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Abstract 

Introduction: Inflammatory Bowel Disease (IBD) is an autoimmune condition that affects 

more than 5 million people around the world. There are several animal models of IBD 

that try to mimic the mechanisms inherent to the pathophysiology of this condition. 

Among them, TNBS-induced colitis is the most used in rats, but lack of standardized 

parameters may lead to misleading interpretation of data. The renin-angiotensin system 

(RAS) is well characterized in the cardiovascular and renal systems but recently, the 

attention has shifted to other systems and organs, namely the GI tract. Several studies 

point to a pathophysiological role of the RAS in IBD but the mechanistic pathways 

underlying this association have just started to be unraveled. Angiotensin II (Ang II) 

regulates the smooth muscle tone of the colon through activation of Ang II type 1 (AT1) 

and, eventually, Ang II type 2 (AT2) receptors. However, its effect on TNBS-induced 

colitis is still not fully described. Disturbed colonic reactivity might contribute to alterations 

in colonic motility, which are a major symptom of IBD.  

Aim: This thesis had two complementary aims. First, to systematically describe the time-

course of TNBS-induced colitis in rats, and to highlight parameters that can be routinely 

used to categorize and anticipate the severity of the model by applying clinical, 

macroscopic and microscopic scoring systems, as well as clinical/welfare grades. 

Second, to characterize the reactivity of Ang II on the proximal colon (PC), upstream 

distal colon (UDC) and terminal distal colon (TDC) of control and TNBS-induced rats. 

Methods: Protocols were approved by the institutional and national Animal Welfare 

Body. Male Wistar rats with 8-12 weeks were used. For the categorization of the TNBS-

induced model of IBD, rats (n=17) were instilled in the rectum with a 30% ethanolic 

solution of TNBS (20 mg/rat, 250 l), while littermates (n=11) were used as controls. 

Analgesia was provided by tramadol (20mg/kg, SC, one time) and by paracetamol 

(6mg/mL in drinking water, ad libitum).  During the following 7 days, the animals were 

daily monitored for body weight, food and water intake and stools formation, as well as 

wellbeing parameters. After 7-8 days of TNBS instillation, control and TNBS rats were 

euthanized by decapitation and the colon was excised. After a macroscopic evaluation, 

a 1.5 cm long segment (between UDC and TDC) was processed for microscopical 

analysis, and 1 cm long segments of the PC, UDC and TDC were mounted longitudinally 

in isolated organ baths, filled with Krebs-Henseleit solution, aerated with carbogen and 

maintained at 37ºC. Isometrical non-cumulative responses to Ang II were obtained. Also, 

the contractile effect of Ang II was tested in the absence and in the presence of the AT1 
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receptor antagonist candesartan (10nM) or the AT2 receptor antagonist PD123319 

(100nM). Furthermore, the contractile response to Ang II was also tested in the presence 

of TTX 1 µM (a Na+ channel blocker neurotoxin), atropine 1 µM (an antagonist of the 

muscarinic receptors), or L-NAME 100µM (an inhibitor of nitric oxide (NO) synthesis). 

Statistical analysis was performed by the Student’s t test, one-way and two-way ANOVA 

followed by Tukey’s multiple comparisons test, and Chi-squared test, as required. 

Results: TNBS induced three disease severity categories: Mild, Moderate and Severe, 

according to both macroscopic and microscopic scores. Body weight of mild TNBS-

induced animals increased after 4 days; moderate animals increased stool formation on 

day 4 and increased food intake on day 5, while severe animals barely ate and had no 

fecal pellets on their cage. By the end of the protocol, mild TNBS-induced rats had a 

lower welfare and clinical score than moderate and severe animals. Additionally, AngII 

caused a concentration-dependent contraction of all colonic regions of control and 

TNBS-induced rats, but the contraction developed in UDC and TDC of TNBS-induced 

animals was lower than the correspondent contraction in control rats. Candesartan 

almost completely abolished the response to Ang II in all colonic regions of both groups. 

Differently, PD123319 increased the contractile response to Ang II in all regions of 

control animals but had no effect in any colonic region of TNBS-induced rats. 

Additionally, TTX increased the contractile response to Ang II in all colonic regions of 

both groups. Interestingly, both Atropine and L-NAME increased Ang II-mediated 

contraction of PC of both groups, and of UDC of the control animals; neither of these two 

antagonist altered the contraction in the TDC of both groups or in the UDC of TNBS-

induced rats. 

Conclusion: Our study shows that it is possible to categorize rat TNBS-induced colitis 

in three different severity levels: Mild, Moderate and Severe. Moreover, simple data, 

accessible to all researchers, like food intake and excretion of fecal pellets are reliable 

parameters to predict the severity of rat TNBS-induced colitis ante mortem. Anyway, 

daily evaluation of the animal clinical signs/discomfort should always be assured to 

guarantee their welfare. Besides, our results show a lower reactivity to Ang II in the colon 

of TNBS-induced rats, particularly in the TDC and UDC. Ang II-mediated contraction was 

mediated by AT1 receptors in both groups, and also by AT2 receptors in control rats. The 

contractile effect of Ang II in the rat colon results from activation of post-junctional 

receptors but also through a pre-junctional inhibitory mechanism that involves both ACh 

and NO, although this mechanism mainly operates in the PC of both groups and in the 

UDC of controls. Ongoing work will try to give more insight on the mechanism behind the 

different reactivity to Ang II between control and TNBS rats. 
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Resumo 

Introdução: A Doença Inflamatória Intestinal (DII) é uma doença autoimune que afeta 

mais de 5 milhões de indivíduos em todo o mundo. Existem vários modelos animais para 

estudar a DII que tentam reproduzir os mecanismos inerentes à patofisiologia associada 

a esta doença. Destes modelos, a indução de colite pelo TNBS é o modelo mais usado 

em ratazana, mas a falta de critérios padronizados pode levar a uma errada 

interpretação de resultados. O sistema renina-angiotensina (SRA) está bem 

caracterizado num contexto cardiovascular e renal, mas recentemente tem vindo a ser 

descrito também noutros sistemas e órgãos, como por exemplo o trato gastrointestinal. 

Vários estudos apontam para um papel patofisiológico do SRA na DII, mas os 

mecanismos que suportam esta associação só agora começam a ser descritos. A 

angiotensina II (Ang II) regula o tónus muscular liso do cólon através da ativação de 

recetores da angiotensina tipo 1 (AT1) e tipo 2 (AT2). Contudo, o seu efeito na colite 

induzida pelo TNBS ainda não está completamente descrito. Perturbações na 

reatividade do colon podem contribuir para alterações na motilidade, que são sintomas 

característicos da DII. 

Objetivo: Este trabalho teve dois objetivos complementares. Primeiramente, descrever 

a evolução da colite induzida pelo TNBS em ratazanas ao longo do tempo, e evidenciar 

parâmetros que podem ser usados rotineiramente para categorizar e antecipar a 

severidade do modelo, através da aplicação de scores macroscópicos e microscópicos, 

e também de escalas de avaliação clínica e de bem-estar animal. Para além disto, foi 

também objetivo caracterizar a reatividade da Ang II no cólon proximal (CP), cólon distal 

a montante da lesão (CDM) e cólon distal terminal (CDT) de ratazanas controlo e 

induzidas com TNBS. 

Métodos: Os protocolos foram aprovados pelo órgão institucional e nacional de bem-

estar animal. Para a realização deste trabalho foram utilizadas ratazanas Wistar machos 

com 8 a 12 semanas de idade. Para a categorização do modelo de DII induzido por 

TNBS, ratazanas (n = 17) foram instiladas no reto com uma solução etanólica de 30% 

de TNBS (20 mg/ratazana, 250 µL), enquanto ratazanas da mesma ninhada (n = 11) 

foram usadas como controlos. Tramadol (20mg/kg, SC, uma vez) e paracetamol 

(6mg/mL em água, ad libitum) foram usados para analgesia. Durante os 7 dias 

seguintes, os animais foram diariamente monitorizados quanto ao seu peso, ingestão 

de comida e água, e formação de fezes, bem como parâmetros de bem-estar. Após 7-

8 dias da indução com TNBS, os animais controlo e TNBS foram eutanasiados por 
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decapitação e o cólon foi extraído. Após uma avaliação macroscópica, um segmento de 

1,5 cm de comprimento (entre CDM e CDT) foi processado para análise microscópica, 

e segmentos de 1 cm de comprimento do CP, CDM e CDT foram montados 

longitudinalmente em banhos de órgãos isolados, preenchidos com solução de Krebs-

Henseleit, continuamente arejado com carbogénio e mantido a 37ºC. Foram depois 

obtidas respostas isométricas não cumulativas para a Ang II. Para além disso, o efeito 

contrátil de Ang II foi testado na ausência e na presença do antagonista do recetor AT1 

candesartan (10nM) ou do antagonista do recetor AT2 PD123319 (100nM). A resposta 

contrátil à Ang II também foi testada na presença de TTX 1 µM (neurotoxina bloqueadora 

do canal de Na+), atropina 1 µM (um antagonista dos recetores muscarínicos) ou L-

NAME 100 µM (um inibidor da síntese de monóxido de azoto, NO). A análise estatística 

foi realizada pelo teste t de Student, one-way e two-way ANOVA, seguido do teste de 

comparações múltiplas de Turkey, e Qui-quadrado, conforme necessário. 

Resultados: O TNBS induziu três categorias de severidade da doença: Ligeira, 

Moderada e Severa, de acordo com os scores macroscópico e microscópico. O peso de 

animais com grau de severidade ligeira aumentou após 4 dias; animais moderados 

aumentaram a formação de fezes no dia 4 e aumentaram a ingestão de comida no dia 

5, enquanto os animais severos mal comeram e não tiveram fezes na sua caixa. No final 

do protocolo, animais ligeiros tiveram um score de bem-estar e um score clínico mais 

baixos do que os animais moderados e graves. Além disso, Ang II causou uma 

contração dependente de concentração de todas as regiões do cólon de ratazanas 

controlos e induzidas com TNBS, mas a contração desenvolvida em CDM e CDT de 

animais induzidos com TNBS foi menor do que a correspondente contração em 

ratazanas controlos. O candesartan aboliu quase completamente a resposta à Ang II 

em todas as regiões do cólon de ambos os grupos. Pelo contrário, o PD123319 

aumentou a resposta contrátil à Ang II em todas as regiões dos animais controlo, mas 

não teve efeito em nenhuma região do cólon de ratazanas induzidas com TNBS. Além 

disso, a TTX aumentou a resposta contrátil à Ang II em todas as regiões do cólon de 

ambos os grupos. Curiosamente, tanto a Atropina quanto o L-NAME aumentaram a 

contração mediada pela Ang II no CP de ambos os grupos e no CDM dos animais 

controlo; nenhum destes dois antagonistas alterou a contração no CDT de ambos os 

grupos ou no CDM de animais induzidos por TNBS. 

Conclusão: Este trabalho mostra que é possível categorizar a colite induzida pelo TNBS 

em ratazanas em três diferentes níveis de severidade: Ligeira, Moderada e Severa. 

Além disso, dados simples, acessíveis a todos os investigadores, como a ingestão de 

comida e a excreção de fezes, são parâmetros confiáveis para predizer a gravidade da 
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colite ante mortem induzida pelo TNBS em ratazanas. De qualquer forma, a avaliação 

diária dos sinais clínicos/desconforto do animal deve ser sempre garantida para 

assegurar o seu bem-estar. Além disso, os nossos resultados mostram uma menor 

reatividade à Ang II no cólon de ratos induzidos com TNBS, particularmente no CDT e 

no CDM. A contração mediada por Ang II foi mediada pelos recetores AT1 em ambos os 

grupos, e também pelos recetores AT2 em ratazanas controlo. O efeito contrátil da Ang 

II no cólon de ratazana resulta da ativação de recetores pós-juncionais, mas também 

através de um mecanismo inibitório pré-juncional que envolve tanto ACh como o oxido 

nítrico, embora esse mecanismo atue principalmente no CP de ambos os grupos e no 

CDM dos animais controlos. O trabalho em curso visa dar mais informações sobre o 

mecanismo associado à reatividade diferente para Ang II entre ratazanas controlo e 

ratazanas induzidas com TNBS. 

 

Palavras-chave: Angiotensina II, recetores AT1 e AT2, reatividade do cólon, SNE, 

neuromodulação, DII, colite induzida pelo TNBS 
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correspondent UDC; horizontal full lines represent statistical differences (p<0.05) 

between selected experimental groups for both UDC and TDC; horizontal stacked lines 

represent statistical differences (p<0.05) between selected experimental groups only for 

TDC. 

Figure 13 – (A) Typical microscopic images of H&E-stained colon cross-sections from 

the distal colon of control rats (Aa) and Mild (Ab), Moderate (Ac) and Severe (Ad) TNBS-

induced rats. Scale bars, 500 μm. (B)  MiS of control (n=8), Mild (n=5), Moderate (n=4), 

and Severe (n=8) TNBS-induced rats. # p<0,05 vs every other group. 

Figure 14 – Time-course of physiological parameters during the experimental period. 

(A) Body weight change from day 0 (%), (B) food intake (g), (C) water intake (mL) and 

(D) number of fecal pellets, of control (■); Mild (•); Moderate (▲) and Severe (♦) TNBS-

induced rats. # p<0.0001 - All TNBS groups vs Control group (Body weight on the same 

day); § p<0.0001 - Moderate and Severe TNBS groups vs Mild TNBS group (Body weight 

on the same day); * p<0,0001. - vs Control group (Food intake on the same day).  

Figure 15 – Clinical signs of welfare of control and TNBS-induced rats. (A) Real-time 

Rat Grimace Scale by cage-side assessment (B) General welfare/clinical signs scoring. 

Control group (■; n=11) presented a score of zero, while mild (•; n=5), moderate (▲; 

n=6) and severe (♦; n=6) TNBS-induced animals presented a positive score. * p<0.05 

for TNBS-induced rats vs control rats; & p<0.05 control rats and Mild TNBS-induced rats 

vs Moderate and Severe TNBS-induced rats; § p<0.05 for TNBS-induced rats vs controls 

and Mild vs Moderate TNBS-induced rats; # p<0.05 between every single group except 

between Moderate and Severe TNBS-induced rats. 

Figure 16 – (A) Dry tissue weight (mg) and (B) Wet-to-dry ratio in the PC, UDC and TDC 

of controls (open bars) and TNBS-induced rats (black bars). * p<0.05 vs the 

correspondent tissue of control rats; horizontal lines represent significant differences 

between selected tissues of the same experimental group. 

