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Abstract 17 

The intestinal wall represents an interactive network regulated by the intestinal epithelium, 18 

extracellular matrix (ECM) and mesenchymal compartment. Under healthy physiological con-19 

ditions, the epithelium undergoes constant renewal and forms an integral and selective bar-20 

rier. Following damage, the healthy epithelium is restored via a series of signalling pathways 21 

that result in remodelling of the scaffolding tissue through finely regulated proteolysis of the 22 

ECM by proteases such as matrix metalloproteinases (MMPs). However, chronic inflammation 23 

of the gastrointestinal tract, as occurs in Inflammatory Bowel Disease (IBD), is associated with 24 

prolonged disruption of the epithelial barrier and persistent damage to the intestinal mucosa. 25 

Increased barrier permeability exhibits distinctive signatures of inflammatory, immunological 26 

and ECM components, accompanied by increased ECM proteolytic activity. This narrative re-27 

view aims to bring together the current knowledge of the interplay between gut barrier, im-28 

mune and ECM features in health and disease, discussing the role of barrier permeability as a 29 

discriminant between homeostasis and IBD. 30 

 31 

  32 
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Facts 33 

 Increased barrier permeability represents a feature of inflammatory diseases affecting 34 

the intestine, such as IBD.   35 

 Chronic unresolved inflammatory events relate to increased ECM remodelling, mainly 36 

due to matrix metalloproteinases (MMPs).  37 

 MMPs -2, -7, -9, -12 and -13 favour pro-inflammatory signalling pathways and increased 38 

barrier permeability.  39 

 Activation of T helper cells 1 (Th1), Th2, Th17 and Th9 has been observed concomi-40 

tantly to increased barrier permeability. 41 

Open questions 42 

 Can a detailed knowledge of the anti-inflammatory immune cells, cytokines and their 43 

signalling pathways be exploited to develop treatments for IBD? 44 

 Can a better understanding of the ratio between MMPs and TIMPs in different 45 

conditions improve the development of new clinical applications? 46 

 Can beneficial microbial phyla reverse ECM remodelling and/or dampen the 47 

proteolytic activity in IBD? 48 

 Can intestinal in vitro 3D models be used in IBD research to overcome physiological 49 

and ethical limitations of animal models? 50 

 51 

 52 
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Introduction 53 

The intestinal wall is a complex structure that ensures the integrity and functionality of the 54 

intestinal epithelium (Figure 1). It does so by exerting a dual function: avoiding tissue infil-55 

tration and colonization by pathogens while enabling intestinal permeability, i.e. the regu-56 

lated passage of water, nutrients, and ions across the epithelial barrier (1). Intestinal perme-57 

ability is modulated by tight interactions among epithelial cells, crypt-associated signalling 58 

pathways monitored by mesenchymal cells (MCs), and extensive crosstalk between epithe-59 

lial cells and components of the extracellular matrix (ECM) (2,3). Under physiological condi-60 

tions, occasional damage to the epithelium triggers a series of restorative signalling path-61 

ways. In this context, the tissue mesenchyme orchestrates finely-regulated proteolysis of the 62 

ECM by proteases, such as matrix metalloproteinases (MMPs), which play a major role in 63 

remodelling the scaffolding tissue and epithelial restoration (4). Intestinal inflammatory con-64 

ditions result in dysregulated crosstalk between epithelial cells and ECM, which is associated 65 

with increased proteolytic activity, as well as higher intestinal permeability (5). Inflammatory 66 

bowel disease (IBD) is a group of non-infectious, chronic, and relapsing-remitting inflamma-67 

tory conditions of the gastrointestinal tract, including Crohn’s disease (CD) and Ulcerative 68 

Colitis (UC). Although their exact aetiology remains unknown, genetic, environmental, mi-69 

crobial, and immune factors are known to play a role in disease development (6). CD and UC 70 

share similar symptoms, such as abdominal pain, fever, vomiting, diarrhoea, rectal bleeding, 71 

weight loss and anaemia (7). However, the affected tissue area and treatment regime differ 72 

between the two diseases. For example, CD is characterised by transmural and discontinu-73 

ous inflammation across the whole intestine, whereas UC involves mucosal and submucosal 74 
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inflammation mainly restricted to the colon (8) (Figure 2). Table 1 outlines the main differ-75 

ences between UC and CD in terms of histological and inflammatory signatures, focusing on 76 

the role of ECM and MMPs.   77 

In the present narrative review, we aim to summarise the current knowledge on the compart-78 

mentalisation and function of the intestinal wall, focusing the discussion on features of barrier 79 

permeability related to the immune network and the ECM environment, with a particular em-80 

phasis on MMPs.  81 

The intestinal wall: compartmentalisation and functions 82 

The intestinal epithelium  83 

The intestinal epithelium is shaped into villi, epithelial projections that increase the intestinal 84 

surface area, and epithelial invaginations known as crypts of Lieberkühn, that act as gate-85 

keepers for epithelial regeneration and homeostasis by harbouring intestinal stem cells 86 

(ISCs) (9,10). This morphological architecture determines the absorptive and secretory func-87 

tions of the intestinal epithelium, whereas intestinal barrier selectivity is controlled by trans-88 

cellular and paracellular movements across the epithelial layer. Transcellular movements are 89 

determined by size- and charge-selective channels and transporters; paracellular move-90 

ments exploit the physical spaces between adjacent enterocytes and are regulated by inter-91 

cellular junctions, including tight junctions (TJs), adherens junctions and desmosomes 92 

(11,12) (Figure 3). Intestinal epithelial cells (IECs) are arranged to form a biological barrier 93 

and are the first line of defence of the intestinal wall. Most of the intestinal epithelium is 94 

made of absorptive enterocytes within the villi, interspersed with enteroendocrine cells 95 

which are responsible for releasing hormones; goblet cells, which secrete a protective hy-96 

drogel layer, the mucus, and its related proteins, mucins; and tuft cells, involved in adaptive 97 
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immunity. Other types of epithelial cells localized within the intestinal crypts are the Lgr5+ 98 

