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Resumo 

A doença inflamatória intestinal (DII) abrange um conjunto de doenças 

inflamatórias crónicas recidivantes do trato gastrointestinal, cuja incidência tem 

aumentado visivelmente a nível mundial. Infelizmente, a etiologia desta doença ainda não 

está completamente esclarecida e, como tal, ainda não tem cura. Neste sentido, tem 

havido um interesse crescente em alternativas farmacológicas, especialmente de origem 

natural. As antocianinas, uma das subclasses de polifenóis abundantes na dieta 

Mediterrânica, são moléculas promissoras no contexto da DII, tendo em consideração as 

suas conhecidas propriedades anti-inflamatórias e antioxidantes. 

Assim, o trabalho apresentado nesta tese explora a possibilidade de utilizar 

antocianinas da dieta no tratamento da DII, quer per si ou em combinação com fármacos 

convencionais. Para tal, avaliou-se a atividade de uma antocianina típica, a cianidina-3-

glucósido (Cy3glc), em comparação e em associação com o ácido 

5-aminosalicílico (5-ASA), em vias de sinalização celular relevantes no contexto da DII, 

utilizando um modelo in vitro de macrófagos. Adicionalmente, foi explorada a atividade 

anti-inflamatória e antioxidante de um extrato enriquecido em antocianinas preparado a 

partir de mirtilos (Vaccinium corymbosum L.) da Região Centro de Portugal, em 

comparação com o 5-ASA, num modelo in vivo de colite induzida por TNBS em rato. De 

forma a melhor explorar os mecanismos de ação do extrato e a interação entre 

macrófagos e células intestinais, foi ainda utilizado um modelo in vitro de inflamação 

intestinal constituído por uma co-coltura de macrófagos (RAW 264.7) e de células 

epiteliais intestinais (Caco-2). 

Os resultados obtidos demonstram que a Cy3glc isolada tem capacidade para 

inibir a secreção de vários mediadores pró-inflamatórios (•NO, PGE2 e TNF-) e a 

produção de espécies reactivas de oxigénio (ROS) numa extensão muito superior ao  

5-ASA em macrófagos. A diminuição da secreção de •NO e PGE2 está relacionada com a 

inibição da expressão, respectivamente, de iNOS e COX-2 mas sem interferir com a 
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ativação do NF-B. Alternativamente, esta antocianina interfere na via de sinalização da 

AP-1, reduzindo a fosforilação de c-Jun no núcleo e inibindo a ativação das MAPKs p38 

e JNK. Além disso, a utilização combinada de Cy3glc e 5-ASA chega a sugerir um efeito 

sinérgico. 

Quanto ao extrato obtido a partir de mirtilos demonstrou conter um elevado teor e 

variedade de antocianinas, e ser de facto capaz de reverter vários parâmetros de 

inflamação intestinal in vivo. A sua administração melhorou o aumento de peso corporal 

dos ratos tratados e reduziu as lesões no colon, o seu encurtamento e o espessamento 

da parede causados pela instilação local de TNBS. Tal foi acompanhado por uma 

marcada redução da MPO ativa e da ALP no tecido do colon, biomarcadores de infiltração 

leucocitária e de inflamação ativa. Diminuiu igualmente mediadores inflamatórios 

relevantes, como a iNOS e a COX-2, melhorando simultaneamente as defesas 

antioxidantes endógenas, nomeadamente a proporção de glutatião reduzido versus 

oxidado (GSH/GSSG) e a atividade da glutatião peroxidase (GPX). No geral, os efeitos 

benéficos observados foram muito superiores aos do 5-ASA, apesar da dose molar de 

antocianinas ser muito inferior. 

Resultados in vitro em células epiteliais intestinais e macrófagos ativados, num 

sistema de co-cultura, permitiu confirmar a maior eficácia do extrato relativamente ao 

5-ASA. A incubação das células epiteliais com o extrato (compartimento apical) reduziu a 

produção de mediadores pró-inflamatórios por ambos os tipos celulares (compartimento 

apical e basolateral), diminuindo a secreção de IL-6 pelas células epiteliais apicais, e de 

•NO e IL-1β pelos macrófagos basolaterais. A formação de ROS intracelulares foi 

igualmente reduzida em ambos os tipos celulares. Estes resultados sugerem ainda a 

capacidade das antocianinas atravessarem a barreira intestinal. 

Em conclusão, os resultados apresentados destacam o potencial da utilização de 

antocianinas, quer isoladas ou em combinação, no controlo da inflamação intestinal. A 

atividade destas moléculas é complexa, interferindo em vários mecanismos e vias de 
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sinalização celulares estreitamente relacionadas com a patogénese da DII. Desta forma, 

fica reforçada a hipótese de utilização de antocianinas alimentares como uma abordagem 

terapêutica natural na DII. 
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Abstract 

Inflammatory bowel disease (IBD) encompasses a set of chronic and relapsing 

inflammatory conditions of the gastrointestinal tract, whose incidence has markedly 

increased worldwide. Unfortunately, the etiology of this disease has not yet been fully 

elucidated and, as such, has yet no cure. In this sense, there has been an increasing 

interest in pharmacological alternatives, especially of natural origin. Anthocyanins, one of 

the subclasses of polyphenols abundant in the Mediterranean diet, are promising 

molecules in the context of IBD, considering their acknowledged anti-inflammatory and 

antioxidant properties. 

Thus, the work presented in this thesis explores the possibility of using dietary 

anthocyanins in the treatment of IBD, either per se or in combination with conventional 

drugs. For this, the activity of a typical anthocyanin, the cyanidin-3-glucoside (Cy3glc), was 

evaluated in comparison and in association with 5-aminosalicylic acid (5-ASA), in cellular 

pathways of relevance in the context of IBD, by using an in vitro model of macrophages. 

In addition, the anti-inflammatory and antioxidant activity of a fraction of anthocyanins 

prepared from blueberries (Vaccinium corymbosum L.) from the center region of Portugal 

was evaluated in comparison with 5-ASA, in an in vivo model of colitis induced by TNBS 

in rats. To better explore the mechanisms of action of the prepared fraction, and the 

interaction between macrophage and intestinal cells, it was also used an in vitro model of 

intestinal inflammation, consisting of a co-culture of macrophages (RAW 264.7) and 

intestinal epithelial cells (Caco-2). 

The results show that the isolated Cy3glc can inhibit the secretion of various 

proinflammatory mediators (•NO, PGE2 and TNF-) and reactive oxygen species (ROS) 

production to a much greater extent than 5-ASA in macrophages. The decreased 

secretions of •NO and PGE2 are related to the inhibition of iNOS and COX-2 expressions, 

respectively, but without interfering with NF-B activation. Instead, this anthocyanin 
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interferes with AP-1 signalling pathway, by reducing the phosphorylated of c-Jun in the 

nucleus, and inhibiting the activation of p38 and JNK MAPKs. Moreover, the combined 

use of Cy3glc with 5-ASA even suggests a synergistic effect. 

Concerning the blueberry fraction, it showed a high content and variety of 

anthocyanins, and it was in fact capable of reversing several parameters of intestinal 

inflammation in vivo. Its administration improved the body weight gain of treated rats and 

reduced colon lesions, its shortening, and wall thickening caused by local instillation of 

TNBS. This was accompanied by a marked reduction of active MPO and ALP in the colon 

tissue, a leukocyte infiltration indicator and an active inflammation biomarker respectively. 

The fraction also decreased relevant inflammatory mediators, such as iNOS and COX-2, 

while improving endogenous antioxidant defenses, namely the ratio of reduced versus 

oxidized glutathione (GSH/GSSG) and gluthatione peroxidade (GPX) activity. In general, 

the beneficial effects observed were much higher than those of 5-ASA, despite the much 

lower molar dose of anthocyanins. 

In vitro results from intestinal epithelial cells and activated macrophages in a 

co-cultured system allowed to confirm the higher efficiency of this fraction in relation to 

5-ASA. Incubation of the epithelial cells (apical compartment) with the fraction reduced the 

production of proinflammatory mediators by both cell types (apical and basolateral 

compartment), decreasing IL-6 secretion by apical epithelial cells, and •NO and IL-1β by 

basolateral macrophages. Intracellular ROS formation was also reduced in both cell types. 

These results also suggest the ability of anthocyanins to cross the intestinal barrier. 

In conclusion, the results presented highlight the potential of using anthocyanins, 

as isolated or in combination, for the control of intestinal inflammation. The activity of these 

molecules is complex, interfering with several mechanisms and signalling pathways 

closely related to the pathogenesis of IBD. Thus, the hypothesis of using dietary 

anthocyanins as a natural therapeutic approach in IBD is reinforced. 
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General Introduction 

1. Inflammatory Bowel Disease 

The gastrointestinal tract (GI) is a central organ in nutrient and water uptake, while 

providing defence against the constant threat of several microorganisms and chemical 

substances from the environment. Thus, it is under permanent antigenic pressure [1]. In 

fact, the intestinal epithelium is the largest barrier to the outer-body environment (32 m2 

per individual), even exceeding that of the skin [2]. Therefore, the intestinal barrier plays a 

very active role in the control of the host microbial community and in the prevention of 

unnecessary immune stimulation. This equilibrium is achieved by the dynamic interplay of 

several mechanisms (Fig 1), such as: i) production of a mucous layer by Goblets cells; 

ii) secretion of antimicrobial peptides (AMPs) by Paneth cells; iii) maintenance of 

intercellular tight junction complexes by intestinal epithelial cells; and (iv) presence of 

pathogen-associated molecular pattern (PAMP) recognition systems. However, in some 

individuals this intestinal homeostasis can become altered and lead to abnormal 

inflammation responses that may progress to chronic GI disorders such as inflammatory 

bowel disease (IBD) [3,4]. The two most common forms of this broad category of IBD are 

Crhon’s disease (CD) and ulcerative colitis (UC). Both are marked by episodes of relapse 

and remission, with uncontrolled response of the intestinal immune system against the 

normal enteric microflora, resulting in a digestive tract prone to infection and with 

diminished ability to food processing and water absorption. Consequently, patients suffer 

from fatigue, abdominal pain, diarrhea, weight loss and tissue damage along the GI, which 

greatly impairs their quality of life [5]. 
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Figure 1: Intestinal homeostasis – defence mechanisms of the gut. To maintain a healthy gut, the host-
microbe interaction mechanisms must be finely tuned, simultaneously defending mucosal tissues from 
pathogens while maintaining immune tolerance against commensal bacteria. The intestinal epithelial barrier 
depends on several mechanisms: production of a mucous layer (A), secretion of AMPs (B), maintenance of 
cellular tight junction complexes (C) and PAMP recognition systems (D). Rupture of this homeostasis may 
allow bacteria to invade lamina propria and mucosa, thus triggering an immune response by macrophages, 
dendritic cells and neutrophils, which may lead to chronic intestinal inflammation. 
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1.1. Epidemiology of inflammatory bowel disease 

Historically, the first time a condition resembling CD was reported, described as a 

transmural inflammation of the small and large intestines, was in 1913 by Kennedy Dalziel. 

Afterwards in 1932, more data was published by Dr Burrill Crohn, Dr Leon Ginzburg, and 

Dr Gordon Oppenheimer reporting a “regional or terminal ileitis”, later known as CD. The 

first description of UC came much earlier, dating from Hippocrates, and it was thought to 

be related with chronic diarrhea and bloody stools. This disease was then named “bloody 

flux” in 1600s by Thomas Sydenham, and only acknowledged as UC in 1859 by Samuel 

Wilks [6]. Even though IBD was once considered a rare disorder, in the last decades its 

incidence and prevalence rates have increased considerably all over the world, in both 

adult and pediatric populations [7]. 

 

1.1.1. IBD as an emerging global disease 

The incidence and prevalence of IBD have been clearly rising worldwide (Figs 2 

and 3) and it has been increasingly considered an emerging global disease. The highest 

number of identified cases per year were reported in Australia for CD (29 cases per 

100,000 person-years), and in the Northern Europe for UC (24 cases per 100,000 person-

years) [7]. But the overall prevalence of IBD achieves the highest values in Europe (322 

CD and 505 UC patients per 100,000 persons) and in North America (319 CD and 249 UC 

patients per 100,000). Interestingly, time-trend analysis shows that while incidence rates 

plateaued after 1970s in Western countries, they continued to increase in areas with 

previously low UC incidence such as Eastern Europe, Asia and Africa. These trends seem 

to be related with the country industrialization development, which is associated with 

changes in sanitation, pollution exposure, diet, lifestyle behaviours, medication and 

microbiota alterations [8]. 
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Figure 2: Combined incidence and prevalence of CD worldwide. Data reported before 1960 (A), from 1960 

to 1979 (B), and after 1980 (C). The occurrence of the disease reported from each country is represented from 

low (dark and light blue), intermediate (green) and high (yellow and red). Image from M'Koma AE [8]. 

6

Figure 2: Combined incidence and prevalence of CD worldwide. Data reported before 1960 (A), from 1960 

to 1979 (B), and after 1980 (C). The occurrence of the disease reported from each country is represented from 

low (dark and light blue), intermediate (green) and high (yellow and red). Image from M'Koma AE [8]. 
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Figure 3: Combined incidence and prevalence of UC worldwide. Data reported before 1960 (A), from 1960 

to 1979 (B), and after 1980 (C). The occurrence of the disease reported from each country is represented from 

low (dark and light blue), intermediate (green) and high (yellow and red). Image from M'Koma AE [8]. 
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1.1.2. Personal and social impact of the disease 

The current trends observed in epidemiological studies in combination with the 

chronic nature of these diseases result in significant personal and social repercussions. 

The most relevant ones include the reduced quality of life of patients and the financial 

burden related to medical care. Not to mention that IBD can be very incapacitating due to 

painful flair-ups or development of complications. Moreover, additional concerns have 

arisen due to an increasing incidence of IBD at younger age. These patients are more 

prone to develop colorectal cancer related to the duration of the disease [9]. 

On the perspective of the healthcare systems, IBD is ranked in the top of five most 

expensive GI disorders, especially in the US where it was estimated a total annual financial 

burden of about $14.6 to $31.6 billion in 2014. This scenario may worsen with the 

introduction of a new group of biologic pharmaceutical treatments. The newly approved 

tumor necrosis factor (TNF) inhibitors, such as infliximab and adalimumab, although more 

effectives are costlier. Therefore, the overall scenario demands attention for this group of 

diseases in order to address the major needs of the patients, either in terms of proper 

diagnosis and disease management [9]. 

 

1.2. Understanding IBD: Crohn’s disease and ulcerative colitis 

Even though CD and UC belong to the same broader group of IBD and share 

several clinical features, it is of the utmost importance to distinguish them to adequately 

treat and monitor each patient. There is however a small percentage of patients that 

remain difficult to classify. The major differences between CD and UC are the affected 

regions of the GI and the depth of these lesions. While CD can affect any part of the GI, 

from the mouth to the anus, and extend through the entire depth of the gut tissue, UC is 

restricted to the colon and only affects the large bowel mucosa and submucosa [10]. 

8
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1.2.1. Clinical diagnosis of Crohn’s disease and ulcerative colitis 

Currently, there is no single test to diagnose IBD or distinguish its subtypes with 

certainty. Therefore, the clinical diagnosis relies on the combination of symptoms, 

endoscopy, radiology and histological criteria, which requires the collaboration of a 

multidisciplinary team of specialists, such as gastroenterologists, pathologists and 

radiologists. Together, they perform multiple imaging and laboratory tests and seek the 

possible causes for the disease onset [11]. 

 

A. The first awareness: symptoms 

Although symptoms may sometimes overlap in terms of CD and UC, they are 

usually the first indication of the disease. In CD, symptoms may vary greatly, from 

abdominal pain with non-bloody diarrhoea to more severe intestinal manifestations, 

depending on the extension and depth of the lesioned area(s). Abdominal pain, chronic 

diarrhoea, weight loss and fatigue are the most common symptoms. In patients with 

colonic involvement, it may occur rectal bleeding or bloody diarrhoea. Still, more 

aggressive manifestations may result in fistulas formation, strictures, and abscesses [12]. 

The presence of blood in the stool and diarrhoea are more common in UC. These 

patients may also report urgency, incontinence, fatigue, increased frequency of bowel 

movements, mucus discharge, nocturnal defecations, lower abdominal pain, and 

tenesmus (sensation of incomplete evacuation), which is correlated to the major 

involvement of the rectum. The most common complications include toxic megacolon, 

massive haemorrhage or colon perforation [13]. 
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B. Crossing the data towards a diagnosis 

Imaging tools, such as endoscopies and X-rays, allow to observe the localization 

and extent of the inflamed tissues, and permit the identification of complications (e.g. 

narrowing and blockage regions of the intestine, colorectal neoplasia). The endoscopic 

technique remains the gold standard for IBD diagnosis, and more recently it gained a 

relevant role in monitoring the disease activity, in terms of mucosal healing [12-14]. 

The collection and analysis of biopsies from patients are crucial to identify the 

subtype of IBD through their characteristic cellular features [11]. In CD patients, biopsies 

present mild-to-severe inflammation and alterations near skip lesion regions (areas of 

inflamed tissue separated by healthy ones), which usually extend below the surface layer 

of the intestinal wall. The disease hallmark is the marked infiltration of immune cells, 

usually forming characteristic granulomas (Fig 4A) [12]. The tissue alterations in UC are 

limited to the top mucosal cell layer, presenting profound modifications of the intestinal 

crypts structure (Fig 4B), with infiltrated immune and plasma cells [13]. 

Serological testing for IBD can give a small contribution to the diagnosis, 

nonetheless it provides supporting information and allows to monitor the disease 

progression and the efficacy of the treatments. Nonspecific markers of the disease involve 

the count of red blood cells, fecal occult blood, increased acute phase proteins (particularly 

C-reactive protein) and electrolytes concentrations [12,13]. More specific tests take 

advantage of antibody and biomarkers assays, such as anti-Saccharomyces cerevisiaea 

antibodies (ASCA) for CD and perinuclear anti-neutrophil antibody (pANCA) for UC. 

However, due to the low sensitivity of these tests, they are not generally used to distinguish 

between CD and UC [15]. 

 

10
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Figure 4: Representative biopsy slides of CD and UC patients. Histopathological images of inflamed colon 

tissues from a CD (A) and a UC (B) patients, with hematoxylin (violet) and eosin (red) stain. Dark purple dots 

correspond to immune cells. In (A) the arrow points to a characteristic granuloma and the square highlights a 

crypt; (B) shows profound alterations in the crypts structure of the intestinal surface layer. Images from 

Wikimedia commons. 

 

1.2.2. The clinical course of a long-life disorder 

The correct identification of the disease subset allows a better prediction of its 

natural progression. This knowledge is crucial to select the most appropriate intervention 

at each step of the disease, from treatment to the prevention of relapses. Moreover, in 

about 80% of the cases, IBD are diagnosed during the second or third decade of life and 

accompanies the patients through the rest of their lives. While half of the patients may 

show a slightly progressive disease with few relapses, hospitalizations and complications, 

the other half may experience a more aggressive progression, with complications that may 

even require surgery. In this scenario, although life expectancy of IBD patients is usually 

similar to that of unaffected individuals, those complications decrease significantly the 

quality of life and may increase the mortality risk [10,16]. 

Therefore, to achieve an effective delay of the disease progression, an appropriate 

intervention must be carried out at the right time, towards a specific therapeutic endpoint 

(Fig 5) [10]. 
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Figure 5: Step of the natural course of the disease. The management of IBD should aim to (A) heal GI 

lesions and (B) induce remission of the symptoms, thus (C) preventing complications and (D) the need for 

surgery. At later stages, it should reduce both (E) disability and (F) mortality. 

 

1.3. The pathogenesis of inflammatory bowel disease 

Although the pathogenesis of IBD is still not completely understood, it is certainly 

a multifactorial disease that results from the combination of personal genetic susceptibility, 

environment, intestinal microbiota and immune system. According to the most accepted 

hypothesis, an uncontrolled immune-mediated inflammatory response may occur towards 

an environmental trigger and/or alteration in the host intestinal flora, in genetically 

susceptible individuals, resulting in the disease onset [17,18]. In this scenario, the 

intestinal homeostasis is broken, the tolerance to commensal flora is altered, and the 

epithelial barrier is compromised. Innate immune defences are triggered, leading to an 

uncontrolled production of pro-inflammatory cytokines and mediators, that further 

aggravates the inflammatory response by recruiting additional immune cells to the tissue 

(Fig 6) [19]. 

12
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Figure 6: Initiation of gut inflammation in IBD. In susceptible individuals, the epithelial barrier may be 

disrupted, allowing the otherwise inoffensive bacteria to invade the lamina propria and mucosa. The interaction 

with macrophages, dendritic cells and neutrophils elicits the production of pro-inflammatory cytokines and 

chemokines that further recruit immune cells to the region. When persistent, this may trigger the development 

of IBD. 

 

1.3.1. Acknowledged risk factors for disease onset  

A. Disease susceptibility related to genetic background 

In the last decade, huge advances have been made in the field of IBD genetics, 

shedding light on the pathogenesis of this disease. The new genotyping and sequencing 

technologies allowed to perform genome-wide association studies (GWAS) and identify 

new single nucleotide polymorphisms (SNPs) [20]. From recent GWAS involving European 

individuals and East Asian, Indian or Iranian descents, it was possible to identify 163 

potential candidate susceptibility loci for IBD, from which 30 loci were unique to CD and 
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23 to UC. The study of specific populations however, demonstrated some heterogeneity 

among them [21]. 

The first identified genetic association was with CD susceptibility and the replicated 

genetic mutations in the nucleotide-binding oligomerization domain 2 (NOD2). This was 

followed by immunity-related GTPase family M protein (IRGM) and autophagy related 16-

like 1 (ATG16L1) gene mutations. Defects in NOD2 can affect the host’s capacity to 

localize and eliminate bacteria, resulting in aberrant inflammatory responses in the 

constant presence of antigens [22]. Like NOD2, the IRGM and ATG16L1 genes have 

relevant roles in autophagy. Moreover, mutations in interleukin 23 receptor (IL23R) gene, 

also identified in other autoimmune diseases, have been associated with CD, affecting 

T-cell signalling. This indicates the importance of innate immunity, autophagy and 

phagocytosis on IBD pathogenesis [23].  

While this may be true for the European people, the major variants in NOD2 and 

ATG16L1 are not present in individuals from East Asian ancestry. Instead, in CD genome 

studies with this people, it has been identified genetic susceptibility to this disease with 

ATG16L2 variants [21]. On the other hand, in the modern Ashkenazi Jewish population, 

who has shown a higher disease prevalence, several new IBD susceptible genes (RPL7, 

CPAMD8, PRG2, PRG3 and HEATR3) have been identified, nevertheless these loci 

individually account only for a small percentage of the expected heritability in IBD [20]. 

In most cases, IBD results from the contribution of various genes. Yet, in rare cases 

of very-early-onset IBD (before two years old), monogenic defects alter intestinal immune 

homeostasis by disrupting the epithelial barrier and reducing clearance of bacteria by 

phagocytes. In other cases, the disease has been associated to induced 

hyperinflammation and autoinflammation, or disrupted T- and B-cell selection and 

activation. Mutations in IL10, IL10RA, or IL10RB genes lead to IL-10 pathway defects that 

can result in the hyperactivation of the immune response [17,24]. 

14
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B. The crucial role of the environment: epigenetics 

Studies with Swedish-Danish twins have previously described a relatively high 

monozygotic concordance rate in IBD [25]. After re-running those studies with a better 

methodology, Halfvarson found that these rates were overestimated [26]. Moreover, 

evidence supports that the complex interaction of multiple genetic mutations and 

environmental factors is crucial for the disease onset. IBD epigenetics is therefore an 

emerging concept to explain differences in disease expression in monozygotic twins [27]. 