Figure 17 – Concentration-response curves to Ang II in the PC (left) (control, n=9; TNBS-

induced rats, n=5), UDC (middle) (control, n=6; TNBS-induced rats, n=7) and TDC (right) 

(control, n=6; TNBS-induced rats, n=7), expressed in force (mN; upper) and tension 

(mN/g; bottom). Control: open circles; TNBS-induced rats: black circles. Vertical lines 

point to statistically differences (p<0.05) in the Emax of the correspondent groups.   



FCUP/ICBAS | 27  
      Colonic reactivity to Angiotensin II in an experimental model of inflammatory bowel disease 
 
 
Figure 18 – Contractile response to Ang II in the PC, UDC and TDC in the absence 

(white bars) and presence (black bars) of Candesartan 10nM in (A) control (PC: n=5; 

UDC: n=6; TDC: n=6) and (B) TNBS-induced animals (PC: n=4; UDC: n=7; TDC: n=7). 

*p<0.05 vs Ang II alone.  

Figure 19 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white 

bars) and presence (black bars) of PD123319 100nM in (A) control (PC: n=6; UDC: n=6; 

TDC: n=7) and (B) TNBS-induced animals (PC: n=5; UDC: n=5; TDC: n=5). *p<0.05 vs 

Ang II alone.  

Figure 20 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white 

bars) and presence (black bars) of TTX 1µM in (A) control (PC: n=6; UDC: n=4; TDC: 

n=4) and (B) TNBS-induced animals (PC: n=4; UDC: n=4; TDC: n=5). *p<0.05 vs Ang II 

alone. 

Figure 21 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white 

bars) and presence (black bars) of Atropine 1µM in (A) control (PC: n=5; UDC: n=6; 

TDC: n=6) and (B) TNBS-induced animals (PC: n=5 UDC: n=4; TDC: n=4). *p<0.05 vs 

Ang II alone. 

Figure 22 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white 

bars) and presence (black bars) of L-NAME 100µM in (A) control (PC: n=5; UDC: n=6; 

TDC: n=6) and (B) TNBS-induced animals (PC: n=4; UDC: n=4; TDC: n=4). *p<0.05 vs 

Ang II alone. 
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I. Introduction 

1. Renin-Angiotensin System 

The Renin-Angiotensin system (RAS) is a peptidergic system with endocrine 

characteristics, and is a major regulator of fluid homeostasis and blood pressure. As so, 

the RAS also plays an important role in the regulation of cardiovascular and renal 

physiology [1] [2] [3]. The classical view of the RAS has evolved and, today, several 

novel peptides, enzymes and hormones are also relevant components of this intricate 

regulatory system. In the next pages, I will summarize some of the actual information on 

the RAS, with particular emphasis to the issues that are more related with the work 

performed in the context of this master thesis. 

 

1.1. The classical cascade of the RAS 

The RAS is a multi-enzymatic cascade in which the glycoprotein angiotensinogen, 

synthesized in the liver and secreted into the systemic circulation, is cleaved by the 

aspartyl proteinase renin, produced in the kidney, forming the inactive peptide 

Angiotensin I (Ang I) (Figure 1) [2] [4]. Exposure to oxidative stress can promote changes 

in the conformation of angiotensinogen leading to significant modifications in the kinetics 

of its cleavage by renin [5]. 

Within the kidney, renin is synthesized and then stored in a specific area of the nephron 

called the ‘juxtaglomerular apparatus’, which integrates the afferent and efferent 

arterioles, the macula densa cells and the juxtaglomerular cells. These juxtaglomerular 

cells are specialized granular cells that synthetize, store and release renin [6]. In the 

human plasma, there are two types of renin: one that is enzymatically active at neutral 

pH, called the active renin; and other, the inactive renin, that made up almost two-thirds 

of the total plasma renin. Inactive renin is not enzymatically active in its native form, but 

gains similar activity to active renin after being exposed to a low pH, between 3,3 and 

3,5, proteolytic enzymes or the cold [7]. Stress on body fluids, such as low arterial 

pressure, low sodium levels in the distal convoluted tubule, or 1-receptor activation, may 

promote the release of the protease renin [8].  
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In the circulation, active renin cleaves the 10 amino acids from the N-terminal of 

angiotensinogen, forming Ang I [2]. As angiotensinogen and angiotensin-converting 

enzyme (ACE), a forward enzyme of the RAS described below, are usually abundant in 

the circulation, the secretion of renin from the kidney is the rate-limiting step that 

determines the plasma levels of Ang II and, consequently, the activity of the RAS [2] [4].  

Ang I is still considered to be inactive and is rapidly converted into the octapeptide Ang 

II by ACE (Figure 1). ACE is a carboxyl dipeptidase, highly expressed on the luminal 

surface of pulmonary vascular endothelial cells, and cleaves the two amino acids from 

the N-terminal of Ang I forming Ang II (Figure 1) [2] [4]. The most well-known effect of 

Ang II is the increase in systemic vascular tone. In parallel, bradykinin, a vasodilator 

peptide, is also degraded by ACE into an inactive peptide [2] [4].   

Finally, Ang II is the main effector peptide of the RAS, acting on specific membrane 

receptors present in vascular smooth muscle cells, adrenal cortex, kidney and brain, to 

induce vasoconstriction, salt and water retention, and aldosterone release [1] [2] [3]. As 

so, the RAS plays a key role in the regulation of fluid and electrolytes homeostasis and 

arterial blood pressure [2] [4]. The effects caused by Ang II result directly from activation 

of postjunctional receptors (as those in vascular smooth muscle cells) or indirectly from 

activation of prejunctional receptors (as those mediating facilitation of noradrenaline 

release from vascular nerve terminals). 

 

1.2. Angiotensin II receptors 

The Ang II receptors have seven transmembrane domains and can be divided in two 

types that have already been cloned [9] [10]: the Ang II type 1 (AT1) and the Ang II type 

2 (AT2) receptors. The AT1 and the AT2 receptors only share about 30% amino acid 

sequence identity [11] [12] and differ in their structure, expression pattern, and signalling 

pathways triggered. In fact, even though the AT2 receptors and the G protein-coupled 

receptors share the same structure (seven transmembrane domains), they do not 

mediate the same effects [13] [14]. 

The AT1 receptor is widely expressed in different tissues and in every age. Also, binding 

of Ang II to the AT1 receptor causes a prompt internalization of the receptor, with further 

degradation or recycling of the internalized receptors [15] [16]. Differently, the distribution 

of the AT2 receptors appears to be species and tissue-specific. The AT2 receptor is highly 



FCUP/ICBAS | 33  
      Colonic reactivity to Angiotensin II in an experimental model of inflammatory bowel disease 
 
 
expressed in the fetus and its levels usually decline after birth, although it can be 

upregulated in physiological and pathophysiological conditions [13] [17] [18] possibly as 

a defense mechanism, although the clinical relevance for this has not yet been clarified 

[13] [19]. These observations suggest that the AT2 receptor expression is tightly 

regulated [13]. 

Most functions of the RAS, as vasoconstriction and aldosterone release, result from the 

activation of AT1 receptors by Ang II (Figure 1) [1]. These receptors can exhibit multiple 

conformational states [15]. Alteration of the AT1 receptor conformation leads to its 

interaction with a G protein that might have different α-subunits (mainly Gi/o and Gq/11) 

[20]. However, Ang II-AT1-mediated effects might also be independent from G protein 

[21], like those mediated by tyrosine kinases [22].  

It has already been suggested that the AT2 receptor does not signal through G proteins 

[23] [13] [24], although there are also studies reporting a role for G proteins in the 

signaling of Ang II [25] [26] [27]. In fact, the transduction mechanism associated with 

activation of AT2 receptors by Ang II is far from being fully characterized [28]. Activation 

of AT2 receptors by Ang II appears to mediate actions that counteract those mediated by 

Ang II-mediated activation of the AT1 receptors like, for example, vasodilation (Figure 1). 

Some possibilities have been raised to explain this counteracting balance. The AT2 

receptor could function as a modulator of the AT1-mediated G-protein signaling by 

forming a heterodimer [14]. Alternatively, the AT2 receptor may stabilize or silence the 

AT1 receptor, inhibiting the conformational changes necessary for G-protein activation 

[14]. 
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Figure 1 – Classic view of the RAS and its AT1- and AT2-mediated effects. 

2. The current view of the RAS 

Along the last few decades, two paradigm shifts have occurred in the context of the RAS. 

First, it has been suggested that there are “local” and “intracellular” RAS. Indeed, even 

though the RAS started to be defined as an endocrine system, actual evidence supports 

the concept of both paracrine, autocrine [1] [19], and even intracrine [29] actions of the 

RAS. In fact, all the components necessary to form Ang II have been identified in almost 

all organs and tissues, such as the heart, liver, skin, colon and others [1, 2]. 

The concept of local RAS prompted the uncovering of new actions of Ang II besides its 

classically known actions on the cardiovascular and renal systems. As so, Ang II has 

been shown to promote the formation of reactive oxidative species via activation of AT1 

receptors, and to be associated with inflammatory processes [19] [30], including 

atherosclerosis and vascular ageing [19], and in carcinogenesis [31] [32] [33]. Also, 

Ang II has been implicated in the regulation of cellular growth [34] and cardiovascular 

remodeling (Figure 2) [35]. Furthermore, evidence suggests that Ang II increases 

insulin secretion [36] and inhibits gluconeogenesis [37]. These actions are generally 

mediated by AT1 receptors. On the other hand, AT2 receptors mediate anti-fibrotic 

effects, apoptosis and induction of anti-inflammatory chemokines [19], as well as 

neurotrophic effects [38] and protection against ischaemic damage [39]. 

The second paradigm shift concerns the unraveling of more RAS components, namely 

several new peptides, enzymes and receptors. With this, it has become evident that the 
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RAS is far more complex than initially assumed [2] [3]]. Moreover, some of these new 

components function as regulators of the global functions of the RAS [19].  

For example, it has been found that renin is synthesised as a pre-prohormone [2] [4]; the 

pre-segment guides the prohormone to a secretory pathway and then, the inactive pro-

renin can be activated by removal of the pro-segment from the N-terminal by a proteolytic 

reaction, acidification [40], or binding to the recently cloned (pro)-renin receptor (PRR) 

[41] [42]. The PRR can be activated through the binding of both renin and prorenin and 

stimulates profibrotic and pro-inflammatory pathways that are independent of the 

generation of Ang II [19], indicating its importance regardless its actions in the RAS. 

Another crucial discovery in the puzzle of the RAS components was that of ACE2, an 

ACE homologue zinc metalloprotease with carboxipeptidase activity [1] [2] that shares 

approximately 60% and 40% identity to the N- and C-terminal domains of human ACE, 

respectively [43]. ACE2 is responsible for the production of alternative Ang peptides, and 

thus influence the activity of the RAS, but is insensitive to ACE inhibitors [44]. It generates 

Ang (1-7) by cleaving one aminoacid from the C-terminal of Ang II, and can also generate 

Ang (1-9) through cleavage of the C-terminal residue of Ang, and can then be converted 

to Ang (1-7) by ACE (Figure 2) [45] [46]. Since Ang II is a substrate for ACE2, the 

existence of an analogue of ACE might represent a metabolic pathway to control Ang II 

levels and, consequently, its activity. In fact, it has been observed that administration of 

recombinant ACE2 can decrease Ang II levels in the plasma and lowers blood pressure, 

without having any effects on Ang (1-7) generation [47]. Moreover, ACE2 has been 

shown to play an important role in amino acid uptake in the gut [48] and, more recently, 

ACE2 has been linked with different pathologies, such as, inflammatory lung disease 

due to its altered activity as a metalloproteinase [49]. In addition, Cole-Jeffrey et al. 

suggested that ACE2 plays an important role in future therapies in cardiovascular 

diseases [50].  

As mentioned above, ACE2 converts Ang II in Ang (1-7) (Figure 2) [51]. Since Ang (1-7) 

formation directly from Ang II is biochemically more relevant [52] [51], it is suggested that 

ACE2 has a fundamental role in regulation of the RAS, because it degrades Ang II, which 

is a vasoconstrictor, and generates Ang (1-7), a vasodilator [51]]. The 

neuroendopeptidase (NEP) can also generate Ang (1-7) from Ang (1-9) or directly from 

Ang I (Figure 2) [51]. This alternative peptide exerts its effect through binding to the MAS 

receptor, a G protein-coupled receptor (Figure 2), promoting several actions that are 

generally opposing to those of Ang II: vasodilation and antiproliferative actions, 
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especially in pathological conditions [51] [53] [54]. It is also described that Ang (1-7) can 

attenuate the manifestations of the metabolic syndrome, increase glucose uptake and 

protect cells from oxidative stress that can lead to insulin resistance [55] [56]; it can also 

regulate lipid metabolism by decreasing fat mass, triglycerides and cholesterol levels 

[51]. 

According to this concept, the global effect of the activation of the RAS depends from 

the balance between the deleterious ACE/Ang II/AT1 receptor axis and the counter-

regulatory ACE2/Ang (1-7)/MAS receptor axis [51] [53] [54]. Santos et al have described 

that, at high concentrations, Ang (1-7) is capable of binding to AT1 receptors, acting as 

a modulator of the AT1-mediated Ang II actions [51]. For over two decades, it was thought 

that Ang (1-7) had very low affinity for AT2 receptors [57], but recent evidence showed 

that the Ang (1-7) could bind to AT2 receptor [58] and/or mediate its actions through it 

[59]. Accordingly, the Mas receptor, alongside AT2 receptor, seems to counterbalance 

the negative effects of AT1 receptor. Other alternative peptides are being studied, such 

as Ang (1-12) or Ang (1-9), but they will not be addressed in further detail in this study. 

 

 

Figure 2 – The current view of the RAS. ACE – Angiotensin Converting enzyme; NEP - neuroendopeptidase  
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3. Clinical relevance of the RAS 

Several drugs are used in the clinical practice, namely as anti-hypertensive drugs, whose 

mechanism of action is based on RAS blockade. As so, ACE inhibitors (like captopril) 

and AT1 receptor blockers (as candesartan) are first-line therapy in the treatment of 

hypertension. More recently, direct renin inhibitors (like aliskiren) have come into the 

market. Finally, Ang (1-7) has entered clinical trials for the treatment of diseases like 

sarcomas [60]. The main focus of RAS blocking drugs has been the cardiovascular 

disease, but with the current knowledge on the system, this view has expanded to other 

systems and diseases, particularly those with an inflammatory background [61]. 