ISCs, which ensure epithelial repair and self-renewal; Paneth cells, interspersed among ISCs, 99 

which contribute to ISCs turnover and secrete antimicrobial peptides; +4 position cells, rela-100 

tively quiescent stem cells with protective roles towards Lgr5+ ISCs damage; and transit-am-101 

plifying (TA) cells that inhabit the upper half of the crypt and are progenitor cell types com-102 

mitted to differentiating into specialised cells of the villi (12–16) (Figure 1, A).  103 

The Extracellular Matrix  104 

The ECM is a dynamic network of proteins, growth factors and degrading enzymes that play 105 

a pivotal role in supporting and protecting the tissue integrity and epithelial layer. ECM com-106 

ponents are mainly secreted by the mesenchymal cells with contributions from epithelial, 107 

endothelial and immune cells (17,18). ECM proteins can be classified as fibrous and non-108 

fibrous. Fibrous proteins include type I-X and XIV collagens; and glycoproteins, such as lam-109 

inins, elastins, fibronectin, nidogens and tenascin. Non-fibrous proteins comprise proteogly-110 

cans, such as heparan sulfate proteoglycans (HSPGs) (e.g. perlecan, syndecans); keratan sul-111 

fate; chondroitin/dermatan sulfate (e.g. decorin, biglycan); and glycosaminoglycans, such as 112 

hyaluronan (19,20). While fibrous proteins work as solid pillars to support the intestinal ar-113 

chitecture, non-fibrous proteins allow cell-cell interactions, facilitated by the interplay be-114 

tween their core proteins and cellular surface receptors, such as integrins and growth factor 115 

receptors (21). Specifically, collagens contribute to epithelial tensile strength and elasticity; 116 

glycoproteins and proteoglycans are responsible for epithelial-ECM and epithelial-mesen-117 

chymal crosstalk, cell proliferation, adhesion, migration, differentiation and survival; and gly-118 

cosaminoglycans maintain ECM assembly and hydration (5) (Error! Reference source not 119 

found.Figure 1, C).  120 
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ECM turnover 121 

The continuous process of ECM turnover is crucial for maintaining tissue homeostasis and 122 

regulating mechanical changes, such as shear and stretch, along the intestinal wall (22). The 123 

turnover of ECM proteins is enzymatically regulated by ECM proteases, degrading enzymes 124 

belonging to the metzincin family, including matrix metalloproteinases (MMPs), 𝛼-disinteg-125 

rin and metalloproteinases (ADAMs) and 𝛼-disintegrin and metalloproteinases with throm-126 

bospondin motifs (ADAMTSs) (23). Among them, the most relevant are MMPs, a family of 127 

23 zinc-dependent endopeptidases consisting of a propeptide, a catalytic metalloproteinase 128 

region, and a hinge and hemopexin domain (24). MMPs include collagenases (MMP-1, -8, -129 

13, -18), gelatinases (MMP-2, -9), stromelysins (MMP-3, -10, -11), matrilysins (MMP-7, -26), 130 

membrane-type enzymes (MT1-6-MMP), and macrophage elastase (MMP-12) (25,26).  131 

Regulation of the activity of MMPs  132 

Activation of MMPs is regulated by (i) the processing of their inactive precursors, known as 133 

pro-MMPs; (ii) their specific location; and (iii) their inhibition by endogenous or exogenous 134 

MMPs inhibitors. Pro-MMPs retain a cysteine in the pro-peptide domain linked to an atom 135 

of Zn+ in the catalytic domain. The cysteine-Zn+ complex has been established as a latency 136 

mechanism that maintains the enzymes in an inactive state. However, cross-activation 137 

within MMPs and other proteases can remove the binding between the cysteine and the 138 

Zn+, resulting in a “cysteine switch” and subsequent MMP activation (27,28). Once activated, 139 

the activity of MMPs is largely controlled by tissue inhibitors of metalloproteinases (TIMPs). 140 

Mammalian TIMPs are classified into TIMP-1 to -4 (23,29,30). While TIMP-2 is ubiquitously 141 

expressed throughout the body, TIMP-1, -3, and -4 expression is inducible in specific tissues 142 

(31). Overall, TIMPs can bind the majority of the MMPs with a limited selectivity (32). TIMP-143 
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1 preferentially regulates MMP-1, -2, and -9, while TIMP-2 controls MMP-2 and some mem-144 

bers of the MT-MMPs (24).  145 

Roles of MMPs in ECM remodelling 146 

The regular interaction between ECM proteins, proteases, and protease inhibitors contrib-147 

utes to defining the protease:antiprotease ratio, which determines the rate of ECM remod-148 

elling (23,29,30). 149 

The role of MMPs in tissue homeostasis is exemplified by mouse embryonic fibroblasts from 150 

Mmp2 null mice. Forced expression of the human MMP-2 gene in these cells was able to 151 

activate the transforming growth factor beta (TGF-β) and the connective tissue growth fac-152 

tors (CTGF) by releasing them from their latency complexes (25). Indeed, CTGF remains in an 153 

inactive state by forming a complex with vascular endothelial growth factor (VEGF). How-154 

ever, cleavage of this inhibitory complex by MMP-2 results in the release of CTGF and ECM 155 

deposition (33).  Moreover, studies on human cell lines highlighted how ECM remodelling 156 

driven by MMPs also influences the fate of MCs, allowing differentiation into adipogenic, 157 

chondrogenic, osteogenic, and endothelial lineages. This is supported by several studies that 158 

highlighted how increased expression of ECM fibres, often remodelled by MMPs (e.g. MMP-159 