Recent population based studies support the strong contribution of environment in 

IBD incidence. Children of immigrants, from low incidence countries to Canada, tended to 

approach the IBD incidence rates of long-term inhabitants in this country [28], and the 

opposite effect was reported in Faroese immigrants to Denmark, showing decreased 

incidence over time and over generations. This indicates that IBD incidence is strongly 

modified by the environment and lifestyle in the new country, mainly in terms of UC 

incidence [29]. 

Several environmental factors have already been identified as modifiers of the 

disease incidence. Smoking habits (only for CD), high fat and refined sugar consumption, 

antibiotic usage during childhood, and low levels of vitamin D have been correlated with 

higher incidence of IBD. In contrast, breastfeeding, consumption of tea or coffee, and 

Mediterranean diet have been acknowledged to reduce the risk of the disease. The diet 

seems in fact a key element, and France is a good example. In its Northern region, with 

higher incidence of CD, it is common a diet rich in beer, butter, eggs and potatoes, whereas 

the Southern part usually follows a Mediterranean diet, consuming many vegetables, fruits, 

fish, olive oil and wine [30], which has been associated to a lower risk of disease. 
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C. The intestinal microbiota dysbiosis found in IBD patients 

Under physiological conditions, the gut microbiota beneficially contributes to the 

digestion of some substrates, educates the host immune system and controls the growth 

of harmful microorganisms. However, in IBD patients, a profound alteration occurs in their 

intestinal microbiota profile, which has been extensively implicated in the disease 

pathogenesis [31]. Previous GWAS studies support this correlation, since several loci 

related with aberrant immune responses toward the intestinal microbiota are found in IBD 

patients [23]. Also, environment factors such as diet, smoking habits or drug treatments, 

may also alter the resident flora and its functional properties [30]. On the other hand, 

modifications induced by short-term treatment with antibiotics, pro- and prebiotics seem to 

elicit remission in IBD patients [32]. 

Among the broad pattern of dysbiosis found in IBD, it was described a reduction in 

biodiversity, mainly in terms of Firmicutes phylum, and an increase in the large bacterial 

class of Gammaproteobacteria. The reduced biodiversity is also found within the same 

patient when comparing inflamed regions versus non-inflamed ones in CD [33]. Lack of 

some bacteria species may allow the colonization by pathogens and impair the 

development of tolerogenic mechanisms of the host. As an example, Bacteroides, 

Clostridium, Bifidobacterium, Lactobacillus and Faecalibacterium seem to induce 

expansion of regulatory T cells, downregulate inflammatory cytokines or stimulate the anti-

inflammatory cytokine IL-10. In contrast, the increased Enterobacteriaceae, especially 

adherent-invasive Escherichia coli strains, may pass the colonic mucus layer, invade 

epithelial cells and replicate in macrophage cells forming granulomas. Fusobacterium 

species, also a group of adherent and invasive bacteria, have been found increased in 

colonic mucosa of UC patients and seem to influence IBD pathology and colorectal cancer 

development [34]. 
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D. The dysregulation of the immune response 

In what concerns the immune response, it is crucial to maintain mechanisms of 

tolerance to suppress inappropriate responses towards non-pathogens in the gut lumen 

(commensal flora and dietary antigens), while retaining the ability to defend against 

pathogens. In IBD patients however, several of the most recent identified susceptibility 

genes are related with the host immunity, including defects in autophagy, barrier defence 

and in T-cell differentiation signalling [35]. This fact supports the idea that an excessive 

immune response towards a normal microbiota may occur due to the genetic susceptibility 

in some individuals. Though, some doubts remain about whether this is caused by the 

previous described intestinal dysbiosis [36]. 

In healthy individuals, the innate immunity is critical for an early immune response 

to localize and eradicate invading pathogens. It involves the mucosal epithelial barrier and 

cells such as neutrophils, macrophages, natural killer (NK) cells, innate lymphoid cells and 

mast cells. Complementing these first-line mechanisms, the adaptive immunity has the 

ability of specificity and memory, being mainly mediated by T and B cells. Macrophages 

and dendritic cells (DCs) mediate the two types of immunity, by acting as antigen-

presenting cells (APCs) to T cells, and secreting cytokines [37]. Although CD and UC may 

have distinct pro-inflammatory profiles, both present significant alterations of the balanced 

state of the immune system. In these disorders, antigens that may permeate the epithelial 

barrier promote the development of a classic adaptive immune response, thus initiating 

and propagating gut inflammation. This occurs by the activation of T helper lymphocytes 

(Th1, Th2, Th17 and Th22 cells) and suppression of T regulatory (Treg) cells. Locally, it 

also occurs an extensive production of cytokines and chemokines, as found during BD 

flares [38]. 
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1.3.2. Disruption of mucosal barrier integrity 

All the previous described susceptibility factors may have impact on the intestinal 

epithelium function. This barrier confronts environmental and microbial factors, interacts 

with the immune cells and cytokines produced, and deals with inherent genetic factors 

(Fig 7) [39]. Since the gut mucosa is constantly challenged by a wide range of foreign 

antigens and environmental microorganisms, it requires a precise regulation of the 

intestinal barrier to maintain the mucosal immune homeostasis and prevent the onset of 

uncontrolled inflammation. The disruption of this barrier results in an enhanced 

permeability, which is a key factor in IBD pathogenesis [38]. 

 

 

Figure 7: Central role of the intestinal epithelium in IBD pathogenesis. The intestinal epithelium directly 

interacts with all acknowledged factors in IBD pathogenesis: microbiota and environmental factors, immune 

responses and genetic susceptibility. 
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A healthy intestinal barrier relies on different elements that include the integrity of 

the intestinal epithelial cells (IECs), a robust immune response and the production of a 

mucus layer. The IECs are the principal structural elements of the epithelial barrier, 

showing a high ability to respond and adapt to the surrounding environment and stimuli. 

IECs determine the selective absorption of nutrients and control undesired antigens entry. 

Their permeability is controlled by the presence of tight junctions and adherent junctions 

that maintain the physical structure between cells, sealing the intercellular spaces. In 

addition to the physical barrier, IECs contribute to the immune response towards 

pathogens. They express innate immune receptors that recognize pathogens, and 

produce anti-microbial molecules, cytokines and chemokines, linking both innate and 

adaptive immune responses. The production of a mucous layer further enhances the 

membrane protection, either preventing the cells from the contact with pathogens, or by 

the presence of glycoproteins, trefoil peptides, IgA and AMPs, acting as a biochemical 

barrier. Therefore, several defects in these mechanisms have been associated with IBD 

pathogenesis [40]. 

Genetic studies have identified defects related to epithelial regeneration, control of 

crypt cell proliferation and IECs differentiation, which may destabilize the mucosal layer 

structure. Also, cell junction destabilization due to inappropriate localization or molecular 

structure of tight junction proteins, may alter the intestinal permeability in IBD patients. 

Defects in the recognition of antigens may result in an overactive mucosal immune 

response, eliciting cellular inflammatory pathways activation. The mucous layer produced 

by Goblet cells has been frequently compromised in IBD patients, either by inherent 

alterations or resulting from an increased number of mucolytic bacteria. The AMPs 

production by Paneth cells has also been found dysregulated in some patients. Moreover, 

since these cells have high synthetic and secretory activities, they are prone to high levels 

of endoplasmic reticulum (ER) stress, that may be aggravated in individuals with impaired 

defence mechanisms against oxidative stress [39]. 
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It is interesting to note that, in recent years, the “mucosal healing” has gained high 

relevance as a key prognostic parameter in the management of IBD patients, instead of 

the traditional clinical remission. In fact, the repair of the mucosa has been associated with 

better long-term outcomes, low risk of surgical treatment and seems to be a good predictor 

of the long-term prognosis [41,42]. 

 

1.4. The intestinal inflammatory response in IBD 

The development of inflammation is part of the innate immune response and it is 

crucial for the protection against harmful stimuli such as pathogens, injury, and metabolic 

stress. Nevertheless, it may be involved in several pathologies, such as cardiovascular 

diseases, malignancies and autoimmune diseases. The inflammatory response is 

characterized by pain, redness, heat, swelling and in extreme cases even by loss of 

function. Currently it is known that inflammation is mediated by several mechanisms. One 

of the most relevant innate immune mechanisms is based on innate immune receptor 

molecules, the pattern-recognition receptors (PRRs), that recognize PAMPs from several 

pathogens. Among these receptors, the nucleotide-binding oligomerization domain 

(NOD)-like receptors and Toll-like receptors (TLRs) recognise PAMPs from 

microorganisms or associated with tissue injury, triggering inflammatory signalling 

pathways. The following complex processes are usually mediated by phosphorylation 

cascades that trigger inflammatory genes transcription, thus eliciting the production of 

large amounts of inflammatory mediators that propagate the inflammatory response 

(Fig 8). Macrophages, DCs, and other sentinel cells are crucial to monitor these 

mechanisms and to re-establish the initial tissue homeostasis [43]. 
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Figure 8: Initial steps of the inflammatory response. IECs and immune cells express PRRs such as NOD-

like receptors and TLRs, that recognize PAMPs. Upon activation, they initiate signalling cascades that result 

in the activation of pro-inflammatory genes transcription, such as those induced by NF-B. This elicits the 

production of pro-inflammatory cytokines and chemokines. 

 

1.4.1. The role of intestinal resident versus inflammation-elicited macrophages 

Monocyte-derived mononuclear phagocytes, particularly macrophages, respond to 

immunogenic challenges aiming to re-establish tissue homeostasis. Resident 

macrophages, one of the macrophage subsets found in the lamina propria close to the 

epithelial cell layer, support functions to maintain the epithelial barrier structure and 

integrity. In the face of an immunogenic challenge, they quickly respond by performing 

phagocytosis and producing chemokines to recruit effector cells from the blood, in a 

controlled manner. To maintain an hyporeactive environment towards commensal bacteria 

and preserve the barrier homeostasis, intestinal resident macrophages constitutively 

produce the anti-inflammatory cytokine IL-10, low levels of TNF-, and are anergic to TLR 

activation. Impaired IL-10 signalling leads to overproduction of inflammatory cytokines by 
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macrophages in response to bacterial stimulation, being closely related with severe 

gastrointestinal inflammation and colitis development [44,45]. 

The other macrophage subset, the inflammation-elicited (inflammatory) 

macrophages, derives from circulating monocytes and infiltrates the tissue following 

intestinal damage or infection. These cells produce larger amounts of pro-inflammatory 

factors, such as TNF-, prostaglandin E2 (PGE2), IL-1β, IL-6, reactive oxygen species 

(ROS) and nitric oxide (NO), via inducible nitric oxide synthase (iNOS). In fact, these cells 

seem to accumulate in the inflamed gut of either IBD patients or animal models in response 

to elevated levels of chemokines. The abnormal production of pro-inflammatory mediators 

can be highly deleterious, disrupting normal cell function and propagating local 

inflammation. Also, macrophages can interact with effector T cells, thus contributing to the 

disease progression. Once the inflammatory trigger is removed or becomes tolerated, if 

the homeostasis is not recovered, chronic inflammation may develop [44,45]. 

 

1.4.2. The chronic inflammation status and risk of carcinogenesis 

The episodes of inflammation during flares, in auto-immune diseases, usually 

result from genetic dysregulation of the suppressive components of the inflammatory 

response [43]. Loss of tolerance mechanisms towards the normal intestinal microflora lead 

to chronic intestinal inflammation. In IBD, this status is characterized by infiltration of 

lymphocytes, intestinal tissue injury and failed attempts of repair. In this state, the epithelial 

barrier integrity is compromised, resulting in abnormal mucosal permeability, 

overexpression of pro-inflammatory cytokines/chemokines, overactivation of TLR 

signalling and lack of immunosuppression mechanisms [46,47]. The perpetuation of this 

imbalance may be correlated with an increased risk of mutagenesis. In fact, patients with 

IBD have been shown to have an increased risk for the development of colorectal cancer 

(CRC), primarily due to chronic inflammation. Concerning UC, the associated CRC risk 
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seems to increase significantly with the disease longevity (2% after 10 years, 8% after 20 

years, and 18% after 30 years of the disease). Although the underlying carcinogenic 

mechanisms may be similar to other sporadic colorectal carcinomas, in IBD patients this 

process seems to be faster and/or multifocal. For that contributes a combination of factors, 

namely the IBD-related oxidative stress (ROS and RNS), immune responses (TNF-, 

IL-1, IL-6, etc), inflammatory-related genes (COX-2 and iNOS) and microbiota 

(Fusobacterium and Enterococcus populations, among others). In addition, the long-term 

immunomodulators and biologic treatments can effectively promote carcinogenesis [48]. 

 

1.4.3. The activation of inflammatory signalling pathways via NOD and TLR 

As part of the innate immune defences, the NOD-like receptors, NOD1 and NOD2, 

recognise either PAMPs from invading bacteria or stress signals within the cells. While the 

NOD1 receptors are ubiquitously expressed, the NOD2 is particularly abundant in 

macrophages, monocytes, Paneth cells and DCs. Their activation results in the 

downstream activation of signalling kinases and transcription factors that induce pro-

inflammatory genes transcription. In these signalling cascades, the binding and activation 

of the transforming growth factor β-activated kinase 1 (TAK1) is a key event, since it can 

activate both nuclear factor B (NF-B) and mitogen-activating protein kinases 

(MAPKs)/activator protein-1 (AP-1) signalling pathways (Fig 9). As previously mentioned, 

genetic defects in these receptors have been implicated in IBD pathogenesis. Actually, 

biopsies form UC patients expressed higher levels of NOD1, while polymorphisms in 

NOD2 gene have been highly correlated with CD [49,50]. 

The TLR signalling is another mechanism to recognise infection via PRRs and to 

activate the immune response, whose dysregulation has also been implicated in several 

autoimmune diseases. These receptors can identify a wide range of molecules, from viral 

genetic material to bacterial-derived lipoproteins, lipopolysaccharide (LPS) or flagellin. 
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Figure 9: Signalling pathways activated by TLR and NOD2 - NF-B and MAPKs/AP-1. Upon activation of 

TLR and NOD2 due to either extra or intracellular stimuli, various signalling pathways are triggered, including 

the NF-B (A) and MAPKs cascades (B), both of which may be activated by TAK1. In the classical activation, 

the IKK complex mediates the phosphorylation of IB-, thereby initiating its proteasomal degradation. The 

released NF-B dimer can then translocate to the nucleus, where it mediates the transcription of target genes. 

Activation of the MAPK phosphorylation cascades results in JNK, p38 and ERK MAPKs activation, that in turn 

phosphorylates substrate proteins, such as AP-1 transcription factor. The p38 MAPK can also modulate p65 

subunit of NF-B, thus enhancing its signalling. Their coordinated action, modulate the expression of target 

genes involved in inflammation. 

 

Both immune and non-immune cells express these receptors, namely DCs and 

epithelial cells. Like the NOD-like receptors, activation of the TLR signalling components 

may result in the NF-B and MAPKs signalling pathways induction (Fig 9). In the GI, due 

to its complex homeostasis with the microbiota, the TLRs have specific signalling 
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mechanisms to prevent persistent inflammation. As an example, under healthy conditions, 

the TLR5 seems to have a protective effect, since there is no cell activation when exposed 

to flagellin [51], while spontaneous colitis occurs in TLR5 deficient mice models [52]. 

Therefore, defects in the TLRs regulation may contribute to the development of IBD 

chronic inflammation. Furthermore, the role of TLRs and NOD2 on inflammatory signalling 

pathways can’t be considered individually. Both seem to act synergistically on the 

secretion of TNF-, IL-1β and IL-8 in human peripheral blood mononuclear cells. This 

mechanism of signalling amplification seems to be relevant to the recruitment and 

activation of neutrophils. When impaired, as occurs in NOD2-related CD patients, it may 

result in failure of pathogen clearance, abnormal immune responses and dysregulated 

cytokine production [50,53,54]. 

 

A. NF-B signalling pathway 

The NF-B signalling pathway is therefore one of the most relevant in terms of 

inflammation, being able to induce the expression of many immediate early genes. To 

date, five proteins have been identified in mammals from the NF-B family: p65 (RelA), 

cRel, RelB, p50 and p52. In the absence of stimulus, cells contain an inactive form of this 

dimeric protein, formed most commonly by p65 with p50 in the cytoplasm, where it is bound 

to the inhibitor of B alpha (IB-). In the classic canonical pathway (Fig 9A), upon 

stimulation by endogenous inducers (e.g. TNF- and IL-1β) or exogenous stimuli 

(e.g. lipopolysaccharides), ubiquitylation/phosphorylation cascades may trigger the 

recruitment of inhibitor of B kinases (IKK). Activated components via NOD-like receptors 

(e.g. TAK1) and/or TLRs are described to recruit IKK complex (the catalytic IKK1 and IKK2, 

and the regulatory NEMO) for activation. This event, mainly due to the IKK2 activity, allows 

the rapid phosphorylation of IB- that is then degraded by ubiquitination in the 

proteasome. The inhibitor dissociation from the NF-B dimer (p65- and cRel-containing 
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dimers), renders it free to translocate to the nucleus, where it binds with high affinity to 

regulator B elements and promote the transcription of target genes. Such genes include 

inflammatory and immunoregulatory genes, cell cycle regulating genes, anti-apoptotic 

genes and genes that encode negative regulators of NF-B. An alternative IKK1-

dependent pathway may also occur but it is poorly understood yet in terms of its role in 

intestinal inflammation [55,56]. 

This transcription factor has been associated with the pathophysiology of several 

chronic inflammatory diseases, including IBD. Some of the first studies have demonstrated 

a higher content of p65 in the nucleus of cells from IBD patients’ biopsies, and a higher 

activation of NF-B in both IECs and macrophages [57-59]. The relevance of this signalling 

pathway in IBD was also explored in animal models of colitis (e.g. TNBS- and DSS-induced 

colitis and IL-10-deficient mice), where its inhibition reduced the intestinal inflammation. 

Inhibition of NF-B activity has been demonstrated to reduce pro-inflammatory mediators 

such as iNOS, intercellular adhesion molecule-1 (ICAM-1), monocyte chemotactic protein-

1 (MCP-1), cyclooxygenase-2 (COX-2), interferon-gamma (IFN-), TNF-, IL-1, IL-6 and 

IL-17 [60-63]. Moreover, NF-B signalling dysregulation has been correlated with CRC 

progression [64]. The pathological mechanism by which NF-B is implicated in IBD is 

somewhat dependent of its cell-specific functions. As an example, NF-B activation in 

mucosal macrophages results in a higher secretion of TNF-, IL-1 and IL-6, while in IECs 

it seems to exert some anti-inflammatory effect [56]. 

 

A. MAPK/AP-1 signalling pathway 

As described for the NF-B signalling pathway, extracellular and intracellular 

stimulus may activate specific receptors (TLR or NOD-like receptors) that trigger complex 

MAPK signalling cascades [49,50]. These are involved in a wide range of cellular 
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processes, including cell growth, proliferation, differentiation, migration, inflammation and 

survival. They respond to growth factors, cytokines and hormones, in addition to several 

cellular stresses, from which their title derived as stress-activated MAPKs. The above 

mentioned TAK1 kinase can activate the three major MAPK family members: c-Jun 

N-terminal kinase (JNK), p38 and extracellular signal-regulated kinase (ERK). Activated 

MAPKs translocate to the nucleus, where they phosphorylate numerous transcription 

factors, thus regulating the expression of downstream target genes. The duration and 

magnitude of MAPK activation are crucial for the gene expression patterns and cells cycle 

decisions. Since this pathway regulates several pivotal cell functions, its dysregulation is 

implicated in the pathogenesis of diseases such as IBD, being found with increased 

expression in IBD patients. Inflammatory cytokines (e.g. TNF-α and IL-1β) can activate the 

MAPKs cascades, including by this way the expression of additional pro-inflammatory 

cytokines (e.g. IFN-, TNF-α, IL-1β and IL-8). Also, they participate in the controlled 

renewal of the intestinal epithelium, thus being of major relevance to maintain its proper 

barrier function [65,66]. 

The AP-1 transcription factor is one of the MAPKs downstream targets that 

promote the expression of pro-inflammatory mediators. This transcription factor is a homo- 

or heterodimeric protein that contains one of the Jun (c-Jun, JunB, and JunD) or Fos family 

of proteins (c-Fos, FosB, Fra1, and Fra2). The JNK MAPK can directly activate c-Jun by 

phosphorylation, thus inducing its transcriptional activity. This results in the expression of 

pro-inflammatory mediators such as iNOS and COX-2, and extracellular matrix proteins. 

Partly due to the perpetuation of the inflammatory status, AP-1 has also been correlated 

with tumor promotion and progression, as occurs in CRC [67,68]. The MAPKs cascades 

can also regulate NF-B signalling. As an example, the p38 MAPK can induce the 

phosphorylation of p65 subunit of NF-B, thus enhancing the expression of its target genes 

[69,70]. 
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1.4.4. The oxidative status of the GI in IBD 

Another key aspect of the GI is the ability to maintain its homeostasis under the 

constant contact with luminal oxidants and high susceptibility to oxidative damage. It is 

well known that intense oxidative stress-related tissue damage is crucial to the onset and 

development of chronic gut inflammation. Even though it is not yet clear if intestinal 

oxidative stress is cause or consequence of the inflammatory stress, it has been proposed 

as a mechanism underlying the pathophysiology of IBD [71,72]. 

Although both reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

play physiological roles, such as mitogenic signalling and host defences against invading 

pathogens, when their production exceeds the cellular antioxidant mechanisms capacity, 

they may cause oxidative/nitrosative damage to cellular constituents [73]. In addition to 

the direct damage to intestinal cells, the oxidative stress may trigger inflammatory 

signalling pathways, such as the previous described NF-B and MAPKs cascades, thus 

perpetuating the disease. Therefore, the oxidative and nitrosative stress may occur due to 

an overproduction of ROS and RNS respectively, or by insufficient antioxidant 

mechanisms that fail to maintain them at physiological levels [71,72]. This was observed 

in both animal models and in patients with either UC or CD, where it has been found an 

increased formation of ROS/RNS and decreased levels of endogenous antioxidants 

[74,75]. Moreover, the higher levels of reactive species could be correlated with the 

disease severity and progression in most cases. The use of exogenous antioxidant 

compounds seems to prevent or retard the disease, usually associated with a decrease in 

both inflammatory and oxidative stress biomarkers in the colonic tissue and peripheral 

blood [76]. 
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A. The major reactive oxygen and nitrogen species formed in the GI 

The main ROS are formed by unstable forms of oxygen: superoxide anion (O2
•−), 

hydrogen peroxide (H2O2) and hydroxyl radicals (HO•) (Table 1 and Fig 10). The O2
•− is 

constantly being generated in the mitochondrial electron transport chain, in complex I and 

II (A). It is also produced by the enzymatic reaction catalysed by xanthine oxidase (XO) 

(B) and, in several cells and tissues, the NADPH oxidases (NOX) also catalyse its 

production (C) as a mechanism of defence against pathogens [77]. In the healthy GI, the 

superoxide dismutase (SOD) converts O2
•− to H2O2 (D) which is subsequently converted 

to water, through a reaction catalysed by catalase (CAT) (E) and/or by glutathione 

peroxidase (GPX) (F). Under stress conditions, the H2O2 is somehow problematic since it 

can easily cross cellular membranes and react with O2
•−, forming the highly reactive HO•, 

as described by the Haber-Weiss reaction (G). This reaction is very slow and is catalysed 

by the ferrous ion (Fe2+) or other transient metals, which drive a reaction cycle where O2
•− 

reduces the oxidized metal generated by the Fenton reaction (H), ensuring the formation 

of HO• (Haber-Weiss net reaction) [71,78]. 

