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Abstract

:

Metalloproteinases (MPs) belong to the superfamily of zinc endopeptidases, which are called metzincins. Three families of MPs have been studied in healthy and diseased conditions in humans. The first study on MPs was published in 1962, and following that, several studies characterized their activity and their effect on health and disease. Several diseases have been related to MPs, such as cardiovascular disease, cancer, inflammatory diseases, gynecological disorders, and others. Moreover, tissue inhibitors of metalloproteinases (TIMPs) have been widely studied, and drugs and artificial molecules that could target MP activity have been evaluated. MPs are relevant to public health because of their role in several diseases and, most of all, their role as biomarkers that also impact the quality of life and the psychosocial dimension of affected patients. In this context, new pathways to precision health and precision medicine have been opened in the area of MPs. This review describes, from the initial studies, the complex dimensions of MPs and related issues centered on health and disease dimensions.






Keywords:


metalloproteinases; MMP; ADAM; ADAMTS; history; complexity; health; disease; vascular disease












1. Introduction


There are three main families of metalloproteinases (MPs) that are involved in human health and disease: (1) the “matrix metalloproteinase” (MMP) family, (2) the “a disintegrin and metalloprotease” (ADAM) family, and (3) the “a disintegrin and metalloproteinase with thrombospondin motifs” (ADAMTS) family. All these families belong to the superfamily of zinc endopeptidases, which are called metzincins [1,2,3,4,5,6,7].



In 1962, MMP families began to be studied and Woessner published the first study on this topic demonstrating that a protein derived from a rat was able to digest collagen [8]. In particular, the mammalian uterus is one of the most favorable tissues for studying protein catabolism, especially collagen, under physiological conditions, and in fact, in this study, collagen disappeared in the postpartum period during uterus involution in a rate-limiting model, suggesting the role of specific enzyme activity. Later in the same year (1962), Gross et al. [9] showed the rapid collagenolytic activity of large tissue masses in an anuran tadpole (tail, gill, gut, skin) during natural and hormone-induced metamorphosis, and this suggested the need to identify specific enzymes able to remove particular structural components during normal growth and development. Later, in 1966, Nagai et al. purified from a tadpole the first member of the MMP family, MMP-1, initially called tadpole collagenase [10]. In that period, several MMPs and tissue inhibitors of metalloproteinases (TIMPs) were characterized [11] and, ultimately, in 1988, Birkedal-Hansen published the first review on the MMP family [12].



In 1987, the first member of the ADAM family, ADAM-1, initially known as fertilization protein PH-30 or fertilin-α, was identified; subsequently, in 1992, ADAMs were actually classified as a new family of MPs. In particular, ADAM-1 was found to act as a fusion peptide during sperm–egg fusion due to cell adhesion and protease properties; hence, it was evident that it has a role in sperm–egg interactions. Furthermore, ADAMs are also similar to the snake venom metalloproteinase family (SVM), also known as the snake venom disintegrins family [13,14,15].



In 1997, the ADAMTS1 gene, expressed in the cachexigenic colon 26 adenocarcinoma sublines, and the relative protein ADAMTS-1, the first member of the ADAMTS family, were characterized [16]. MPs are directly related to the homeostasis of the extracellular matrix (ECM), a biochemical center that includes collagen, elastin, and other proteins that are involved in providing structural and functional support to several tissues [7]. In this context, MPs represent a very complex dimension in human health and disease, and they have several important roles in physiological and pathological processes. In fact, they are involved in protein degradation, tissue differentiation, tissue remodeling, tissue repair, biochemical and cellular signaling, and inflammation [17].



The aim of this review is to describe the evolution of knowledge in the area of MPs, highlighting and unfolding the complexity around this issue.



To conduct this review, we searched the libraries Web of Science, Scopus, ScienceDirect, and Medline. The keywords used with various combinations were: “metalloproteinases”, “matrix metalloproteinase”, “MMP”, “a disintegrin and metalloprotease”, “ADAM”, “disintegrin and metalloproteinase with thrombospondin motifs”, “ADAMTS”, “health”, “disease”, and “history”. We reviewed the full text of 476 articles, and from this list, 354 articles not clearly dealing with health and disease issues were excluded. In total, 122 articles were considered eligible for the composition of this review article.