Relevant to this project, the RAS has been shown to be present in the gastrointestinal 

(GI) tract [3] [62] [63], and a relation between inflammation in the GI tract and the RAS 

has also been established [64] [65]. 

 

4. The Gastrointestinal tract 

The GI tract is responsible for the intake of nutrients, liquids, minerals and vitamins, but 

also their digestion, absorption and excretion, controlling fluids and electrolytes 

homeostasis [66]. The GI tract begins in the oral cavity and continues along the 

esophagus, stomach, small intestine (duodenum, jejunum and ileum), large intestine 

(caecum, colon and rectum), terminating at the anus. Also, the GI tract presents salivary 

glands, the liver and the pancreas (Figure 3). 

 

Figure 3 – Complete GI tract apparatus. Image from https://smart.servier.com/ 

https://smart.servier.com/
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Each part of the GI tract has its own specific functions: the oral cavity and the stomach 

are mostly responsible for digestion, the small intestine for digestion and absorption of 

nutrients and the large intestine mainly for collection and excretion of undigested 

products. 

 

4.1. Anatomy of the large intestine 

In humans the large intestine is constituted by the appendix, cecum, colon and rectum 

that perfectly occupy the abdominal cavity; in rodents, there is no appendix and the 

cecum is bigger. The human colon is the biggest portion of the large intestine and can 

be divided in 4 different segments: ascendant colon, transverse colon, descending colon 

and sigmoid; in murine there is only proximal and distal colon, and both haustrum and 

taenia coli are missing (Figure 4). The blood supply to the large intestine is provided by 

the mesenteric arteries [67] [68]. 

 

Figure 4 - Gross anatomy of the human and the murine gastrointestinal tract. Adapted from Nguyen et al (2015). 

The GI tract wall is composed by 5 layers, organized from the lumen to the peritoneum 

as mucosa, submucosa, circular and longitudinal smooth muscles (that compose 

muscularis externa) and serosa (Figure 6) [69]. In order to exert its functions, the colon 

depends on two layers of smooth muscle: the longitudinal and the circular muscle layer, 

that are responsible for movement and related functions. Furthermore, the GI tract is 

innervated by the enteric nervous system (ENS), a network of neurons (independent of 

the central nervous system, CNS) considered as the third division of the autonomic 

nervous system [70] (Figure 5). The ENS contains about 500 million neurons of 20 
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different functional classes; due to its complexity and structural similarities, the ENS has 

been compared to the CNS, being considered as our “second brain” [69].  

 

 

Figure 5 – Organization of the different layers of the colonic wall as well as the enteric nervous system. Image from 

Furness J. B. (2012). 

 

4.2. The Enteric Nervous System 

The ENS is responsible for the regulation of the gastrointestinal functions, 

including motility, secretions, blood flow and the immune system. It is organized 

in a network of neurons, glia cells and interstitial cells of Cajal (ICCs) that are 

interconnected and grouped into ganglia located in two major plexuses. The 

myenteric or Auerbach’s plexus is located between the longitudinal and circular 

muscle layers; it contains the majority of the neurons of the ENS and is 

responsible for controlling GI motility. The submucosal or Meissner’s plexus lies 

within the connective tissue the submucous layer, providing secretomotor 

innervation to the mucosa [70] [71] [72]. 

Moreover, parasympathetic and sympathetic fibers connect the CNS to the ENS, 

providing sensory information that affects gastrointestinal function – explaining why the 

sight of delicious food stimulates HCl secretion in the stomach, for example [71] [72]. 

Adding to its complexity, over 30 different neurotransmitters were already described in 

the ENS, such as acetylcholine, dopamine, and serotonin. Curiously, more than 90% of 

the body's serotonin and about 50% of dopamine lies in the gut, increasing the mysteries 

to unravel in our second brain [69]. Acetylcholine (ACh), besides being the transmitter of 
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preganglionic autonomic and postganglionic parasympathetic nerves, is also the 

principal excitatory neurotransmitter in the GI tract, promoting gut contraction through 

the activation of muscarinic receptors [70] [73]. Pre-junctional M1 muscarinic receptors 

were described in the cat ileum [74] and human colon [75], but references to post-

junctional M2 and M3 muscarinic receptors predominate [73] [75] [76] [77], being M3 

receptors the most significant subtype in mediating direct colonic contraction [75]. 

Contrarily, sympathetic nerve stimulation releases noradrenaline (NA) that relaxes 

colonic muscle due to a direct inhibitory action mediated by β-adrenoceptors in smooth 

muscles, and to an indirect inhibition of enteric release of ACh [70].  

But, besides these classic neurotransmitters there are several others, like adenosine 

triphosphate (ATP), nitric oxide (NO), Substance P [65] [70] or gamma-aminobutyric acid 

(GABA) [78] that influence enteric neurotransmission. ATP is released from enteric 

nerves after electrical stimulation [70], exerting: (i) an inhibitory effect in the smooth 

muscle, via activation of P2Y purinergic receptors; (ii) an excitatory effect between 

enteric interneurons and from the interneurons to the motor neurons via P2Y and P2X 

receptors, and (iii) a sensory effect, acting as a mediator from epithelial sources to 

intrinsic sensory nerve terminals [79]. Regarding NO, Bult and colleagues were the first 

to demonstrate that it is the most important non-adrenergic, non-cholinergic inhibitory 

neurotransmitter in the gut [80] [81] [82]. About 50% of the nerves in the enteric nervous 

system contain neuronal nitric oxide synthase (nNOS), but it can also be produced by 

the glia [83] [84] and the ICCs [85] [86]. In the GI tract, NO participates in the modulation 

of the smooth musculature tone, regulating intestinal peristalsis. 

In addition to the high number of neurotransmitters involved in enteric neurotransmission, 

it is still relevant to note that these can be released together, in a phenomenon referred 

to as co-transmission. Although the ability of a neuron to release multiple 

neurotransmitters is now recognized, its functional significance has been more difficult 

to assess [87]. ATP was first shown to be released from guinea-pig taenia coli 

sympathetic nerves [88] and then, it was demonstrated that ATP was co-released with 

NA in the guinea-pig seminal vesicle [89].  

So, in the ENS there are several neurotransmitters that can be released by themselves, 

together with others or just influencing the release of others – acting as neuromodulators. 

It is well documented that Ang II facilitates NA release by activating presynaptic AT1 

receptors, enhancing sympathetic neurotransmission [90], but the association of 

neuromodulation and co-transmission is uncommon. Indeed, we could found only one 
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study that suggested an involvement of Ang II in the neuromodulation of co-transmission 

of ATP and NA in the guinea-pig vas deferens [91]. Interestingly, in the GI tract, 

purinergic and nitrergic co-transmission is the dominant mechanism responsible for 

neural-mediated smooth muscle relaxation [92], and in the rat colon a co-transmission 

process that involves ATP P2Y1 receptors and NO was already demonstrated [93]. We 

found no evidence of Ang II modulation of co-transmission in the colon. 

 

5. Colonic RAS 

Although the RAS has been mainly characterized in the context of cardiovascular and 

renal function and associated diseases, all components of the RAS are present in the GI 

tract [1]. Moreover, evidence has shown that Ang II regulates functions in the GI tract 

that resemble those classically described in the cardiovascular and renal systems. For 

instance, Ang II causes vasoconstriction [2] [94] [95] that might contribute to colonic 

ischemia [96]. Also, Ang II regulates colonic motility by contracting both circular and 

longitudinal smooth muscle cells, thus regulating colonic smooth muscle tone [3]. 

Furthermore, Ang II modulates the release of neurotransmitters in the mesentery [94]. 

Most of the information available concerns the small intestine and only few reports exist 

on the colonic RAS [1] [3]. Even though there are only scant reports on colonic RAS, the 

presence of angiotensinogen mRNA, renin, ACE and ACE2, AT1 and AT2 receptors has 

been noted in the colonic wall (Table 1) [1] [3] [48]. As so, looking across the wall of the 

colon, renin, AT1 and AT2 receptors, and ACE have been found in epithelial cells [3] [62]. 

The lamina propria expresses AT1 receptors (in macrophages) but also renin, AT2 

receptors, and ACE (in mesenchymal cells) [3] [62]. Renin, AT1 receptors and ACE2 are 

also found in colonic microvessels [3] [62] [97]. Concerning the muscularis mucosa, there 

is only evidence for the presence of renin [3] while for the crypts there are reports on the 

presence of both AT1 and AT2 receptors [62]. Finally, the AT1 receptor was found to be 

expressed in colonic myofibroblasts [62] and angiotensinogen mRNA in rat colon [98]. 

Similarly to what was reported above for the expression of RAS components, the 

functional role of the RAS has been more studied in the small intestine than in the colon 

[3]. The RAS is suggested to be involved in the modulation of intestinal ion and glucose 

transport, tissue remodeling, motor activity and mucosal inflammation [63] [65].  

  



42 | FCUP/ICBAS   
Colonic reactivity to Angiotensin II in an experimental model of inflammatory bowel disease 
 
  
Table 1 – Distribution of components of the RAS in the GI tract. Adapted from Garg, M. et al (2012), Hirasawa, K. et al 

(2002), Hamming I. et al. (2004) and Campbell D. J. et al. (1986). 

 SMALL INTESTINE COLON 

ACE epithelial cells; mesenteric microvascular endothelium. 

epithelium, mesenteric microvascular 

walls, lamina propria and submucosal 

mesenchymal cells 

ACE2 

Epithelial brush border, muscularis mucosa; muscularis 

propria; microvascular endothelium and vascular smooth 

muscle cells 

mesenteric microvascular endothelium 

Ang (1-7) - - 

Ang II crypt and crypt-villus junction epithelial cells - 

Angiotensinogen 

rat brush border, epithelial cells, lamina propria, 

muscularis mucosa, submucosal blood vessels and 

muscularis propria 

lamina propria  mesenchymal cells and 

vascular endothelial cells. 

AT1 

epithelial brush border, circular and longitudinal muscle 

layers; myenteric plexus, small vessels in muscularis 

propria 

lamina própria macrophages; epithelial 

cells; crypt bases; myofibroblasts and 

mucosal vessel walls 

AT2 myenteric plexus 
Weak on surface epithelium, crypts and 

in some mesenchymal cells 

NEP rat intestinal wall - 

Renin mRNA found in human small intestine 

Surface epithelium, lamina propria  

mesenchymal cells, microvascular 

mucosa and muscularis mucosa 

 

In the early 70’s it was reported that Ang II can contract colonic smooth muscle [99] [100] 

through calcium mobilization [101] [102]. However, decades have passed and this issue 

has only recently gained interest from the research community. As so, in the last decade, 

it was suggested that Ang II promotes mouse [65] and human [103] colon contraction via 

activation of pre- and postjunctional AT1 receptors, possibly through facilitating the 

release of acetylcholine or tachykinins [3] [65] [104]. Although AT2 receptors are present 

in the GI tract, their role in intestinal contraction is only now starting to emerge [64].  

 

6. Inflammatory Bowel Disease  

Inflammatory bowel disease (IBD), which includes Crohn’s disease and ulcerative colitis, 

is a chronic inflammatory condition of the GI tract that has become a global burden, with 

a prevalence that surpasses 0.3% in western countries [105]. Moreover, IBD has a 

marked negative impact on the health status and quality of life of patients [106] [107] 

since patients have to cope with general discomfort, urge to defecate, diarrhea, bloody 

stools, chronic pain and weight loss [106] [107] and extraintestinal manifestations [108]. 

In Portugal, IBD had a prevalence of 146 in each 100 000 individuals by 2007 [109]. 
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In Crohn’s disease, the chronic inflammation may affect any region of the GI tract in a 

frequently discontinuous pattern that encompasses all layers of the intestinal wall. 

Differently, ulcerative colitis is characterized by a continuous inflammation of the colonic 

mucosa that usually starts in the rectum and progresses to the proximal colon in variable 

extension (Figure 6) [110]. 

 

 

Figure 6 – Histopathology of human IBD. Adapted from https://smart.servier.com/ 

 

The etiopathology of IBD is still intriguingly. But, it is well known that disruption of the 

epithelial barrier [111], uncontrolled bacterial colonization [112] [113], unregulated 

immune response [114]  and dysregulation of the homeostatic balance [115] play a role 

in the development and progression of the disease. As so, these are the mechanisms 

that more frequently prompt researchers to continue to unravel some characteristics of 

IBD in order to try to find new drug targets and associated treatments. 

 

6.1. Therapeutic approaches in IBD 

Currently, therapeutic approaches for IBD include mainly the use of intestinal anti-

inflammatory drugs, immunosuppressive drugs, corticosteroids, antibiotics, biologicals 

and surgery (Figure 7) [116]. The choice between the different drugs and the 

administration route depends on the severity and extension/localization of the disease. 

In fact, “step up” and “top down” strategies have been implemented in order to improve 

treatment and management of the disease. A “step up” strategy is a sequential treatment 

strategy that usually begins with administration of the less potent and less toxic drug and 

progresses to the highly effective but more toxic drugs. The “top down” strategy refers to 

https://smart.servier.com/
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the use of highly effective but more toxic drugs early on the onset of the disease to 

prevent IBD progression and achieve remission (Figure 7) [116].  

 

 

Figure 7 – Therapeutic approaches in IBD. 5-ASA: 5-amino-salicylate-acid. Adapted from Leither G. C. et al (2016). 

 

Although various treatments are available with drugs that induce and maintain remission, 

they are not effective in every patient and their use is frequently limited by the severity 

and incidence of adverse events [116] [117]. Therefore, there is still the need for 

identifying new molecular targets and correspondent drugs in order to improve the 

treatment of IBD. 

 

7. Animal models in the study of IBD 

Animal models are crucial in scientific research since they allow characterization of the 

pathophysiology of diseases, uncovering drug targets and testing novel therapeutic 

approaches in vivo.  

In 1957, Kirsner and colleagues were the first to induce experimental colitis in rabbits 

[118]. Since then, more than 60 different animal models have been established to study 

IBD [119] [120] [121]. These in vivo animal models intent to mimic some crucial 

histopathological and immunological signs and overall symptoms of human IBD, which 

cannot be simulated using in silico or in vitro strategies, provided that all experiments are 

both scientifically and ethically justified [120] [121] [122] [123]. 
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Animal models of IBD are generally classified into 4 distinct categories: a) chemically 

induced; b) biologically induced; c) genetic modified animals and d) cell transfer models  

[123]. The high reproducibility and cost-effectiveness of chemically induced IBD models 

are some of the reasons that might explain why DSS (dextran sulfate sodium) and TNBS 

(2,4,6-trinitrobenzene sulfonic acid) models are so extensively used in both basic 

research and preclinical studies [120] [121] [124]. Indeed, these are the most commonly 

used chemically induced IBD models, since a PubMed search from the last 5 years for 

the terms “IBD and DSS” returned 561 articles and “IBD and TNBS” returned 231 articles. 