As already mentioned, low levels of ROS are crucial for several cell mechanisms 

of signalling and defence, nonetheless their excessive production is implicated in IBD 

initiation and progression. In UC patients for example, a strong neutrophil infiltration of the 

inflamed intestinal lamina propria occurs, and higher levels of myeloperoxidase (MPO) are 

found. This is particularly relevant since these immune cells produce H2O2 that is used by 

MPO yielding hypochlorite ion (OCl−), a species with strong oxidizing activity [77]. Also, 

increasing concentration of O2
•− from neutrophil NOX enzymes can generate HO• and 

perhydroxyl (HOO•) radicals [79]. The first is known to inactivate mitochondrial enzyme 

pyruvate dehydrogenase, to depolymerise GI mucin, and to inflict mitochondrial RNA and 

DNA damages. HOO• initiates fatty acid peroxidation, disturbing the permeability of 

biomembranes, modifying lipoproteins to pro-inflammatory forms and generating 
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potentially toxic and mutagenic products. Such species have been associated with 

mutagenesis in chronic intestinal inflammation [71,78]. 

 

Table 1: Enzymatic reactions involved with ROS and RNS in the GI 

 

Enzyme Reaction Site of action  

Complex I and 
III/ubiquinone of the 
mitochondrial 
transport chain 

Complex I (NADH dehydrogenase): 

O2 + NADH  O2•− + NAD+ 

Complex III (cytochrome bc1): 

O2  O2•−  

Mitochondria A 

Xanthine oxidase 
Xanthine + O2 + NADPH  O2•− + 
H2O2 + NADP+ + uric acid 

Plasma and cytoplasm of 
epithelial cells 

B 

NADPH oxidase 2O2 + NADPH  2O2•- + NADP+ + H+ Cell membrane C 

Superoxide 
dismutase 

2H+ + 2O2•−  O2 + H2O2 
Cytoplasm, mitochondria 
and small amount in the 
nucleus; Plasma 

D 

Catalase 2H2O2  O2 + H2O 

Cytoplasm and 
peroxisomes of 
epithelium and lamina 
propria; Leukocytes 

E 

Glutathione 
peroxidase 

H2O2 + 2GSH  GSSG + 2 H2O 

Peroxisomes of colon 
lymphatic tissue, luminal 
epithelium, and secreted 
by IECs 

F 

   ___ 

 

H2O2 + O2•−  O2 + HO- + HO• 

(Haber-Weiss reaction) 
Plasma and cytoplasm of 
cells 

G 

   ___ 
 

H2O2 + Fe2+  Fe3+ + HO- + HO• 

(Fenton reaction) 
Plasma and cytoplasm of 
cells 

H 

Nitric oxide 
synthase L-arginine + O2  L-citrulline + •NO 

Cell membrane of 
endothelial cells 

I 

   ___ 

 
•NO + O2•−  ONOO- 

Cytoplasm of 
inflammatory and 
epithelial cells 

J 

Glutathione 
reductase 

GSSG + NADPH  GSH + NADP+ 

Peroxisomes of colon 
lymphatic tissue, luminal 
epithelium, and secreted 
by IECs 

K 
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Figure 10: ROS and RNS formation within an IEC. The major ROS and RNS originate from various sources 

within the cell (A, B and C). When their production exceeds the endogenous antioxidant mechanisms capacity 

(D, E, F and K), they react with each other originating high levels of deleterious reactive species (G, H and J). 

The letters correspond to Table 1 reactions. 

 

RNS encompass NO and its derived metabolites, being the most common •NO, 

nitrogen dioxide (NO2), and peroxynitrite (ONOO-). •NO is produced by nitric oxide 

synthases (Table 1I) and participates in several physiological functions, including 

neurotransmission, vasodilation and immunomodulation. To date, three isoforms of NOS 

have been identified: neuronal NOS (nNOS or NOS I), inducible NOS (iNOS or NOS II), 

and endothelial NOS (eNOS or NOS III). Both nNOS and eNOS isoforms are constitutively 

present in neuronal and endothelial cells respectively, while iNOS is an induced isoform 

and mainly regulated at the transcriptional level. The latter is only detected in inflamed 

tissues and is responsible for RNS overproduction by activated macrophages, leukocytes 

and epithelial cells in the intestinal mucosa. In these cells, the •NO may also react with O2
•− 

thus forming ONOO− (Table 1J and Fig 10J), a species much more reactive than the 

previous two, causing generalized oxidative/nitrosative damage, including DNA 

fragmentation and lipid degradation [71,77,78]. Therefore, activation of iNOS and COX-2 
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in UC, leading to the consequent production of •NO and PGE2 respectively, contributes to 

the damage of intestinal mucous membrane [80]. 

 

B. The GI antioxidant mechanisms 

To deal with ROS and RNS production, several antioxidant mechanisms are in 

place to sustain healthy levels of these radicals. These involve enzymes such as CAT, 

SOD or GPX, and radical scavengers like reduced glutathione (GSH). Although during 

inflammatory conditions CAT is highly expressed to deal with H2O2 conversion to water, 

the GPX enzyme has higher affinity to H2O2. Its activity depends on GSH as a proton 

donor, which in turn is oxidised to glutathione disulfide (GSSG) in the presence of NADPH 

(Table 1F and Fig 10F). The GSH pool is afterwards replenished by de novo synthesis, 

and by regeneration from GSSG mediated by GSH reductase (Table 1K and Fig 10K) 

[71,77,78]. 

In IBD patients, the mucosal inflammatory severity has also been correlated with 

an elevated ratio of the oxidized glutathione versus its reduced form (GSSG/GSH), 

reflecting disturbances in the redox metabolism. This has been associated with 

hyperplasia, mucosal inflammation and clinical symptoms of colitis. It is noteworthy that 

the promoter region of -glutamylcysteine synthetase, an enzyme involved in GSH 

synthesis, contains a ROS-sensitive AP-1 binding site and an antioxidant response 

element (ARE). Therefore, when these regions are activated, the GSH production 

increases to counter the oxidative challenge [71]. 

Besides the endogenous antioxidants, dietary antioxidants like vitamins C and E, 

carotenoids and polyphenols, are another important antioxidant source which may help 

coping with the oxidative stress [81]. Although some controversy about their 

biodisponibility, epidemiological studies suggest that long term consumption of diets rich 

in antioxidants like polyphenols, could bring benefits in preventing some diseases [82]. 
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C. The redox signalling 

The controlled production of ROS undertakes an important role as physiological 

signalling molecules. The most described targets are the catalytic cysteine residues of 

tyrosine kinases and MAPKs phosphatases. This results in the activation of not only the 

previously described AP-1 and NF-B transcription factors (Fig 11B), but also the nuclear 

factor-erythroid-2-related factor 2 (Nfr2) pathway (Fig 11A), which is a key regulator of 

cellular antioxidant and detoxifying defences, being responsible for the elimination of 

xenobiotics and oxidants [77]. It is particularly interesting that controlled levels of H2O2 

trigger the oxidation of oxidant-sensitive proteins in a reversible way. Usually this requires 

mechanisms involving thioredoxin (Trx) or GSH, and results in an on/off regulation like that 

of phosphorylation/dephosphorylation cascades. As a result, it allows a graded perception 

of the intracellular ROS and the control of signalling pathways [79]. Concerning Nrf2, it is 

bound to its inhibitor Keap1 in the cytoplasm, under reducing conditions. In response to 

pro-oxidant or electrophilic stress, Keap1 is oxidized in its cysteine domains, allowing the 

Nrf2 translocation to the nucleus and dimerization with small Maf proteins. This results in 

its binding to antioxidant response elements (ARE) sequence and activation of an 

extensive gene network, promoting the expression of antioxidant enzymes (e.g. SOD, 

GPX, and Trx) and xenobiotic detoxification enzymes (Fig 11A). Thus, deficiencies in Nrf2 

factor have been associated with gastrointestinal inflammation and colorectal 

carcinogenesis [79,83]. 
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Figure 11: Activation of Nrf2, NF-B and AP-1 signalling due to oxidative stress. Oxidative stress can 

cause the dissociation of Keap1 from Nrf2 (A), allowing this factor to translocate to the nucleus. Here, it forms 

a dimer with small Maf proteins and bind to ARE, promoting the transcription of antioxidant and detoxifying 

enzymes. Simultaneously, the inflammatory response is also triggered by NF-B and AP-1 signalling activation 

(B). The Nrf2 and NF-B pathways influence one another.  

 

In the intestinal epithelium, the redox signalling is also responsible for regulating 

cell cycle decisions, maintaining mucosal integrity. Changes in the intracellular redox 

potential of GSH (GSH/GSSG) orient decisions from cell proliferation (−260 to −240 mV), 

through differentiation (−220 to −200 mV), and finally till apoptosis (−170 to −150 mV). The 

GSH/GSSG couple, together with the cysteine/cystine (Cys/CySS) and the 

thioredoxin/thioredoxin disulfide (Trx/TrxSS) couples, are believed to function as distinct 

control nodes that regulate metabolic processes and enzymatic reactions. This role is also 

supported by their shift between active and inactive sulphur forms within each subcellular 

compartment (mitochondria, nucleus, endoplasmic reticulum, and cytosol). Again, the 

disruption of these unique control nodes may result in mucosal oxidative stress, 

contributing to the development of intestinal inflammation and cancer [84,85]. 
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1.5. The current medical therapy approaches for IBD 

Understanding the disease is crucial to effectively modify IBD progression. 

Objective evaluation of biomarkers of inflammation have been correlated with better long-

term outcomes. In recent years, targeting mucosal healing rather than ameliorating 

symptoms, also seems to achieve better results. The symptoms may be misleading, since 

they may be present when the mucosal inflammation is not substantially active, or 

conversely, patients may have active inflammation without reporting symptoms. Thus, it is 

fundamental to select an effective intervention, at the right time, for a specific therapeutic 

endpoint [86]. 

 

1.5.1. Drug therapies 

Currently, the drug medical options to treat IBD include antibiotics, 

aminosalicylates, corticosteroids, immunosuppressants and biologic therapies (Fig 12). 

Each medication category is useful to control symptoms, treat mild-to-moderate episodes 

of CD and UC, prevent relapses, and maintain remission. In addition, nutritional and 

hygienic measures must also be taken into consideration. For each case, physicians must 

decide the most appropriate therapy, evaluating its efficacy and safety [87,88]. The main 

aim of treatment should be to achieve a profound remission, characterized by the clinical 

state, together with mucosal healing and cessation of steroid administration [89,90]. 
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Figure 12: The classical therapeutic pyramid for IBD. In a step-up approach, the use of aminosalicylates 

(e.g. 5-ASA) continues to be in the basis of treatment. Corticosteroids are regarded as a second step, followed 

by immunosuppressants and lastly by biologics, such as anti-TNF antibodies. In patients with higher risks of 

complications (e.g. younger onset of the disease), it is preferable a step-down approach to treatment. (Adapted 

from [91]). 

 

A. Aminosalicylates 

Aminosalicylates are one of the most used drug classes to treat mild-to-moderate 

episodes of CD and UC (Fig 12), encompassing mesalazine or 5-aminosalicylic acid  

(5-ASA) and its pro-drug form sulfasalazine. 5-ASA seems to act locally on colonic 

mucosa, by reducing inflammation through several mechanisms, which include the 

inhibition of either lipid mediators release, inflammatory cells, or cytokines and ROS 

formation. These actions seem to be mediated by the activation of -form peroxisome 

proliferator-activated receptors (PPAR-), known to be able to trans-repress several 

inflammatory effector genes, including NF-B target genes. Therefore, this drug down-

regulates inflammatory cytokine production, p65 dephosphorylation, accompanied by 

NF-B decreased transcriptional activity, reducing by this way the synthesis of 

prostaglandins and leukotrienes. This action is highly relevant in IBD since PPAR- is 

highly expressed in the colonic epithelial and macrophage cells. Additionally, 5-ASA also 

Biologics

Immunosuppressants

Corticosteroids

Aminosalicylates
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exhibits potent antioxidant activity as a free radicals’ scavenger [87,92,93], suggesting that 

this action mechanism may contribute to its intestinal anti-inflammatory activity. 

Although the recognized efficacy, 5-ASA is not devoid of side effects. They occur 

in 10-45% of patients, being the most common headache, nausea, epigastric pain, 

diarrhoea, and oligospermia in men. Also, all aminosalicylates have been associated with 

nephrotoxicity, in part related to the drug dosage. This way, renal function must be under 

surveillance to stop the treatment if renal function deteriorates [88,94]. 

 

B. Corticosteroids 

Corticosteroids have a potent anti-inflammatory effect and are usually used to treat 

moderate to severe relapses of both CD and UC. They inhibit T cell activation and pro-

inflammatory cytokines, by binding to the intracellular glucocorticoid receptor. Upon 

activation of this receptor, it translocates into the nucleus where it binds to the 

glucocorticoid responsive elements, preventing the binding of AP-1 and NF-B to these 

promoter regions and inducing the trans-activation of their inhibitor proteins [87,95]. 

Since the glucocorticoid receptors are expressed in most cells, the choice of these 

drugs should be carefully evaluated taking into consideration the benefits versus side 

effects, which may range from weight gain and acne to more serious effects, such as 

impaired glucose tolerance, bone loss, cataracts and venous thromboembolism. 

Therefore, their use must be restricted to a short interval and it is recommended the early 

initiation of corticosteroid-sparing medications, like immunosuppressants or biologics 

[96,97]. 

 



Chapter 1: General Introduction  

 
 

C. Immunosuppressants 

Some of the immunosuppressants used in IBD include thiopurines, methotrexate 

and calcineurin inhibitors [98]. The immunomodulatory properties of thiopurines are due 

to their capacity to control T cell apoptosis via Ras-related C3 botulinum toxin substrate 1 

(Rac1). Activation of this gene is responsible for MAPK, NF-B and mitochondrial pathway 

of apoptosis. Modulation of Rac1 by thiopurines converts the stimulatory signalling into an 

apoptotic one [87,99]. Regarding methotrexate, most of the its metabolites have inhibitory 

effects on folate-dependent enzymes, thus interfering with the folic acid metabolic 

pathway. Although its mechanism of action is not yet completely clear, in low-dose therapy 

it seems to be related with inhibition of lymphocyte proliferation through DNA synthesis 

inhibition, down-regulation of proliferation cytokines (e.g. IL-2) and upregulation of 

anti-inflammatory ones (e.g. IL-10) [87,100]. Calcineurin inhibitors, such as ciclosporin, act 

by binding to immunophilins that in turn bind to calcineurin. The formation of this complex 

with calcineurin prevents the activation of this phosphatase, thus inhibiting nuclear factor 

of activated T cells (NFAT). This inhibits T cells and antigen presenting cells activation, 

supresses inflammatory cytokines and interferes with NF-B signalling [87,101]. 

Major adverse effects occur up to 20% with thiopurines, 27-49% with methotrexate, 

and up to 17% with calcineurin inhibitors treatment. They may cause allergic reactions, 

severe leucopenia, increased risk of infection, hepatotoxicity, and renal impairment. Thus, 

patients treated with these drugs require close monitoring, with frequent blood tests for full 

blood count, liver and renal function [88]. 

 

D. Biologics 

Although biologics appear at the top of the step-up approach in IBD treatment, their 

introduction may be recommended earlier in patients with poor prognosis and refractory 
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to the conventional drugs. The most used biologic agents are monoclonal antibodies 

against TNF-, namely infliximab and adalimumab. They bind with high affinity to this 

pro-inflammatory cytokine, thus interfering with NF-B activation and cytokine production. 

These drugs control TNF-induced excessive inflammation and tissue injury, and some 

evidences also suggest a down-regulation of inflammatory cells via apoptotic mechanisms 

[87,102]. Infliximab therapy demonstrated high efficacy in patients with CD and UC that 

were refractory to conventional treatments (CD: 81% response rate with 5 mg.kg-1, for 4 

weeks; UC: 9.4% response rate with 5 mg.kg-1, for 8 weeks). Unfortunately, they render 

the users more susceptible to infections from intracellular (tuberculosis) or opportunistic 

pathogens, autoimmunity, and other side-effects. Therefore, the use of biologics must be 

carefully evaluated and monitored [88,103]. The high costs of biologic drugs also limit their 

use, but the scenario might change with the introduction of biosimilars to the market after 

patents expiration [102]. 

 

E. Antibiotics 

The use of antibiotics is limited, being mainly relevant to control symptoms or treat 

secondary complications of IBD, including abscesses and pathogenic bacterial over-

growth. Evidence suggests their utility in some situations by reducing the concentration 

and altering the composition of bacteria in the gut, therefore decreasing the disease 

activity and inducing remission. There is limited data supporting the efficacy of antibiotic 

treatment in UC, but a modest effect in CD has been reported. Usually physicians 

prescribe metronidazole, ciprofloxacin or a combination of both to treat complications of 

CD. Metronidazole, a synthetic nitroimidazole antibiotic and antiprotozoal drug, elicits the 

reduction of inflammatory markers in the blood. Ciprofloxacin is a broad-spectrum 

antibiotic and seems more effective than metronidazole in some scenarios. Yet, their 
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prolonged use may cause serious adverse effects that limit their use, and contribute to 

antibiotic resistance [88,104]. 

 

1.5.2. Nutrition 

As mentioned above, one of the risk factors for IBD onset is diet, thus diet 

management should be considered during treatment. Certain types of foods may directly 

alter the gut microbiome and its produced metabolites, act as antigens that trigger an 

immune response or impair the defensive mucous layer. Animal models have allowed the 

identification of several nutrients that help control IBD, namely: omega-3 polyunsaturated 

fatty acids, amino acids such as glutamine, arginine, histidine and threonine, vitamin D, 

plant-derived polysaccharides, poorly digestible fibers, curcurmin, green tea, fermented 

grains and polyphenols. In IBD patients, the Mediterranean diet seems to improve clinical 

parameters of the disease and the diversity of microbiome [105,106]. Even though there 

are limited data about which diets should be recommended, it seems reasonable to adopt 

a well-balanced low-fat and -sugar diet, such as the Mediterranean diet, and avoid 

commercially prepared foods and other self-identified triggers. Higher consumption of 

fruits and vegetables have also been associated with a lower risk of IBD. Further studies 

on how diet may interfere with medication or how it may be used to improve drug’s efficacy 

are still lacking and should be addressed [105]. 

 

1.5.3. Surgery 

Although disease modulation aims to avoid surgery, many IBD patients require 

surgical interventions at some point after diagnosis. It is important to note that surgery is 

not curative but evidence suggests good long-term remission, and should be considered 

when the other medical options have failed. In UC, the benefits of surgery seem more 
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controversial, depending on the disease location and number of segments affected. 

Although the decision for surgery is not easy, it must not be delayed since it may progress 

to more severe complications The procedures must minimize the operative trauma, and 

favour the postoperative recovery [88,107]. The introduction of biologics was expected to 

reduce the need for surgery, but recent data revealed otherwise. Around 30-40% of CD 

and 20-30% of UC patients still require surgery at some point during their lifetime. 

Additionally, there are some concerns about their effects on postoperative complications 

[108]. 

 

1.6. Experimental models of IBD to find new treatments 

Taking into account that the exact etiology of IBD is still not fully understood, 

several experimental animal models have been developed in the last decades. They try to 

mimic clinical and histological features of the disease, aiming to discover a viable IBD 

treatment in humans. Most of these models are based on chemical induction of the 

disease, immune cell transfer or gene targeting. This way, they allow to study defects in 

epithelial integrity or permeability, and alterations in the innate or adaptive immune 

systems. Unfortunately, there is no ideal model, since none can reproduce simultaneously 

the complicated interactions of genetic, immunological, environmental, and physiologic 

factors of the IBD pathophysiology. For this reason, the most appropriate model must be 

chosen to address each question [103].  

 

1.6.1. In vitro models 

Several in vitro models have been used to study IBD molecular mechanisms and 

to test therapeutic agents. Both human and animal cells lines have been used to represent 

the different intestinal cell types, from IECs to macrophages. IEC lines have been 
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commonly used, such as Caco-2 or HT-29 from human origin, and IEC-6 or IEC-18 from 

rodents [110-113]. To achieve an inflammatory profile, these cells have been usually 

stimulated with one or more cytokines, namely TNF-, IL-1, IFN- or LPS [110,113]. To 

reach another level of complexity, the cross-talk between IECs and immune or microbial 

cells has also been explored in co-culture systems, which allow the growth of IECs in a 

porous membrane, achieving a polarized monolayer, thus mimicking the epithelial barrier. 

In the chamber bellow the membrane, immune cells may be cultured, such as human 

THP-1 or RAW 264.7 macrophages [114,115]. Bacteria, like E. coli, may also be 

co-cultured with IECs, by adding them to the top compartment [116]. 

 

 

Figure 13: Schematic representation of an in vitro co-culture model of IBD. Taking advantage of a 

transwell chamber it is possible to mimic the intestinal lumen with cultured bacteria (apical chamber), the 

epithelial barrier (seeded on the porous membrane), and the immune cells environment of lamina propria 

(basolateral chamber). E. coli, Caco-2 and RAW 264.7 are examples of cells that can be used in this system.  

 

1.6.2. In vivo models 

Most of the in vivo studies have been carried out in rodent models, where acute 

and/or chronic intestinal inflammation are chemically induced. They rely on: i) rectal 

administration of trinitrobenzene sulfonic acid (TNBS), dinitrobenzene sulfonic acid 
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(DNBS) or acetic acid; ii) oral administration of dextran sodium sulphate (DSS); or 

iii) intraperitoneal injection of LPS. Transgenic animals that develop colitis spontaneously 

have also been used, like IL-10 knock-out mice. It is important to note that these models 

vary in terms of their immune and pathological characteristics, which may account for 

different treatment outcomes depending on the model. For instance, DSS elicits colitis 

primarily by disruption of the epithelial layer, while IL-10 knockout mice develop colonic 

inflammation in a more progressive and subtle fashion due to an immunological imbalance 

[109]. 

 

A. Chemically-induced colitis 

When evaluating the safety and effectiveness of new therapeutic drugs, the 

chemically induced models of IBD seem to be preferable. They resemble clinical aspect 

of the human disease, while being cost-effective and reproducible [109]. Among these, the 

TNBS-induced colitis model has been used since 1989, and continues to be highly relevant 

to test the anti-inflammatory and/or anti-oxidant action of chemical and natural active 

compounds in the preclinical phase of their development. The rectal administration of 

TNBS requires the ethanol action to break the intestinal mucosal barrier. Then, TNBS acts 

as a hapten which when coupled with colonic autologous or microbiota proteins, with high 

molecular weight, renders them immunogenic to the host immune system. A single 

administration of TNBS with ethanol results in an excessive cell mediated immune 

response, with a dense infiltration of lymphocytes/macrophages and secretion of several 

pro-inflammatory cytokines. This leads to the development of transmural inflammation that 

closely resembles the histopathological lesions present in CD patients. Macroscopic and 

microscopic damage score are therefore useful to determine the severity of these lesions. 

At a clinical level, the animals present symptoms of severe acute colitis, namely bloody 

diarrhea and serious weight loss. Thus, this model is useful to study crucial aspects of GI 
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inflammation, namely cytokine secretion patterns, mechanisms of tolerance, cell adhesion 

and immunotherapy [117]. 