2, MMP-9, and MMP-13), allowed active differentiation (reviewed in (26)).  160 

The mesenchymal compartment  161 

Additional monitoring of the functionality of epithelial cells and ECM is provided by MCs, an 162 

umbrella term including smooth muscle cells, pericytes, interstitial cells of Cajal and submu-163 

cosal fibroblasts, which regulate gut motility, vascular and lymphatic support, and lymphan-164 
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giogenesis (34). Fibroblasts and myofibroblasts are integral to intestinal structure and func-165 

tion and are involved in controlling intestinal morphology and architecture, tissue compart-166 

mentalization, cell interactions, wound healing, and immune cell turnover (35). To allow ep-167 

ithelial renewal and ISCs turnover, MCs, as well as epithelial cells, produce Wnt, Notch and 168 

Hedgehog ligands, epidermal growth factor (EGF), inhibitors of the bone morphogenic path-169 

ways (BMP) and prostaglandin E2 (PGE2) (36,37). By contributing to balancing these signal-170 

ling pathways, MCs allow the differentiation of ISCs into transit-amplifying (TA) cells first and 171 

absorptive and secretory epithelial lineages later. This ensures epithelial renewal every 3-5 172 

days under physiological conditions and favours tissue repair following injury (36–38) (Figure 173 

1, B). Single-cell RNA sequencing (scRNA-seq) of human colonic biopsies identified distinct 174 

clusters of fibroblasts involved in crypt architecture by expressing genes essential for stem 175 

cell functionality (39,40). Additional scRNA-seq studies confirmed the regenerative features 176 

of MCs in healthy tissues and observed their potential to promote inflammatory markers 177 

release, immune migration and response to bacterial stimuli in newly diagnosed UC patients 178 

(41).  179 

Investigating barrier permeability: from balance to IBD 180 

The integrity of the intestinal epithelium represents a pivotal factor that discriminates be-181 

tween homeostatic and pro-inflammatory conditions. Barrier permeability and IBD are 182 

tightly associated; however, whether the leakiness of the barrier is the cause or conse-183 

quence of the wider mucosal damage is not yet completely understood. For example, asymp-184 

tomatic IBD patients as well as their healthy first-degree relatives exhibit increased gut per-185 

meability - followed by the later onset of CD for the second group - suggesting that early 186 

barrier leakiness might be a trigger for disease development (42,43). 187 
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While a limited number of apical brush transporters, expressed on the apical membrane of 188 

intestinal epithelial cells, facilitate transcellular movement through the epithelium, the pri-189 

mary factor influencing barrier permeability is the paracellular movement between adjacent 190 

cells (44,45). The paracellular transport is governed by the apical junction complexes previ-191 

ously shown in Error! Reference source not found.. Under physiological conditions, these 192 

complexes permit the passage of molecules through the ‘pore’ and the ‘leak’ pathways, which 193 

differ in the capacity and the size of the crossing molecules. The pore pathway has a high 194 

capacity for low-molecular weight molecules, while the leak pathway allows the passage of 195 

higher-molecular weight molecules at a lower capacity (46). Distinct mechanisms govern the 196 

two pathways. In the pore pathway, claudins regulate the passage of molecules; in the leak 197 

pathway, the movement is also governed by cytoskeletal forces, in addition to the interactions 198 

between transmembrane proteins (e.g., claudins, occludins, JAMs). Although there is some 199 

controversy about the leak pathway, with several studies suggesting that it is a mere conse-200 

quence of transient injury to the epithelium, its existence is somehow supported by the fact 201 

that no cellular death or evident damage has been thus far associated with certainty to the 202 

pathway (reviewed in (47)). Nonetheless, in case of persistent damage to the epithelium, the 203 

regulation of the barrier permeability is compromised, and a continuous flux of molecules 204 

moves across the barrier, exposing the intestinal mucosa to a higher amount of pro-inflam-205 

matory antigenic stimuli. This type of uncontrolled transport, known as the ’unrestricted path-206 

way’, contributes to establishing barrier leakiness as a pathophysiological hallmark of intesti-207 

nal diseases, such as IBD (48).  208 

The gut immune microenvironment: from homeostasis to IBD 209 
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The epithelial barrier functions as a bridge between luminal antigens and the inner gut-asso-210 

ciated lymphoid tissue (GALT), the largest lymphoid organ in the body (49). Several pathways 211 

enable the intestinal epithelium to present luminal antigens to the immune system: entero-212 

cyte-dependant transport of small molecules, vesicle-mediated uptake by goblet cells, den-213 

dritic internalisation by macrophages and enteroendocrine recognition (44). An important 214 

role is exerted by microfold (M) cells interspersed among the IECs. M cells serve as priming 215 

centres for immune responses by promoting antigen sampling to the underlying immune en-216 

vironment through dendritic cells and macrophages (50). Following interaction with neigh-217 

bouring Peyer’s patches (PP) and isolated lymphoid follicles, antigens are screened by mes-218 

enteric lymph nodes (MLN), the final checkpoint that discriminates between suppressive or 219 

stimulatory immune responses (49).  220 

A determinant of the GALT’s tolerogenic vs inflammatory response is represented by the na-221 

ture and the amount of crossing antigens, which depend on the mechanisms of epithelial 222 

transport and the status of the barrier. When pore and leak pathways function regularly, the 223 

mucosal immune response is shifted towards homeostatic balance and suppressive functions. 224 

If transient damage to the epithelium occurs, inflammation is triggered and resolved; how-225 

ever, if the damage persists, the unrestricted pathway takes place and initiates chronic in-226 

flammation (Figure 4). 227 

In health (Figure 4, left panel), a significant role is played by the STAT family of transcription 228 

factors, usually activated in epithelial and immune cells through phosphorylation by Janus 229 

Protein Tyrosine Kinase (JAK) following cytokine stimulation (48). In innate lymphoid cells 230 