Interestingly, among those articles, rats were used in 28 scientific reports associated to 

DSS (5%) and 100 associated to TNBS (43%). So, one can conclude that TNBS is the 

most common chemically induced IBD model in rats, probably because besides being 

inexpensive, allows an easier rectal administration of TNBS and bigger tissue collection 

than mice [120] [121] [124] [125].  

 

7.1. TNBS-induced colitis 

In 1989, Morris and colleagues [126] described, for the first time, TNBS-induced colitis 

in rats. Subsequently, several variations of the original protocol have been introduced, 

and this experimental model nowadays lacks standardization [120] [121] [127]. Still, to 

achieve a TNBS-induced colitis, an ethanolic TNBS solution should be instilled in the 

rectum. In this model, the alcohol is essential for disrupting the intestinal epithelial cell 

barrier, enabling TNBS to penetrate the bowel wall, resulting in haptenization of intestinal 

proteins, which signalizes them as targets of the host immune system (Figure 8) [122]. 

Although some authors point out as a limitation of this model the fact that the inflamed 

region is usually restricted to the colon, this can also be considered a strength since the 

tissue damage and inflammatory histology resembles that seen in human IBD [120] 

[127].  

A few days after TNBS administration, the typical symptoms of the human disease 

should be evident; rats usually show an absence of stool formation or the presence of 

diarrhea (sometimes bloody), weight loss, and a general decrease of the animals’ 

welfare, with the presence of chromodacryorrhea, piloerection, hypoactivity and 

decrease of food consumption [120] [127]. Also, it is evident the presence of intestinal 

wall thickening [127], mucosal, submucosal and transmural inflammation [128], edema, 

distortion of crypts and formation of abscesses [127].  
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Figure 8 – Mechanism of action of the ethanolic solution of TNBS. Adapted from https://smart.servier.com/ 

 

The severity of the symptoms that TNBS-induced rats present is variable and depends 

largely on the ethanol and TNBS dosage and on the animals’ strain, age, weight and 

housing conditions [120] [121] [127]. Unfortunately, scientific literature recurrently lacks 

complete information on the animal model and/or the animal welfare conditions, leading 

to wasted experiments and misguided conclusions, compromising the overall quality of 

the studies [121]. Particularly, those papers reporting studies with the TNBS 

experimental model of IBD were among the worst in describing several features of animal 

housing and maintainance [121]. A survey of those studies indicated that 87,5% failed to 

report how animals were acclimated, 50% lacked information related to food/water 

supply, and 25% missed information on the animals’ age [120] [121]. Moreover, clinical 

evaluation (that includes humane endpoint assessment, ideally using scoring systems) 

is generally not assessed/reported by researchers, so it is not surprising that parameters 

like the weight loss of the animals was not mentioned in 43.75% of the articles that 

Bramhall and colleagues assessed [121]. Also, some studies evaluate a simplified 

version of the clinical evaluation and name it the disease activity index (DAI), described 

for example by Cooper and colleagues in 1993 [129]: a scoring system (0-12) that 

includes weight loss, stool consistency and rectal bleeding. After the sacrifice of the 

animal, TNBS-induce colitis is generally evaluated considering colon weight/length ratio, 

macroscopic and microscopic analysis. The weight/length ratio is used as an indicator of 

colonic edema, but according to Bramhall and colleagues, 75% of articles failed to report 

these criteria [121]. The cumulative score of the different post-mortem parameters 

represents a numerical index that determines the severity of the macroscopic damage 

through assessing ulceration, adhesion and thickness, as described for example, by 

Appleyard and Wallace, in 1995 [64] [130]. Specifically regarding the microscopic colonic 

evaluation, there are also several scoring systems available in the literature, that usually 

https://smart.servier.com/
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consider histological findings such as: a) inflammatory infiltrate; b) number of layers 

infiltrated; c) mucosal tissue damage and d) mucosal edema, like the 0-12 score 

described by Hunter and colleagues in 2005 [131]. Another recent study selected the 

worst reported essential criteria in the experiment design domain for TNBS-induced 

colitis as being mortality, colon weight/length ratio, animal weight loss, and colitis scoring 

by histology (75%, 75%, 43.75%, and 37.5% of articles failed to report these criteria, 

respectively) [121].  

Should each study provide complete information on the animal model used, than that 

would increase its reproducibility and facilitate its use by researchers that have no 

previous experience with it, which would indirectly contribute to reduce the number of 

laboratory animals needed for a particular task. Moreover, it would allow accurate 

interpretation of data and comparisons between different studies. Still, even though there 

are several warnings aiming to raise the awareness of the scientific community about 

flawed methods in the literature [121], there is still a lag between the existence of specific 

guidelines and the interpretation and adherence to them [121]. 

Therefore, there is an urge to implement standardized criteria regarding the monitoring 

of experimental colitis, the time-course of the experimental model, and the animal 

housing and welfare conditions. 

 

8. RAS and IBD  

Some recent experimental and clinical studies point to an association between the RAS 

and IBD. Transgenic mice overexpressing liver renin develop more severe colitis than 

the correspondent wild-type mice possibly by stimulating Th17 response and gut 

epithelial cell apoptosis [132]. Conversely, several RAS blocking strategies as 

angiotensinogen gene knockout [133], ACE inhibition [134], AT1 receptor blockade [135] 

[136] [137] or knockout, were found to ameliorate experimental colitis. From a 

translational perspective, it has recently been shown that IBD patients who were on AT1 

blockers showed lower levels of pro-inflammatory cytokines in colonic biopsies than IBD 

patients that were not on this RAS blocking drugs [132]. Also, some previous studies 

have reported lower serum ACE levels in IBD patients than in controls [138]. However, 

a recent pilot study showed that ACE activity [139] [140] [141] and plasma Ang II levels 

were similar between controls, ulcerative or Crohn’s disease patients but ACE2 activity 

and plasma Ang (1-7) levels were higher in patients (ulcerative colitis or Crohn’s disease) 
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than in controls [139]. Moreover, patients with active Crohn’s disease presented higher 

levels of Ang II in the intestinal mucosa than healthy controls or patients with ulcerative 

colitis [3]. 

Looking for mechanisms that mediate the link between the RAS and IBD, and 

considering the focus of the present work, it is reasonable to suggest that alterations in 

the Ang II-mediated colonic contraction might represent one of that putative 

mechanisms. As so, quite differently, Zizzo and co-workers [64] showed that in the rat 

DSS-induced colitis, the contraction caused by Ang II was lower than that of control rats 

both in the proximal and distal colon. Moreover, these authors characterized the 

contractile response to Ang II as being AT1-mediated, although (only) in DSS-induced 

rats AT2 might also play a role in regulating (decreasing) colonic tone. So, it seems that 

during experimental inflammation, a recruitment and a tonic activation of AT2 receptors 

could counteract the AT1-contractile effect in the colon. Furthermore, a role for enteric 

neurons and NO was also suggested. 
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II. Aims 

This study has two sequential parts.  

In the first part of the study, the aim was to validate a protocol for induction of 

experimental IBD with TNBS and to categorize the diseased animals in categories 

according to the severity of the disease. 

The second part of the study aimed at characterizing (effect and mechanism), in the 

previously validated TNBS-induced experimental model of IBD, the reactivity to Ang II in 

three regions of the colon of control and TNBS-induced rats - proximal colon (PC), 

upstream distal colon (UDC) and terminal distal colon (TDC).  
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FCUP/ICBAS | 51  
      Colonic reactivity to Angiotensin II in an experimental model of inflammatory bowel disease 
 
 

III. Materials and Methods 

1. Animals and Housing 

All animal procedures were performed according to the Portuguese DL nº 113/2013 and 

European Guidelines for humane and responsible animal care (European Directive 

2010/63). All protocols were approved by local (179/2017 ORBEA ICBAS-UP) and 

national (003511/2018 DGAV) animal welfare bodies and are in accordance with the 

ARRIVE guidelines for reporting experiments [142]. The animals were housed at the 

ICBAS-UP rodent animal facility, which is approved by the national competent authority 

(024159/2017 DGAV).  

Male Wistar Han rats were raised and maintained in the rodent animal facility of ICBAS-

UP, housed in GR900 sealsafe plus Rat IVC cages with proper corn cob bedding 

(Corncob ultra 12, Ultragene), controlled ventilation, stable temperature (20-24 ºC) and 

relative humidity (40-70%). A regular 12h light/dark cycle, ad libitum access to a 

commercially available laboratory rodent diet (4 RF21, Mucedola S.r.l., Italy) and tap 

autoclaved water (supplied to each cage via two water bottles) were also assured. Rats 

were housed with their littermates in groups of 2-3 per cage, until colitis induction, for 

which they were housed individually. Also, nesting paper material was provided daily and 

other enrichment material (like polycarbonate or paper play tunnels, different seeds and 

cereal sugar-free flakes hidden in the bedding material) was provided on a weekly basis. 

 

2. Colitis induction 

Rats with 8 to 12 weeks of age, weighing 277,00 ± 22,33 g (littermates), were randomly 

assigned to the control or TNBS group. On day -1, all animals were individually housed 

on clean cages and fasted for 24h, with ad libitum access to a 1% sucrose solution. 

Control animals were not subjected to any further manipulation. Then, on day 0, rats of 

the experimental group were anesthetized ad effectum with isoflurane (Isoflo®, Esteve) 

and a 30% ethanolic solution of TNBS (Sigma-Aldrich Inc, St. Lois, MO, USA) (20 mg/rat; 

250 µL) was rectally instilled (adapted from Morris et al. [126]) using a 7,6 cm ball-tipped 

catheter (ST1 75-0285, Harvard Apparatus). Since then, analgesia was provided adding 

two analgesic drugs suitable to IBD patients: paracetamol (a cyclooxygenase inhibitor 

that has little anti-inflammatory effect [143]) and tramadol (an μ-opioid receptor agonist 
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that also inhibits monoamine reuptake [144]). Paracetamol was provided as an aqueous 

solution (Paracetamol®, 40mg/mL, Farmoz) in one bottle (6mg paracetamol/mL), leaving 

another bottle only with water. Both of these bottles were given ad libitum, for the duration 

of the experimental period. Tramadol (Tramadol®, 100mg/2mL, Labesfal) was only 

administered once (tramadol chlorhydrate, 20mg/kg, SC) to offer additional relief, at day 

1 (24h after TNBS instillation). During this study no mortality was observed, in any group. 

Part I: TNBS-induced colitis in rats – time-course and 

categorization 

1. Welfare and clinical evaluation  

Animal welfare throughout the experiment was a main concern of this protocol, that we 

intended to refine, increasing the reproducibility of this experimental model and 

corresponding data. For that reason, all animals were daily (from 13h00 to 15h00) 

monitored from day -1 (before TNBS-colitis induction, and control group) to day 6 or 7 

(after TNBS-colitis induction, and control group). Researchers registered welfare and 

clinical signs, assuring the proper application of humane endpoints. Moreover, the 

following objective parameters were quantified daily: body weight, food and total water 

intake (with and without paracetamol), and number of fecal pellets. In addition, stools 

were scored using the following criteria: 1 - normal stools, 2 - loosed stools, 3 - diarrhea 

and 4 - dry stools, with or without the presence of mucus/blood (0-3) in the rat’s perineal 

region and/or in the cage. Moreover, two simplified scoring sheets were added to assess: 

1) general welfare/clinical signs (Table 2) and 2) facial expression of pain/discomfort 

applying the Grimace scale [145] [146] [147]. Scores were attributed every day by cage-

side assessment, doing a real-time application of the Rat Grimace Scale (0-2) [148]. 

Table 2 – General welfare/clinical signs score sheet. 

General welfare/Clinical signs Score 

Normal posture and activity 0 

Reduced grooming and activity. Dehydration < 5% 1 

Reduced grooming. Hypokinesia. CDR1. Dehydration 5-8% 2 

Piloerection. Hypokinesia. Kyphosis. CDR. Dehydration > 8% 3 

Inactive. Kyphosis. Non-responsive. 4 

1CDR = chromodacryorrhoea; * Call for veterinarian assistance, with eventual withdraw from study (human endpoints); 

**Immediate euthanasia (anesthetic overdose).  
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2. Evaluation of the macroscopic inflammatory damage 

On day 7 or 8 after TNBS induction, all rats were individually sacrificed in a separated 

room by decapitation (small Decapitator, Harvard apparatus). The abdomen was opened 

and the general appearance of the colon and surrounding tissues was observed. The 

colon with adjacent cecum were excised, weighted (g) and measured (cm). The cecum 

was removed, the colon was gently cleaned of fecal content using Krebs-Henseleit 

solution [in mM: 118 NaCl, 4.8 KCl, 2.5 CaCl2.2H2O, 1.2 NaH2PO4.H2O, 1.2 

MgSO4.7H2O, 25 NaHCO3, 0.02 Na2EDTA, 0.3 Ascorbic Acid and 11 glucose mono-

hydrated], and the colonic perimeter was assessed (cm). Then, four intact 1 cm-length 

segments were cut and used in subsequent in vitro functional experiments (see Part II 

below): two portions from the proximal colon (PC), without obvious lesions; one portion 

from the terminal distal colon (TDC), close to the obvious area of injury, and other from 

the upstream distal colon (UDC), upstream the visible area of injury (Figure 9).  

 

 

Figure 9 - Different portions of the colon used throughout the protocol. MaS – colonic region used for macroscopic score; 

MiS – colonic region used for microscopic score; PC - Proximal Colon; TDC – Terminal Distal Colon; UDC – Upstream 

Distal Colon. 

 

Subsequently, the colon was opened longitudinally to allow macroscopic evaluation of 

mucosal TNBS damage, and attribution of a macroscopic score (MaS) according to the 

criteria pointed out in Table 3. Also, colonic perimeter was measured (cm). Last, one full 

thickness 1,5cm-length segment of the distal colon (Figure 9) was fixed in 10% buffered 

formalin for further histological evaluation. 
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Table 3 – Criteria to assess macroscopic score (MaS). 