The DSS-induced colitis can also reproduce an acute phase of colitis, 

characterized by bloody diarrhea, ulcerations and infiltration with granulocytes. In contrast 

with TNBS, oral administration of DSS directly affects the integrity of the mucosal barrier 

by exerting a toxic effect on IECs. Changing the duration of its administration may 

reproduce either acute, chronic or relapsing features of colitis [118-120]. The inflammation-

related CRC can also be achieved with co-administration of an initial single dose of 

azoxymethane, a genotoxic colon carcinogen. Therefore, this model has been reported to 

be useful to study the intestinal epithelial barrier and innate immune mechanisms of colitis 

[109]. 

 

B. Genetically-induced colitis 

The genetically-induced models usually involve the inactivation or deletion of an 

existing gene, and its replacement with an artificial piece of DNA. This knock-out strategy 

may involve a single organ instead of the whole animal body. As an example, IL-10 knock-

out mice develop spontaneous transmural pancolitis by 2-4 months of age, that resembles 

human CD. This is mainly due to the lack of the suppressive effect of IL-10 to maintain 

physiological inflammatory conditions. The A20-deficent mice also develop spontaneous 

inflammation related with an impaired inhibition of TNF-induced NF-B activity. Other 

models instead, target the epithelial barrier, as in mice models expressing a dominant 

negative mutant of N-cadherin, a cell adhesion molecule in intestinal epithelial cells, which 

develop defects in the epithelial barrier function. Therefore, the inflammatory reaction 

occurs near the porous sites of the epithelial barrier, due to the abnormal contact with 

mucosal microflora [109,121]. 
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2. Dietary polyphenols and their benefits in the 

management of IBD 

The use of medication to treat or reduce the symptoms of IBD continues to be the 

first-line medical approach, followed by surgery when the first fails. Although 

pharmacotherapy may achieve good outcomes in many patients, many others experience 

adverse effects that may limit their use or affect the medication adherence by the patients. 

Additionally, in some cases the disease is not fully controlled, requiring invasive surgical 

interventions. Therefore, in the past few years, with the consciousness about how diet can 

affect the disease, dietary supplements have deserved increasing interest to achieve extra 

benefits, and the use of natural products and dietary components for the prevention of IBD 

have gained in popularity. Around half of patients with IBD seek dietary advice, and among 

them around 76% use supplements and vitamins [122,123]. 

In this context, several dietary compounds have been investigated as potential 

alternatives for the management of IBD. Polyphenols are a large group of compounds 

widely distributed in vegetables and fruits, with recognised health promoting activities. 

They seem to afford protection against several chronic and neurodegenerative diseases, 

including GI diseases [124-127]. Although their biological activities are diverse, 

polyphenols possess recognized antioxidant and anti-inflammatory properties. It has been 

demonstrated that they can act by several mechanisms, as direct antioxidants or by 

promoting antioxidant signalling pathways, and by reducing pro-inflammatory ones 

(Fig 14) [128,129]. Several in vivo studies have demonstrated their efficacy in 

experimental models of IBD, either as pure polyphenols or plant extracts, by reducing 

colitis severity in terms of morphological, histological and biochemical parameters 

[130,131]. Overall, this makes them promising candidates for the management of IBD. 
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Figure 14: Polyphenols modulate antioxidant and inflammatory signalling pathways. In addition to 

directly scavenging free radicals, polyphenols seem to attenuate inflammation by up-regulating antioxidant 

genes transcription (A) and down-regulating inflammatory ones (B). 

 

2.1. Anthocyanins as a promising subclass of polyphenols 

There are many subclasses of polyphenols commonly found in the Mediterranean 

diet. Among them, anthocyanins are a large group of dietary flavonoids with a relatively 

high consumption, which have been reported to possess relevant health-promoting 

benefits. In addition to their well-known antioxidant activity, a wide variety of other activities 

have been ascribed to these compounds, namely cytoprotective, antimicrobial and 

antitumour activities. Even though, data about their therapeutic potential for chronic and 

degenerative disorders are still scarce [132]. 
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2.1.1. Major anthocyanins and their sources 

Nowadays, 702 anthocyanins have already been identified, derived from naturally 

occurring anthocyanidins [133]. From these, 6 are commonly found in pants: pelargonidin 

(Pg), cyanidin (Cy), delphinidin (Dp), peonidin (Pn), petunidin (Pt) and malvidin (Mv). 

Anthocyanins diversity arises from the binding to several glycosidic moieties (glucose, 

galactose, xylose, arabinose, fructose and rhamnose), and different patterns of hydroxyl 

and methoxy groups on B ring of the anthocyanidin structure (Fig 15) [132]. 

 

 

Figure 15: General chemical structures of dietary anthocyanins. R1 and R2 = patterns of hydroxyl and 

methoxy groups; R3 = glycosidic moiety. 

 

Since these compounds are widely distributed in our diet, their daily intake may be 

quite high depending on the eating habits. In a study targeting ten western European 

countries, it was found that the daily anthocyanin intake could reach 64.9 mg/day and 

44.1 mg/day in Italy, for men and women respectively. Northern countries however, 

showed the lowest levels of anthocyanins consumption. These differences may be 

correlated with the Mediterranean diet, which includes fruits, vegetables and red wine, with 

high anthocyanin contents. In fact, high sources of anthocyanins are red fruits such as 
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blueberries, blackberries, raspberries, strawberries, red grapes, and saskatoon berries, as 

well some vegetables like red cabbage [134]. 

 

2.1.2. Anthocyanins health benefits 

Several experimental studies support the correlation between a high consumption 

of anthocyanins and lower incidence of chronic diseases. A great diversity of beneficial 

health effects have been assigned to these dietary compounds, such as antidiabetic, anti-

obesity, neuroprotective, cardiovascular protection, anti-inflammatory and antitumour 

effects [132]. The underlying molecular mechanisms by which the anthocyanins exert 

these effects are diverse. Besides their potent antioxidant capacity, including direct radical 

scavenging ability, they may interfere with several signalling pathways, such as MAPKs 

and NF-B, and cellular processes involved in cell cycle decisions, autophagy and 

biochemical metabolism [135]. 

Regarding the antioxidant properties, cyanidin-3-glucoside (Cy3glc) has been 

reported to possess the highest activity, when evaluated by the oxygen radical absorbance 

capacity (ORAC) assay [136]. When studied in vitro, this anthocyanin has been 

demonstrated to afford protection against endothelial dysfunction and vascular failure 

induced by peroxynitrite radical [137]. Besides its action as scavenger of peroxynitrite 

radicals, it was further reported Cy3glc ability to regulate the enzymatic production of NO 

via iNOS, and to induce cellular protective mechanisms such as the mediator stress 

protein heme oxygenase-1 (HO-1) [138]. Previous work from our group further explored 

the vascular protective effects of dietary anthocyanins, in the context of cardiovascular 

diseases prevention. Three of the most common anthocyanins, Cy3glc, delphinidin-3-

glucoside (Dp3glc) and pelargonidin-3-glucoside (Pg3glc), exhibited cytoprotective effects 

on endothelial cells, by scavenging peroxynitrite, as aforementioned for Cy3glc, and by 

disrupting the mitochondrial apoptotic pathway [139]. Later, malvidin-3-glucoside (Mv3glc) 
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was also shown similar effects, countering ROS formation, peroxynitrite-induced 

mitochondrial apoptotic signaling pathway and NF-B activation [140,141]. 

The anti-inflammatory properties of anthocyanins have drawn particular interest 

since inflammation has been associated with the pathogenesis of several diseases, such 

as cancer [142]. Therefore, fruit-derived anthocyanins have been reported to inhibit the 

expression of COX-2, the NF-B activation and the secretion of several interleukins, either 

in vitro or in vivo [143-145]. 

 

2.1.3. Anthocyanins for the management of IBD 

Some controversy may arise in terms of the in vivo benefits of anthocyanins due 

to their lower bioavailability when compared with other polyphenols [146]. Nonetheless, it 

was shown that high percentages of anthocyanins (some more than 70%) can reach the 

colon after consumption of anthocyanin-rich foods like blueberries. Furthermore, 

anthocyanins such as cy3glc and pg3glc could be absorbed by the GI wall in their intact 

form. Not to mention that their metabolites can also contribute to the ascribed health 

benefits of anthocyanins [147]. Thus, in contrast with the low reached plasma 

concentrations, the GI is the compartment where dietary anthocyanins achieve their 

highest concentrations, with consequent potential therapeutic benefits against IBD. 

Therefore, some studies have explored the effect of some species of anthocyanin-rich 

fruits, namely strawberries, grapes and some varieties of berries, on IBD animal models 

and some patients [148-151]. Overall, and despite the variety in anthocyanin structures 

and mixtures, they seem to possess relevant protective and therapeutic effects on the 

management of IBD. Some of the described mechanisms include mitigation of the 

oxidative stress, scavenging of free radicals, cytoprotective functions, inflammatory 

cytokines and mediators countering, and down-regulation of pro-inflammatory pathways. 
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Not to mention that anthocyanins and their metabolites interact with GI microbiota, being 

able to modulate its composition [148].  

Recent data from our group also show the beneficial effect of Cy3glc in the context 

of IBD, by using an in vitro model of human HT-29 intestinal cells. In these studies, Cy3glc 

demonstrated high efficacy in countering inflammation when compared to a conventional 

treatment (5-ASA), by suppressing cytokine production and STAT1 activation, while 

inducing endogenous antioxidant mechanisms [152,153]. 

 

2.1.4. Anthocyanins in IBD: the missing pieces 

Evidences from several studies have demonstrated preventive and therapeutic 

functions of anthocyanins that are highly relevant in the context of IBD [148]. Their role as 

antioxidant and anti-inflammatory agents may contribute to treating flares or delay 

relapses, thus improving the patient’s quality of life. Moreover, as part of our diet, they may 

be a safer strategy without the adverse effects ascribed to current drug therapy. However, 

so that anthocyanins can be considered as part of any therapeutic regimen for IBD, many 

questions still need clarification. 

Considering the huge variety of anthocyanins, modification of the basic chemical 

structures may account for different effects, action mechanisms, potency or cell 

absorption. Therefore, further studies need to address their metabolism, bioavailability, 

efficacy, and action mechanisms, especially in the context of intestinal inflammation. 

Another consideration is the fact that anthocyanin-rich food and isolated 

anthocyanin-rich fractions activity do not necessarily reflect that of isolated single 

anthocyanins. Thus, anthocyanins interactions should be analysed to identify beneficial 

synergisms and/or avoid antagonisms that may hinder anthocyanins activity. This may be 

highly relevant when developing a nutraceutical formulation, for example. 
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At least, a concern that has been disregarded is the possible interactions between 

anthocyanins and conventional drug therapies. Since most IBD patients are medicated, 

this should also be explored. 
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3. Objectives 

The continuous effort to understand the pathophysiology of IBD have led to 

important breakthroughs in IBD management. Unfortunately, there is still no cure available 

and patients undergo life-long therapies, with inherent adverse effects that may be quite 

severe. Therefore, the need to develop more effective and safer therapies for IBD, together 

with preventative strategies, continues to persist. Dietary polyphenols, particularly 

anthocyanins, have been envisaged as promising natural alternatives due to their high 

abundance in fruits and vegetables and to recognized anti-inflammatory activity against 

chronic inflammatory disorders. In the context of IBD, although some studies have 

demonstrated their anti-inflammatory and antioxidant activities, the underlying action 

mechanisms and efficacy still need clarification. 

Thus, the main goal of this work was to evaluate the efficacy of typical anthocyanins 

commonly found in the Mediterranean diet to ameliorate the inflammation underlying IBD, 

in comparison with 5-ASA, a well-known anti-inflammatory drug commonly used in this 

disease, by using representative models of IBD. 

Therefore, to achieve our main goal, the following tasks were performed with 

specific objectives: 

1. A first line of work aimed to assess the role of a typical single anthocyanin, 

Cy3glc, in inflammatory pathways of importance for management of IBD, in comparison 

and in association with 5-ASA, by using a macrophage cell model. Cy3glc was chosen 

because it is one of the most common dietary anthocyanins found to reach the colon in its 

intact form after anthocyanin-rich food consumption. Therefore, following a previous work 

from our group showing the anti-inflammatory response by Cy3glc in human intestinal cells 

(HT29) [152] and taking into consideration that macrophages play a key role in intestinal 

inflammation onset and progression, we explored its anti-inflammatory efficacy in a model 

of LPS-stimulated RAW 264.7 cells, as compared with 5-ASA, in terms of capacity to 
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counter NO, PGE2, TNF- and ROS production, and iNOS and COX-2 expressions. The 

action mechanisms were tentatively clarified by measuring its ability to modulate crucial 

signalling pathways closely implicated in IBD, namely NF-B and MAPKs/AP-1 signalling 

(Chapter 2). 

2. Secondly, we aimed to investigate the in vivo anti-inflammatory action of an 

anthocyanin-rich fraction (ARF) of Portuguese blueberries (Vaccinium corymbosum L.), as 

a natural anthocyanin mixture, in a TNBS-induced colitis rat model, in comparison with 

5-ASA. Thus, after colitis induction, the animals were treated with either ARF or 5-ASA for 

8 days. After the sacrifices, the animals were evaluated in terms of clinically relevant 

parameters that closely resemble the human pathology, namely macroscopic colon 

damage, leukocyte infiltration (MPO activity and expression), ALP activity, antioxidant 

defences status (GSH/GSSG ratio and GPX activity) and expression of pro-inflammatory 

enzymes (COX-2 and iNOS) in the colonic tissue (Chapter 3). 

3. To further get a better knowledge on the action mechanisms by which the 

prepared ARF exerts its effects and to evaluate the impact of anthocyanins on the 

interaction between macrophages and intestinal epithelial cells, we used an in vitro model 

of gut inflammation, a co-cultured model of intestinal Caco-2 and macrophage RAW 264.7 

cells. In a transwell system, the apical compartment with a differentiated and polarized 

monolayer of Caco-2 cells mimics the epithelial barrier, while the basolateral compartment, 

containing RAW 264.7 macrophage cells, initiates the inflammatory response by LPS 

stimulation. This model allowed to study the ARF capacity to counter pro-inflammatory 

cytokines (IL-6, IL-1β), NO and ROS produced by both cell types, when incubated only in 

the apical compartment, representative of the intestinal lumen. The ARF efficacy was 

again compared with that of 5-ASA (Chapter 4). 
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1. Abstract 

The present study was aimed to investigate the anti-inflammatory action of 

cyanidin-3-glucoside (Cy3glc), an anthocyanin widely spread in diet, in comparison and 

association with 5-aminosalicylic acid (5-ASA), an anti-inflammatory reference drug in the 

context of inflammatory bowel diseases. The efficacy, action mechanism and interaction 

between Cy3glc and 5-ASA were assessed in vitro, using an E. coli LPS-activated RAW 

264.7 macrophage cell line. Our data show a higher effectiveness of Cy3glc in 

counteracting LPS-induced nitric oxide (NO) and prostaglandin E2 (PGE2) secretion, by 

inhibiting inducible nitric oxide synthase (iNOS) and cycloxigenase-2 (COX-2) expression, 

respectively, as compared to 5-ASA at the same concentration. In addition, the mixture 

(25 µM Cy3glc plus 25 µM 5-ASA) affords a better protection than 25 µM Cy3glc and a 

much better than 25 µM 5-ASA. Similar results were achieved regarding cellular reactive 

oxygen species (ROS) production. Although neither Cy3glc nor the mixture counteracted 

LPS-induced nuclear factor-B (NF-B) activation, Cy3glc plus 5-ASA strongly inhibited 

activator protein-1 (AP-1) translocation to the nucleus and prevented p38 mitogen-

activated protein kinase and Jun N-terminal kinase (JNK) phosphorylation. Taken together 

these results suggest that the co-administration of Cy3glc and 5-ASA could be a potential 

strategy to control inflammation in patients with inflammatory bowel disease. 
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2. Introduction 

Polyphenols have been reported to possess a wide range of relevant biological 

activities against diseases such as diabetes, cancer, cardiovascular and inflammatory 

diseases [1-3]. Although for several years, their biological activities have been closely 

related to their potent antioxidant properties, it is now clear that beyond such properties 

they modulate crucial signalling pathways and gene transcription, at very low 

concentrations, controlling several inflammatory cytokines and mediators [4, 5]. Previous 

work from our group have already demonstrated the impact of dietary anthocyanins, such 

as malvidin-3-glucoside and cyanidin-3-glucoside (cy3glc), on counteracting the 

expression of pro-inflammatory mediators in endothelial and epithelial intestinal cells, 

respectively [6-8]. 

Nevertheless, there is some controversy regarding the bioavailability of 

anthocyanins, since they seem to be not only absorbed in a low extent but also highly 

metabolized. In fact, it has been reported in an in vitro study that only around 3 to 4% of 

blueberry anthocyanins seem to be absorbed by human intestinal cells [9], which may be 

a limiting factor to their use in the context of inflammatory processes. However, this is not 

a true problem in the case of intestinal inflammatory bowel disease (IBD), once the 

intestine is the organ where dietary anthocyanins achieve the highest concentrations, and 

regular consumption of selected fruits such as berries, may lead to a high intake of these 

compounds [10]. 

IBD is a chronic, relapsing, idiopathic inflammation of the gastrointestinal tract (GI), 

which includes ulcerative colitis (UC) and Crohn’s disease (CD), affecting approximately 

1.5 and 2.2 million patients in USA and Europe, respectively. Since their incidence and 

prevalence have been clearly rising worldwide, IBD has been increasingly considered as 

an emerging global disease [11, 12]. Even though IBD etiology is not yet fully understood, 

it appears to be a multifactorial combination of genetic predisposition and environmental 
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triggers that can lead to an abnormal exacerbated immune response in the GI to a normally 

innocuous stimuli [13]. This leads to an upregulation of pro-inflammatory mediators, such 

as reactive oxygen and nitrogen metabolites, eicosanoids and chemokines, which play a 

crucial role in the disease onset and perpetuation of the inflammatory response [14]. In 

this context, innate immune cells such as macrophages have a key role, by migrating into 

target mucosal tissues and producing elevated levels of reactive species and pro-

inflammatory cytokines, as compared to cells of healthy individuals [15, 16]. 

Treating IBD continues to be a challenge since it is not still available a specific 

causal treatment for this disease, and current therapeutic strategies aim to target the 

multiple inflammatory signalling cascades. Attempts to downregulate the uncontrolled 

immune response, mainly by using aminosalicylates, glucocorticoids, 

immunosuppressants and, more recently, biological drugs, have potential serious side 

effects that may limit their long-term use [17, 18]. As a result, the development of new 

effective and safer therapeutic alternatives remains a focus of interest and, in this context, 

the use of natural-derived products such as anthocyanins, may be a promising strategy. 

Despite the fact that these phytochemicals may be safer and promote health benefits 

[19-21], scientific evidences regarding its effectiveness and underlying action mechanisms 

need to be more elucidated. 

Therefore, the aim of this work was to improve our knowledge on the use of Cy3glc, 

an anthocyanin widely-spread in our diet [22], as a natural anti-inflammatory agent and to 

explore a relatively new concept concerning the interaction between a natural product, and 

the synthetic drug 5-aminosalicylic acid (5-ASA) as a strategy to modulate intestinal 

inflammation. To achieve this goal, the study was carried out in an in vitro model of E. Coli 

LPS-induced inflammation in a RAW 264.7 macrophage cell line, and the action 

mechanisms were investigated by monitoring two of the most relevant signalling pathways 

controlling inflammation, nuclear factor-B (NF-B) and activator protein-1 (AP-1). 
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3. Materials and methods 

3.1. Reagents 

General laboratory chemicals as well as 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT), 2,7-dichlorofluorescein diacetate (DCFDA), 5-aminosalicylic 

acid (5-ASA) and lipopolysaccharide (LPS) (Escherichia coli, serotype 0111:B4) were 

purchased from Sigma Chemicals Co. (St. Louis, MO, USA). Cyanidin-3-glucoside 

(Cy3glc) was obtained from Extrasynthèse (Genay, France). 

Cell culture reagents, namely Dulbecco’s modified Eagle’s medium (DMEM), fetal 

bovine serum (FBS) and phosphate-buffered saline (PBS) pH 7.4, were purchased from 

Gibco-Invitrogen (Grand Island, NY, USA), except for penicillin and streptomycin, which 

were purchased from Sigma Chemicals Co. (St. Louis, MO, USA). 

Mouse monoclonal antibody against phosphorylated inhibitory B- (p-IB-) and 

β-actin and rabbit monoclonal antibody against inducible nitric oxide synthase (iNOS) and 

cycloxigenase-2 (COX-2) were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA, USA) and against phosphorylated Jun N-terminal kinase (p-JNK), p-p38, and p-cJun 

were purchased from Cell Signaling Technology (Cell Signaling Technology Europe, 

Netherlands). Secondary antibodies were obtained from Abcam (Cambridge, UK). 

 

3.2. Cell culture and treatment 

Murine macrophage cell line RAW 264.7 was purchased from European Collection 

of Cell Cultures (Porton Down, Salisbury, UK). Cells were cultured in DMEM supplemented 

with 10% (v/v) FBS and 100U.mL-1 of penicillin and 100 µg.mL-1 streptomycin, on 75 cm2 

flasks, at 37ºC in a humidified atmosphere of 5% CO2. Cells were counted using a 
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haemocytometer and the number of viable cells was determined by trypan blue dye 

exclusion. 

Twenty-four hours prior to each experiment, cells were seeded in 60 mm wells 

(1x106 cells.mL-1) for Western Blot analysis, and in 12-multiwells (4x105 cells.mL-1) for all 

other assays. The medium was always replaced by fresh supplemented medium before 

cells treatment. Cells were treated with Cy3glc (25 µM), 5-ASA (25 µM) or both (25 µM 

Cy3glc plus 25 µM 5-ASA) twenty minutes before stimulation with LPS (1 g.mL-1). Thus, 

compounds and stimulus were present during the time of the experiment. 

 

3.3. Nitric oxide production 

Nitric oxide (NO) production was evaluated by the amount of nitrite, a stable 

oxidized product of NO, accumulated in the supernatants of cells submitted or not to 

treatment for 16 hours by a modified Griess method. Briefly, 100 l of cell-culture medium 

was mixed with 100 l of 1% (w/v) sulphanilamide in 5% (w/v) phosphoric acid for 5 min 

and 100 l of 0.1% (w/v) naphthylethylenediamine dihydrochloride for an additional 5 min, 

at room temperature and protected from direct light. The absorbance was measured at 

530 nm in a plate reader (Bio-TEK Synergy HT, Izasa S.A., Spain) and the concentration 

of nitrite was determined from a sodium nitrite standard curve. Fresh culture medium was 

used as a blank and all experiments were performed in triplicate. 

 

3.4. Intracellular reactive oxygen species production 

Intracellular reactive oxygen species (ROS) content was estimated by using the 

non-fluorescent probe 2′-7′-dichlorodihydrofluorescein diacetate (DCFH-DA) which 

permeates cell membrane and may be oxidized by ROS, yielding the 2′-7′-
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dichlorofluorescein (DCF) [23]. Briefly, after cells treatments in 12-well platers  

(4x105 cells.mL-1) for 16 hours, they were washed with PBS and new medium containing 

1 M DCFH-DA was added for 15 min at 37ºC, protected from direct light. After washing 

the cells, the fluorescence was measured using a plate reader (Bio-TEK Synergy HT, 

Izasa S.A., Spain) (excitation and emission wavelengths at 485 and 530 nm, respectively) 

and images were captured using an inverted fluorescence microscope coupled with a 

camera (Axiovert 40CFL coupled with Axiocam MRc5, Zeiss, USA) and a FITC filter. 