(ILCs), interferon-gamma (IFN-γ) activates STAT1 and STAT2 with consequent transcription of 231 

interferon-stimulated genes (ISGs) (51). Among them, guanylate binding protein-1 (GBP-1) 232 

prevents epithelial apoptosis and regulates TJ integrity (52). Other interleukins (ILs), such as 233 
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IL-1β, IL-6, IL-22 and IL-23, activate STAT3 signalling in ILCs, resulting in the production of mu-234 

cus and antimicrobial peptides (53). Following triggering by commensal bacteria and/or me-235 

tabolites produced by the gut microbiota, mononuclear phagocytes (MNPs, mostly mono-236 

cytes, macrophages and dendritic cells) react to promote oral tolerance, the mechanism of 237 

local and systemic immune system unresponsiveness to orally-introduced antigens (54). A 238 

well-known mechanism of tolerance is determined by MNPs migration from the lamina pro-239 

pria, where they reside, into MLNs. Here, these cells produce IL-10 and TGF-β to promote 240 

differentiation of T regulatory (Treg) cells, such as CD4+, Tr1+ and Foxp3+, and consequent 241 

inhibition of T effector (Teff) cells, thus maintaining homeostasis (18,55). Higher levels of IL-10 242 

and TGF-β, as well as dendritic-derived B-cell activating factor (BAFF) and proliferation-induc-243 

ing ligand (APRIL), also promote B regulatory (Breg) cells differentiation into IgA-producing 244 

plasma cells (56). The consequent release of anti-inflammatory mediators, such as IL-10, IL-245 

35 and TGF- β, supports immune suppression and grants intestinal homeostasis (18,57,58).  246 

On the other hand, transient epithelial barrier damage is associated with the translocation of 247 

commensal and pathogenic microbes, resulting in abnormal infiltration of immune cells and 248 

increased cytokine release (59–61). Pathogen-associated molecular patterns (PAMPs) found 249 

on the surface of microorganisms are recognized by resident innate immune cells through 250 

surface pattern recognition receptors (PRRs), including toll-like receptors (TLRs) and NOD-like 251 

receptors (NLRs) (62). As a result, chemokines and cytokines are released, promoting neutro-252 

phil recruitment and phagocytosis of invading pathogens (36,63). Moreover, apoptotic and 253 

necrotic epithelial cells release debris, establishing the damaged-associated molecular pat-254 

terns (DAMPs), which constitute an additional layer of pro-inflammatory signalling, known as 255 

“sterile” inflammation (64) (Figure 4, middle panel). Additionally, tumour necrosis factor-al-256 
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pha (TNF-α)-mediated activation of NF-kB and the MAPK pathways stimulate cytokines pro-257 

duction and adaptive T cells maturation into T helper (Th)-1 (Th1), Th2 and Th17 (53,60,65). 258 

The same lineages can also differentiate through IL-4, IL-6, IL-10, IL-12 and TGF-β released by 259 

dendritic cells (56). The mechanisms that permit the resolution of such transient inflammation 260 

episodes are still unclear. Animal models of transient colitis have shown that trans-differenti-261 

ation of Th17 into Treg lineages underpins the resolution of gut inflammation (66). However, 262 

these findings have not yet been validated in humans, where the established resolutive path-263 

ways likely rely on the interplay between neutrophil apoptosis, anti-inflammatory cytokines 264 

produced by Treg cells (e.g. IL-10 and TGF-β) and macrophage efferocytosis (67,68).  265 

Chronic inflammation, as occurs in IBD, has a complex aetiology and engages a wide reper-266 

toire of immune responses, including Th1, Th2 and Th17 (53). Unsurprisingly, a profound al-267 

teration in the intestinal cytokine repertoire is key to IBD establishment. In case of persistent 268 

damage, prolonged activation of neutrophils and macrophages leads to oxidative damage and 269 

the release of inflammatory mediators. The higher release of chemokines together with the 270 

increased expression of chemokine receptors (e.g. CCR7) promotes chemokine signalling, re-271 

sulting in the migration and retention of dendritic cells into inflamed regions (69) (Figure 4, 272 

right panel). Up-regulation of TNF-α, IL-1β, IL-6, IL-18, IL-23 and IFN-γ in MNPs, mesenchymal 273 

and epithelial cells is sustained by NF-kB, JAK/STAT, c-Jun N-terminal kinase (JNK) and p38 274 

kinase signalling pathways (70). In addition, the JNK pathway and the Fas/FasL complex con-275 

tribute to increased apoptotic events, perniciously prolonging the damage to the intestinal 276 

mucosa (70). Several cytokines, namely IL-12, IL-18, IL-21 and IL-27, were upregulated in tis-277 

sue specimens from UC and CD patients, independent of inflammation, as non-inflamed tissue 278 

from those patients showed a similar increase in cytokine expression compared to healthy 279 

controls (71). Moreover, the cytokine signatures have potential as biomarkers to differentiate 280 
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the two types of IBD as CD primarily expresses Th1- and Th17-associated cytokines (IL-17, IL-281 

23, IL-32), whereas UC is an atypical Th2-with low IL-4 and high IL-5, IL-13, IL-15, IL-33 (71). In 282 

addition, higher expression of IL-9-producing cells, found in UC colon tissues and models of 283 

mice-induced colitis, established a novel Th9 phenotype, highlighting the need for further 284 

studies to define the complex immune network involved in IBD (72). For a comprehensive 285 

review of the role of inflammatory mediators, including immune cells, gut microbiota, mi-286 

croRNA, inflammasome and DAMPs, the reader is referred to (69). 287 

 288 

ECM proteins and MMPs in disease  289 

Following damage to the intestinal epithelium, ECM components contribute to regulating 290 

the inflammatory response and repairing the wounded area by sensing the damage and pro-291 

moting immune cell infiltration (Table 2). Chemokines drive neutrophil transmigration into 292 

the wounded area by activating integrins, adhesion receptors on the cell surface of neutro-293 

phils (73,74). As outlined in the previous section, prolonged exposure to the intestinal cyto-294 

kines in response to unresolved barrier damage stimulates neutrophils, causing them to un-295 

dergo degranulation and release ECM degrading enzymes, such as Cathepsin G, neutrophil 296 

elastase (NE) and MMPs, especially collagenases and gelatinases (75). The release of MMPs 297 

from neutrophils initiates ECM degradation, facilitating cell migration and releasing small 298 