Parameter Score 

Adhesions between the colon and the 

adjacent organs 

0=absent; 1=mild/focal; 2=moderate/zonal; 

3=severe/diffuse 

Colon thickness 
0=normal; 1=mild increase; 2=moderate increase; 

3=marked increased 

Mucosal edema/hyperemia 0=absent; 1=mild; 2=moderate; 3=severe 

Mucosal ulcers 0=absent; 1=single; 2=at one site; and 3=at more sites 

Extension of the mucosal lesions % of damaged mucosal surface 

 

3. Evaluation of microscopic inflammatory damage  

An outside veterinarian pathologist, who was blind to the samples, performed the 

microscopic evaluation of the colonic segments. The material was routinely processed, 

embedded in paraffin wax, and 3µm full thickness sections were stained with 

haematoxylin and eosin. The microscopic damage was assessed and scored according 

to criteria previously defined for example by Hunter and colleagues in 2005 [131] or Zizzo 

et al (2017) [64], summarized in Table 4. The sum of the 4 parameters gave a final 

microscopic score (MiS) that was attributed to each rat, ranging from 0 to 10. After, the 

pathologist microscopically differentiated TNBS-induced rats as having Mild (score: 1-4); 

Moderate (score: 5-7) or Severe (8-10) colitis.    

Table 4 – Criteria to assess microscopic score (adapted from Zizzo et al (2017)). 

Parameter Score 

Mucosal damage 0=absent; 1=mild; 2=moderate; 3=severe 

Inflammatory infiltrate 0=absent; 1=mild; 2=moderate; 3=severe 

Number of layers infiltrated 0=none; 1=one; 2=two; and 3=three or more 

Mucosal edema 0=absent; 1=present 

 

4. Categorization of the TNBS-induced rats 

Since we aimed at looking for one or more parameters that could be routinely used to 

categorize the experimental model during the first week post-induction, we defined 3 

categories of disease severity, based on welfare and clinical parameters, which could be 
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easily assessed by all researchers and that resemble the clinical criteria for 

diagnosis/classification of IBD [149]. As so, we defined that TNBS-induced rats could be 

categorized as having “Mild”, “Moderate” or “Severe” colitis, according to their overall 

MaS interval: 0-4 (Mild) , 4-8 (Moderate) and 8-12 (Severe). Then, we divided all animals 

induced with TNBS according to that cut-off values and retrospectively analyzed again 

all microscopic, welfare and clinical data gathered, considering the possibility of existing 

3 groups of TNBS-treated rats. 

 

Part II: Functional study – Effect of Ang II on the reactivity of 

colonic smooth muscle of control and TNBS-induced rats 

 

1. Mounting of the tissues 

For this part of the study, the four intact 1 cm-length segments of the rats colon were 

used (see Part I above). As so, the functional study focused on the reactivity of the rat 

PC (no obvious macroscopical lesions), TDC (downstream TNBS administration, with 

macroscopically evident injury), and UDC (upstream the visible area of injury) (Figure 9).  

All colonic portions were mounted individually in 10 ml organ baths filled with warm 

(37°C) oxygenated (95% O2, 5% CO2) Krebs-Henseleit solution along their longitudinal 

axis. Each segments was fixed to the bottom of the bath and to an isometrical transducer 

(UGO BASILE S.R.I., Italy, Model 7004), and stretched passively to an initial tension of 

1g. Isometric responses were recorded on a PowerLab system.  

a) Stabilization period 

The tissues were allowed to stabilize for half an hour, with washes every 10 min, and 

subsequently stimulated two times with Ach 10µM with an interval of 20 min and washes 

every 10 min in between. For every tissue, the two triggers with ACh caused marked 

colonic contraction of similar magnitude, ensuring that the preparation was viable and 

stabilized (Figure 10). 
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Figure 10 – Example of colonic contraction after stimulation with ACh, KCl and Ang II. Curves do not belong to the same 
experiment. 

 

2. Experimental protocol 

After the tissues were stabilized, specific protocols aiming to characterize the response 

to Ang II and the underlying mechanism were performed. Whenever possible, each 

protocol was performed in the three portions from the same animal. 

a) Response to Ang II 

Non-cumulative concentration response curves to AngII were performed by adding 

increasing concentrations of AngII to the organ bath (PC: 100pM to 30nM; UDC: 300pM 

to 100nM; TDC: 1nM to 300nM) (Figure 10). Within stimulations, tissues were washed 

for 1h with washes every 10min, to avoid desensitization of Ang II receptors [150]. 

b) Effect of different antagonists and inhibitors on the 

response to AngII 

The response to a single concentration of Ang II (PC: 10nM; UDC: 30nM; TDC: 100nM) 

was tested in the absence and presence of Candesartan 10nM (an antagonist of the AT1 

receptor), PD123319 100nM (an antagonist of the AT2 receptor), tetrodotoxin (TTX) 1 

µM (a Na+ channel blocker neurotoxin), Atropine 1µM (an antagonist of the muscarinic 

acetylcholine receptors), or L-NAME 100µM (a NO synthase (NOS) inhibitor). 

The tissues were triggered with Ang II in the above stated concentration and washed for 

1h, every 10min. After, tissues were incubated with the antagonist/inhibitor for 20min and 
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after, without washing, the same response to Ang II was repeated. In each tissue, a 

single antagonist/inhibitor was tested. 

 

3. Finalization protocol 

At the end of each experimental protocol, the tissues were stimulated with potassium 

chloride (KCl) 125mM (Figure 10) to record the maximum response of the tissue. Finally, 

tissues were dried on filter paper and weighted at the end of the experimental protocol 

and after an overnight at room temperature, in order to quantify the dry weight and the 

wet-to-dry ratio. 

 

4. Statistical analysis 

All data are mean±S.E.M.; when stated, n refers to the number of experimental animals. 

Statistical analysis was performed by Student’s t-test, one-way ANOVA or 2-way ANOVA 

followed by Tukey’s multiple comparisons test, and the Chi-square test, as required. The 

Student’s t-test was used for comparisons between two experimental groups; one-way 

ANOVA followed by Tukey’s multiple comparisons test was used for comparisons 

between controls and the 3 TNBS-induced groups, while two-way ANOVA was used to 

look for interactions between two factors. Also, the Chi-square test was used to compare 

the % of rats that were allocated to each disease severity group after the above described 

categorization. Generally, a p<0.05 was considered statistically significant, unless other 

criteria is defined. 

 

5. Drugs 

All compounds used in this experiment were obtained from Sigma-Aldrich, USA, unless 

otherwise stated.  

Krebs-Henseleit solution consisted of: NaCl (José Manuel Gomes dos Santos, 

Portugal), KCl, CaCl2, MgSO4, glucose, NaHCO3 (all from Pancreac Quimica, 

Spain), NaH2PO4, Na2EDTA (both from MERCK, Germany) and ascorbic acid.   
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Drugs used were: Acetylcholine, KCl (Pancreac Quimica, Spain), Angiotensin II, TTX, 

PD123319, L-NAME, Atropine. Candesartan was a kind gift from Dr. Fredrik Palm, 

Uppsala University, Sweden.  

All compounds were dissolved in distilled water, except Candesartan which was 

dissolved in a mixture of physiological saline. 
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IV. Results 

Part I: TNBS-induced colitis in rats – time-course and 

categorization 

1. Macroscopic evaluation 

After TNBS instillation, all animals were daily monitored for 7 or 8 days. Control and 

TNBS rats were then sacrificed and the abdomen exposed to observe the colon and 

abdominal viscera. It was evident that the colon of control animals was generally filled 

with ovoid-shaped fecal pellets (Figure 11Aa), whereas that of TNBS-induced rats 

appeared to have a larger diameter and was filled, in its entire length (from the cecum to 

the rectum), by pasty stools (Figure 11Ac). Occasionally, it was adhered to other organs, 

such as the small intestine or seminal vesicles. Free abdominal liquid or blood was never 

observed. After the excision of the colon and cecum, it became obvious that TNBS-

induced rats had a higher colon weight/length ratio comparing to controls (1,30 ± 0,18 

g/cm vs 0,60 ± 0,03 g/cm, respectively, p<0,05) (Figure 11B), indicating that the colon of 

the experimental group was significantly heavier and/or shorter than that of controls. 

Additionally, TNBS-induced animals presented a higher colonic perimeter than control 

animals (1,77 ± 0,14 cm vs 1,09 ± 0,03 cm, respectively, p<0,05) (Figure 11C). Then, 

the colon of all animals was opened longitudinally to allow mucosal macroscopic 

evaluation. The mucosa of TNBS-induced rats was usually thicker than controls (Figure 

11Ab and Figure 11Ad), with a variable number of hyperaemia and ulcered areas that 

were generally more abundant/severe on the terminal colon (Figure 11Ad). Considering 

these criteria, a MaS was attributed to each animal. Quantitative macroscopic evaluation 

revealed that TNBS-induced rats had a significantly higher MaS than controls (6,00 ± 

0,68 vs 0,00 ± 0,00, respectively, p<0,0001) (Figure 11D). Moreover, it was evident that 

the TDC was more damaged than the UDC, since the TDC systematically got higher 

MaS than the correspondent UDC (7,53 ± 0,77 vs 4,54 ± 1,01, respectively, 

p<0,05)(Figure 10Ad and Figure 10E).  
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Figure 11 – (A) Representative photographs of intact cecum-colon and colonic mucosa of control (Aa and Ab) and TNBS-

induced rats (Ac and Ad), with the same scale. (B) Colon weight/length ratio (g/cm) of control (n=4) and TNBS-treated 

(n=9) rats. (C) Colonic perimeter (cm) of control (n=8) and TNBS-induced rats (n=15). (D)Total macroscopic score (MaS) 

of colonic mucosa of control (n=11) and TNBS-treated rats (n=17). (E) MaS of the upper distal colon (UDC) and the 

correspondent terminal distal colon (TDC) of TNBS-treated rats (n=17). * p<0,05. 

Although the macroscopic evaluation of all TNBS-induced rats was different from 

controls, it was soon clear that the severity of the lesions was highly variable among 

induced animals. As so, we decided to divide the TNBS-induced rats in 3 categories of 

severity of the disease, according to the correspondent total MaS: Mild (MaS=0-4), 

Moderate (MaS=4-8) and Severe (MaS=8-12), and reanalysed all data. Interestingly, 

with this categorization we observed that the rats were distributed along the three 

severity categories in a uniform (p>0.05) way: 5 animals were classified as Mild 

(29.41%); 6 as Moderate (35.29%) and the other 6 as Severe (35.29%).   

When we compared the macroscopic evaluation of the UDC and TDC in controls and 

TNBS-induced rats, 2-way ANOVA revealed a significant difference between the 

experimental group (p<0.0001) and the colonic region (p<0.0001), and a significant 

interaction between both factors (p<0,0001). As can be seen in Figure 12, in the UDC 

we observed that the MaS was higher in Moderate TNBS-induced rats than in controls 

and lower than in Severe TNBS-induced rats, but similar to that in Mild TNBS-induced 

rats. Differently, in the TDC the MaS increased with the severity of the disease 

(mild<moderate<severe, all higher than in controls; Figure 12). Also, the MAS of the TDC 

was higher than that of the correspondent UDC only for mild and moderate TNBS-

induced rats (Figure 12).  
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Figure 12 – Macroscopic score (MaS) of the UDC (white bars) and TDC (grey bars) of control rats and of Mild, Moderate 

and Severe TNBS-induced rats. *p<0.05 vs correspondent UDC; horizontal full lines represent statistical differences 

(p<0.05) between selected experimental groups for both UDC and TDC; horizontal stacked lines represent statistical 

differences (p<0.05) between selected experimental groups only for TDC. 

2. Microscopic Evaluation 

A veterinary pathologist, blinded to the experiment, evaluated microscopically segments 

of the same distal colon region of control and TNBS-induced rats (located between the 

UDC and TDC as described in the Methods section and evidenced in Figure 9). The 

researcher immediately described the heterogenicity of the samples and applied the 

microscopic scoring system (0-10) described in the methods section to quantify the MiS. 

This system allowed us to differentiate microscopically TNBS-induced animals as having 

Mild (MiS=1-4); Moderate (MiS=5-7) or Severe (MiS=8-10) colitis.     

Indeed, the microscopic evaluation of those distal colon samples allowed us to 

characterize controls (Figure 13Aa) and TNBS-induced colitis as being Mild (in 5 

samples, Figure 13Ab); Moderate (in 4 samples, Figure 13Ac) or Severe (in 8 samples, 

Figure 13Ad). Mild colonic microscopic damage was characterized by mucosal 

thickening, with proliferation of glandular units and Goblet cells hyperplasia, along with 

discrete diffuse inflammatory infiltrate (mononuclear cells, neutrophils and eosinophils) 

confined to the mucosa. Multifocal lymphoid aggregates were occasionally observed in 

the lamina propria (Figure 13Ab). Moderate colonic histological damage was 

represented by multifocal erosive/ulcerative lesions, and moderate to extensive 

inflammatory infiltrate from the mucosa to the submucosa (but spearing the muscular 

layers). Areas of mucosal fibrosis and signs of re-epithelization were also observed 

(Figure 13Ac). Finally, Severe colonic microscopic lesions were characterized by marked 
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distortion of the architectural arrangements, with extensive and deep ulceration reaching 

the muscular layers and, sometimes, the serosa. A massive inflammatory infiltrate was 

observed involving all the layers of the colonic wall (Figure 13Ad). 

 

Figure 13 – (A) Typical microscopic images of H&E-stained colon cross-sections from the distal colon of control rats (Aa) 

and Mild (Ab), Moderate (Ac) and Severe (Ad) TNBS-induced rats. Scale bars, 500 μm. (B)  MiS of control (n=8), Mild 

(n=5), Moderate (n=4), and Severe (n=8) TNBS-induced rats. # p<0,05 vs every other group. 

 

There was a significant positive correlation (r=0.8207, p<0.0001) between the MaS and 

the MiS of each animal. 

3. Monitorization of physiological parameters considering the 3 

categories of TNBS-induced rats 

Considering the previous macroscopic categorization of TNBS-induced rats into Mild, 

Moderate or Severe, we decided to evaluate if some physiological parameters could 

anticipate the inclusion of induced animals in those categories. We choose simple 

parameters that all researchers had access to in a standard daily monitorization, and 

requiring few resources: body weight, food and water intake, and the number/type of 

fecal pellets. 

The body weight of all TNBS-induced rats decreased 48h after induction (day 2), and 

was lower than that of control animals until the end of the protocol (Figure 14A). However, 

during the protocol there were differences between the categories of TNBS-induced rats. 