2. The Matrix Metalloproteinase (MMP) Family


At present, there are 28 MMP family members in vertebrates, of which at least 23 are present in humans, and they may be secreted as soluble enzymes or be bound to the cell membranes (the so-called membrane-type (MT) MMPs). Furthermore, MT-MMPs may be bound to the cell membranes by a COOH-terminal transmembrane domain or by a glycosylphosphatidyl-inositol (GPI) anchor [7].



Generally, MMPs have a signal peptide that serves to lead them to the endoplasmic reticulum (ER), a prodomain that serves to maintain them as inactive zymogens, a catalytic domain with three histidine residues bound to a zinc-binding site, and a proline-rich hinge region and a C-terminal hemopexin-like (HPX) domain (not present in some MMPs, such as MMP-7, MMP-23, and MMP-26) involved in substrate binding (Figure 1).



While the MMP catalytic domains are similar among family members as they are highly conserved, the HPX domains of MMPs are particular to each MMP member [7,18,19,20,21]. Considering substrate specificity and homology, MMPs can be classified into six subgroups: collegenases, gelatinases, stromelysins, matrilysins, MT-MMPs, and ungrouped MMPs [7,11,22,23] (Table 1).



For an enzyme to be included in the MMP family, it should meet the following criteria: (a) proteolytic activity in at least one ECM component; (b) enzymatic activity dependent on zinc at the catalytic site; (c) activation of the proenzyme by proteinases or organomercurials; (d) inhibition by TIMPs or other molecules, such as ethylenediaminetetraacetic acid or 1,10-phenantroline; and (e) related cDNA with sequence homology with MMP-1. The previous further criterion that the enzyme should be secreted in a proform is no longer valid as some MMPs are secreted in active form and others are not secreted at all [11].



MMPs’ activity is specifically regulated by several transcriptional, post-transcriptional, and post-translational modifications that can also lead to different isoforms and/or variants of MMPs. MMPs’ expression is also accurately modulated by specific control of their secretion, activation, and inhibition. MMPs are generated by several cells, such as endothelial cells (ECs), vascular smooth muscle cells (VSMCs), lymphocytes, cytotrophoblasts, fibroblasts, osteoblasts, macrophages, and neutrophils. MMPs’ expression is induced by their biochemical stimuli, such as cytokines, hormones, and growth factors, or by cellular stimuli, such as interactions between cells and matrixes and between cells [7].



Concerning MMP measurement techniques, initially, and for more than 30 years, it was thought that MMPs can be evaluated only by zymography, an electrophoretic technique that measures proteolytic activity [11,24]. In fact, modern and ultrasensitive enzyme immunoassay methods and biosensor-based measurements are able to effectively detect both pro- and active forms of MMPs [11,25]. This is an important achievement as, while in the past pro-MMPs were thought to be inactive, it was later demonstrated that even MMP proforms have certain enzymatic and biological activities [11,26]. This can be explained by considering that, in the first 30 years of research in the area of MMPs, there were no specific antibodies to recognize pro- and activated forms and zymograms were pivotal to measure MMP activity. Current technologies make it possible to measure the activity of all forms of MMPs [11].



In the past, it was also thought that MMPs are able to interact only with ECM proteins but it has been demonstrated that their ubiquitous actions also affect the extracellular and intracellular signaling of several cell types [11,27,28].



Moreover, in the past, MMPs were thought to have only negative effects on human health, but their roles in physiology and health have been elucidated [11]. In fact, MMPs have specific and important roles in turnover of the ECM, embryogenesis, tissue morphogenesis, bone development, angiogenesis, migration of immune cells, the menstrual cycle, involution of the endometrium after pregnancy, wound repair, learning, memory, and the cortical plasticity of the brain [29,30,31,32,33,34,35].