ECM fragments that stimulate immune recruitment and tissue remodelling in a positive feed-299 

back loop (76). ECM proteins, such as versican, fibronectin, HSPGs and hyaluronan, deposit 300 

individually or in complexes with fibrin, platelets, coagulation factors and microfibrils, form-301 

ing a provisional matrix that recruits immune mediators and facilitates wound healing 302 

(77,78). The crosstalk between ECM components, inflammatory markers and TGF-β also 303 

stimulates the differentiation of MCs (79,80). Fibroblasts, defined as vimentin-positive and 304 
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α-smooth muscle actin (α-SMA) negative cells, differentiate into myofibroblasts, α-SMA, 305 

smooth muscle myosin (SMM) and vimentin-positive, but desmin-negative cells. Upon dif-306 

ferentiation, myofibroblasts acquire contractile and migratory properties (81). Moreover, 307 

they secrete and activate MMPs to degrade the provisional ECM and release de-novo ECM 308 

components (82). The concomitant activation of crypt-associated signalling pathways mobi-309 

lizes neighbouring epithelial cells to temporarily restore the barrier, and, in the long term, 310 

allows the proliferation and differentiation of the ISCs to restore the damaged epithelium 311 

(37,38,83). 312 

Several studies have confirmed that alterations of the epithelial-mesenchymal-ECM inter-313 

play underpin the increase in intestinal permeability, with a significant association with im-314 

balanced ECM proteolytic activity (84). Following increased MMP expression, ECM homeo-315 

stasis is impaired and can result in excessive deposition of ECM, increased fragmentation, 316 

and irregular distribution towards tissue margins (85). Therefore, wound healing fails, lead-317 

ing to sustained inflammation and fibrosis (86). In IBD, increased activity of MMPs has been 318 

observed in patients and both in in vitro and in vivo models of the disease (87). In IBD pa-319 

tients, higher levels of several MMPs have been observed (88,89). Imbalances in MMPs have 320 

been observed with colitis-associated colorectal cancer, which affects around 2% of individ-321 

uals facing IBD (90). High levels of MMPs relate to increased cellular extravasation, angio-322 

genesis, immune evasion, and apoptotic resistance via degradation of ECM, blood vessels, 323 

cytokines, and apoptotic factors, which result in tumour survival and metastasis (reviewed 324 

by (91)). The contribution of MMPs to disease pathophysiology has been demonstrated in 325 

animal models. For example, mice deficient in MMPs are resistant to dextran sulfate sodium 326 

(DSS)  and 2,4,6-trinitrobenzene sulfonic acid (TNBS) induced colitis (88,89,92).  327 
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MMP-2 and MMP-9 328 

The activity of MMP-2 and MMP-9 has been reported to cause higher ECM fragmentation 329 

and to reduce tissue re-epithelialization (93). MMP-9, along with MMP-8, fragments collagen 330 

to form proline-glycine-proline (PGP) peptides, whose structural similarity to IL-8 promotes 331 

the CXCL8-CXCR1/2 inflammatory pathway, facilitating chemotaxis (7,19,74). In addition, 332 

PGP peptides can also act as inducers of MMP-9 expression and further promote neutrophil 333 

migration and differentiation, as proved in DSS-colitis models (94,95). Enhanced expression 334 

of MMP-9 has been implicated in the formation of complexes with neutrophil gelatinase-335 

associated lipocalin (NGAL), an ECM component released from neutrophil granules (96). 336 

NGAL/MMP-9 complexes have been found to increase in the serum of CD and UC patients 337 

(97,98). It has been hypothesised that this complex protects MMP-9 from degradation, re-338 

sulting in enhanced proteolytic activity (99,100). MMP-9 has also been associated with TIMP-339 

3. TIMP-3-KO mice display increased MMP-9 and ADAMs α-secretase activity, leading to ac-340 

tivation of the TNF-α converting enzyme (TACE), which augments the production of circulat-341 

ing TNF-α and prolongs the inflammatory features of IBD (29).  342 

Increased activation of MMPs is linked to epithelial barrier leakiness, as observed in UC pa-343 

tients, where higher levels of MMP-9 and MMP-2 were associated with lower lactulose to 344 

mannitol ratio in urine, an indicator of higher barrier permeability (101) (Figure 5). Recently, 345 

Al-Sadi et al. have explained a different mechanism of increased barrier permeability, where 346 

MMP-9 is implicated in the activation of myosin light chain kinase (MLCK), an enzyme re-347 

sponsible for the phosphorylation of myosin light chain (MLC), a regulator of perijunctional 348 

actinomyosin contractility.  In their study, MMP-9 has been found to increase MLCK expres-349 

sion in a p38-dependent fashion (87). The association between MMP-9, p38 kinase and 350 
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MCLK is likely mediated by the pro-inflammatory transcription factor NF-kB, as silencing of 351 

the p38 kinase prevented MMP-9 from activating NF-kB p65 and increasing MLCK expression 352 

(92). In addition, MMP-9 may affect the mucus layer surrounding the intestinal epithelium, 353 

where MUC2 is the most relevant component and acts as a marker of mucosal robustness. 354 