Mild TNBS-induced rats started to recover their body weight 4 days after induction and, 

by the end of the protocol, their body weight was similar to that before induction (Figure 
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14A). Differently, both Moderate and Severe TNBS-induced groups never recovered 

their initial body weight, having lost, respectively, 6.2% and 4.5% of their initial body 

weight during the time-course of the protocol, and still presenting similar body weights 

on the last day of the protocol (Figure 14A). The area under the curve (AUC) for the body 

weight was different among the four experimental groups, the ranking order being: 

Control > Mild > Severe > Moderate TNBS-induced groups (623.5±0.03 %.day; 

589.0±0.07 %.day; 577.2±0.03 %.day; 570.2±0.04 %.day, respectively, p<0.0001). The 

2-way ANOVA analysis showed a significant interaction (p<0.0001) between the 

experimental group and the duration of the protocol concerning body weight. 

 

Figure 14 – Time-course of physiological parameters during the experimental period. (A) Body weight change from day 

0 (%), (B) food intake (g), (C) water intake (mL) and (D) number of fecal pellets, of control (■); Mild (•); Moderate (▲) and 

Severe (♦) TNBS-induced rats. # p<0.0001 - All TNBS groups vs Control group (on the same day); * p<0.0001 mild TNBS 

vs all other groups (on the same day); § p<0.0001 - Moderate and Severe TNBS groups vs Control and Mild TNBS groups 

(Food intake on the same day); & p<0.0001- vs Control group. (Water consumption and number of fecal pellets on the 

same day). 

Consistent with weight gain, food intake was also higher in control than in TNBS-induced 

rats (Figure 14B). The time-course of food intake was different between the three 

categories of TNBS-induced rats, even though there was no difference in the AUC 
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between the three categories (Controls=117.2±6.3 g.day; Mild=57.1±23.5 g.day; 

Moderate=33.42±19.30 g.day; Severe=23.17±11.27 g.day, respectively, p<0.0001) 

(Figure 14B). Again, the 2-way ANOVA analysis showed a significant interaction 

(p<0.0001) between the experimental group and the duration of the protocol for food 

intake. Indeed, 24h after induction, Moderate and Severe TNBS-induced animals already 

showed lower food intake than controls, although the food intake was similar between 

these two severity groups (Figure 14B). Moreover, Mild TNBS-induced rats had their 

lowest food intake level 48h after induction but regained their initial food intake level 

(similar to that of controls) by day 5 of induction (Figure 14B). Interestingly, Moderate 

TNBS-induced rats also showed this time course of food intake, but that profile was 

shifted to the right one day (lowest level 72h after TNBS induction, regain baseline food 

intake by day 6) (Figure 14B). Differently, Severe TNBS-induced rats had a very low food 

intake throughout the entire protocol (Figure 13B). 

As far as water intake, all TNBS-induced rats drunk more water than control animals. 

Severe TNBS-induced rats drunk more water than the control group from day 4 to the 

end of the protocol; for the Moderate TNBS-induced rats this difference was observed 

on days 5 and 6, but for Mild TNBS-induced rats the difference was statistically different 

only on day 5 (Figure 14C). These was reflected in a higher AUC of the water intake of 

Severe TNBS-induced rats than controls, although not different from that of Mild or 

Moderate TNBS-induced rats (271.4±20.0 ml.day; 176.2±25.9 ml.day; 246.4±28.9 

ml.day; 257.6±22.5 ml.day, respectively, p<0.0001). Probably due to that, the 2-way 

ANOVA analysis showed a non-significant interaction (p>0.05) between the 

experimental group and the duration of the protocol for water intake. 

Last, we observed that TNBS-induced rats presented a lower excretion of fecal pellets 

than controls during almost the entire protocol (Figure 14D). Indeed, until the day 4, the 

excretion of fecal pellets was not different within the three categories of TNBS-induced 

rats, but was always lower than that of the control group (Figure 14D). Moreover, while 

Severe TNBS-induced rats continued to show a very low excretion of fecal pellets, Mild 

and Moderate TNBS-induced rats recovered the baseline/control number of fecal pellets 

by day 5 and 6 (respectively) (Figure 14D). The AUC analysis revealed that TNBS-

induced rats presented a lower excretion of fecal pellets than controls during almost the 

entire protocol (AUC. Control=235.5±16.3 pellets.day; Mild=93.5±22.78 pellets.day; 

Moderate=63.0±31.0 pellests.day; Severe=13.04±8.54 pellets.day, p<0.0001) (Figure 

14D). We also noticed that, even though not statistically significant, the AUC for fecal 

pellets of Severe TNBS-induced rats was much lower than that of the other groups of 
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TNBS-induced rats (Figure 14D). But, the 2-way ANOVA analysis showed a significant 

interaction (p=0.0013) between the experimental group and the duration of the protocol 

concerning excretion of fecal pellets. Also pertinent, even though the stools of TNBS-

induced rats were mushier and more elongated than those of controls, in this protocol 

diarrhea was rarely present. 

4. Monitorization of clinical signs of welfare considering the 3 

categories of TNBS-induced rats 

TNBS-induced rats exhibited welfare, clinical signs and facial expressions of discomfort 

that we tried to evaluate using two different score systems. We used real-time application 

of the Rat Grimace Scale (0-2) by cage-side assessment and verified that TNBS-induced 

rats frequently developed signs like orbital tightening, nose/cheek flattening, piloerection, 

chromodacryorrhoea, dehydration or hypokinesia, which were never perceived in control 

rats (always scored 0 points). Regarding general welfare/clinical signs, TNBS-induced 

animals often presented reduced grooming, hypokinesis and piloerection. Less 

frequently, signs of chromodacryorrhoea (reddish colour in the dorso-cervical area) were 

also observed. Curiously, 5 days after colitis induction facial expression of discomfort 

(Figure 15A) and general welfare/clinical signs (Figure 15B) started to fade in Mild TNBS-

induced rats, but maintained high score numbers for both Moderate and Severe TNBS-

induced rats. Concerning the AUC, all categories of TNBS-induced rats presented higher 

values than controls for both the Grimace scale (AUC. Mild=5.05±0.84 points.day; 

Moderate=6.28±0.58 points.day; Severe=6.53±0.59 points.day, p<0.0001) and the 

general clinical signs score (AUC. Mild=7.30±0.95 points.day; Moderate=7.50±0.70 

points.day; Severe=8.25±0.68 points.day, p<0.0001). The 2-way ANOVA analysis 

pointed to a significant interaction between the experimental group and the duration of 

the protocol both for the Grimace scale (p<0.0001) and the general welfare/clinical signs 

score (p=0.0004).  
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Figure 15 – Clinical signs of welfare of control and TNBS-induced rats. (A) Real-time Rat Grimace Scale by cage-side 

assessment (B) General welfare/clinical signs scoring. Control group (■; n=11) presented a score of zero, while mild (•; 

n=5), moderate (▲; n=6) and severe (♦; n=6) TNBS-induced animals presented a positive score. # p<0.05 - All TNBS 

groups vs Control group; § p<0.05 Control and Mild TNBS groups vs Moderate and Severe TNBS groups. 

Part II: Functional study – Effect of Ang II on the reactivity of 

colonic smooth muscle of control and TNBS-induced rats 

For the purpose of the functional study, the statistical analysis of data compared TNBS-

induced rats with controls, with no distinction between the severity of TNBS-induced 

colitis. 

5. Weight of the different colonic regions of control and TNBS-

induced rats 

The dry weight of the PC, UDC and TDC of TNBS-induced rats was higher than that of 

the corresponding tissue of control rats (Figure 16A). Differently, for either controls or 

TNBS-induced rats, there was no difference in the dry weight of the three tissues studied 

(Figure 16A). The 2-way ANOVA showed that there was a significant interaction (p<0.01) 

between the experimental group and the colonic region, such that the increase in dry 

weight of TNBS-induced rats in comparison with controls was more marked in the UDC 

and TDC than in the PC.  
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Figure 16 – (A) Dry tissue weight (mg) and (B) Wet-to-dry ratio in the PC, UDC and TDC of controls (n=11) (open bars) 

and TNBS-induced rats (n=17) (black bars). * p<0.05 vs the correspondent tissue of control rats; horizontal lines represent 

significant differences between selected tissues. 

The wet-to-dry ratio was also higher in the PC, UDC and TDC of TNBS-induced rats than 

in the corresponding tissue of control rats (Figure 16B). Moreover, the UDC showed a 

higher wet-to-dry ratio than PC or TDC in both controls and TNBS-induced rats (Figure 

16B). The 2-way ANOVA showed no significant interaction (p>0.05) between the 

experimental group and the colonic region. 

 

6. Contractile effect of Ang II in the PC, UDC and TDC of control 

and TNBS-induced rats 

Ang II caused a concentration-dependent contraction of the PC, UDC and TDC in both 

control and TNBS-induced rats (Figure 17). Interestingly, we could find some differences 

in the contraction caused by Ang II according to the colonic region and to the units in 

which we analyzed the data. 

The force of contraction caused by Ang II (mN) was lower in the TDC of TNBS-induced 

rats than in the TDC of control rats, but similar between groups in both PC and UDC 

(Figure 17, upper graphs) (Table 5). The 2-way ANOVA concerning the contraction 

caused by Ang II when expressed as mN of force, showed no significant difference 

(p>0.05) between the colonic region in each experimental group, but a significant effect 

of the experimental group (p<0.05) and a significant interaction between factors (p<0.05). 
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Figure 17 – Concentration-response curves to Ang II in the PC (left) (control, n=9; TNBS-induced rats, n=5), UDC (middle) 

(control, n=6; TNBS-induced rats, n=7) and TDC (right) (control, n=6; TNBS-induced rats, n=7), expressed in force (mN; 

upper) and tension (mN/g; bottom). Control: open circles; TNBS-induced rats: black circles. Vertical lines point to 

statistically differences (p<0.05) in the Emax of the correspondent groups.  

 

Expressing the contraction as the tension developed by the tissue in mN/g showed 

slightly different results. In this case, we noticed that in the UDC and TDC, the tension 

developed in response to Ang II (mN/g) was markedly lower in TNBS-induced rats than 

in control rats (Figure 17, lower graphs) (Table 6), while the difference concerning the 

PC was very small and only almost significant (p=0.0510) (Figure 17, lower graphs) 

(Table 5). The 2-way ANOVA also showed no differences between the colonic region 

(p>0.05) but a significant effect of the experimental group (p<0.05) and a significant 

interaction between factors (p<0.05) (Table 5). 

As for the EC50, the 2-way ANOVA pointed to a significant effect (p<0.0001) of the colonic 

region but no significant effect of the experimental group or for the interaction between 

both factors (p>0.05 for both) (Figure 17) (Table 5). It was evident that the EC50 for the 

contractile response to Ang II was higher in the TDC than in the UDC and PC (Figure 

17) (Table 5). 
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Table 5 – Emax (mN and mN/g) and EC50 (nM) for the Ang II-mediated contraction in the PC, UDC and TDC of control 

and TNBS-induced rats. 

 
PC UDC TDC 

Emax (mN) Emax (mN) Emax (mN) 

Control 25.20 ± 4.03 22.65 ± 5.57 36.58 ± 7.46 

TNBS 26.87 ± 8.05 19.71 ± 3.01 8.61 ± 2.29 * 

 Emax (mN/g) Emax (mN/g) Emax (mN/g) 

Control 204.30 ± 24.31 343.40 ± 84.83 323.40 ± 47.27 

TNBS 127.40 ± 26.87 69.40 ± 16.36 * 31.52 ± 9.26 # 

 EC50 (nM) EC50 (nM) EC50 (nM) 

Control 3.234 ± 2.529 3.473 ± 0.557 37.74 ± 15.30 

TNBS 1.252 ± 0.245 5.577 ± 1.722 32.8 ± 7.7 

*p<0,05 – TNBS-induced animals vs CTRL animals; # p<0,0001 - TNBS-induced animals vs CTRL animals 

 

7. Receptor mediating the contractile response to Ang II in the 

PC, UDC and TDC of control and TNBS-induced rats 

 

Candesartan 10nM abolished the contraction caused by Ang II in the three regions of 

colon and in both control (Figure 18A) and TNBS-induced groups (Figure 18B).  

 

Figure 18 – Contractile response to Ang II in the PC, UDC and TDC in the absence (white bars) and presence (black 

bars) of Candesartan 10nM in (A) control (PC: n=5; UDC: n=6; TDC: n=6) and (B) TNBS-induced animals (PC: n=4; UDC: 

n=7; TDC: n=7). *p<0.05 vs Ang II alone.  
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On the contrary, the presence of PD123319 100nM increased the response to Ang II in 

the three regions of the colon of control animals (Figure 19A), but had no effect of the 

contractile response to Ang II in TNBS-induced rats (Figure 19B). 

 

 

Figure 19 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white bars) and presence (black bars) 

of PD123319 100nM in (A) control (PC: n=6; UDC: n=6; TDC: n=7) and (B) TNBS-induced animals (PC: n=5; UDC: n=5; 

TDC: n=5). *p<0.05 vs Ang II alone..  

 

8. Role for a pre-junctional mechanism on the contractile 

response to Ang II on the colon of control and TNBS-induced 

rats 

 

TTX 1µM, a neurotoxin, increased the contractile response to Ang II in the three regions 

of the colon of both control and TNBS-induced rats (Figure 20). 
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Figure 20 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white bars) and presence (black bars) 

of TTX 1µM in (A) control (PC: n=6; UDC: n=4; TDC: n=4) and (B) TNBS-induced animals (PC: n=4; UDC: n=4; TDC: 

n=5). *p<0.05 vs Ang II alone. 

 

9. Possible mediators of the contractile response to Ang II on 

the colon of control and TNBS-induced rats 

 

Atropine 1µM increased the contractile effect induced by Ang II in the PC and UDC of 

control rats but only in the PC of TNBS-induced animals (Figure 21). There was no effect 

of atropine 1µM on the UDC of TNBS-induced rats or in the TDC of either experimental 

group (Figure 21). 

 

Figure 21 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white bars) and presence (black bars) 

of Atropine 1µM in (A) control (PC: n=5; UDC: n=6; TDC: n=6) and (B) TNBS-induced animals (PC: n=5 UDC: n=4; TDC: 

n=4). *p<0.05 vs Ang II alone. 
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Similarly, L-NAME increased the response to Ang II in the PC of control and TNBS-

induced animals and in the UDC of control animals (Figure 22). Again, in the UDC of 

TNBS-induced animals and in the TDC of both groups, the response to Ang II was not 

altered by the inhibitor (Figure 22). 