 

3.5. Cell viability 

Cell viability was assessed by the cellular dehydrogenase-dependent reduction of 

the yellow dye MTT to formazan, an insoluble intracellular purple product [24]. After 

incubation of the cells with Cy3glc or/and 5-ASA for 24 hours, the culture medium was 

removed and the cells were washed twice with PBS. MTT was added in the medium at a 

concentration of 0.5 mg.mL-1 for 1 hour at 37ºC. Finally, the supernatant was removed and 

the formazan crystals were dissolved in 500 l of dimethyl sulfoxide (DMSO), and the 

absorbance was immediately read at 530 nm in a plate reader (Bio-TEK Synergy HT, Izasa 

S.A., Spain). Cell viability was expressed as a percentage of control cells, i.e., cells 

incubated for 24 hours but without compounds. 

 

3.6. Prostaglandin E2 and TNF-alpha production 

Prostaglandin E2 (PGE2) and tumour necrosis factor-alpha (TNF-α) production by 

RAW 264.7 was quantified by using competitive immunoassay kits, from Enzo Life 

Sciences (Farmingdale, New York) for PGE2 (PGE2 EIA kit) and from R&D Systems 

(Minneapolis, USA) for TNF-α. After cells treatment, under the specified conditions for  
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16 hours, aliquots of supernatant were collected and analysed according to the 

manufacturers’ instructions. Determinations were performed in duplicate of four 

independent experiments and the results were normalized in terms of protein content, as 

evaluated by the Bradford method (Bio-Rad, USA). 

 

3.7. Western blot analysis 

The intracellular levels of p-IB-, iNOS, COX-2, p-JNK, p-p38, and p-cJun were 

assessed by Western-blotting. Briefly, following incubation under the specified conditions 

and for different time periods (8 min for p-IB-, 15 min for p-JNK and p-p38, 2 h for 

p-cJun, and 4 h for iNOS and COX-2), cells were washed twice with cold PBS. For total 

cellular protein extracts, washed cells were then scrapped and resuspended in ice-cold 

lysis buffer (50 mM Hepes pH 7.4, 150 mM NaCl, 2 mM EDTA, 10% (w/v) glycerol, 0.5% 

(w/v) sodium deoxycholate, 1% (v/v) Triton X-100, 1 mM PMSF, 1/100 (v/v) protease 

inhibitor cocktail) for 30 min, on ice. Lysates were subsequently centrifuged at 14000 rpm 

for 20 min at 4ºC and supernatants were collected and stored at -20ºC until used to explore 

iNOS, COX-2, p-JNK, and p-p38 expressions. For cytoplasmic proteins, the procedures 

were similar, but cells were lysed using an ice-cold buffer containing 10 mM Tris–HCl, 

10 mM NaCl, 3 mM MgCl2, 0.5% Nonidet P-40 and 1% protease inhibitor cocktail, pH 7.5, 

for 10 min on ice. Lysates were then centrifuged at 5000 rpm for 5 min at 4ºC and 

supernatants (cytoplasmic extracts) were collected and stored at -20ºC until used to 

determine p-IB-. The pellets were used to extract the nuclear protein content, by 

resuspending them in ice-cold buffer containing 20 mM Hepes, 5 mM MgCl2, 0.2 mM 

EDTA, 1 mM DTT, 300 mM NaCl, 20% (w/v) glycerol, and 1% protease inhibitor cocktail, 

pH 7.5 and left on ice for 30 min. The mixture was centrifuged at 14000 rpm for 20 min at 

4ºC and the supernatants (nuclear extracts) collected and stored at -80ºC until used to 

explore p-cJun expression. 
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Cellular protein concentration was determined by using Bio-Rad protein assay dye 

(Bradford method), according to the manufacturer’s specifications (Bio-Rad, USA). A 

range of 40-80 µg of reduced and denaturated proteins were separated by electrophoresis 

on 10% SDS-polyacrylamide gel and blotted to polyvinylidene fluoride (PVDF) membranes 

(Amersham, Buckinghamshire, UK) for 2 h at 200 mA. After blocking non-specific sites 

with 5% (w/v) non-fat dried milk in TBS-T buffer [25mM Tris–HCl pH 7.6, 150 mM NaCl, 

0.1% (v/v) Tween 20] for 1 h at room temperature, membranes were incubated overnight 

at 4ºC with the target primary monoclonal antibodies, with gentle shaking. The membranes 

were then washed three times with TBS-T and further incubated for 1 h at room 

temperature with the phosphatase alkaline-labelled secondary antibodies. 

Immunoreactive complexes were detected by chemifluorescence after blots exposition to 

enhanced chemifluorescent reagent (Amersham Biosciences) in a Typhoon 9000 scanner 

(Amersham Biosciences). β-actin was used as protein loading control. Bands were 

analysed with the ImageQuantTM software from Amersham Biosciences (Molecular 

Dynamics). 

 

3.8. Nuclear factor-B DNA binding 

To explore p65 subunit activation in the nucleus it was used an ELISA kit TransAM® 

from Active Motif (CA, USA). Briefly, after 30 min of treatment, cells were lysed in 300 µl 

of an ice-cold solution containing 10 mM Tris-HCl, 10mM NaCl, 3 mM MgCl2, 0.5% Nonidet 

P-40 and 1% protease inhibitor cocktail, pH 7.5, for 10 min on ice. Lysates were 

centrifuged at 5000 rpm for 5 min at 4ºC and the supernatants (cytoplasmic extracts) were 

discarded. The pellet was dissolved in 30 µl of nuclear lysis buffer provided by Active Motif 

with 1% protease inhibitor cocktail, maintained in ice for another 10 min, and further 

centrifuged at 14000 rpm for 20 min at 4ºC, to obtain nuclear extracts. The supernatants 
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were collected and stored at -80ºC until use. NF-B DNA binding was determined 

according to the manufacturer instructions, in 15 µg of protein per sample. 

 

3.9.  Fluorescence Confocal Microscopy 

RAW 264.7 cells were seeded onto glass coverslips on 24 well plates and treated 

for 2 h, as described above. Then cells were washed twice with PBS and were fixed with 

4% paraformaldehyde in PBS for 15 min at room temperature. The blocking and 

permeabilization was performed simultaneously with PBS containing 0.1% saponin and 

5% FBS for 30 min at room temperature. Cells were then incubated with a primary rabbit 

monoclonal antibody to p-cJun (1:250) overnight at 4ºC. After washing twice with PBS, 

cells were incubated with Alexa Fluor-488 conjugated secondary antibody (1:1000) for 

1 h at room temperature. Finally, cells were again washed twice and the coverslips were 

mounted with glycerol and PBS containing the nucleic acid stain Hoechst (1 µg.mL-1). Cells 

were examined under a confocal microscope (Ziess LSM 710) and representative pictures 

were taken. 

 

3.10.  Statistical analysis 

All data were expressed as mean ± standard error of the mean (SEM) of at least 

three independent assays, each one performed in duplicate or triplicate. Differences 

between conditions were assessed using one-way analysis of variance (ANOVA), and 

Bonferroni´s test as post hoc. A value of P<0.05 was accepted as statistically significant. 

  



Chapter 2: Anti-inflammatory and antioxidant activity of Cy3glc in macrophages  

 
 

4. Results 

4.1. Cy3glc alone or in combination with 5-ASA decreases NO and 

ROS production by LPS-stimulated RAW 264.7 cells in a concentration 

dependent way 

To evaluate the potential anti-inflammatory action and to elucidate the underlying 

biochemical mechanisms of Cy3glc in comparison with 5-ASA and their eventual 

synergistic effect, the assay conditions were previously ascertained in LPS-stimulated 

RAW 264.7 cells, as a model of activated macrophages. It is well known that these 

activated cells produce and secrete high amounts of inflammatory mediators such as NO 

and reactive oxygen species [25,26]. Thus, after cells incubation with several 

concentrations of LPS, the productions of NO and ROS were evaluated by the Griess and 

DCFH-DA methods respectively, at two time points (16 h and 24 h) and the potential anti-

inflammatory activity of several concentrations of Cy3glc and 5-ASA was tested in terms 

of their inhibitory effect on NO production upon 16 h incubation. On basis of the results 

obtained (supplementary material) the LPS concentration of 1 µg.mL-1 and two 

concentrations of Cy3glc and 5-ASA, 12.5 and 25 µM, were chosen for further 

experiments. 

As shown in Fig 1, LPS stimulation led to a statistical significant increase in either 

NO (Fig 1A) or ROS (Fig 1B and C) production, which was prevented by both selected 

concentrations of Cy3glc. In contrast, 5-ASA treatment at the same concentrations, did not 

present any significant effect, except at the concentration of 25 µM that led to a statistically 

significant small decrease in NO production (Fig 1A). However, when in combination with 

Cy3glc the decrease in NO and ROS production is statistically much higher. Moreover, in 

the concentration combination of 50 µM (25 µM Cy3glc and 25 µM 5-ASA), the inhibitory 

effects in both mediators were even higher than those with Cy3glc alone. The combination 

index calculated based on the Chou-Talalay method using the CompuSyn software was 
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lower than 1, suggesting a synergistic effect between Cy3glc and 5-ASA (supplementary 

material). 

 

 

Figure 1: Effects of Cy3glc, 5-ASA or both on LPS-induced NO and ROS production by RAW 264.7 

cells. Cells were pre-incubated with Cy3glc and/or 5-ASA (12.5 and 25 µM) for 20 min and then were 

stimulated with LPS (1 µg.mL-1) for 16 hours. (A) NO production was evaluated in the supernatant by the 

Griess reaction and expressed as percentage of positive control. (B) ROS intracellular levels were determined 

in adherent cells by oxidation of DCFH-DA fluorescent probe and expressed in terms of fluorescence intensity 

relative to LPS-stimulated cells. (C) Representative images obtained by fluorescence microscopy (400x) are 

presented. Values are mean ± SEM of at least four independent experiments, each one assayed in triplicate. 

***P<0.001 vs negative control (non-stimulated cells); #P<0.05, ##P<0.01, ###P<0.001 vs positive control (LPS-

stimulated cells but without compounds); §P<0.05 and §§§P<0.05 combined effect vs 5-ASA per se. 
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The cytotoxicity of Cy3glc and 5-ASA was also evaluated upon 24 hours of RAW 

264.7 cells incubation with the compounds by the MTT assay. As shown in Fig 2, neither 

Cy3glc nor 5-ASA per se or in combination affected cell viability. Also, no cellular 

morphological changes were observed by microscopic analysis (data not shown). On basis 

of these and the above assay results, the concentration of 25 µM was considered subtoxic 

for both Cy3glc and 5-ASA de per se and the same for 50 µM in combination (25 µM 

Cy3glc plus 25 µM 5-ASA). These concentrations were used in all the subsequent 

experiments. 

 

Figure 2: Effects of Cy3glc, 5-ASA or both on RAW 264.7 cells viability. Cell viability was assessed by 

MTT reduction, after 24 hours of cell incubation with the compounds and determined as percentage of control 

cells (without compounds). No statistical differences were observed. 
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4.2. Secretion of PGE2 and TNF-alpha by LPS-stimulated 

macrophages is inhibited more efficiently by Cy3glc than by 5-ASA, 

being the mixture more effective than 5-ASA alone 

To reinforce the ability of Cy3glc alone or in combination with 5-ASA to inhibit the 

secretion of pro-inflammatory mediators, the levels of PGE2 and TNF- produced by 

activated RAW 264.7 cells were also monitored. 

Cells stimulation with 1 g.mL-1 LPS for 16 h led to an increased production of 

PGE2 (Fig 3A) and TNF- (Fig 3B), which was significantly reduced by the treatment with 

25 M Cy3glc, in about 50% and 30%, respectively. 5-ASA, in similar concentration, 

showed no inhibitory effect on TNF- production (Fig 3B) and a much lower reduction in 

PGE2 secretion (about 26%) (Fig 3A). Combination of Cy3glc with 5-ASA significantly 

improved 5-ASA effect on both, PGE2 and TNF- productions, inducing a similar effect to 

that of Cy3glc alone in the first situation (Fig 3A). Regarding TNF-, the mixture also 

significantly improved the effect of 5-ASA, although versus positive control it was not 

statistically significant (Fig 3B). In cells not exposed to the inflammatory stimulus, and 

incubated with Cy3glc, 5-ASA or both no increase in pro-inflammatory mediators’ basal 

levels was observed (Fig 3A and B). 
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Figure 3: Effects of Cy3glc, 5-ASA or the combination of Cy3glc with 5-ASA on the production of PGE2 

and TNF-α in LPS-stimulated RAW264.7 macrophages. Cells were pre-incubated with Cy3glc (25 µM), 

5-ASA (25 µM) or both, and then stimulated with LPS for 16 hours. PGE2 (A) and TNF-α (B) production by 

cells was measured as described in section 2.6. Values are mean ± SEM of at least four independent 

experiments, each one assayed in triplicate. ***P<0.001 vs negative control (non-stimulated cells); #P<0.05, 

##P<0.01, ###P<0.001 vs positive control (LPS-stimulated cells but without compounds); §P<0.05 vs 5-ASA. 

 

4.3. Cy3glc and/or 5-ASA modulate LPS-induced expression of 

iNOS and COX-2 in RAW 264.7 cells 

Bearing in mind that NO and PGE2 production are directly correlated with an 

overexpression of iNOS and COX-2 respectively [27,28], we further explored Cy3glc 

and/or 5-ASA ability to modulate both enzymes expression in RAW 264.7 macrophages. 

Actually, iNOS (Fig 4A) and COX-2 (Fig 4B) were highly overexpressed after 4 h 

incubation with LPS, as assessed by Western-blotting. Treatment with 25 M Cy3glc or 

25 µM 5-ASA could strongly counteract both pro-inflammatory enzymes expressions. 

However, Cy3glc was more efficient than 5-ASA, decreasing by about 70% against 40% 

in the case of iNOS, and 50% against 23% in the case of COX-2. Regarding cells 

pre-treatment with both Cy3glc and 5-ASA in combination, the mixture afforded a better 

protection against both enzymes expression than Cy3glc alone and a much better 

protection than 5-ASA alone (in this case the inhibitory effect doubled). In non-stimulated 
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macrophages, the incubation with Cy3glc, 5-ASA or both in similar conditions did not 

change the expression of these pro-inflammatory enzymes (data not shown). 

 

 

Figure 4: Effects of Cy3glc and/or 5-ASA on the LPS-induced expression of iNOS and COX-2 enzymes 

in RAW 264.7 cells. After the pre-incubation with Cy3glc and/or 5-ASA, cells were activated with LPS for 4 

hours. Then, total extracts were collected and analyzed by Western blot for iNOS (A) and COX-2 (B) protein 

expressions. Results were normalized to endogenous b-actin and expressed in percentage of control, mean 

± SEM of at least four experiments, and a representative blot is shown for each result. ***P<0.001 vs negative 

control (non-stimulated cells); ###P<0.001 vs positive control (LPS-stimulated cells but without compounds); 

§§§P<0.001 vs 5-ASA. 

 

4.4. Cy3glc in combination with 5-ASA inhibits more efficiently 

LPS-induced AP-1 activation in RAW 264.7 cells via down-regulation of 

p38 and JNK MAPKs phosphorylation than Cy3glc or 5-ASA de per se 

To investigate the mechanisms underlying the anti-inflammatory activity of Cy3glc 

in comparison with 5-ASA, their effects on the activities of the inflammation-mediated 

transcription factors NF-B and AP-1 were evaluated. 

It is well documented that macrophages stimulation by LPS leads to a rapid 

phosphorylation of IB-, the NF-B inhibitor, followed by nuclear translocation of NF-B 
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[29]. In our assay conditions, such activation was observed 8 min after LPS-stimulation by 

Western-blot analysis and is represented in Fig 5A. Cells pre-treatment with Cy3glc and/or 

5-ASA, slightly decreased LPS-induced IB- phosphorylation but without statistical 

significance. As expected, 30 min after LPS-activation, p65 translocation to the nucleus 

occurred, as confirmed by NF-B DNA binding and shown in Fig 5B. Similarly, the 

compounds in study de per se or in combination, were unable to counteract this effect. 

 

 

Figure 5: Effects of Cy3glc, 5-ASA or both on LPS-induced IB- phosphorylation and NF-B activation 

in RAW 264.7 cells. After Cy3glc and/or 5-ASA pre-incubation, cells were further incubated with LPS for 

8 min for IB- phosphorylation (A), and 30 min for NF-B activation (B) analysis. IB- phosphorylation was 

evaluated in cytoplasmic extracts by Western blotting, as described in section 2.7. The results were normalized 

to endogenous -actin and expressed in percentage of control. NF-B activation was evaluated in nuclear 

extracts by a DNA-binding activity assay. The results were normalized to total protein and expressed in 

percentage of control, mean ± SEM of three independent experiments. **P<0.01, ***P<0.001 vs negative 

control (non-stimulated cells). 

  

84



Chapter 2: Anti-inflammatory and antioxidant activity of Cy3glc in macrophages 

85 
 

LPS stimulation together with an imbalanced ROS production are common triggers 

for MAPKs signalling pathway activation, upregulating the phosphorylation of MAPKs such 

as p38 and JNK [30,31]. The AP-1 family of transcription factors is a recognized 

downstream target of MAPK signalling pathway, and c-Jun subunit a direct target of JNK. 

When phosphorylated, c-Jun increases its transcriptional activity, thus regulating genes 

such as those encoding for iNOS and COX-2 [32]. 

Therefore, we next evaluated the effect of Cy3glc, 5-ASA and its combination on 

the phosphorylation of c-Jun. By Western blot analysis, it was possible to observe a great 

increase in the phosphorylated form of c-Jun in the cell nucleus (Fig 6A) after 2 h 

incubation with LPS, which was strongly suppressed (about 50%) only by the combination 

of Cy3glc plus 5-ASA. This effect was confirmed by nuclear protein immunofluorescent 

staining, and representative confocal pictures are shown in Fig 6B. 

 

Figure 6: Effects of Cy3glc, 5-ASA or the combination of Cy3glc with 5-ASA on the activation of AP-1 

subunit c-Jun in RAW 264.7 macrophages challenged by LPS. Cells were pre-incubated with 25 µM 

Cy3glc, 5-ASA or both (25 µM Cy3glc plus 25 µM 5-ASA) and then exposed to LPS for 2 hours. The levels of 

phosphorylated c-Jun were analyzed in nuclear extracts (A) as described in section 2.7. The results were 

normalized to endogenous -actin and expressed as percentage of stimulated cells. Values are mean ± SEM 

of at least three independent experiments. ***P<0.001 vs negative control (non-stimulated cells); ###P<0.001 vs 

positive control (LPS-stimulated cells but without compounds). (B) Representative confocal microscopy 

pictures of non-stimulated (negative control), LPS-stimulated (positive control) and Cy3glc, 5-ASA or both 

pre-incubated RAW 264.7 macrophages. Simultaneous DNA labelling with Hoechst was performed to visualize 

the nuclear compartment. 
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To understand the molecular mechanism underlying AP-1 inhibition by the 

combination of Cy3glc plus 5-ASA in LPS-stimulated macrophages, the effect on the 

MAPKs signalling pathway was examined, in terms of p38 and JNK activation. In fact, in 

RAW 264.7 cytoplasmic extracts, after 15 min incubation with LPS it was possible to 

observe a great increase in the phosphorylated forms of p38 (Fig 7A) and JNK MAPKs 

(Fig 7B). Previous treatment with Cy3glc or 5-ASA inhibited LPS-elicited phosphorylation 

of p38 and JNK MAPKs in a similar extent (about 25%), whereas the combination Cy3glc 

plus 5-ASA induces the strongest inhibitory effect (about 50%). 

 

 

Figure 7: Effects of Cy3glc, 5-ASA or the combination of Cy3glc with 5-ASA on the phosphorylation of 

p38 and JNK in RAW 264.7 macrophages challenged by LPS. Cells were pre-incubated with 25 µM Cy3glc, 

5-ASA or both (25 µM Cy3glc plus 25 µM 5-ASA) and then exposed to LPS for 15 min. The levels of 

phosphorylated p38 (A) and JNK (B) were analyzed in total cellular extracts as described in section 2.7. The 

results were normalized to endogenous -actin and expressed as percentage of stimulated cells ± SEM, of at 

least three independent experiments. ***P<0.001 vs negative control (non-stimulated cells); ##P<0.01, 

###P<0.001 vs positive control (LPS-stimulated cells but without compounds). 

  

86



Chapter 2: Anti-inflammatory and antioxidant activity of Cy3glc in macrophages 

87 
 

5. Discussion 

Currently there is a substantial amount of evidence suggesting that many natural 

food components can modulate inflammation. This is particularly relevant in the context of 

chronic diseases where an association between inflammation mediated by inflammatory 

and immune cells is well established. Therefore, in this study we investigated the potential 

use of Cy3glc, one of the most abundant anthocyanins in our diet [22], as a strategy to 

modulate intestinal inflammation, using a macrophage cell line, RAW 264.7, as an 

inflammatory cell sensor. Moreover, we compared its efficiency with that of 

5-aminosalicylic acid, the standard therapy for most IBD patients and explored their 

combination as a new therapeutic approach to mitigate inflammation. 

Intestinal macrophages are key players during the inflammatory response and a 

central component of the pathogenesis of IBD. Defects in innate immune cells such as 

loss of tolerance to enteric commensal bacteria lead to the uncontrolled production of 

proinflammatory mediators [15]. Likewise, RAW 264.7 macrophage cell line, used as a 

model of inflammation, reacted to the bacterial LPS stimulation by increasing the secretion 

of several proinflammatory mediators, namely NO, PGE2, TNF- and ROS. 

In this model, we studied the effect and mechanism of Cy3glc in comparison and 

in combination with 5-ASA on LPS-stimulated NO, ROS, PGE2 and TNF-α. The results 

obtained showed that Cy3glc could significantly counteract all four mediators under study, 

in a much higher extent than 5-ASA, in similar concentrations and experimental conditions. 

This is particularly relevant since 5-ASA is a strong anti-inflammatory therapeutic agent 

commonly used as a first line drug in IBD patients. Furthermore, the combination of both 

compounds in the concentration combination of 50 µM (25 µM Cy3glc plus 25 µM 5-ASA) 

lead to an improvement of their individual efficacy in inhibiting the production of NO and 

ROS, even suggesting a synergistic effect between them. 
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In agreement with the results obtained in terms of NO and PGE2 production, 

Cy3glc demonstrated a much higher efficacy in reducing LPS-induced iNOS and COX-2 

expressions than 5-ASA. Further, the simultaneous treatment with Cy3glc and 5-ASA 

improved their individual actions, particularly in reducing iNOS expression. This inhibitory 

effect is particularly relevant since inducible-derived NO overproduction appears to 

contribute to the initiation and to the maintenance of intestinal inflammation, a condition 

that has been reported in IBD patients [33,34]. Also, recently it has been correlated with a 

very early onset of the disease [35]. Concerning COX-2, its overproduction has been 

largely described in the inflamed gut of IBD patients, being a target for several anti-

inflammatory therapies, including 5-ASA, since this inducible form of cyclooxygenase is 

only overexpressed during inflammation [36,37].  