MMP-9-deficient mice display higher production of MUC2 at the mRNA and protein levels, 355 

which correlates with increased differentiation of intestinal cells towards the secretory line-356 

ages. On the other hand, in the goblet cell line HT29-cl.16E, MMP-9 overexpression de-357 

creased MUC2 and altered mucins, suggesting a pivotal role for this protease in regulating 358 

goblet cells’ activity (102).  359 

MMP-7 360 

Increased MMP-7 expression has also been linked to barrier dysfunction. In particular, Xiao 361 

et al. demonstrated that increased expression of MMP-7 was inversely related to claudin-7 362 

expression in murine models and IBD patient tissues. In this study, treatment of colonic ep-363 

ithelial cell lines with MMP-7 resulted in the cleavage of Claudin-7 and increased barrier 364 

permeability in vitro. Moreover, MMP-7 knockdown ameliorated inflammatory markers in-365 

cluding IL-6, IL-1β and TNF-α in DSS mice and Muc2 expression. Despite unaltered Cldn7 366 

mRNA expression, MMP-7 KO animals displayed significantly higher levels of claudin-7, con-367 

firming that MMP-7 fragments Claudin-7 post-translationally (103).  368 

MMP-12 and MMP-13 369 

Studies focusing on the macrophage-secreted MMP-12 found that knockout mice presented 370 

reduced susceptibility to acute and chronic DSS-induced colitis. Lack of MMP-12 also led to 371 
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reduced laminin fragmentation at the basement membrane level, lower occludin and clau-372 

din expression, and MLC phosphorylation by MLCK. Additionally, MMP-12 induced macro-373 

phage migration in a Caco-2 and U937 macrophages in vitro co-culture model (104).  374 

MMP-13 has also been observed in IBD patients, where the protease was increased in the 375 

inflamed tissue compared to non-inflamed areas (105). Recent findings showed how MMP-376 

13, activated by TNF-α release, disrupts TJs and reduces MUC2 expression. This finding was 377 

supported by evidence from MMP-13 Knockout mice challenged with DSS, where neither 378 

junctional nor mucosal damage was observed (106).  379 

Other intestinal proteases implicated in IBD 380 

In addition to metalloproteinases, a wide range of intestinal proteases, such as serine- (Neu-381 

trophil elastases (NE), tryptases, cathepsin G), cysteine- (Caspases), and luminal- (bacterial-382 

derived) proteases, contribute to increased proteolytic activity and consequent barrier leaki-383 

ness (12). In UC patients, higher NE elastolytic activity has been reported, consistent with 384 

what observed in DSS and TNBS mice models (6,107,108). Exogenous administration of elafin, 385 

an elastase inhibitor produced by epithelial cells, ameliorated disease progression by decreas-386 

ing NE expression, pro-inflammatory cytokines and ZO-1 disruption, and reducing mucosal 387 

damage in mice (108). Motta et al. have also investigated an IBD detrimental elastolytic activ-388 

ity linked to epithelial elastase 2A (ELA2A). In vitro studies conducted on HT-29 and Caco-2 389 

cell lines highlighted the role of ELA2A in increasing epithelial permeability, which was found 390 

to be prevented by elafin administration (6). Among the serine proteases, trypsin and cathep-391 

sin G have been linked to increased activation of protease-activated receptors (PARs) 392 

(109,110). An inverse ratio was observed between increased PAR-1 and PAR-2 and decreased 393 

ZO-1, suggesting that active degrading properties and increased paracellular permeability are 394 
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mediated by these enzymes (111,112). Studies conducted on specimens from UC and CD pa-395 

tients highlighted the relevance of bacterial-derived proteases in degrading the ECM. In both 396 

UC and CD, 25% of the samples showed a significant increase in C. perfringens, whose MMPs 397 

drove the degradation of collagen type IV and led to increased intestinal permeability (113). 398 

These findings suggest that a large variety of degrading enzymes are involved in controlling 399 

ECM proteolytic activity and barrier integrity and that a deeper investigation of their functions 400 

is warranted to further our understanding of IBD pathophysiology. 401 

Discussion 402 

The interplay between epithelial cells, the underlying stromal compartment and the ECM 403 

forms a dynamic network pivotal to protecting, repairing, and renewing the intestinal mu-404 

cosa. This sophisticated interaction prevents the infiltration of damaging pathogens, allows 405 

the passage of nutrients and other harmless substances, and maintains a core balance be-406 

tween immune cells and inflammatory mediators. In this context, matrix metalloproteinases 407 

appear to be a converging element of communication, key to protecting intestinal homeo-408 

stasis. The proteolytic activity of MMPs has been observed in several physiological processes 409 

regulating the genesis, repair and remodelling of blood vessels and tissues. However, under 410 

pathological conditions, dysregulated MMP expression and activity enhance tissue degrada-411 

tion. 412 

In IBD, MMP-2, -7, -9, -12 and -13 have been implicated in ECM protein fragmentation, altered 413 

barrier contractility, degraded tight junctions, and compromised mucus layer, leading to 414 

higher intestinal permeability. These pathological features have been observed in both in vitro 415 

and in vivo studies, as well as in patient samples. Specific alterations in MMPs and immune 416 

factors distinguish IBD from other intestinal pathologies and can also be used to differentiate 417 
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Crohn’s disease from Ulcerative Colitis (Table 1) (8). Higher MMP-9 serum levels have been 418 

related to Crohn’s disease relapses (114), while elevated plasma levels of MMP-2, -9 and -13 419 

have been addressed as potential biomarkers of colorectal cancer (115–117). Research find-420 

ings have shown that Crohn’s disease is characterised by Th1 and Th17 inflammation, whereas 421 

Ulcerative Colitis is characterised by an atypical Th2 response (71). Sparano et al. showed that 422 

only MMP-11 is currently used as part of a prognostic test (OncotypeDX) for breast cancer 423 