Most MMPs are located in certain cells and tissues where they regulate several physiological functions. MMP-1 is found in chondrocytes, fibroblasts, keratinocytes, endothelial cells, and macrophages; MMP-2, MMP-3, and MMP-7 are ubiquitous; MMP-8 and MMP-25 are found in polymorphonuclear leukocytes (neutrophils, macrophages, and plasma cells); MMP-9 is mainly located in macrophages, granulocytes, T-cells, dendritic cells, epithelial cells, fibroblasts, keratinocytes, and osteoblasts; MMP-10 is located in epithelial cells and hepatocytes; MMP-11 is mainly found in fibroblasts; MMP-12 is primarily found in the lung and the ear tissues; MMP-13 is found in bone, cartilage, epithelial cells, and neuronal cells; MMP-14 and MMP-15 are mainly located in the cells of the head, neck, and ear; MMP-17 is located in the brain, leukocytes, and colon, ovary, testis, and breast tissues; MMP-18 is ubiquitous in all stromal cells except in the liver and brain; MMP-19 can be found in epithelial cells and fibroblasts; MMP-20 is located in tooth enamel; MMP-21 can be found in stromal cells in the kidneys, skin, and intestines; MMP-23 is expressed in the ovary, testis, and prostate; MMP-26 is expressed in endometrial and placental tissues; MMP-27 is expressed in B-cells; and MMP-28 can be found in the testes, lungs, kidneys, pancreas, and keratinocytes [36].



MMPs are involved in several types of diseases and generally related to three main mechanisms: tissue destruction, such as cancer (e.g., acute myeloid leukemia and bladder, brain, breast, colorectal, endometrial, gastric, head and neck, liver, lung, ovarian, pancreas, prostate, renal, skin, and thyroid cancer), diabetes, inflammatory diseases (e.g., psoriasis, osteoarthritis, rheumatoid arthritis, inflammatory bowel disease), chronic wounds (e.g., pressure ulcers, vascular ulcers), periodontal diseases, hypertension, kidney diseases (e.g., chronic kidney disease, glomerular disease), myocardial infarction, and neurogenerative disease (e.g., multiple sclerosis, Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis); fibrosis, such as liver cirrhosis, otosclerosis, gynecological disorders (e.g., polycystic ovarian syndrome, spontaneous abortion, preeclampsia), and atherosclerosis-related diseases; and weakening of the ECM, such as chronic venous disease, pulmonary embolism, aneurysms, and dilated cardiomyopathy. Often, more than one mechanism overlaps in determining the disease [2,3,7,11,19,22,37,38,39,40,41,42,43,44,45,46,47,48,49,50].




3. The “A Disintegrin and Metalloprotease” (ADAM) Family


At present, in humans, there are 21 ADAM family members. Among them, 13 are catalytically active (ADAM-8, ADAM-9, ADAM-10, ADAM-12, ADAM-15, ADAM-17, ADAM-19, ADAM-20, ADAM-21, ADAM-28, ADAM-30, ADAM-33, and ADAM-DEC1) and 8 seem to be catalytically inactive [51].



ADAMs are structurally similar to MMPs but they have a disintegrin, a cysteine-rich domain, and an epidermal growth factor-like (EGF-like) domain (Figure 2).



The disintegrin is important in cell–cell and cell–matrix interactions, and the cysteine-rich domain has cell adhesive and fusogenic properties [15]. The EGF-like domain, transmembrane domain, and cytoplasmic domain are pivotal for the signaling of ADAMs [13].



ADAMs are generally in inactive form, similarly to other metalloproteinases, and can be activated by proteolytic processing of the prodomain by different molecules (e.g., cytokines, proteinases, Ca2+ ionophores, protein kinase activators) generally located intracellularly in the Golgi system. Moreover, some ADAM members may be activated in different sites (in the ECM, such as ADAM-8 and ADAM-28) or in different modalities (auto-catalytic removal of prodomains or without the necessity of activation, such as ADAM-12, which is stored as already active in the cell and internally transferred to appropriate sites to act) [13].



Between the 1990s and the first decade of the 2000s, ADAMs were widely studied and several novel characteristics that went far beyond their role as fertilization proteins were discovered. In fact, over time, some important and specific features of the ADAM family have been extensively clarified [15]. ADAM proteins have sheddase activity; that is, the ability to cleave membrane proteins in order to release the extracellular domain (ectodomain shedding). This mechanism represents a post-translational modification that is important in regulating membrane shape and controlling the levels and functions of numerous membrane-bound proteins and acts in several physiological and pathological pathways related to growth factor signaling, cell adhesion, chronic inflammation, and apoptosis [52,53,54]. Moreover, the released ectodomain may, after shedding, influence distant targets, and this provides evidence of the paracrine and autocrine signaling activity of ADAMs [15,55,56].