 

 

Figure 22 - Contractile response to Ang II in the PC, UDC and TDC in the absence (white bars) and presence (black bars) 

of L-NAME 100µM in (A) control (PC: n=5; UDC: n=6; TDC: n=6) and (B) TNBS-induced animals (PC: n=4; UDC: n=4; 

TDC: n=4). *p<0.05 vs Ang II alone. 
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V. Discussion 

The results of this study revealed relevant information. First, it was possible to categorize 

the rat TNBS-induced colitis in three different categories of severity of disease: Mild, 

Moderate and Severe. Second, our data suggests that day 5 after induction is the turning 

point for anticipating the severity of the experimental disease, for most of the parameters 

evaluated, especially the number of fecal pellets and the food intake. Third, we showed 

that Ang II caused a concentration-dependent contraction of the PC, UDC and TDC of 

both control and TNBS-induced rats, and that the response was lower in TNBS-induced 

rats, in the colonic regions more related to the TNBS-induced inflammatory damage. 

Forth, we concluded that the described contractile effect of Ang II was mediated by AT1 

receptors in the three colonic regions of both control and TNBS-induced rats, but also 

that AT2 receptors are also operating in the colon of control rats, counteracting AT1-

mediated contraction. Fifth, it was clear that exogenously applied Ang II activates a 

prejuncional mechanism in the three studied regions of control and TNBS-induced rats. 

Finally, muscarinic receptors and NO also participate in the contractile response to Ang 

II in the rat colon, although the role of these mediators depends on both the colonic 

region and the experimental group (control or TNBS-induced colitis).  

 

Part I: TNBS-induced colitis in rats – time-course and 

categorization 

TNBS-induced colitis is the most common chemically induced experimental model of IBD 

in rats, being used in both basic and preclinical studies [126]. More than 30 years after 

the description of this model, standardization became urgent [120] [124] [127], since 

most of the research articles describe a huge heterogeneity in study designs for 

preclinical drug efficacy. So, new potential drugs to control IBD are eventually being 

tested on dubious assumptions, contributing to the low clinical success rate of promising 

preclinical compounds [151] - thickening statistics indicate that 9 out of 10 new 

substances considered effective in preclinical animal testing failed when administered to 

humans [151] [152]. 

Considering these difficulties, we decided to gather as much information as possible (in 

vivo and ex vivo) from the rat TNBS-induced colitis model, with the objective of 
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standardizing information that most investigators could replicate with minimum 

resources. So, we daily registered each animal´s body weight, food and water intake, 

and stools quantity/appearance. Since the first day, special care was taken to also 

monitor general welfare/clinical signs and facial expression of discomfort (real-time 

application of grimace scale by side-cage assessment). This strategy allowed us to 

ensure that the mortality rate associated with this protocol was zero, but also to 

understand how we could refine the experimental design, which already included double 

analgesia with tramadol (on day 1) and paracetamol (in the drinking water throughout 

the entire experimental period), thus fulfilling with the 3Rs Refinement. Post mortem 

evaluation included the assessment of colon’s weight, length, and perimeter, as well as 

tissue damage, observed both macroscopic and microscopically. Valuing the 

microscopic appreciation of the investigator that was blinded to the protocol and our own 

macroscopic observations, we rapidly realized that TNBS-induced colitis in rats did not 

exhibit a constant severity level, even when using the same solutions/doses in 

littermates. To our surprise, it was very clear that we could establish three categories, 

based both in macroscopic and microscopic scoring systems. As so, we decided to 

categorize the TNBS-induced rats as having Mild, Moderate or Severe colitis. This 

finding was found to be markedly relevant in a translational perspective, since human 

IBD is nowadays treated according to consensual international guidelines [153] that 

consider exactly the same three disease status (Mild, Moderate and Severe; besides 

Corticosteroid-resistant or dependent, Quiescent or Perianal), and that this 

categorization is considered essential to choose the best therapeutic option [153]. 

We then decided to reevaluate all animals, to try to identify those in vivo parameters that 

could be used as predictors of a given category. This information is not purely academic, 

since forecasting the severity of the model would allow researchers to select the degree 

of severity that better suits their investigation, reducing experimental variability. 

Additionally, it is our belief that if the animals are closely monitored their well-being is 

more easily preserved, allowing a rapid intervention if, for example, humane endpoints 

are attained. Besides, the data gathered from animals with similar well-being excludes 

this variable from the overall bias associated with every protocol. 

Regarding the experimental protocol described, daily body weight increased in control 

animals, but all TNBS-induced rats lost weight 48h after the induction, maintaining a 

lower weight than controls throughout the entire experimental period. This observation 

agrees with most publications (for example: [64] [154] [155]) but one should bear in mind 

that in scientific papers using TNBS-induced colitis, about 44% did not report this 
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parameter [121]. Although most of the published research does account for body weight 

changes, it is uncommon to find food and/or water intake data [156] [157] and the number 

and consistency of fecal pellets [157]. Furthermore, in several studies, the parameters 

are not evaluated daily, but every two days [158] or at the beginning and at the end of 

the protocol [159]. In our study, Mild TNBS-induced rats started to recover their baseline 

body weight 4 days after induction, while animals in the Moderate and Severe categories 

still had a lower weight. Quite surprisingly, the weight of animals in the Severe category 

was higher than the animals of the Moderate category. To our knowledge, this is the first 

time that these parameters are analyzed in 3 different categories of TNBS-induced rats, 

so it is not possible to compare with observations of others. Nevertheless, rats from the 

Moderate category started to recover stool excretion at day 4, but food intake only 

increases from day 5 onwards, while rats from the Severe category practically do not eat 

or eliminate fecal pellets after TNBS administration. Thus, considering our necropsy 

information, we can speculate that animals from the Severe category accumulate more 

fecal material (megacolon was a common post mortem observation) that increases their 

body weight, while rats from the Moderate category were already eating but have also 

just regained intestinal motility, which might turn out with weigh loss. This interpretation 

is not influenced by water intake, since all TNBS-induced rats drank similarly more than 

controls, probably to avoid dehydration that follows fecal impaction and potential toxic 

megacolon [160] [161]. Daily water consumption is not frequently reported in other 

studies using the rat TNBS-induced experimental model of IBD and data is controversial 

[162] [163], so more information is needed to clarify its association to TNBS-induced 

colitis. Lastly, regarding fecal pellets, it was interesting to notice that in all TNBS-induced 

animals, stool excretion was decreased after induction, and that motility was recovered 

first by rats of the Mild and then of the Moderate categories, while animals included in 

the Severe category maintained a very low excretion of fecal pellets. These data 

accompanied that of food intake, since the animals included in the Mild category were 

the first to regain food intake and fecal excretion, followed by the Moderate category, 

while those animals in the Severe category maintained a low food intake/fecal excretion 

throughout the protocol. In addition, number of fecal pellets excreted is very difficult to 

compare with recent bibliography, that usually refers to stool consistency (0 = normal to 

4 = diarrhea) and rectal bleeding (and/or fecal occult blood) as parameters evaluated by 

the disease activity index (DAI), described more than 25 years ago [129], but still one of 

the most popular scores to assess colitis [5] [164]. We frequently observed (mainly during 

the first 2 days post-induction) perineal mucosanguinous secretions, that sometimes 

evolved to loosen stools, and less often to diarrhea, but in this project we preferred to 
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quantify fecal pellets since it is a simple non-invasive parameter for any researcher to 

monitor. So, daily monitoring allowed us to conclude that simply by evaluating food intake 

and fecal pellets we could differentiate three severity categories of TNBS-induced rats. 

Animals from the Mild category will start to eat and will have fecal pellets in its cage 3 

days after TNBS induction. If the same happens until day 5, those animals will be 

included in the Moderate category, if not, they will most probably belong to the Severe 

group. 

Additionally, we also daily monitored general welfare/clinical signs and facial expression 

of discomfort, using scoring systems. We consider that reporting clinical signs of animal 

models protocols is essential to understand the real severity of the procedures, allowing 

researchers to identify subtle signs that otherwise could go unnoticed, just by using 

simple score sheets [146] [145] [165]. From our experience, daily monitorization of 

general welfare/clinical signs might help to ensure humane endpoints and to differentiate 

TNBS-induced rats that were evolving to a Mild category from others, that remained in 

the Moderate/Severe category. Interestingly, the application of a real-time grimace scale 

by side-cage assessment, lead us to the same conclusion as clinical signs assessment: 

we could clearly differentiate controls from rats with colitis, but it was only possible to 

significantly discern TNBS-induced rats from the Mild category, since facial expression 

of discomfort of animals from the Moderate and Severe categories were 

undistinguishable. Accordingly, although the Grimace scale first described by Mogil in 

2011 [147] is useful to identify signs of discomfort [166] [167] it might have some 

limitations regarding the discrimination of subtle facial differences [148].  

After in vivo monitorization, a careful ex vivo data collection was performed, maximizing 

the information that can be obtained from each animal (3Rs Reduction). So TNBS-

induced rat colons were weighed, measured (length and width) and mucosal damage 

assessed, using another score sheet. All evaluated parameters were concordant with 

macroscopic signs of colitis: increased colon weight/length ratio [64] [154] [168] and 

perimeter [160], indicative of fecal impaction and megacolon, with associated structural 

changes and edema [169] [170]. Regarding mucosal colonic evaluation, several 

cumulative scores including different parameters are used to determine the severity of 

the macroscopic damage, as described for example by Appleyard and Wallace 1995 and 

modified by others [64] [130] [164]. Generally, these authors compare mucosal damage 

of control versus TNBS-induced rats with [5] [154] [164] [168] or without [64] innovative 

substances, to test their efficacy. Unfortunately, most studies using the TNBS-induced 

model of colitis do not describe which portion of the colon is being used, which can cause 



FCUP/ICBAS | 77  
      Colonic reactivity to Angiotensin II in an experimental model of inflammatory bowel disease 
 
 
results to be misleading. We clearly explained which colonic regions were analyzed and 

decided to separate the UDC from the TDC and to evaluate partial MaS. With this, we 

observed that the mucosa of the TDC was significantly more damaged than that of the 

correspondent UDC of the same rat. Moreover, it was possible to distinguish partial MaS 

for the UDC and TDC in the 3 categories of TNBS-induced rats. It became clear that 

mucosal damage increased from Mild to Severe category in the TDC, but that in the UDC 

the damage was only evident in Moderate and Severe categories. This is consistent with 

the distal-to-proximal inflammatory profile that is observed in human colitis [153]. 

We used the same 3 category division when we performed the microscopic evaluation, 

using a common score system described for example by Hunter and colleagues in 2005, 

adapted and modified by others [5] [64] [128] [131] [164] [168] [171]. Histologic 

evaluation is one of the most cited technique to assess IBD models (it seems to be 

present is 62.5% of articles that report colitis induced by TNBS), but it is uncommon to 

categorize it [172]. In this project, a veterinarian pathologist blinded to the samples, 

clearly identified 3 categories of histologic damage. Interestingly, we found a positive 

correlation between the Mas and the correspondent MiS of the same animals. As so, 

and since we wanted to identify parameters that could be used by any researcher, we 

can say that the MaS is a helpful tool to categorize TNBA-induced colitis in rats. We have 

to report that the pathologist classified as Severe 2 animals that were classified as 

Moderate in the MaS. This apparent incongruence is easily explained, since MaS and 

MiS was not performed in the same portion of the colon and the MiS was evaluated in a 

region more distal (expectedly more damaged) than that used for the MaS. 

 

Part II: Functional study – Effect of Ang II on the reactivity of 

colonic smooth muscle of control and TNBS-induced rats 

Our study is the first to characterize the effect of Ang II in three different regions of the 

colon, and even more, in control rats and in rats with TNBS-induced colitis. The colonic 

regions were chosen to represent different degrees of damage: no obvious lesions (the 

PC), evident area of injury (the TDC) and an area upstream but rather near the visible 

area of injury (the UDC). Long-lasting accumulating evidence on the classical RAS and, 

more specifically, on the effects of Ang II, settled this peptide as being one of the most 

potent constrictors of smooth muscle cells [1]. However, the vast majority of studies have 
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focused on the cardiovascular system, although nowadays a shift has turned the 

attention to other systems, like the GI tract [19].  

Contraction of the colon in response to Ang II has been described more than 40 years 

ago [99] [100] but this issue has not been looked with such enthusiasm by the scientific 

community. However, recently, it was reported that Ang II promotes mouse [65] and 

human [103] colonic contraction. Our results confirm previous ones that report Ang II-

mediated contraction of the colon, but expand the state of-the-art to the PC, UDC and 

TDC. Also, we observed that the contraction to Ang II was lower in the colon of TNBS-

induced rats but this difference was dependent on the colonic region studied and on the 

units in which it was expressed. More precisely, we tried to differentiate the force induced 

by Ang II (measured in mN) from the tension developed by the tissue (measured in 

mN/g). The reason to analyze the response to Ang II in two different ways was based on 

the expectations that TNBS-induced rats should have relevant alterations in the colonic 

wall. These alterations might affect the capacity of the smooth muscle to contract, directly 

by interfering with the force of contraction of smooth muscle cells, or indirectly by some 

kind of hysteric hindrance that would disturb the efficacy of contraction across the colonic 

wall. To do so, in parallel, we quantified both the dry weight of the tissue and the 

correspondent wet-to-dry ratio, as markers of structural alterations and edema, 

respectively. We found that colonic tissues from TNBS-induced rats had higher dry 

weight and higher wet-to-dry ratio than those from controls, suggesting that the three 

colonic portions developed structural alterations and edema. However, in the UDC and 

TDC the structural alterations were found to be more marked than in the PC. 

Interestingly, our functional data shows that in TNBS-induced rats vs controls, Ang II 

causes a less intense (mN) and less efficacious (mN/g) contraction in the TDC, but a 

similarly intense although less efficacious contraction in the UDC, and a similar response 

(intensity and efficacy) in the PC. As the TDC was the colonic region with higher MaS, 

reflecting more intense damage, these results prompt us to speculate that the severity 

of the TNBS-induced inflammatory damage inversely relates with the contractile 

response to Ang II (more damage, decreased contraction). More precisely, TNBS-

induced inflammatory damage is highest in the TDC, which showed severe structural 

alterations and edema, which compromise the overall capacity of the smooth muscle cell 

to contract in response to Ang II and to disperse that contraction across the colon wall. 