(118). However, in the context of IBD and colorectal cancer MMPs’ biomarker studies have 424 

not yet provided a useful tool for diagnostic or therapeutic purposes. This highlights the com-425 

plexity of IBD and the need to dissect the crosstalk between MMPs, the immune environment 426 

and barrier integrity (119). Since the enhanced activity of MMPs has been well documented 427 

in IBD patients, several attempts have been made to inhibit MMPs, but have demonstrated 428 

low efficacy (96,120). In the context of transient inflammation, inhibition of MMP activation 429 

is mediated by TIMPs. However, in UC and CD, increased levels of MMPs can occur even in 430 

cases with concomitant higher expression of TIMPs (e.g., in fibrotic disease), suggesting that 431 

MMPs’ increased levels cannot be counteracted by TIMPs’ activity (121). Guedez et al. have 432 

demonstrated the potential of TIMP-2 to inhibit tumour proliferation in lung cancer models. 433 

TIMP-2 deficiency favoured the recruitment of cancer myeloid-derived suppressor cells 434 

(MDSC) by promoting angiogenesis-associated tumour growth and immunosuppressive cyto-435 

kines and chemokines (122). In this context, further studies should aim at investigating 436 

changes in the ratio between MMPs and TIMPs in different clinical conditions. Pharmacolog-437 

ical inhibitors of MMPs have been employed in numerous in vitro and in vivo studies that 438 

aimed at treating IBD (123). Batimastat and marimastat were designed to mimic collagen, 439 

bind MMPs and avoid degradation of ECM proteins (91). After reaching clinical trials phase I 440 

and II/III, respectively, they showed significant musculoskeletal syndrome, therefore, further 441 
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investigations were ceased (124,125). The reasons why MMPs inhibitors have not delivered 442 

promising results include the unclear understanding of MMPs pharmacokinetics and pharma-443 

codynamics (126). In addition, current drug discovery studies lack proper biochemical target-444 

ing. For example, MMPs inhibitors addressing cancer metastasis have broad-spectrum prote-445 

olytic activity and act at disease stages where MMPs are poorly involved leading to uncon-446 

trolled proteolysis and unsuccessful outcomes (91). 447 

The effect of other proteases on barrier function has also been investigated. For example, 448 

inhibition of neutrophil elastases and serine proteases, which target the epithelium and its 449 

underlying support structure, has demonstrated a restorative effect on barrier permeability 450 

and intestinal inflammation (108). It would be interesting to investigate whether this protec-451 

tive mechanism is a result of changes in ECM remodelling.  452 

Future perspective 453 

To date, impaired barrier permeability has been highlighted as the initiating factor for path-454 

ogenic infiltration into the intestinal mucosa and subsequent chronic inflammation due to 455 

exposure to PAMPs. However, the unbalance between pro- and anti-inflammatory pathways 456 

also contributes to the failed resolution of acute inflammation, and its consequent chronic 457 

inflammation (64). Therefore, investigating anti-inflammatory immune cells, cytokines and 458 

their signalling pathways represents an alternative approach to developing treatments to-459 

wards IBD. Recent studies have also targeted pathogenic bacterial-derived proteases, whose 460 

increased expression enhances ECM proteolysis, worsening IBD inflammation and patho-461 

physiology (113). In this context, it is natural to wonder if there is a crosstalk between MMPs 462 

and bacterial-derived proteases, and whether they might have an additive effect during IBD. 463 

Additionally, it would be interesting to investigate microbial phyla known to be beneficial, 464 
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to understand whether they might reverse ECM remodelling and/or influence the increased 465 

proteolytic activity observed in IBD.  466 

An additional confounding factor that limits research advancement is the model systems 467 

currently used in IBD research. The animal and cell-based models used for such studies do 468 

not allow a consistent and reliable recapitulation of the human disease. These current limi-469 

tations outline the need for targeted studies that take a reductionist approach and allow 470 

better control of experimental variables. Achieving these outcomes offers an opportunity for 471 

future studies, especially in the context of developing novel in vitro models recapitulating 472 

the intestinal mucosa under healthy and diseased conditions. This could reduce the use of 473 

animal models in IBD research, which have physiological and ethical limitations. In this con-474 

text, 3D models can represent a flexible tool to dissect the complexity of the intestinal epi-475 

thelium in a controlled environment. This might be achieved by the subsequential addition 476 

of single variables (e.g., microbiome components and environmental inflammatory triggers) 477 

followed by the investigation of their individual effects. In addition, 3D models could be gen-478 

erated by the co-culture of cells derived from patient tissues, paving the way to precision 479 

medicine studies (127).  480 

  481 
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Figure Legends 866 

 867 
Figure 1. Schematic of the intestinal wall architecture under physiological conditions (not 868 

to scale). 869 

(A) The epithelial barrier represents the first line of mechanical separation between the lumen 870 

and the intestinal mucosa. A polarized layer of epithelial cells lies on the complex mix of mol-871 

ecules of the ECM, which gives biophysical support and contributes to molecular signalling. 872 

The epithelial and ECM compartments maintain a fine balance by interacting with the mes-873 

enchyme, which contributes to tissue remodelling and repair, and adaptation to bacterial 874 

stimuli. (B) The interplay between ISCs and the mesenchymal compartment defines the envi-875 

ronment of the crypt niche. Paneth cells and MCs maintain a fine balance between promoting 876 

Wnt/β-catenin and inhibiting BMP pathways, allowing constant epithelial renewal. Once ISCs 877 

differentiate into TA cells, asymmetric activation of the Notch signalling pathways is required 878 

for cell differentiation into absorptive or secretory lineages. When newly differentiated cells 879 

are generated, Hedgehog signalling is activated, promoting BMP pathways, thus stopping fur-880 

ther differentiation of epithelial cells (36). (C) The ECM is a scaffolding structure of the intes-881 

tinal wall characterized by a pericellular matrix (PM) and an interstitial matrix (IM). PM is 882 

composed of fibrous proteins linked by crosslinking enzymes, such as lysyl oxidases (LOX), 883 

whose role is to surround and support cells. A type of pericellular matrix specific to epithelial 884 

and endothelial cells is the basement membrane, mainly characterized by laminins, collagen 885 

