2023) 

Legend: PPs, polyphenols; ↑-increased; ↓ - decreased; = - equal; ___ - no data; ↗ - improvement; ↘ - reduction. 
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CHAPTER V – DISCUSSION AND CONCLUDING REMARKS 

One of the most pressing challenges in IBD therapy has been the modulation of the 

intestinal microbiota. This issue has emerged due to the growing recognition that in some 

diseases, like IBD, certain bacteria are drastically depleted while others proliferate 

excessively, causing a dysbiotic gut environment. Studies have consistently shown a 

marked decrease in the relative abundance of A. muciniphila in both UC and CD patients 

compared to healthy controls, which appears to correlate with poor clinical outcomes 

(Abdulkhakov et al., 2021; Png et al., 2010; Presti et al., 2019; Zhang et al., 2020).  

The potential role of A. muciniphila in the IBD treatment has attracted significant 

attention of the scientific community not only due to the anti-inflammatory properties 

within the intestinal microenvironment, but also due to its ability to modulate immune 

responses, together with its well-recognized ability to strength the mucus layer of IECs. In 

particular, administration of A. muciniphila has been shown to enhance intestinal stem cell 

proliferation, promote the differentiation of Paneth and goblet cells, reduce colonic 

macrophages and CD8+ cytotoxic T lymphocytes and suppress pro-inflammatory cytokines 

(Kim et al., 2021; Masotti et al., 2019; Wang et al., 2020). Additionally A. muciniphila plays 

a key role in maintaining a balanced gut microbiome that promotes SCFA production, which 

contribute significantly to microbial balance and play a crucial role in regulating immune 

responses  which are known to mitigate colitis (Akhtar et al., 2022). 

Polyphenols (PPs) ─ bioactive compounds found in fruits, vegetables and  other plant-

based foods ─  are known for their ability to protect against chronic diseases, like IBD, by 

modulating numerous physiological processes (mentioned in 1.3.2.) (Yahfoufi et al., 2018; 

Luca et al., 2020). It is now well established that PPs and the gut microbiota engage in a 

bilateral relationship. While PPs influence the composition and activity of the gut 

microbiota, including of Akkermansia muciniphila, the gut microbiota metabolizes PPs into 

bioactive compounds that praise their health-promoting benefits (Bao et al., 2020). This 

expanding research highlights the potential of PPs-based therapies as a complementary 

treatment for IBD, especially due to their modulatory effects on microbial communities, 

including A. muciniphila. PPs have been described as having a putative duplibiotic effect on 

gut microbiota regarding their ability to concomitantly exert prebiotic properties and 

antimicrobial effects (Rodríguez-Daza et al., 2021). However, this effect remains to be 
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described in IBD, namely concerning the impact of distinct classes of PPs on A. muciniphila, 

which was the main goal of the current thesis, using the scoping review approach. 

Of the 47 studies included in this thesis ─ focusing primarily on flavonoids and phenolic 

acids, two majors PPs classes included in the articles analyzed ─ most reported a significant 

increase in A. muciniphila. The aforementioned reinforces the promising potential of fully 

exploring A. muciniphila´s health benefits and possible therapeutic applications. 

Interestingly, this bacterium was found to be increased in studies where the following PPs 

were used: apigenin, astragalin, epigallocatechin-3-gallate, genistein, icariin, quercetin, 

phloretin, proanthocyanidins, as well as some others. Conversely, PPs like quercetin, 

baicalin, dihydroquercetin, epigallocatechin-3-gallate, galangin reported a decrease in A. 

muciniphila abundance. The antagonistic effect observed for quercetin and 

epigallocatechin-3-gallate in A. muciniphila abundance (increase and decrease, 

respectively) in different studies, could be seen as a paradox, at least at first glance. 

However, the lack of standardization of these studies might explained the opposite effects; 

in fact, there are several variables that may have contributed to the difference in the 

outcome, namely the duration of the study, specific health conditions of the animal model, 

the bacterial profile analyzed, diet and other environmental factors, the polyphenols 

formulation (pure, in extract or in food) and corresponding bioavailabilities, the dose used, 

as well as the study design (namely population enrolled, control groups used, and other 

conditions under which the study was conducted). This diversity of conditions is a common 

challenge in studies intended to compare the effect of PPs in disease conditions. 

PPs are not fully absorbed in the small intestine, with a substantial amount reaching the 

colon, where they are metabolized by intestinal bacteria into bioactive compounds with 

different bioactivities, thus increasing their bioavailability. This metabolic interaction 

further underscores the intricate relationship between PPs and gut microbiota. Regarding 

microbial diversity, previous studies suggest that most of the flavonoids generally increase 

α- and β-diversity, increasing the microbial diversity and richness of species existing in the 

intestinal microbiota, with only a few flavonoids not following this trend. This finding 

suggests that this class of PPs can alter the microbial composition, promoting gut health by 

fostering beneficial bacterial populations and suppressing harmful ones. For instance, 

flavonoids such as icariin and TFA demonstrated beneficial effects in reducing pathogens, 

like Helicobacteraceae family (table 2). Helicobacter pylori is one of the most studied and 
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well-known bacteria of this family and is recognized as a pathogen linked to serious 

gastrointestinal diseases such as chronic gastritis (Mitchell et al., 2014). Leveraging PPs to 

reduce the population of this bacterial family could significantly help mitigate the risk of 

infections and related complications.  