In macrophages, LPS stimulation occurs via Toll-like receptor 4 (TLR4) activation, 

a pathogen-associated molecular pattern receptor, which triggers NF-B signalling 

pathway [38]. This signalling pathway has been reported to be highly induced in the gut of 

IBD patients, and responsible for regulating the expression of relevant pro-inflammatory 

genes namely, those of iNOS and COX-2 [39,40]. In fact, in our assay conditions, 

RAW 267.4 macrophages rapidly reacted to LPS stimulation, inducing NF-B activation, 

as observed by the fast and robust phosphorylation of IB- proteins, the NF-B inhibitory 

molecules, with subsequent translocation to the nucleus and binding to DNA. However, 

according to previous results in human intestinal cells [8], treatment with either Cy3glc or 

5-ASA per se or in combination, at the concentration used, did not efficiently prevent 

neither IB- phosphorylation, nor NF-B activation. 

Like NF-B, AP-1 is another transcription factor involved in the expression of genes 

responsible for the inflammatory immune response, also regulating the expression of iNOS 

and COX-2 enzymes [32,41]. AP-1 is a homo- or hetero-dimeric protein complex 

composed of different Jun and Fos protein subfamilies. Phosphorylation of c-Jun increases 
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its transcriptional activity resulting in transcription of AP-1-driven target genes [42]. 

Therefore, we investigated whether Cy3glc and/or 5-ASA could prevent LPS-stimulated 

phosphorylation of c-Jun to comprise their anti-inflammatory activity. In the present study, 

neither 25 µM Cy3glc nor 25 µM 5-ASA revealed capacity to reduce the levels of 

phosphorylated c-Jun in the nuclear fractions of LPS-treated macrophages, as evaluated 

by Western-blot analysis, although some inhibitory effect has been visualized by confocal 

microscopy. However, together, in the concentration combination of 50 µM, they efficiently 

reduced phosphorylated c-Jun expression in the nucleus, demonstrating a real synergistic 

effect, and strengthening the observed effects on LPS-induced pro-inflammatory 

mediators. 

Additionally, in macrophages, LPS stimulation triggers the activation of MAPKs 

such as p38 and JNK, upstream signaling molecules in the AP-1 pathway and with a vital 

role in AP-1 translocation [43,44]. In our experimental conditions, Cy3glc could counter the 

LPS-induced activation of these two MAPKs, by decreasing the phosphorylation of both 

p38 and JNK similarly to 5-ASA. Notably, the combination of Cy3glc with 5-ASA afforded 

an additional protection that may explain the greatest effect of the mixture on the 

suppression of AP-1 activation. Concerning MAPKs signalling activation, excessive 

LPS-induced ROS production may also aggravate the inflammatory response maintaining 

a feedback loop of activation [26]. Thus, the anti-oxidant efficacy of Cy3glc at countering 

ROS production may also account for the higher combined effect of Cy3glc and 5-ASA on 

the suppression of AP-1 transcriptional activation in LPS-stimulated cells. 
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6. Conclusion 

In conclusion, our results show that the anthocyanin Cy3glc possesses relevant 

anti-inflammatory and anti-oxidant properties against LPS-induced inflammation when 

compared with 5-ASA, a commonly used anti-inflammatory drug in IBD. Moreover, they 

provide evidence about Cy3glc anti-inflammatory mechanism via inhibition of iNOS and 

COX-2 expressions, through suppression of nuclear AP-1 translocation, affecting JNK and 

p-38 MAPKs phosphorylation. In addition, our data highlight the synergistic interaction 

between Cy3glc and 5-ASA. These novel findings, regarding the simultaneous use of a 

polyphenol abundant in diet and a synthetic drug could be a good strategy for a robust 

control of inflammation in the pathology of chronic diseases, as is the case of IBD, and 

opens the possibility for using lower drug doses, thereby reducing adverse effects. 
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7. Supplementary material 

 

Sup. 1: Preliminary results to ascertain the assay conditions. LPS concentration and time dependent NO 

production (A) and ROS production (B) and the effect of several concentrations of Cy3glc and 5-ASA on NO 

production by LPS-activated macrophages (C). Values are mean ± SEM of at least three independent 

experiments, each one in duplicate. ***P<0.001 vs negative control (non-stimulated cells); #P<0.05, ###P<0.001 

vs positive control (LPS-stimulated cells); §§P<0.01 and §§§P<0.001 Cy3glc vs 5-ASA. 
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Sup. 2: Isobologram showing the interaction between Cy3glc and 5-ASA. The dose response curves for 

Cy3glc, 5-ASA and their mixture were traced in terms of nitrite (A) and ROS (C) reduction, by using CompuSyn 

software (version 1.0). In the isobologram method described by Chou and Talalay, the blue diagonal lines 

connecting the two 50% effective dose points is the theoretical line of additivity, for nitrite (B) and ROS (D) 

reduction, which indicate the synergistic effect of the mixture of cy3glc and 5-ASA. 
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1. Abstract 

Despite the actual therapeutic approaches for inflammatory bowel disease (IBD), 

efficient and secure alternative options remain a research focus. In this context, 

anthocyanins seem promising natural anti-inflammatory agents, but their action 

mechanisms and efficacy as compared with established drugs still require more 

clarification. The main aim of this study was to compare the anti-inflammatory action of a 

chemically characterized anthocyanin-rich fraction (ARF), obtained from Portuguese 

blueberries (Vaccinium corymbosum L.), with that of 5-aminosalicylic acid (5-ASA), a first-

line drug in IBD, in a 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced colitis rat model. 

Such fraction showed a high content and great molecular diversity of anthocyanins, with 

malvidin-3-galactoside and petunidin-3-arabinoside in the highest concentrations. After 

daily administration by intragastric infusion for 8 days, ARF, at a molar anthocyanin 

concentration about 30 times lower than 5-ASA, showed a higher effectiveness in 

counteracting the intestinal inflammation, as assessed by i) body weight variation and 

colon damage score, ii) reduction in leukocyte infiltration, iii) increase in antioxidant 

defenses and iv) by down-regulation of inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX-2) in colon tissue homogenates. The strong inhibition of COX-2 

expression seems to be a crucial anti-inflammatory mechanism common to both ARF and 

5-ASA, but the additional higher abilities of anthocyanins to downregulate iNOS and to 

decrease leukocytes infiltration and to increase antioxidant defenses in colon may account 

for the much higher anti-inflammatory action of anthocyanins. These data may contribute 

to the development of a promising natural approach in IBD management. 

  



Chapter 3: Anti-inflammatory and antioxidant activity of ARF in TNBS-induced colitis  

 
 

2. Introduction 

Inflammatory bowel disease (IBD) is a chronic and relapsing disorder of the 

gastrointestinal tract (GI), associated with an exacerbated intestinal immune response to 

an innocuous stimulus [1], leading to an upregulation of pro-inflammatory mediators which 

may trigger the onset and perpetuation of the disease [2]. 

Although several therapeutic strategies have been proposed [3], they are not free 

of adverse effects and so the development of new effective and safer ones remains a focus 

of interest. In this context, the use of natural products and dietary components has been 

gaining popularity for the treatment of inflammatory disorders [4–6], but scientific 

evidences regarding their efficacy and action mechanisms are still required. 

Blueberries are among the fruits with potential health benefits associated with their 

high content in anthocyanins, a group of flavonoids widespread in human diet [7], which 

have been reported as potential therapeutic agents for several inflammatory diseases, 

including IBD [8,9]. Anthocyanins have been largely recognized by their potent antioxidant 

properties and ability to modulate crucial signalling pathways and gene regulation of 

several inflammatory enzymes and cytokines [5,9–13]. Therefore, beyond these 

modulatory roles, their antioxidant activity related to the capacity to scavenge reactive 

oxygen and nitrogen species or to activate cellular endogenous antioxidant systems 

[14,15], may be of major importance in countering the oxidative stress in IBD [16]. 

Despite the controversy regarding the bioavailability of anthocyanins [17,18], they 

can reach concentrations up to several hundred micromolar in the gastrointestinal tract 

[19], due to their abundance in diet and poor intestinal absorption. Recent studies have 

already shown that oral consumption of berry anthocyanins attenuates inflammation in 

mice models of colitis [20], but more information is required concerning their 

anti-inflammatory action mechanisms and efficacy as compared with standard 

anti-inflammatory drugs used in IBD patients. 
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Thus, in this context, we have already demonstrated, in an in vitro intestinal cell 

model, the higher anti-inflammatory activity of cyanidin-3-glucoside in comparison with 

5-aminosalicylic acid (5-ASA) [13], a well-established anti-inflammatory drug in IBD. Now, 

in this work, we aimed to investigate the anti-inflammatory action of an anthocyanin-rich 

fraction (ARF) of Portuguese blueberries (Vaccinium corymbosum L.), in a TNBS-induced 

colitis rat model, in comparison with 5-ASA. 

The efficacy of the treatments was firstly evaluated by body weight variations and 

extent of colonic mucosal injury. To gain a better insight into the anti-inflammatory 

mechanisms involved, we assessed in the colon tissue, i) the active myeloperoxidase 

(MPO) and the alkaline phosphatase (ALP) activity, as markers of inflammation, ii) the 

intracellular redox status, through evaluation of glutathione (GSH)/glutathione disulphide 

(GSSG) ratio and glutathione peroxidase (GPX) activity, and iii) the expression of the 

pro-inflammatory enzymes, inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 

(COX-2). 
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3. Materials and methods 

3.1. Reagents 

Laboratory chemicals, namely 5-aminosalicylic acid, 2,4,6-trinitrobenzenesulfonic 

acid solution (TNBS), 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), glutathione reductase, 

L-glutathione reduced (GSH) and oxidized (GSSG) forms, β-NADPH, 5-sulfosalicylic acid, 

2-vinylpyridine, 2,3-diaminonaphthalene (DAN), o-dianisidine dihydrochloride, 

hexadecyltrimethylammonium bromide (CTAB), protease inhibitor cocktail and general 

laboratory chemicals were purchased from Sigma-Aldrich (St Louis, Missouri, USA). 

Microcon-10kDa centrifugal filters were obtained from Merck Millipore (Merck KGaA, 

Darmstadt, Germany). 

Rabbit polyclonal antibody to iNOS was purchased from Cell Signalling Technology 

(Leiden, The Netherlands); rabbit polyclonal antibody to COX-2 was purchased from 

Abcam (Cambridge, UK); goat polyclonal antibody to MPO was purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA); mouse monoclonal antibody to β-actin was 

purchased from Sigma-Aldrich (St Louis, Missouri, USA); anti-rabbit, anti-mouse and anti-

goat IgG secondary antibodies were purchased from Abcam (Cambridge, UK). 

 

3.2. Blueberry samples 

The blueberries (Vaccinium corymbosum L, cultivar Bluecrop) were collected at 

the time of peak production, from the central region of Portugal. They were obtained from 

biological agriculture (Biogrêsso, Portugal) and kept frozen at -80ºC until use. 
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3.3. Preparation of anthocyanin-rich fraction 

The anthocyanin-rich fraction was prepared according to Oszmianski, et al [21], as 

modified by Youdim (2002) [22]. Briefly, a total extract was obtained by homogenization of 

30 g of the frozen fruits in 150 ml of methanol, acetone, water and formic acid mixture 

(40:40:20:0.1 v/v/v/v). Then, the extract was centrifuged at 2000g for 10 min and the 

supernatant was dried by rotatory evaporation at 40ºC under vacuum. The resulting 

residue was dissolved in deionized water and applied to an activated Sep-Pak C18 column 

(Waters Corporation, Milford, Massachusetts, USA). The column was then washed with 

2 volumes of acidified water (0.01% HCl) to remove sugars and phenolic acids, and 

2 volumes of ethyl acetate to elute other phenolic compounds. The anthocyanins were 

eluted only in the presence of acidified methanol (0.01% HCl) [23]. This fraction was then 

dried at low pressure, and further resolubilized in a 0.9% NaCl solution. The anthocyanin-

rich extract was kept at -80ºC, under nitrogen, until use and will be further referred here 

as ARF. 

 

3.4. Total phenols and total anthocyanins assays 

The total content in phenolic compounds was assessed spectrophotometrically by 

the Folin-Ciocalteau reagent, as described by George et al [24]. Results were expressed 

as grams of gallic acid equivalents (GAE) per volume of ARF (L) and as milligrams of GAE 

per 100 g of blueberries. 

Total monomeric anthocyanins in the ARF were estimated by a pH differential 

method described by Giusti et al [25], by using two buffer systems. The fraction was 

previously diluted at a ratio of 1:800 (v:v) either with 0.025 M KCl (pH 1) or with 0.4 M 

sodium acetate buffer (pH 4.5) and after an equilibration period (15 min), the absorbance 

spectrum of each solution was recorded between 400 and 700 nm in a Perkin Elmer 
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Lambda 45 spectrophotometer. The anthocyanin content was calculated in terms of 

malvidin-3-glucoside (Malv3glc) equivalent, using the maximum of absorbance measured 

around 530 nm, the molar absorptivity of 20200 and the molecular weight of 493.4. The 

results were expressed as grams of Malv3glc equivalents/L of ARF and as milligrams of 

Malv3glc equivalents/100 g blueberries. 

 

3.5. HPLC-DAD 

The extract was analysed by HPLC with direct injection of the samples (20 μL) 

(Hitachi L-2130) in a reverse phase C18 column with 250 x 4.6 mm i.d. (Merck KGaA, 

Darmstadt, Germany); the detection was performed at 511 nm, using a diode array 

detector (DAD) (Hitachi L-2455). The solvents used (mobile phase) were A: H2O/HCOOH 

(9:1), and B: H2O/CH3CN/HCOOH (6:3:1), in a gradient of 20-85% from solution B for 

70 min at a flow rate of 1.0 mL/min. The column was then washed with 100% of solution 

B for 20 min. Before each use, the column was stabilized for the initial conditions for 

another 20 min [26]. 

 

3.6. Animals and experimental design 

Four-week-old male Wistar rats were obtained from Charles River Laboratories 

(Barcelona, Spain), and maintained under standard conditions (temperature 24-25ºC, 

humidity 70-75%, lighting regimen of 12 h light/dark cycle), in plastic cages with free 

access to water and pellet food. Animal welfare and experimental procedures were carried 

out in accordance to the European Union regarding animal experimentation (Directive of 

the European Counsel 86/609/EEC) and approved by the Portuguese National Authority 

for Animal Health (Direcção-Geral de Alimentação e Veterinária - DGAV). All efforts were 

made to minimize the animals suffering and to reduce the number of animals used. An 
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early humane endpoint criteria was adopted: although weight loss was expected in this 

disease model, if this loss exceeded 20% of the initial weight, animals would be 

euthanized. The rats were randomly divided into four groups: (i) non-colitic control (n=10); 

(ii) TNBS-colitic control (n=10); (iii) TNBS-induced rats treated with ARF 10 mg.kg-1 (n=10); 

and (iv) TNBS-induced rats treated with 5-ASA 100 mg.kg-1 (n=10). The ARF and the 

therapeutic agent were administered solubilized in a mixture of 0.9% NaCl and 0.5% 

carboxymethylcellulose (vehicle), in a single dose by oral gavage, during 8 days after 

colitis induction by TNBS. 

The dose of ARF used was chosen on basis of preliminary experiments, as the 

lowest to obtain safety and efficacy in the referred colitis rat model, and that of 5-ASA was 

as reported in literature [5,27] and taking into consideration the dose translation from 

animal to humans [28]. 

 

3.7. Induction of colitis 

Colonic inflammation was induced as described by Siddiqui et al [29]. Rats were 

fasted overnight and were then anesthetized with ketamine (50 mg.kg-1) and 

chlorpromazine (2.3 mg.kg-1), to allow the rectal administration of TNBS. Briefly, the tip of 

a polyethylene catheter was advanced transanally 8 cm into the distal colon and a single 

dose of TNBS was instilled intraluminally (10 mg of TNBS dissolved in 0.25 mL of 50% 

ethanol) to induce colitis. The animals were maintained in a head-down position for 

approximately 60 seconds to prevent leakage of the infusate. Non-colitic control group was 

subjected to the same procedure, infusing a saline buffer instead of TNBS. After one day, 

the rats were treated for 8 days as assigned previously. 
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3.8. Macroscopic assessment and scoring of TNBS colitis severity 

Rats were sacrificed by cervical dislocation under anaesthesia with ketamine 

(50 mg.kg-1) and chlorpromazine (2.3 mg.kg-1). The colon was excised, opened 

longitudinally and washed in saline solution. Afterwards, the colon segment was weighed 

and its length measured. Each colon was scored for macroscopically visible damage by 

two observers unaware of the treatment, according to the criteria reported by Bell et al [30] 

and described in (Table 1). Representative whole gut specimens were taken from the 

inflamed colon region, or its equivalent segment in the control group, and stored at -80ºC 

for subsequent biochemical measurements. 

 

Table 1: Criteria for the colonic macroscopic damage score assessment. 

 

Criteria according to Bell et al [30]. 

 

3.9. Myeloperoxidase activity 

Colonic mucosa was assayed for MPO activity as described by Stucchi et al [31], 

with slight modifications. Samples excised from each animal were thawed, and 

approximately 30-50 mg of mucosa was homogenized on ice with a Polytron tissue 

homogenizer in 4 mL of ice-cold 5 mM phosphate buffer (pH 6.0). To remove haemoglobin 
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and other blood products that could interfere with this assay, the homogenate was 

centrifuged at 30000g, for 30 min, at 4ºC and the supernatants discarded and the pellet 

resuspended in phosphate buffer, for three times. Finally, the pellet was solubilized in 

10 volumes of ice-cold hexadecyltrimethylammonium bromide (0.5%) in phosphate buffer 

(50 mM, pH 6.0) and subjected to three cycles of freezing/thawing to extract the enzyme. 

The extract was allowed to stand at 4°C for 20 min and then centrifuged at 12500g for 

15 min at 4ºC. MPO activity was evaluated in the supernatant, by mixing 10 μL of this 

supernatant with 2.99 mL of 50 mM phosphate buffer, pH 6.0, containing 0.167 mg.mL-1 

of o-dianisidine dihydrochloride and 0.0005% of H2O2. The absorbance decrease of the 

reaction mixture was monitored at 460 nm for 2 min. Results were expressed as 

U MPO.mg-1 tissue, being one unit of MPO activity defined as the amount of enzyme that 

degrades 1 μmol of hydrogen peroxide per minute. 

 

3.10. Alkaline phosphatase activity 

ALP activity was measured in colon tissue samples by the method described by 

Bessey et al [32] as modified by Sanchez et al [33]. The samples were homogenized in 

cold saline solution (1:20 w/v) and centrifuged at 7000g for 10 min at 4ºC. The 

supernatants were used to determine spectrophotometrically the mucosal ALP activity, by 

mixing 100 μL of each sample with 1 mL of glycine (50 mM, pH 10.4), containing 5.5 mM 

p-nitrophenylphosphate and 0.5 mM magnesium chloride. After incubation for 30 min at 

37ºC, 10 mL of 0.02 M sodium hydroxide were added to stop the enzymatic reaction, and 

the p-nitrophenol formed was measured at 405 nm. The protein content was determined 

by the Bradford reaction using the Bio-Rad protein assay dye reagent (Bio-Rad, Hercules, 

California, USA), to express ALP activity as mU.g-1 of protein. One unit of ALP activity is 

defined as the amount of enzyme that catalyzes the transformation of one micromole of 

substrate per minute. 
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3.11. Measurement of GSH/GSSG ratio 

Total glutathione and GSSG were quantified in colon samples by an enzymatic 

recycling assay, essentially as described by Griffith et al [34]. The colon samples were 

previously treated by homogenization in extraction buffer containing 0.1% Triton X-100, 

0.6% sulfosalicylic acid, 0.1 M KH2PO4 and 5 mM Na2PO4, pH 7.5), followed by 

centrifugation at 3000g, at 4ºC, for 10 min [35]. Total glutathione (GSH + GSSG) was 

assessed in the supernatant in a 96-well plate. Briefly, 20 μL of supernatant was added to 

120 μL of freshly prepared 5 mM DTNB plus glutathione reductase (1:1 v/v) in 0.1 M 

potassium phosphate buffer and 60 μL of 2.4 mM β-NADPH, also prepared in the same 

phosphate buffer. The absorbance due to the yellow dianion formed by the reaction of thiol 

groups and DTNB, was immediately read at 412 nm, using a Synergy HT plate reader 

(Bio-Tek Instruments) and followed for 2 min, with reading intervals of 30 sec. For the 

GSSG determination, the procedure was similar but prior to the assay, the GSH was 

blocked by derivatization using 2-vinilpyridine, by incubating 100 μL of the tissue samples 

with 2 μL of this masking agent and 6 μL of triethanolamine, during 1 h at room 

temperature, in a fume hood. Colon glutathione content (total and oxidized) was calculated 

using concurrently run standard curves in nmol per mg of cellular protein, and expressed 

as GSH/GSSG ratio. 

 

3.12. Measurement of glutathione peroxidase activity 

The activity of GPX in colon samples was evaluated using a colorimetric assay kit 

purchased from Abcam (Cambridge, UK), which monitors GSH oxidation by recording the 

consumption of NADPH at 340 nm. Colonic tissue extraction and enzymatic activity were 

performed in accordance to the manufacturer’s protocols and the results expressed in U 

per gram of colonic tissue. 
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3.13. Western-blot analysis of MPO, COX-2 and iNOS expressions 

Colonic tissues were processed according to the method described by Sanchez-

Fidalgo et al [36] slightly modified. Briefly, frozen colonic tissues were weighed and 

homogenized in ice-cold lysis buffer (50 mM Tris-HCl, pH 8; 150 mM NaCl; 0.1% Triton 

X-100; 0.1% protease inhibitor cocktail; 1 mM PMSF; 0.5 mM EDTA; and 8 mM MgCl2). 

Homogenates were incubated at 4ºC for 2 h with stirring, and then cell debris were 

removed by centrifugation (12000g, 20 min, at 4°C) and the supernatants (cytoplasmic 

extracts) were collected and stored at -80°C until use. Protein concentration was 

determined using the Bio-Rad protein assay kit. Aliquots of the supernatant, containing 

equal amount of reduced and denaturated proteins (80 μg), were separated by SDS/PAGE 

electrophoresis in a 10% (v/v) acrylamide gel and further transferred onto polyvinylidene 

difluoride (PVDF) membranes (Amersham Biosciences, UK) by electroblotting, using the 

Trans-Blot Turbo Transfer System of Bio-Rad (Hercules, California, USA). The 

membranes were blocked with skimmed milk in TBS-T buffer (20 mM Tris-HCl,150 mM 

NaCl, 0.1% Tween) to avoid non-specific binding. Afterwards the membranes were probed 

overnight, at 4ºC, with specific primary antibodies against MPO, COX-2, iNOS and β-actin. 

Each membrane was then washed three times with TBS-T and incubated with the 

respective alkaline phosphatase-conjugated secondary antibodies, for 1 h, at room 

temperature. Immunodetection was performed by chemifluorescence after blots exposition 

to enhanced chemifluorescent reagent in a Typhoon 9000 scanner (Amersham 

Biosciences, UK) and analysed with the ImageQuantTM software from Amersham 

Biosciences (UK). β-Actin was used as control for protein loading. 
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3.14. Statistical analysis 

All results are expressed as the mean ± S.E.M. of at least 8 animals per group, and 

each sample assayed in duplicate. Differences between means were tested for statistical 

significance using a one-way or two-way analysis of variance (ANOVA), using Dunnett’s 

multiple comparisons test as post hoc test. All statistical analysis was carried out with the 

GraphPad Prism version 5 (GraphPad Software, Inc., CA, USA) and values of P<0.05 

were accepted as statistically significant. 