The UDC also presents marked structural alterations and edema but the MaS was not 

so marked as that for the TDC, and this might explain why in the UDC, the smooth muscle 

cells still respond to Ang II as those from controls, but the contraction is not equally 
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effective across the colon wall. Differently, the PC from TNBS-induced rats seems to be 

macroscopically healthy, and, although it also develops structural alterations and edema, 

these alterations are not severe enough to alter Ang II-induced contraction. 

Most of the actions triggered by Ang II result from the activation of AT1 receptors, and 

constriction of smooth muscle is not an exception [17]. Even in the GI tract, a role for AT1 

receptors in mediating contraction has also been established, including in the colon [64] 

[65] [103]. In our experiments, candesartan (a selective AT1 receptor antagonist) almost 

abolished the contractile effect of Ang II in all regions of the colon. This effect was noticed 

in control rats, reinforcing the knowledge that Ang II-mediated contraction in the colon is 

mediated by the AT1 receptor colon [64] [65] [103], but recognizing that this is true for 

the entire extension of the colon. Moreover, our data also showed that the AT1 receptor 

is the major receptor mediating Ang II-induced contraction of the inflamed colon, as 

recently observed in another experimental model of IBD [64].  

We also evaluated the role of the AT2 receptor in mediating the contraction caused by 

Ang II in the rat colon of both control and TNBS-induced animals. Our results 

demonstrate that PD123319, an antagonist of the AT2 receptors, increased the 

contractile response to Ang II in all colonic regions of control rats, but had no effect in 

tissues from TNBS-induced rats. This suggests that in the control rat colon, AT2 receptors 

counteract the contractile effect induced by Ang II via the AT1 receptor, but that this 

counterregulatory mechanism is lost in the colon of TNBS-induced rats. AT2 receptors 

are widely expressed in fetal tissues, but their expression decreases after birth, being 

restricted to a few organs, where Ang II may use them in development and differentiation 

processes [13] [173]. Even though AT2 expression is well characterized in cardiovascular 

and renal tissues [173], the presence of this receptor has already been suggested in the 

colon [62]. However, the role for the AT2 receptor in intestinal contraction is only now 

starting to emerge [64]. More frequently, it is described that under pathological 

conditions, AT2 expression is increased [64] [173]. Should that reason underline our 

experimental conditions, then we would expect that in TNBS-induced rats the function of 

the AT2 receptor would be even more relevant, and thus, we would have seen even 

higher contractions to Ang II in the presence of PD123319 in tissues from TNBS-induced 

rats (when compared with the increase observed in control tissues). However, our results 

with the PD123319 were quite unexpected and different to those reported by others. In 

fact, it has been described that Ang II-mediated colonic contraction is not mediated by 

the AT2 receptor either in the mouse [65], rat [64] or human [103] colon. More intriguingly, 

Zizzo and collaborators (2017) found evidence for an AT2-mediated counteraction of AT1-
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mediated contraction in rats with DSS-induced colitis but not in controls [64]. For now, 

we have no explanation for the discrepancy between our data and that of Zizzo and 

collaborators [64] but it could be related to the different experimental model or the region 

of the colon studied. Anyhow, the experimental model used by Zizzo and collaborators 

(2017) and the time for the functional study were quite similar to ours. Furthermore, 

although the colonic portion used was not exactly clear in that study, our study showed 

that the receptor mediating Ang II response was not dependent on the colonic portion 

used (but yes on the healthy vs inflamed tissue). However, another factor might be 

contributing to these discrepant results and that could be concerned with the severity of 

the experimental-induced colitis. In our functional study, we did not differentiate the 

response to Ang II by the three categories of disease previously defined (Mild, Moderate 

and Severe) but we had mostly animals from the Mild and Moderate categories. In 

contrast, it is not clear what degree of severity did have the animals included in the 

functional study performed by Zizzo and collaborators. From what we can understand 

from the description of the methods, that study might have been performed mostly with 

animals with Severe colitis. This could justify the fact that in a severe pathological 

situation, AT2 receptors might be recruited to counteract the excitatory effect mediated 

by AT1 receptors [64]. Then, in our study using animals with not so severe colitis, we 

might be working with another phenotype and, thus, different mechanisms might be 

operating. This controversy further reinforces our view of the importance of fully 

description of the animal models. 

Our results had another curious question. Globally, we could say that the contractile 

response to Ang II was lower (in the TDC and UDC) or, as much, similar (in the PC) in 

TNBS-induced rats when compared to that of control rats. Nevertheless, since in the 

TNBS-induced rats the Ang II-AT2-mediated relaxation is lost, we should have observed 

higher contractile responses to Ang II than in controls, if no other mechanism was 

opperating. This prompted us to look for another mechanism, inhibitory, that could be 

activated by Ang II and capable of counteracting the Ang II-AT1-mediated contraction. 

This mechanism (or mechanisms) would have more impact on the TDC and UDC than 

on the PC because while in the PC the response to Ang II is similar to that of controls 

even in the absence of functional AT2 receptors. Differently, in the TDC and UDC, the 

Ang II-mediated inhibitory pathway counteracts the AT1-mediated contraction so marked 

that the overall response is much lower than that observed in controls. We have to accept 

that the fact that the TDC and UDC were the colonic regions in which the inflammatory 
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damage was more marked might also contribute to the markedly lower contraction 

induced by Ang II in these colonic portions. 

Recent evidence has emerged reporting that the contractile effect induced by Ang II in 

the colon of the mouse [65], rat [64], or human [103] is mediated by activation of both 

postjunctional and prejunctional Ang II receptors. Accordingly, we tested the effect of 

TTX, a neurotoxin, on the contractile effect mediated by Ang II and observed an increase 

in the contractile effect in all regions of the colon of both control and TNBS-induced rats. 

As so, it seems that in the rat colon, exogenously applied Ang II activates not only 

postjunctional receptors on the smooth muscle, but also prejunctional receptors in nerve 

terminals. Activation of these prejunctional receptors would then activate an inhibitory 

pathway that would counteract the AT1 receptor-mediated contraction, contributing to the 

global contractile effect induced by Ang II. Zizzo and collaborators had recently reported, 

also in the rat colon, an increased contraction induced by Ang II in the presence of TTX; 

however, this was only observed in DSS-induced rats and not in control rats [64]. Once 

more, we have no clear explanation for this disparity of results. Putative differences in 

the severity of the experimental colitis (as discussed above) would not justify the fact that 

in our experimental protocol this prejunctional mechanism is clearly operating in control 

rats but that in the protocol of Zizzo and collaborators [64] it is not, even though the 

animals are of the same species, strain and gender (male Wistar rat). Also curious, 

Mastropaolo et al reported that in the presence of TTX, Ang II-mediated contraction of 

the mouse colon [65] or the human sigmoid colon [103] was decreased, thus indicating 

that Ang II activates an excitatory prejunctional mechanism. Gathering the information, 

the excitatory or inhibitory nature of this prejunctional mechanism activated by Ang II 

might be species-dependent. In our experimental conditions, this prejunctional 

mechanism seems to operate along the colon of control and TNBS-induced rats. Thus, 

we might speculate that in TNBS-induced colitis in rats, this Ang II-activated prejunctional 

pathway is more active than in control rats, eventually to compensate for the loss of 

regulation by the AT2 receptors. This would justify the lower contraction to Ang II that we 

observed in TNBS-induced rats (at least in the TDC and UDC).  

The next logical step was to try to determine which mediators were involved in the 

prejunctional pathway activated by Ang II. There are several neurotransmitters already 

described in the ENS: acetylcholine (Ach) is the main one [70], but norepinephrine [70], 

serotonin [70] [174], ATP [70]  [175], Substance P [70] , GABBA [78] and NO [84] are 

also part of the ENS. We decided to start looking for a role of Ach and/or NO since ACh 
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is the principal neurotransmitter mediating the contractile response of the colon and both 

have been implicated in Ang II-mediated effects, although with conflicting results [64].  

Surprisingly, our results show that pre-incubation with atropine, a non-selective 

antagonist of muscarinic receptors, increased the contractile response to Ang II in the 

PC of control and TNBS-induced rats and in the UDC of only control rats, having no 

effect in the TDC of control or TNBS-induced rats. Interestingly, we have a pattern of 

effect of atropine for every portion of the colon studied. In the PC, muscarinic receptors 

are involved in the contractile response to Ang II in control rats and also in TNBS-induced 

rats. But, in the UDC, this mechanism is operating in control rats but is lost in TNBS-

induced rats. Further, in the TDC this muscarinic receptor-mediated mechanism seems 

not to be important neither in controls nor in TNBS-induced rats. Post-junctional M2 and 

M3 muscarinic receptors have been described in the mouse [73], rat [76] and human [77] 

colon. Even though M2 receptors are present in greater density than M3 receptors [ref], 

a study showed that M3 receptors are the only subtype of muscarinic receptors that 

mediate contractile responses in vitro [176]. Since ACh promotes colon contraction, it 

would be expected that atropine decreased the contractile response to Ang II, as 

previously reported [65]. However, that was not the case for any colonic region or 

experimental group. Although a role for M3 receptors in relaxation of the aorta [177] and 

the mesenteric arteries [178] has been described, there is no information of such effect 

in the colon. Besides, to our knowledge, it has never been described the activation of 

muscarinic receptors by Ang II. Thus, the data obtained with atropine cannot be a simple 

direct consequence of blockade of postjunctional muscarinic receptors, which further 

strengths the view of a prejunctional pathway. In line with this, Ang II acts as a 

neuromodulator of Ach release, but evidence points it as an inhibitory modulator [179]. 

Anyway, it has been suggested that Ach regulates NO production and release from 

neurons, by excitation of postganglionic nerves located in the proximal colon [75] [180]. 

In fact, M1 muscarinic receptors have been described in the cat ileum [74] and in the 

human colon [75] and seem to stimulate a NO-mediated pathway [74] [75]. 

Interestingly, our data regarding L-NAME, a non-selective inhibitor of nitric oxide 

synthase (NOS), is totally in accordance with our results with atropine. Since NO is the 

major neurotransmitter mediating relaxation in the GI tract [81] [82], inhibiting its 

synthesis with L-NAME would promote contraction, as we observed concerning the 

contractile effect to Ang II. Interestingly, regional differences were found and identified 

the mid-colon as the colonic region presenting the highest density of NOS-producing 

cells [181]. However, that definition of mid-colon does not correspond correctly to any of 



FCUP/ICBAS | 83  
      Colonic reactivity to Angiotensin II in an experimental model of inflammatory bowel disease 
 
 
the three portions of the colon used in our study. Eventually, considering the anatomical 

criteria used to define colonic regions in that study and in ours, that mid-colon might be 

side-by-side with what we called PC and UDC. This association would be quite 

interesting since the PC and the UDC were the colonic regions for which we observed 

an effect of inhibiting NO synthesis on the contraction induced by Ang II. As for PC, that 

regulatory role of NO was preserved in TNBS-induced rats, while for the UDC it was lost. 

So, we might speculate that exogenously applied Ang II activates postjunctional 

receptors (AT1 and/or AT2) but also prejunctional receptors that facilitate the release of 

ACh (an effect not yet described), which will then activate muscarinic receptors and 

induce the production and release of NO that will counteract Ang II-AT1 mediated 

contraction. Our experimental protocols do not allow us to deduce the cellular source of 

this NO neither the subtype or location of the Ang II or muscarinic receptors. But, 

according to our results with TTX, we can think about enteric neurons. Nevertheless, NO 

production and release is not restricted to enteric neurons [84] [182], but also occurs in 

glia cells [83] [84] [182], interstitial cells of Cajal [85] [86] and nitrate-reducing bacteria 

[84]. Even though we cannot yet explain the location of the muscarinic receptors that 

indirectly regulate the contraction induced by Ang II in the rat colon, it is known that Ach 

and NO coexist in enteric nerves [183] and exert neuromodulatory actions between them 

[74] [184] [185]. Excitingly, dogs with IBD have higher number of nitrergic nerve fibers 

than healthy dogs [186], although this was only studied in the descending colon but also 

duodenum and jejunum. Also, in the DSS model of colitis, NO is released from neurons 

or enteric glial though activation of nicotinic receptors, while in controls that regulation is 

mediated by muscarinic receptors [182]. Once more reporting to the study of Zizzo et al, 

they suggest a role for NO in modulating colonic contractility in the distal colon of DNBS-

treated rats [64]. In fact, NO has been associated with pathogenic situations, suggesting 

that it has a physiologic role in regulating gut homeostasis  [84]. It has been described 

that NOS inhibition results in fulminant inflammation and cancer, motility defects and 

susceptibility to infection  [84]. Moreover, in studies of experimental colitis, NO has been 

associated with colitis-induced abnormal intestinal motility [82]. 

Further studies are necessary to fully characterize the mechanism(s) involved in the 

contractile response to Ang II in the rat colon (either healthy or inflamed). We still have 

no information about the inhibitory mechanism operating in the TDC to markedly 

decrease Ang II-mediated contraction in TNBS-induced rats. It will be important to 

evaluate whether it is only the consequence of the severe structural alteration and edema 

or if there are some other pathophysiological mechanism underlying that result. Also, we 
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should evaluate the distribution and function of the muscarinic receptors responsible for 

this putative inhibitory mechanism, since in the TDC neither atropine nor L-NAME had 

any effect over Ang II-mediated contraction. To our knowledge, there is no evidence in 

the literature supporting this, and so, there is a need to further investigate regional 

differences in the expression of colonic muscarinic receptors.  
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VI. Conclusion 

In conclusion, our study allowed a categorization of the TNBS-induced model of IBD in 

rats, providing a guideline for future investigators wanting to reproduce this model. Also, 

it was possible to identify food intake and excretion of fecal pellets as easy parameters 

to anticipate the severity of disease of each animal. Nonetheless, these suggestion 

should never replace daily evaluation of rats’ clinical signs/discomfort, which is essential 

to guarantee their welfare. 

In our functional study, we could conclude that Ang II contracts the rat colon but that the 

contraction is decreased in the TNBS-induced colitis together with the colonic damage. 

This contraction is mediated by AT1 receptors, and this mechanism is preserved in 

TNBS-induced colitis. Additionally, while in controls AT2 receptors counterbalance the 

AT1-mediated contraction of the colon, they are not functional in TNBS-induced colitis. 

As so, we found that in the rat colon, exogenous Ang II activates a possibly neuronal 

prejunctional inhibitory pathway that probably includes muscarinic receptors and the 

production of NO.  
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