Other examples of PP’s beneficial effect includes the reduction of the 

Peptostreptococcaceae family, microorganisms mainly found in polymicrobial and scarcely 

in bacterial infections such as prosthetic and native endocarditis (Legaria et al., 2021). 

Epigallocatechin-3-gallate, a flavonoid found in green-tea and rosmarinic acid, a phenolic 

acid constituent of many culinary herbs, are a couple of examples of PPs capable of 

achieving this reduction.  

As previously stated, PPs not only are able to suppress pathogens but also to directly 

promote the expansion of beneficial bacteria, such as Bifidobacterium genera and 

Lactobacillus family, both of which are recognized for their health benefits in treatment 

and prevention of many pathological conditions, promoting gut and immune health 

(Mitchell et al., 2014). In addition, they could support beneficial bacteria indirectly though 

modulating the intestinal environment, namely by affecting Akkermansia spp. (Jamieson et 

al., 2023). It has been reported in almost all studies that PPs increase the Lactobacillus 

family; among them, epigallocatechin-3-gallate appears as having the double role of 

simultaneously reduce pathogens and increase Bifidobacterium and Lactobacillus, which 

makes it a very interesting flavonoid for future studies. Tannin acid and gallic acid (phenolic 

acids) have both been reported to increase these two families, as well as rutin and 

proanthocyanidins (flavonoids) (tables 2 and 3). Interestingly, this profile found in some 

PPs of the flavonoids class, compatible with a duplibiotic effect, was accompanied by 

increased abundance of A. muciniphila and/or an increase in bacterial diversity. 

Research has demonstrated the different ways in which PPs modulate the microbiota. 

Another mechanism important to highlight is the enhancement of SCFA production. By 

favoring the growth of beneficial/probiotic bacteria, the production of SCFA, such as 

butyrate, propionate and acetate, its indirectly favored because some of these beneficial 

bacteria are simultaneously SCFA producers, such as Bifidobacterium (Ghamry Abdelhamid 

et al., 2019). 

The evidence that many beneficial bacteria use enzymes – PAZymes - that 

metabolize polyphenols, comes from some studies on the interaction between the 
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microbiota and the polyphenols found in food (Arumugam et al., 2011; Ley et al., 2008). 

When in the presence of PPs, these PAZymes producing bacteria can provide phenolic 

metabolites used by other beneficial bacterial species in complex trophic crossfeeding 

chains (Rodríguez-Daza et al., 2021). In this sense, emerging reports suggest that certain 

PPs can be utilized and transformed by beneficial gut microbes, belonging for example to 

Bifidobacteriaceae and Lactobacillae families or Bacteroides, Eubacterium and 

Ruminococcus genus, into bioactive phenolic metabolites that are later freely absorbed 

and transported to target organs, with the capacity to impact both the commensal 

microbiota and the host health (Luo et al., 2022; Rodríguez-Daza et al., 2021).  

This knowledge is corroborated with some examples presented in tables 2, 3 and 4. 

It was observed that Linarin achieved a simultaneously increase in proportion of both 

Lactobacillaceae and Bacteroidaceae (Jin et al., 2022). Supplementation with 

Dihydroquercetin, Epigallocatechin-3-gallate, Licochalcone A, and Luteolin also increase 

the Bacteroidaceae family (Li et al., 2021; Wan, Han, et al., 2021; Wu et al., 2021; Zhang et 

al., 2021).  Lactobacillaceae and Bacteroidaceae presented a joint increase in their 

proliferation, with the supplementation of Phloretin, Total Flavonoids of Glycyrrhiza 

uralensis and Paeonol (Wu et al., 2019; Yue et al., 2021; Zheng et al., 2022). The abundance 

of Bifidobacteriaceae and Bacteroidaceae also increased upon Resveratrol 

supplementation (Xu et al., 2023). Supplementation with the aforementioned PPs may 

have stimulated the growth of bacteria from the Bifidobacteriaceae, Lactobacillaceae and 

Bacteroidaceae families because they can metabolize polyphenolic compounds by 

expressing PAZymes that facilitate this biotransformation. 

Mucus balance was also a parameter analyzed in the selected articles. PP 

supplementation also positively influenced mucus production, increasing the size and 

number of goblet cells, and enhancing mucin thickness—crucial for protecting the 

epithelial lining from pathogens and inflammation. Even in cases where A. muciniphila 

abundance decreased, improvements in mucus secretion were observed, demonstrating a 

robust benefit from PPs supplementation independent of Akkermansia modulation.  