  

110



Chapter 3: Anti-inflammatory and antioxidant activity of ARF in TNBS-induced colitis 

111 
 

4. Results 

4.1. The blueberry extract showed a high content and a great 

diversity of anthocyanins 

Anthocyanin analysis of the anthocyanin-rich fraction showed a high content of 

anthocyanins, about 10.28 ± 0.48 g/L, or 98.75 ± 5.71 mg/100g of fruit, in terms of 

Malv3glc. The total phenolic content of this fraction was 12.92 ± 1.59 g/L, or 119.96 ± 

14.80 mg/100g of fruit, in terms of GAE. Moreover, using HPLC-DAD we could confirm 

that this fraction showed also a wide variety of anthocyanin molecules (15 peaks detected) 

as shown in Fig 1. The anthocyanins detected were, in descending order of amount, 

malvidin, petunidin, peonidin, delphinidin and cyanidin, conjugated with either galactose, 

glucose or arabinose, being malvidin-3-galactoside (20.93%) and petunidin-3-arabinoside 

(18.70%) the main anthocyanins detected (Fig 1 inset). 

 

 

Figure 1: HPLC-DAD chromatogram of blueberry anthocyanin-rich fraction. The peak identification and 

the contents of the different anthocyanins are indicated in the inset table. 
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4.2. The anthocyanin-rich fraction improved more efficiently than 

5-ASA the recovery of body weight and the macroscopic colonic 

damage in TNBS-induced colitis in rats 

During the study, the animals were constantly monitored for variations in body 

weight and general health. The inflammatory status in the TNBS-colitis control group was 

associated with severe anorexia and diarrhea, when compared to non-colitic control. 

Accordingly, as shown in Fig 2A, TNBS-colitis control group showed no significant weight 

gain with time, in contrast with the weight gain observed in healthy rats (115.7 ± 2.0%). 

Rats treated with ARF exhibited a significant recovery along the time, when compared with 

TNBS-colitis control group and the extent of recovery was clearly and statistically higher 

than that provided by 5-ASA, especially in the last two days. Notice that the observed 

benefits occurred at a concentration of anthocyanins about 30 times lower than that of 

5-ASA (10 mg.kg-1 of ARF corresponds to 0.02 mmol.kg-1 in terms of Mal3glc, while 100 

mg.kg-1 of 5-ASA corresponds to 0.65 mmol.kg-1). 

By the end of the experiment, the mortality in the TNBS-colitis control group was 

found to be very small (1/10), compared with the healthy, non-colitic control (0/10), 

indicating that the induced colonic injury was not fatal within 8 days, and neither the ARF 

nor 5-ASA, in the doses used, increased it. Additionally, neither TNBS nor the different 

treatments caused significant changes in the relative weights of the main organs (% of 

total body weight), such as liver, kidneys and heart (Supplementary Table) which are 

highly susceptible to drugs toxicity. 
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Figure 2: Effect of anthocyanin-rich fraction, as compared with 5-ASA, on body weight and on 

macroscopic colonic damage in rats with TNBS-induced colitis. After colitis induction, each group of 

animals was treated daily for 8 days with either ARF or 5-ASA and their effects on body weight were recorded 

overtime and expressed in terms of % of the initial weight (A). After colon collection (day 8 post TNBS-induced 

colitis), macroscopic colitis severity was blindly assessed and characterized in terms of damage score (B). 

Values are mean ± SEM of at least 8-9 animals per group. ***P<0.001 vs non-colitic control; #P<0.05, ##P<0.01, 

###P<0.001 vs TNBS-colitic control; §P<0.05 vs 5-ASA group. 

 

The intracolonic administration of TNBS in ethanol induced colonic inflammation 

which was eight days later characterized by several events, namely: i) severe necrosis of 

the mucosa, typically extending 4-6 cm along the colon; ii) bowel wall thickening; iii) colon 

shortening; iv) hyperemia; and v) focal adhesions to adjacent organs, according to the 

scale represented in Table 1. Altogether, these data were correlated for each group of 

animals and shown in Fig 2B, indicating that the treatment with ARF counteracted the 

TNBS-induced damage score in a more efficient way than with 5-ASA. ARF also led to a 

very strong decrease in the colonic weight/length ratio (Fig 3A), being even more effective 

than 5-ASA, although in a much lower molar concentration than this drug. Representative 

colon pictures of each group are shown in Fig 3B. 
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Figure 3: Effect of anthocyanin-rich fraction, as compared with 5-ASA, on the colon weight/length ratio 

of TNBS-induced colitic rats. On day 8, post TNBS-induced colitis, the colon of each animal was excised 

and evaluated in terms of weight and length. The colon weight vs length ratio for each group of animals is 

represented in graph A. Representative images of typical colons of each group are also shown (B). Values 

are mean ± SEM of at least 8–9 animals per group. ***P<0.001 vs non-colitic control; ##P<0.01, ###P<0.001 vs 

TNBS-colitic control. 

 

4.3. The anthocyanin-rich fraction inhibited the amount of active 

myeloperoxidase and the alkaline phosphatase activity, more 

efficiently than 5-ASA 

The beneficial effects of our anthocyanin extract on TNBS-induced rat colitis were 

also studied biochemically in terms of well-established inflammatory markers. For this 

purpose, we analysed the MPO activity and its protein expression in colon sections from 

the different groups of rats, by the end of the experiment. The activity of this enzyme has 

been widely accepted as a strong marker of the inflammation degree, in terms of leukocyte 

infiltration in tissues [31]. As shown in Fig 4, TNBS led to a significant increase in either 

MPO activity (A) or its protein expression (B), when compared with the non-colitic control 

rats. Treatment with ARF, along 8 days after colitis induction, reduced significantly MPO 

activity (Fig 4A) and its protein expression (Fig 4B) in a higher extent than with 5-ASA, 

indicating a higher anti-inflammatory action. 
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Figure 4: Effect of anthocyanin extract administration on colon myeloperoxidase activity and 

expression as compared with 5-ASA, in TNBS-induced colitis. MPO activity (A) was measured in colon 

tissue homogenates and expressed in units of enzyme activity per mg of tissue. MPO protein expression (B) 

was assessed in colon tissue samples by Western blotting and expressed as fold increase relative to the non-

colitic control group. Values are mean ± SEM from at least 8-9 animals per group, each one in duplicate. 

***P<0.001 vs non-colitic control; #P<0.05, ##P<0.01, ###P<0.001 vs TNBS-colitic control. 

 

Furthermore, we determined the ALP activity, since it has also been reported as a 

sensitive marker of inflammation in the intestine [33]. Results are shown in Fig 5 and also 

indicated a significant capacity of anthocyanins to reduce this enzyme activity, in contrast 

with 5-ASA, whose effect was not statistically significant. 
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Figure 5: Effect of anthocyanin extract administration on colon alkaline phosphatase activity, as 

compared with 5-ASA, in TNBS-induced colitis. ALP activity was measured in colon tissue homogenates 

and expressed in units of enzyme activity per g of protein. Values are mean ± SEM from at least 8–9 animals 

per group, each one in duplicate. **P<0.01 vs non-colitic control; #P<0.05 vs TNBS-colitic control. 

 

4.4. The colonic antioxidant defenses were improved by the 

anthocyanin-rich fraction, more efficiently than by 5-ASA 

An imbalance in the production of different reactive oxygen species, which may 

overwhelm the tissue antioxidant defenses, can be another molecular event involved in 

IBD [37]. Thus, to probe the colonic redox status, we decided to evaluate GSH content 

and GPX activity. In the TNBS-colitic control group, a great decrease (by about 65%) in 

the colonic GSH/GSSG ratio (Fig 6A), as well as in the GPX activity (by about 88%) 

(Fig 6B) was observed. ARF treatment significantly counteracted the induced decrease in 

GSH/GSSG ratio, indicating an improvement in the host antioxidant defenses, whereas 

5-ASA was devoid of a significant effect, in the same experimental conditions (Fig 6A). 

Similar results were obtained for GPX activity (Fig 6B), showing a higher efficacy of 

anthocyanin fraction in recovering the antioxidant defenses, as compared with 5-ASA. 
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Figure 6: Effect of anthocyanin-rich fraction on colon GSH/GSSG ratio and GPX activity, as compared 

with 5-ASA, in TNBS-induced colitic rats. GSH/GSSG ratio and GPX activity were determined in samples 

of colonic tissue of each animal, as described in Materials and Methods. Statistics of GSH/GSSG ratio (A) and 

of GPX specific activity (B) for each group of animals are presented. Values are mean ± SEM obtained from 

at least 8-9 animals per group, each one in duplicate. ***P<0.001 vs non-colitic control; #P<0.05, ##P<0.01 vs 

TNBS-colitic control. 

 

4.5. The anthocyanin-rich fraction strongly counteracted TNBS-

stimulated expression of colon COX-2 and iNOS enzymes 

The colonic inflammatory status was also characterized by a significant increase 

in the colonic COX-2 and iNOS protein expressions, relative to non-colitic control, as 

ascertained by Western blotting analysis from homogenates of inflamed tissue (Fig 7). 

Treatments with either ARF or 5-ASA strongly down-regulated COX-2 expression 

(Fig 7A), reverting it to control levels. This indicates that COX-2 inhibition is a relevant 

action pathway for anthocyanins, like for 5-ASA. Concerning the effects on iNOS 

expression, only the treatment with ARF could counteract drastically its increase in 

TNBS-induced colitis (by about 95%) whereas 5-ASA, in the dose used, did not show a 

significant effect (Fig 7B). 
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Figure 7: Comparison of the effects of anthocyanin-rich fraction and 5-ASA on COX-2 and iNOS protein 

expressions in colon tissue samples of colitic rats. COX-2 (A) and iNOS (B) protein expressions were 

evaluated by Western blotting in each animal of each group and expressed as fold increase relative to the 

non-colitic control group. Values are means ± SEM from of at least 8-9 animals per group, each one in 

duplicate. ***P<0.001 vs non-colitic control; ##P<0.01, ###P<0.001 vs TNBS-colitc control; §§P<0.01 vs 5-ASA 

group. 
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5. Discussion 

The present study was undertaken mainly to evaluate the potential use of an 

anthocyanin-rich fraction obtained from Portuguese blueberry fruits for the treatment of 

intestinal inflammation, in a TNBS induced colitis rat model, in comparison with 5-ASA, the 

standard therapy for most IBD patients. Our data confirmed the anti-inflammatory action 

previously reported to blueberry anthocyanins [14,20] and showed, for the first time, that 

the protection afforded by this blueberry anthocyanin mixture in a colitis rat model was 

much more effective than that provided by 5-ASA, in similar experimental conditions. 

The ARF used presented a high content and great variety of anthocyanins, which 

is in agreement with previously reported findings from different cultivars around the world 

[26,38,39]. However, the anthocyanin profile was somewhat different, with malvidin as the 

major class, instead of cyanidin, and malvidin-3-galactoside and petunidin-3-arabinoside 

in the highest concentrations (Fig 1). It is worthy of note that these two anthocyanins have 

been detected in higher amounts than others in the ileostomy fluids of test patients after 

blueberries consumption [40], suggesting their potential relevance in modulating the 

intestinal inflammatory process. 

The results obtained in this rat model of colitis showed that either ARF 

(10 mg.Kg-1) or 5-ASA (100 mg.Kg-1) treatments counteracted the various signs of 

intestinal inflammation, including the very low rate of body weight gain, the colonic 

macroscopic damage score and the colon shortening, caused by TNBS (Figs 2 and 3). 

Nonetheless, the ARF treatment showed better improvements than 5-ASA, despite the 

much lower molar dose of anthocyanins used, indicating its higher effectiveness. 

The intestinal anti-inflammatory potential of the anthocyanin-rich fraction was also 

demonstrated by the reduction of active MPO and by the inhibition of ALP activity. MPO is 

abundantly expressed in primary granules of neutrophils, thus, tissue-associated MPO 

activity and expression can be used as a fundamental and reliable biochemical marker of 
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leukocyte infiltration and of tissue recovery [41]. In agreement with the macroscopic results 

previously referred, ARF treatment significantly reduced, and more efficiently than 5-ASA, 

MPO activity and its expression stimulated by TNBS-induced colitis (Fig 4A and 4B). 

Similarly, in what concerns intestinal ALP activity, ARF treatment demonstrated a better 

efficacy than 5-ASA in reducing this TNBS-induced enzyme activity (Fig 5). Currently, it is 

generally agreed that a tissue-nonspecific alkaline phosphatase isoform is essentially 

expressed in the colon and is upregulated in response to inflammation [33,42]. Also, in the 

inflamed colon, both colonocytes and infiltrating leukocytes account for the increased ALP 

activity. Moreover, it is known that this ALP isoform is specifically upregulated by oxidative 

stimulus [43]. Thus, since inflammation has been extensively associated with an increase 

in oxidative stress [37], the protection afforded by either anthocyanins or 5-ASA could be 

related to their well-known antioxidant properties [11,12,26,44]. 

On the other hand, TNBS-induced colitis has been associated with changes in 

antioxidant enzymes activity and in the levels of GSH [45], the major intracellular redox 

buffer, and decreases in GSH/GSSG ratio have been correlated with the severity of 

mucosal inflammation in IBD [46]. Our data showed a strong reduction in the intestinal 

GSH/GSSG ratio in the TNBS-induced colitis group, by about 65% (Fig 6A), indicating a 

severe decrease in intestinal redox status. In agreement with this, the intestinal GPX 

activity decreased drastically in the same group, by about 90% (Fig 6B). The relevance of 

this enzyme in the cellular antioxidant defense machinery is well known, by reducing 

hydroperoxides with the parallel oxidation of GSH to GSSG [16]. In this regard, the ARF 

treatment improved significantly either the GSH/GSSG ratio or the GPX activity in colon 

tissue, counteracting the TNBS-induced effects, in contrast with 5-ASA that did not 

significantly improve these oxidative stress markers (Fig 6A and 6B). Thus, the higher 

beneficial effect of anthocyanins in alleviating the severity of TNBS-induced colitis may be 

related, in part, with the higher ability to strengthen colon antioxidant defenses. 
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Besides the increase in oxidative stress, the excessive production of 

pro-inflammatory mediators is a key player to the intestinal damage progression in IBD. 

Concerning such mediators, both iNOS and COX-2 enzymes seem to play a synergistic 

role in inflammation onset and severity [2]. Upregulation of these enzymes expression is 

known to be induced by activation of different signaling pathways, namely the nuclear 

factor B (NF-B) and the signal transducer and activator of transcription 1 (STAT1), 

whose expressions and activities have been reported to increase during intestinal 

inflammation [13,47,48]. This work demonstrated that the treatment with anthocyanins 

could counteract drastically the strong overexpression of both iNOS and COX-2 enzymes 

induced by TNBS, while 5-ASA only counteracted COX-2 overexpression. Actually, the 

strong inhibition of COX-2 expression seems to be a crucial common mechanism 

underlying the anti-inflammatory actions of 5-ASA and ARF (Fig 7A). This observation is 

highly relevant given that this inducible form of COX is known to be upregulated in the 

inflamed gut of IBD patients [49,50], being a target for several drugs used in IBD, including 

5-ASA [51]. Regarding the effects on iNOS overexpression, the results obtained reinforced 

the much higher anti-inflammatory capacity of anthocyanins when compared to 5-ASA, as 

they inhibited almost completely the enzyme expression, in contrast with 5-ASA which did 

not show any significant effect (Fig 7B) despite being used in a much higher molar dose 

than that of anthocyanins. 

In conclusion, our data show for the first time the stronger anti-inflammatory 

activity of an anthocyanin-rich fraction obtained from the blueberry Vaccinium 

corymbosum L., grown in Portugal, on TNBS-induced rat colitis, in comparison with 5-ASA, 

a reference anti-inflammatory drug in IBD. Such activity is complex, involving different 

mechanisms including decrease in leukocyte infiltration, increase in antioxidant defenses 

and down-regulation of proinflammatory enzymes. The strong inhibition of colon COX-2 

expression seems to be a crucial anti-inflammatory mechanism common to 5-ASA and 

ARF, but the additional higher ability of anthocyanins to downregulate iNOS and to 
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decrease leukocytes infiltration and to increase antioxidant defenses in colon may account 

for the much higher anti-inflammatory action of ARF. Taken together, these results point 

to the efficacy of this anthocyanin mixture to counteract colitis severity and gather 

conditions to a faster recovery, being a contribution to the development of a promising 

natural therapeutic approach for intestinal inflammation. 
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6. Supporting information 

Sup. Table: Statistics of liver, kidneys, and heart vs body weight (% of total body weight) for each 

group of animals. P-values were calculated using t-test analysis. P(*)>0.05, vs non-colitic control; P(#)>0.05, 

vs TNBS-colitic control; Thus, no statistical significance was observed. 
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Chapter 4 

_____________________________ 

Anthocyanin-rich fraction from Portuguese blueberries improves 

LPS-induced inflammation in co-cultured Caco-2 and RAW 264.7 

cells: an in vitro model of gut inflammation 

 

 

 

 

 

 

Preliminary results from ongoing work, which explores the action of the ARF extract on 
the close interaction between intestinal epithelial cells and macrophages, 

in an in vitro model of IBD.  
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1. Abstract 

The use of polyphenols in inflammatory-related pathologies has been gaining 

popularity in recent years. Anthocyanins, as part of the most common dietary polyphenols, 

may be useful in the context of inflammatory bowel disease (IBD), a group of intestinal 

disorders that still need more efficient and safer therapeutic approaches. In this context, 

anthocyanins, highly available in human diet and recognized as health-promoting agents, 

have been a focus of interest. Thus, the aim of this work was to further explore the 

molecular anti-inflammatory action mechanisms of a characterized anthocyanin-rich 

fraction (ARF) from Portuguese blueberries, as compared with 5-aminosalicylic acid 

(5-ASA), a standard anti-inflammatory drug in IBD. For that, a co-culture system of 

intestinal epithelial Caco-2 cells and RAW 264.7 macrophage cells was used as a model 

of colitis. The compounds were pre-incubated in the apical side of a transwell plate 

containing a differentiated and polarized Caco-2 cell monolayer, for 3 h, followed by 

addition of lipopolysaccharide (LPS) to the basolateral side to stimulate the RAW 264.7 

cells. After 24 h, the inflammatory process was evaluated in terms of nitric oxide, IL-6 and 

IL-1β contents in culture supernatants, as well as of intracellular reactive oxygen species 

(ROS). A monoculture of RAW 264.7 was used to explore the intestinal barrier 

interference. Our data showed that the production of pro-inflammatory mediators and ROS 

was significantly decreased by the anthocyanins mixture, in a higher extent than by 5-ASA. 
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2. Introduction 

Inflammatory bowel disease (IBD) is a group of diseases characterized by chronic 

and relapsing inflammation of the gastrointestinal tract (GI). In patients with IBD, it seems 

to occur an exacerbated intestinal immune response towards a normally innocuous 

stimulus [1]. In this context, pro-inflammatory mediators are upregulated, being key players 

for the disease onset and progression [2]. The disease incidence and prevalence are 

increasing worldwide [3], but no curative treatment has been developed and current 

therapeutic strategies may cause adverse effects that impair their long-term use [4]. In this 

context, natural products and dietary compounds such as polyphenols have been drawing 

attention due to their anti-inflammatory and anti-oxidant potential [5,6]. Even though, it is 

still required to establish their efficacy and action mechanisms, so they can be included in 

IBD therapeutics. 

Blueberries are among the fruits with the highest content in anthocyanins, a group 

of flavonoids widespread in our diet, with health-promoting benefits [7]. In agreement with 

other published results [8,9], we previously demonstrated the anti-inflammatory and 

antioxidant activity of an anthocyanin-rich fraction (ARF) prepared from Portuguese 

blueberries (Vaccinium corymbosum L.), in a TNBS-induced colitis rat model, in 

comparison with a conventional treatment for IBD, the 5-aminosalicylic acid (5-ASA) [10]. 

However, the molecular mechanisms underlying its activity as well as its interaction with 

the intestinal epithelial barrier still need clarification. 

For that purpose, an in vitro model of intestinal inflammation closely resembling 

human colitis, similar to that used by Kim et al (2015) [11], was established. In this cellular 

system of intestinal epithelial cells (Caco-2 cells) and macrophages (RAW 264.7 cells) in 

co-culture, the inflammatory status was induced by macrophages stimulation in the 

basolateral compartment with lipopolysaccharide (LPS), and the effects of the 
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anthocyanin-rich fraction, in comparison with 5-ASA, added to the epithelial cells in the 

apical compartment (Fig 1), were investigated. 

In fact, LPS-challenged RAW 264.7 cells produce elevated levels of pro-

inflammatory mediators that in turn stimulate Caco-2 cells, mimicking the intimate 

relationship between intestinal barrier and immune cells during active IBD [12]. Thus, this 

model beyond elucidating about the mechanisms of ARF anti-inflammatory activity, also 

adds information about the bioavailability of anthocyanins, an yet controversial issue 

[13,14], once these compounds must cross the intestinal barrier to exert effects on the 

basolateral macrophage cells. 

Therefore, in the present study, the chemically characterized anthocyanin-rich 

fraction from Portuguese blueberries was evaluated in terms of pro-inflammatory 

mediators’ inhibition, namely nitric oxide, IL-6 and IL-1β cytokines and reactive oxygen 

species (ROS), by using the described in vitro co-culture model of IBD. Its activity was 

compared to that of 5-ASA, and the epithelial barrier interference was monitored by 

comparing the results with a RAW 264.7 cells monoculture submitted to similar 

experimental conditions. 
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3. Materials and methods 

3.1. Reagents 

Laboratory chemicals, namely 5-aminosalicylic acid (5-ASA), 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), lipopolysaccharide (LPS) 

(Escherichia coli, serotype 0111:B4), 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-

DA), dimethylsulfoxide (DMSO), and general laboratory chemicals were purchased from 

Sigma-Aldrich (St Louis, Missouri, USA). 

Cell culture reagents namely Dulbecco’s modified Eagle’s medium (DMEM), fetal 

bovine serum (FBS) and phosphate-buffered saline (PBS) pH 7.4, were purchased from 

Gibco-Invitrogen (Grand Island, NY, USA). Penicillin and streptomycin were purchased 

from Sigma-Aldrich (St Louis, Missouri, USA). 

 

3.2. Anthocyanin-rich fraction from Portuguese blueberries 

The blueberries (Vaccinium corymbosum L, cultivar Bluecrop) were collected at 

the time of peak production, from the central region of Portugal. They were obtained from 

biological agriculture (Biogrêsso, Portugal) and kept frozen at -80ºC until use. The 

anthocyanin-rich fraction was prepared and characterized as previously reported [10]. The 

fraction content in anthocyanins is about 10g.L-1 (10 ± 0.48 g.L-1) in terms of malvidin. The 

anthocyanins relative composition of the fraction determined by HPLC-DAD was malvidin-

3-galactoside (20.9%), petunidin-3-arabinoside (18.7%), peonidin-3-glucoside (11.5%), 

delphinidin-3-arabinoside (8.0%), delphinidin-3-galactoside (7.0%), petunidin-3-

galactoside (6.0%), peonidin-3-galactoside (5.1%), delphinidin-3-glucoside (4.4%), 

malvidin-3-arabinoside (4.3%), cyanidin-3-arabinoside (4.1%), peonidin-3-arabinoside 
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(3.0%), malvidin-3-glucoside (2.6%), cyanidin-3-galactoside (1.7%), petudin-3-glucoside 

(1.6%), and cyanidin-3-glucoside (1.3%) [10]. 