IV, perlecan and nidogen. IM is made of fibrous proteins rich in glycosaminoglycan elements 886 

and non-fibrous proteins, whose distribution within cells allows them to crosstalk and interact 887 

(21). Created with BioRender.com  888 
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Figure 2. Structural features of the intestinal wall layers. 889 

The intestine has a highly specialised surface known as the intestinal wall whose dual function 890 

is to avoid tissue infiltration and colonization by pathogens, while allowing the absorption of 891 

nutrients (small intestine), water (large intestine) and ions (both small and large intestine). 892 

The intestinal wall is a complex structure comprising four tissue layers: the mucosa directly in 893 

contact with the lumen, followed by submucosa, muscularis propria and serosa (128). This 894 

compartmentalization reflects the different distribution of connective, neural and vascular 895 

components. Whilst serosa and muscularis propria are mainly characterized by neural fibres, 896 

connective tissue and smooth muscle cells; submucosa and mucosa host, but are not limited 897 

to, lymphatic vessels, connective tissue and epithelial cells (129). Created with Adobe Illustra-898 

tor. 899 

 900 

Figure 3. Junctional network involved in intestinal paracellular transport. 901 

TJs are classified into transmembrane and cytoplasmatic proteins. Transmembrane proteins 902 

include TAMP (TJ- associated MARVEL proteins), such as occludins, tricellulin and marvelD3, 903 

and claudins, that monitor the movement across the barrier establishing its semipermeable 904 

properties; Junctional Adhesion Molecules (JAMs), that sustain the TJs actively involved in 905 

paracellular pathways; and angulins, that act as regulators. Cytoplasmatic proteins include 906 

the Zonula Occludens (ZO) family protein, which anchors transmembrane proteins to cyto-907 

skeletal components (47). A similar role is dictated by desmosomes and adherens junctions - 908 

belonging to the Cadherins family - that provide interaction sites and mechanical strength. In 909 

addition, gap junctions allow cell communication by releasing proteins, such as Connexin. A 910 

comprehensive description of TJs and their relation to inflammatory signalling pathways has 911 

been previously reviewed by (130). Created with BioRender.com 912 
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Figure 4. The immune environment of the intestinal wall from balance to disease. 913 

The structural status of the intestinal barrier affects the tendency of immune cells to release 914 

cytokines (represented in blue) that stimulate transcription factors (pink boxes) and signalling 915 

pathways, causing the activation of inflammatory stimuli and cellular components (purple 916 

boxes). These are not just a mere consequence but could also represent a trigger of the in-917 

flammatory cascade hereby represented, which depicts the difficulty of untangling this pro-918 

cess. When the intestinal barrier is healthy and selectively permeable, tolerant signalling 919 

takes place. Transient and persistent gaps in the barrier promote either resolutive or detri-920 

mental inflammation. Created with BioRender.com 921 

Figure 5. Lactulose to mannitol ratio.  922 

The lactulose to mannitol ratio (LMR) is an indicator of barrier integrity. Lactulose is a slightly 923 

absorbed disaccharide that undergoes elimination, while mannitol is a polyol highly absorbed 924 

in the intestinal mucosa. Higher levels of LMR suggest the presence of a functional and integer 925 

intestinal barrier, however, when this ratio is lower, barrier disruption is expected (131). Cre-926 

ated with BioRender.com 927 

 928 

Table 1. Pathological, inflammatory, and cellular and immunological differences between 929 
ulcerative colitis (UC) and Crohn's disease (CD). 930 

 931 
 932 
Table 2. ECM proteins and metalloproteinases mediating the biological processes leading 933 
to IBD.  934 

 935 

 936 













Crohn’s Disease (CD) Ulcerative Colitis (UC) Ref

Gastrointestinal (GI)

symptoms
7

Location Any region of the GI
Terminal region of the

colon
132

Disease distribution Diffuse Continuous 132

Epithelial architecture Preserved
Crypt fission and

distortion
10, 133

Type of inflammation

Transmural with

abscesses, strictures,

fistulae and granulomas

Mucosal and

submucosal
8

Adaptive immune

phenotype

Th1, Th17 (IL-17, IL-23, IL-

32)

Th2 (IL-5, IL-13, IL-15, IL-

33)
53, 71, 134

Higher serum levels of

laminin*, collagen

fragments (C3M, C4M),

sulphated 

glycosaminoglycans**, 

elastin fragments (NE-

EL) and biglycan (Pro-C5,

C5M) 

Collagen fragments (Pro-

C5M, C5M)

MMPs expression 78, 135

Table 1. Pathological, inflammatory and cellular and immunological differences  UC and  CD.

** After 1 year of treatment with steroidal anti-inflammatory drugs

Abdominal pain, fever, vomiting, diarrhoea, rectal

bleeding, weight loss, anaemia

ECM proteins

Higher serum levels of

fibronectin*, hyaluronan

and collagen fragment

(C1M)

13, 87, 134

MMP-1, -2, -3, -7, -8, -9, -10, -12, -13, -14

* Both before and after 1 year of treatment with monoclonal antibodies. 



Processes leading to IBD
ECM components

involved 
Ref

ECM fragmentation
MMP-2, MMP-8, MMP-

9, MMP-12
76, 136

Recruitment and 

migration of immune 

cells

Laminin, HSPGs, MMP-8, 

MMP-9
7, 61, 62, 136

Activation of 

inflammatory cytokines 

and kinases 

MMP-3, MMP-9, MMP-

13
76, 79, 136

Wound healing

HSPGs, Fibronectin, 

Hyaluronan, MMP-2, 

MMP-10

15, 66, 77

Barrier permeability
MMP-2, MMP-7, MMP-

9, MMP-12, MMP-13
15, 76, 78, 126, 136, 137

Table 2. ECM proteins and metalloproteinases  mediating the biological processes leading 

to IBD.
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