Ideally the gut barrier should be intact to prevent the passage of bacteria and antigens 

into circulation through tightly sealed intercellular epithelial junctions (tight junctions). 

However, in conditions of IBD, these junctions can become compromised and defective, 

causing increased intestinal permeability, allowing the passage of molecules and 
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microorganisms into the bloodstream, thus leading to persistent tissue damage an 

inflammation in individuals with this disorder. This inflammation caused by intestinal 

permeability becomes chronic and contributes to ongoing damage of the intestinal barrier. 

IBD is also characterized by deficient protective mucus production, leaving the epithelium 

more exposed to the attack of pathogens and inflammatory substances (Hussein et al., 

2023).  

Most studies that reported an increase in Akkermansia also reported an improvement 

in intestinal permeability (decreased permeability), making the epithelium more selective 

and restricted to the passage of molecules and microorganisms. However, it is not possible 

to establish a direct causal relationship, since even in studies where the Akkermansia 

population was reduced, the permeability of the barrier decreased. There were no studies 

reporting an increase in intestinal permeability, thus suggesting that PPs protect the barrier 

from passage of deleterious bacterial components and other pro-inflammatory compounds 

that will cause endotoxemia. Furthermore, most studies demonstrated that PPs improved 

gut barrier integrity by increasing the expression of proteins like Claudin-3, Occludin, and 

ZO-1, which are essential for the function of tight junctions that control the passage of 

molecules between adjacent cells. This enhancement of the gut barrier contributes to 

better overall gut health, especially in conditions like IBD where permeability is often 

compromised.  

All reviewed studies, except one, reported a reduction in inflammatory markers and 

attenuation of oxidative stress, along with downregulation of the proinflammatory 

cytokines (e.g. TNF-α, IL-6 and IFN-γ) and upregulation of anti-inflammatory cytokines (e.g. 

IL-10). These anti-inflammatory effects of PPs resulted in significant improvements in 

clinical symptoms and disease outcomes in animal models of IBD.  

In summary, the increase in tight junctions, contributes to the reduction of intestinal 

permeability, which is one of the major problems in IBD. The balance between pathogens 

and beneficial bacteria and the increase in mucin, also contributes to intestinal 

homeostasis and to an eubiotic gut microbiota. The reduction in excessive activation of the 

immune system through the decrease of inflammatory markers and increase in anti-

inflammatory markers, also plays a crucial role in decreasing intestinal inflammation 

(characteristic of IBD), improving intestinal and general health, positively impacting quality 

of life.  
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Disease activity index (DAI) score, used to assess the severity of the disease, is based on 

weight loss, stool consistency, fecal bleeding and general health status. All studies included 

in this scoping review that mentioned this parameter reported a decrease in it. Together 

with the reduction of this “disease marker” there was a significant improvement in other 

parameters of animals’ welfare and disease amelioration, namely weight gain and colon 

length, which reinforces the favorable effects of PP’s supplementation. While the evidence 

supports the beneficial effects of PPs on gut microbiota modulation in IBD, these effects do 

not appear to be solely dependent on the modulation of A. muciniphila. Future research 

should explore these effects in more detail, especially regarding the independent benefits 

of PPs on gut health beyond A. muciniphila modulation. Only then will it be possible to take 

advantage of and fully harness the therapeutic potential of PPs and A. muciniphila. 

Certain polyphenols exhibit prebiotic properties, fostering the growth of A. muciniphila, 

which in turn enhances the integrity of the intestinal lining, reduces inflammation, and 

promotes overall gut health. This dynamic interaction between PPs and A. muciniphila can 

be characterized as a "duplibiotic effect." However, a deeper analysis of the available 

studies shows that this effect may not be directly attributable to A. muciniphila. Instead, 

these effects seem to be mediated indirectly through the activity of other PAZymes-

producing bacteria. Evidence supporting this conclusion shows that even when A. 

muciniphila abundance decreases, improvements in intestinal health markers are still 

observed, suggesting that other bacterial communities also play a crucial role in driving 

these health benefits. This highlights the complex interplay of microbial populations within 

the gut and the multifaceted mechanisms underlying polyphenol-induced health effects. 

In conclusion, these findings suggest that PPs may positively influence A. muciniphila 

abundance and foster a balanced microbial environment by promoting a favorable ratio of 

anaerobic to aerobic bacteria, thus contributing significantly to gut health. Combined with 

their well-documented anti-inflammatory effects, PPs could serve as an effective dietary 

intervention for preventing gut dysbiosis and associated health issues. The therapeutic 

potential of polyphenols in promoting gut health through microbial modulation remains a 

promising area for further exploration, particularly in clinical contexts of gut inflammatory 

diseases 
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