 

3.3. Cell culture 

The human intestinal epithelial cell line (Caco-2) and the murine macrophage cell line 

(RAW 264.7) were obtained from European Collection of Cell Cultures (Porton Down, 

Salisbury, UK). Cells were cultured in DMEM supplemented with 10% (v/v) FBS, 

100 U.mL-1 penicillin and 100 µg.mL-1 streptomycin, on 75 cm2 flasks, at 37ºC in a 

humidified atmosphere of 5% CO2. The medium was always replaced by fresh 

supplemented medium before cells treatment. Cells were counted using a 

haemocytometer and the number of viable cells was determined by trypan blue dye 

exclusion. 

 

3.4. Co-culture system design 

The co-culture system design was established as described by KM Kim et al (2015) 

[11]. In this system, human intestinal epithelial-like Caco-2 cells were seeded into a porous 

membrane of a transwell insert (1x105 cell/well; Corning Costar Corp., Cambridge, MA, 

USA) and allowed to differentiate and polarize for 21 days. During this time, cell culture 

medium was changed every 3 days. The RAW 264.7 macrophages were seeded in the 

basolateral chamber 24 h previous to each experiment in 12-multiwells (4x105 cells/well). 

After replacing the medium with fresh one, the inserts containing Caco-2 cells were added 

to the 12-multiwells containing the RAW 264.7 cells (Fig 1). 

To evaluate the anti-inflammatory effect of the ARF and 5-ASA, these compounds 

were incubated separately in the apical side of the transwell system for 3h. The 

macrophage cells were then activated by the addition of 1 µg.mL-1 LPS into the basolateral 
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side. After 24h, the inflammatory process was evaluated in terms of NO, IL-6 and IL-1β 

production in the culture supernatants, as well as of intra-cellular ROS. A monoculture of 

RAW 264.7 was used for comparison. Note that treatment and stimulus were not removed 

during the incubation time. 

 

 

Figure 1: Schematic of the in vitro co-culture system in the transwell. The Caco-2 cells were seeded 21 

days prior in 12-well inserts with a semipermeable membrane. The RAW 264.7 cells were seeded 24 h prior 

in 12-multiwells. Epithelial cells were pre-incubated with ARF or 5-ASA for 3 h, and then LPS was added to 

basolateral cells to induce activation. 

 

3.5. Cell viability 

Cell viability was assessed by the cellular dehydrogenase-dependent reduction of 

the yellow dye MTT to formazan, an insoluble intracellular purple product [15], in either 

Caco-2 or RAW 264.7 monocultures. After incubation of the cells with ARF or 5-ASA for 

24 and 48 h, the culture medium was removed and the cells were washed twice with PBS. 

Then MTT was added in medium at a concentration of 0.5 mg.mL-1 for 1h at 37C. Finally, 

the supernatant was removed, the formazan crystals were dissolved in 500 l of DMSO 

and the absorbance was immediately read at 530 nm in a plate reader (Bio-TEK Synergy 
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HT, Izasa S.A., Spain). Cell viability was expressed as a percentage of control cells, i.e., 

cells incubated for 24 or 48 h but without extract or drug. 

 

3.6. Nitric oxide production 

The NO production was evaluated in the supernatants of RAW 264.7 cells, either 

in co-culture or monoculture, by chemiluminescence, in gas phase, using the CLD 88 

Analyser from Eco Medics (Switzerland). Briefly, after NO production by the cell, it is 

oxidized to nitrite, accumulating in the medium. Then, the quantification of nitrite is 

achieved after reductive cleavage by an iodine-tri-iodide containing solution [45 mmol.L-1 

potassium iodide (KI) and 10 mmol.L-1 iodine (I2), in glacial acetic acid, kept at 56ºC in a 

septum-sealed reaction vessel continuously bubbled with nitrogen]. The reaction chamber 

design was similar to a commercially available unit (Sievers, Boulder, CO) built by Colaver 

(Colaver srl, Italy). The outlet of the gas stream was passed through a scrubbing bottle 

containing sodium hydroxide (1 mol.L-1, at 0ºC) to trap traces of acid and iodine before 

transfer into the detector. The released NO to the gas phase is then assessed by the 

chemiluminescent reaction with ozone (O3), as described by M Feelisch et al (2002) [16]. 

This is a highly sensitive and selective method for bulk NO quantification in biological 

samples. The concentrations were determined from a sodium nitrite standard curve. NO 

signal output was samples at 2 Hz and peak integration was performed by using the EDAQ 

Power Chrom software. 

 

3.7. Interleukine-6 and interleukine-1 beta production 

The production of IL-6 in the apical side, and of IL-1β in the basolateral side of the 

transwell system or in monocultured RAW 264.7, were assessed by a competitive 
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immunoassay kits from Abcam (Cambridge, UK), for human- and mouse-derived 

interleukines respectively. After cells treatment, under the specified conditions, aliquots of 

supernatant were collected and analysed according to the manufacturers’ instructions. 

Determinations were performed in duplicate of four independent experiments. 

 

3.8. Intracellular reactive oxygen species production 

The intracellular ROS content was estimated by using the non-fluorescent probe 

2′-7′-dichlorodihydrofluorescein diacetate (DCFH-DA), which permeates cell membrane 

and may be oxidized by ROS, yielding 2′-7′-dichlorofluorescein (DCF) [17]. Briefly, after 

cells treatments in either the transwell system or monoculture for 24 h, they were washed 

with PBS and new medium containing 1 M DCFH-DA was added for 15 min at 37C, 

protected from direct light. After washing the cells, the fluorescence was measured using 

a plate reader (Bio-TEK Synergy HT, Izasa S.A., Spain) (excitation and emission 

wavelengths at 485 and 530nm, respectively). 

 

3.9. Statistical analysis 

All data were expressed as mean ± standard error of the mean (SEM) of at least 

three independent assays, each one performed in duplicate or triplicate. Differences 

between conditions were assessed using one-way analysis of variance (ANOVA), and 

Bonferroni´s test as post hoc. A value of P<0.05 was accepted as statistically significant. 
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4. Results 

4.1. The ARF decreases nitric oxide and ROS production by LPS-

stimulated RAW 264.7 cells in a concentration-dependent way 

To evaluate the potential anti-inflammatory action of the ARF, several 

concentrations were tested in LPS-stimulated RAW 264.7 cells. This is a model of 

activated macrophages, described to produce and secrete high amounts of inflammatory 

mediators, such as NO and ROS [18,19]. In accordance, incubation with LPS induced a 

high increase in the NO secretion and intracellular ROS formation, as observed after 16 

h of incubation. By treating the cells with 1-20 µg.mL-1 of ARF prior to LPS induction, it 

was observed a concentration-dependent reduction in either NO (Fig 2A) or ROS (Fig 

2B) levels. This reduction was more pronounced in terms of ROS production and 

particularly evident at the concentration of 20 µg.mL-1 of ARF. 

 

 

Figure 2: Effect of the ARF on NO and ROS production by LPS-stimulated RAW 264.7 cells. RAW 264.7 

were pre-incubated with crescent concentrations of ARF (1 to 20 µg.mL-1) for 3h, and then further incubated 

16 h with LPS (1 µg.mL-1). The supernatants were collected to determine NO concentration (A) by gas-phase 

chemiluminescence, and the cells were further incubated 15 min with DCF-DA to determine intracellular ROS 

production (B). ***P<0.001 vs negative control (non-stimulated cells); ##P<0.01 and ###P<0.001 vs positive 

control (LPS-stimulated cells without compounds). 
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Prior to these assays, the range of concentrations that could be used safely was 

ascertained by measuring the cytotoxicity of the ARF in RAW 264.7 and Caco-2 cells 

(Fig 3). The macrophage cells were cultured individually as monoculture and incubated 

with a range of concentrations of 1 to 6 µg.mL-1 for the fraction, during 24 (Fig 3A) and 48 

h (Fig 3B). As evaluated by the MTT assay and presented in Fig 3, the highest 

concentrations of ARF (40 and 60 µg.mL-1) reduced macrophages cellular viability, thus 

limiting the usage of higher concentrations. Therefore, 10 and 20 µg.mL-1 were the 

concentrations tested in the intestinal Caco-2 cells (Fig 3C and D) and also the 

concentrations selected to evaluate 5-ASA cytotoxicity. As shown in Fig 3, these 

concentrations did not alter the viability of both cell types. Also, no cellular morphological 

changes were observed by microscopic analysis (data not shown). Thus, the concentration 

of 20 µg.mL-1 (either ARF or 5-ASA) was established for the subsequent experiments. 

 

Figure 3: Effect of the ARF or 5-ASA on both RAW 264.7 and Caco-2 cells viability. RAW 264.7 cells 

were incubated with ARF (1 to 60 µg.mL-1) or 5-ASA (10 and 20 µg.mL-1), for 24 h (A) and 48 h (B). Caco-2 

cells were incubated with either ARF (10 and 20 µg.mL-1) or 5-ASA (10 and 20 µg.mL-1), for 24 h (C) and 48 h 

(D). After the incubation time, cells viability was determined by the MTT assay. Values are expressed as 

percentage of control (mean ± SEM of at least three experiments, each one assayed in triplicate). ***P<0.001 

vs control cells. 
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4.2. The ARF highly counters Caco-2 production of IL-6 and intra-

cellular ROS induced by active macrophages 

To explore the anti-inflammatory action of the ARF, it was used a co-culture system 

of intestinal epithelial cells and macrophages. In this model, the inflammation was induced 

by activation of the macrophage cell line on the basolateral compartment with LPS. This 

elicits the production of high levels of pro-inflammatory mediators by RAW 264.7 that, in 

turn, can activate the Caco-2 cells on the apical side of the system [11]. In accordance, 

the Caco-2 cells co-cultured for 24 h with active macrophages (LPS-induced RAW 264.7) 

show an increased secretion of IL-6 (Fig 4A) and intra-cellular production of ROS 

(Fig 4B). However, when Caco-2 cells are pre-incubated with the ARF, both IL-6 and ROS 

production are highly countered. When compared to 5-ASA action in similar conditions, 

the protection afforded by the blueberry fraction is more pronounced. Note that these 

results were obtained with an anthocyanin concentration about 3.4 times lower 

(20 µg.mL-1 of ARF corresponds to 38 µM, in terms of malvidin-3-galactoside) than that of 

5-ASA (20 µg.mL-1 , i.e. 130 µM). 

 

Figure 4: Effect of ARF, in comparison with 5-ASA, on the production of IL-6 and intra-cellular ROS by 

co-cultured apical Caco-2 cells. Caco-2 cells in the apical chamber were pre-incubated with either ARF or 

5-ASA (20 µg.mL-1) for 3 h. LPS (1 µg.mL-1) was then added to the basolateral chamber and further incubated 

24 h, at 37ºC. Afterwards, apical supernatants were collected to determine IL-6 by an ELISA kit (A). The cells 

were washed and further incubated with DCF-DA during 15 min, and the fluorescence was measured to 

determine the intracellular ROS content (B). ***P<0.001 vs negative control (non-stimulated cells); ##P<0.01 

and ###P<0.001 vs positive control (LPS-stimulated cells without compounds). 
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4.3. The ARF reduces more efficiently than 5-ASA inflammatory 

mediators and intracellular ROS produced by RAW 264.7 cells in the 

presence of an intestinal barrier 

The potential anti-inflammatory action of the ARF was also explored in the 

basolateral compartment of the co-culture system. Following the same experimental 

design, after 24 h incubation with LPS, the basolateral supernatants were collected to 

determine the levels of NO (Fig 5A), IL-1β (Fig 5B), and intracellular ROS generation 

(Fig 5C). As expected, LPS induced a significant increase in the production of these 

inflammatory mediators. Interestingly, pre-incubation with ARF only in the apical side of 

the co-cultured system, could reduce the production of these three mediators, especially 

IL-1β (Fig 5B), by the basolateral macrophages. In comparison, 5-ASA could only counter 

IL-1β secretion, but at a lower extent than the ARF. 

Given that these effects were achieved in the basolateral chamber, while the ARF 

or 5-ASA were applied to the apical side, indicates that the compounds could pass the 

intestinal cells barrier, a critical aspect for the treatment of IBD. To strengthen this finding, 

a similar experiment was carried out in a monoculture of RAW 264.7 macrophages and 

the resulta are represented in the same graphs in parallel. In comparison, and given the 

direct contact of the cells with LPS and ARF or 5-ASA, the protection afforded by either 

ARF or 5-ASA was slightly higher in terms of NO (Fig 5A) and ROS reduction (Fig 5C), 

but not in terms of IL-1β (Fig 5B). 
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Figure 5: Effect of ARF, in comparison with 5-ASA, on the production of NO, IL-1β and intra-cellular 

ROS, by RAW 264.7 cells in basolateral co-culture or in monoculture. Caco-2 cells in the apical chamber 

were pre-incubated with either ARF or 5-ASA (20 µg.mL-1) for 3 h. LPS (1 µg.mL-1) was then added to the 

basolateral chamber and further incubated 24 h, at 37ºC. Afterwards, the basolateral supernatants were 

collected to determine NO (A), by chemiluminescence, and IL-1β (B), using an ELISA kit. The cells were 

washed and further incubated with DCF-DA during 15 min, and the fluorescence was measured to determine 

the intracellular ROS content (C). In parallel, RAW 264.7 cells in monoculture were pre-incubated with either 

ARF or 5-ASA (20 µg.mL-1) for 3 h and then stimulated with LPS for 24 h. Also the levels of •NO (A) and IL-1β 

(B), as well as the intracellular ROS content (C) were evaluated **P<0.01 and ***P<0.001 vs negative control 

(non-stimulated cells); #P<0.05, ##P<0.01 and ###P<0.001 vs positive control (LPS-stimulated cells without 

compounds). 
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5. Discussion 

The use of natural anti-inflammatory compounds is currently considered a 

promising alternative to conventional treatment, which are not devoid of side effects. In 

this context, anthocyanins, a group of polyphenols widely distributed in the Mediterranean 

diet, have been drawing attention given their antioxidant and anti-inflammatory properties 

[20-22]. In fact, their high consumption allied with their reported anti-inflammatory 

properties, may be of paramount relevance in intestinal inflammation management. In this 

context, previous work from our group demonstrated the anti-inflammatory and antioxidant 

activity of an anthocyanin-rich fraction prepared from Portuguese blueberries in an in vivo 

model of IBD [10]. Following that line of work, the present study was undertaken to further 

explore this ARF activity in terms of molecular signalling, using an in vitro gut inflammation 

model. Such model was established co-culturing intestinal epithelial cells (Caco-2) in the 

apical compartment and macrophage-like cells (RAW 264.7) in the basolateral 

compartment of a transwell co-culture system as shown in Fig 1. 

In inflammatory disorders such as IBD, macrophage cells produce large amounts 

of pro-inflammatory mediators, playing a key role in the disease pathogenesis and 

progression [23]. Also, in this model, RAW 264.7 cells incubation with LPS induced the 

production of pro-inflammatory mediators namely, nitric oxide, IL-1β and intracellular ROS, 

as shown either in co-culture with Caco-2 or in monoculture. 

Preliminary studies were conducted in monoculture to explore ARF efficacy at 

reducing nitric oxide and ROS production (Fig 2). The range of concentrations tested 

reduced the production of these mediators in a concentration-dependent manner, but the 

concentration of 20 µg.mL-1 was chosen taking in consideration its safety (Fig 3). 

When using this model of intestinal inflammation, the stimulation of the intestinal 

epithelial cells is achieved by the action of the pro-inflammatory mediators produced by 

the basolateral macrophages cells, since both cells, epithelial and macrophages are not 
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in direct contact [11]. This interaction is real, given that epithelial cells significantly increase 

IL-6 and intracellular ROS production, although only macrophage cells contained in the 

basolateral compartment were incubated with LPS. Also, the apical cells incubation with 

ARF or 5-ASA mimics the intestinal lumen, because the effects observed in the basolateral 

compartment are indicative of the absorption and capacity of these compounds to pass 

the intestinal epithelial barrier. Therefore, the results obtained thus far demonstrate the 

ability of the ARF to counter the production of IL-6 (Fig 4A) and intracellular ROS (Fig 4B) 

by intestinal cells, to cross the intestinal barrier and then reduce the production of nitric 

oxide (Fig 5A), IL-1β (Fig 5B), and ROS (Fig 5C) by macrophage cells. When compared 

to 5-ASA, and as previously observed in vivo, the ARF exhibits higher efficacy to the 

concentration tested (20 µg.ml-1) as evidenced in graphs. This efficacy is still more relevant 

in terms of molar concentration, once the ARF molar concentration is 3,4 times lower than 

that of 5-ASA. By using a monoculture of RAW 264.7 cells, it was possible to observe a 

small interference of the epithelial barrier, since in these conditions both the ARF and 5-

ASA were slightly more efficacious. 

Taking into consideration that the inhibition of pro-inflammatory mediators has 

been proposed as an effective strategy in the management of IBD [23,24], the results 

presented here support a relevant action of this blueberry anthocyanin mixture in this 

disease. Moreover, the anthocyanins most abundant in the ARF used, malvidin-3-

galactoside and petunidin-3-arabinoside, were actually reported to reach the intestinal 

compartment of test patients after blueberries consumption [25]. 

In conclusion, our data indicate a relevant anti-inflammatory and anti-oxidant 

action of this blueberry anthocyanin mixture in a co-culture model of IBD, as compared 

with 5-ASA, encouraging us to continue the study in order to strengthen these results and 

to clarify the pathways involved in their mechanism of action. 
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1. Concluding remarks 

The work presented in this thesis explores the potential use of common dietary 

anthocyanins for the treatment of intestinal inflammation, as per se or in combination with 

conventional drugs. The isolated anthocyanin Cy3glc clearly interferes with relevant 

inflammatory signalling pathways and seems to synergistically interact with 5-ASA, thus 

highlighting anthocyanins value as an adjuvant approach for the management of chronic 

inflammatory-related diseases such as IBD. Moreover, the anthocyanin mixture prepared 

from Portuguese blueberries exhibits relevant anti-inflammatory and antioxidant activities, 

either in vivo and in vitro, when compared to a current standard therapy. 

To explore anthocyanins modulation of inflammatory signalling pathways closely 

related to IBD pathogenesis, a first part of work was conducted using a LPS-induced RAW 

264.7 macrophage cell line, as an in vitro model of inflammation. This study was conducted 

with Cy3glc, one of the most abundant anthocyanins in the Mediterranean diet [1]. In fact, 

this isolated anthocyanin could counter all pro-inflammatory mediators tested (NO, PGE2 

and TNF-) and intracellular ROS, in a higher extent than 5-ASA, in similar experimental 

conditions. The inhibition of NO and PGE2 secretion was correlated with the inhibition of 

the pro-inflammatory enzymes iNOS and COX-2, respectively, but without interfering with 

NF-B activation. Instead, this anthocyanin could downregulate AP-1 signalling pathway, 

clearly reducing the phosphorylated form of c-Jun in the nucleus, that could be related to 

the upstream down-regulation of p38 and JNK MAPKs. This work went even further to 

explore not only Cy3glc and 5-ASA comparative activities, but also their interaction. In fact, 

the combination of both compounds improved their individual effects in most parameters 

tested, even suggesting a synergistic effect. 

Anthocyanins are widely distributed in the Mediterranean diet, and their 

consumption has been inversely correlated with chronic diseases incidence [2]. The 

blueberry fruits are rich in those compounds, that can reach the colon in high percentages, 
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despite the lower plasma bioavailability [3]. In agreement, the prepared Portuguese 

blueberry (Vaccinium corymbosum L.) fraction presented a high content and variety of 

anthocyanins, and could counter various signs of intestinal inflammation in vivo, in a colitis 

rat model. Administration of this anthocyanin mixture improved the body weight gain of 

those animals and countered the colonic damage extent, colon shortening and wall 

thickening caused by local TNBS instillation. These macroscopic effects were 

accompanied by a marked reduction of active MPO in the colonic tissue, a biomarker of 

leukocyte infiltration [4], and ALP activity, that is upregulated in response to inflammation 

and oxidative stress conditions [5]. Moreover, the extract improved the endogenous 

antioxidant defences, by improving both GSH/GSSG redox buffer and GPX enzyme 

activity. In terms of inflammatory mediators, both iNOS and COX-2 enzymes expressions 

were significantly inhibited. It is noteworthy that the beneficial effects observed in this study 

were far greater than those obtained with the reference 5-ASA treatment, although the 

much lower molar dose of anthocyanins used (32.5 times lower). The only exception 

seems to be COX-2 expression that was similarly countered by both ARF and 5-ASA, 

suggesting this as a shared anti-inflammatory mechanism. 

The highest anti-inflammatory and antioxidant activity of this faction was further 

confirmed in vitro, by using an established co-cultured system of epithelial Caco-2 cells 

and murine RAW 264.7 macrophages [6]. The blueberry fraction, incubated only at the 

apical side of the transwell system, could counter the pro-inflammatory mediators 

produced in both apical and basolateral chambers, in a higher extent than 5-ASA. 

Therefore, the anthocyanins treatment could counter NO and IL-1β secretion by LPS-

induced basolateral macrophages, and IL-6 by the apical Caco-2 cells. Intracellular ROS 

were inhibited in both cell types. Again, these results were obtained with a much lower 

molar concentration of anthocyanins (3.4 times lower) compared to 5-ASA. The results 

obtained in the basolateral chamber may suggest that anthocyanins are able to cross the 
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intestinal barrier and exert their effects more deeply in the intestinal tissue. This may be 

corroborated by the lower leukocyte infiltration observed in vivo. 

Even though we are aware that different anthocyanin structures account for 

different activities, the blueberry anthocyanin mixture may share the Cy3glc action 

mechanism on AP-1/MAPKs signalling modulation. In fact, the mixture and the single 

anthocyanin share the ability to counter iNOS and COX-2 enzymes expression, NO and 

intracellular ROS production. On the other hand, although Cy3glc did not affect NF-B 

activation in macrophage cells, it is still needed to explore such effect with the blueberry 

fraction, considering that it contains a mixture of 15 anthocyanins. Moreover, this work only 

explores the action of this fraction as a whole, thus leaving open for studying the individual 

potency of these anthocyanins or how they interact between them. Nonetheless, the 

results obtained with this work represent more closely the beneficial effects of an 

anthocyanin-rich diet for IBD management. 

Taken together, the results presented in this thesis highlight the potential of the 

tested anthocyanins in countering intestinal inflammation and, at the same time, their 

ability to gather conditions for a faster recovery. The activity of these compounds, isolated 

or in association, is complex, interfering with several mechanisms closely related to IBD 

pathogenesis, namely by reducing immune cells infiltration, disrupting pro-inflammatory 

mediators’ production and strengthening endogenous antioxidant defence mechanisms. 

The high anti-inflammatory and antioxidant activity achieved by these compounds arise 

from their capacity to modulate the activation of key signalling pathways, thus interfering 

with their target genes expression. These results confirm that anthocyanins are viable 

natural therapeutic candidates for intestinal inflammation in place of or in association with 

conventional treatments. Adding to their proved efficacy, they stand as a safer strategy for 

long-term use, that is especially relevant in chronic diseases such as IBD. 

Although these results support the use of dietary anthocyanins for the management 

of IBD, much still needs to be done for them to actually be considered as part of the 
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therapeutic regimen. In addition to in vitro and in vivo studies, there is still missing data 

from human patients, either by using ex vivo biopsies or carefully elaborated clinical trials. 

Also, to take the most advantages of these compounds, it should be explored their efficacy 

when introduced directly in the diet versus standardized nutraceutical preparations. 

Therefore, data is still missing on anthocyanins individual efficacies and possible 

synergistic interactions, their metabolism and bioavailability. Furthermore, given the 

interaction observed with Cy3glc and 5-ASA, more studies should evaluate the interaction 

of anthocyanins with conventional therapies, since this may allow to reduce their dosages 

and inherent side effects. 
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