Another important mechanism related to sheddase activity is so-called regulated intramembrane proteolysis (RIP), which, after the year 2000, was also studied in the ADAM family. In particular, after shedding the ectodomain due to ADAM activity, other proteases may synergistically act as the intramembrane cleavers of the intracellular part of the protein, and this intracellular stub may trigger intracellular signaling activity. ADAMs may mediate the RIP activity of several proteins involved in numerous biological processes [15,57].



ADAMs are involved in several physiological conditions related to embryogenesis, the cardiovascular system, tissue repair, and the human reproductive system (in particular, the uterus, testis, and epididymis). ADAMs are also involved in several diseases, such as rheumatoid arthritis, asthma, cardiovascular diseases (e.g., myocardial infarction, aneurysms, chronic venous disease, vascular ulcers), neurologic diseases (e.g., Guillain–Barrè syndrome, multiple sclerosis, Alzheimer’s disease), gynecological disease, and cancer (e.g., breast cancer). In particular, ADAMs have important roles in vascular biology controlling vascular smooth muscle cell (VSMC) functions, proliferation, migration, and apoptosis [2,3,13,15,58].




4. The “A Disintegrin and Metalloprotease with Thrombospondin Motifs” (ADAMTS) Family


The ADAMTS family is distinguished from the ADAM family primarily by the presence of a thrombospondin-repeat domain and the lack of EGF-like transmembrane and cytoplasmic domains (Figure 3) [59].



At present, 20 ADAMTS members are known. They are secreted metalloproteinases, and most of their targets are represented by ECM components. Similarly to ADAMs, they have several physiological roles in the same biological system (reproductive, cardiovascular, etc.) and particular functions in vascular biology where they are able to control several pathways and process. ADAMTSs, similarly to ADAMs, may act as sheddases and can activate several cell surface proteins [13,60]. ADAMTs are involved in the same diseases in which ADAMS are involved, but they have a particular tropism towards cardiovascular disease (heart valve disease, coronary artery disease, aneurysms, chronic venous disease, hypertension) [61]. In this family, ADAMTS-13 is one of the most studied members. ADAMTS-13 controls hemostasis and thrombosis pathways and the dysregulation of this MP may lead both to bleeding and thrombosis. Moreover, ADAMTS-13 is considered an important factor related to several diseases characterized by vascular inflammation and thrombosis, such as cancer, vascular diseases, infections, neurological diseases, and liver diseases [62]. Furthermore, low ADAMTS-13 levels seem to increase the risk of ischemic stroke [61,63]. Several members of this family are also pivotal in the development of the heart and vessels. In particular, ADAMTS-7 is related to coronary artery disease (CAD) and may represent a potential therapeutic target, and ADAMTS-9 and ADAMTS-19 are associated with heart valve disease [63]. ADAMTS-1, ADAMTS-4, and ADAMTS-7 are also involved in chronic venous disease (CVD) [3].




5. Inhibition of Metalloproteinases


The inhibitory activity of TIMPs was discovered in the early 1970s when an enzyme was found in the form of a collagenase inhibitor isolated from cultured human skin fibroblasts and human serum and in bovine cartilage and aorta tissues [64]. This was the first member of TIMP family (TIMP-1), which was definitely characterized in 1975 [65]. Later, three further members of this family (TIMP-2, TIMP-3, and TIMP-4) were also discovered [66]. TIMPs have multiple roles not limited to MP inhibition, including as growth factors with mitogenic effects and as regulators of apoptosis and several immunological processes [66].



In a physiological environment, MPs are controlled by tissue inhibitors of metalloproteinases (TIMPs), which may inhibit both the proforms and activated forms of MPs [22].



In 1994, the crystal structure of a collagenase–inhibitor complex was identified in human fibroblasts, and soon after, in 1997, the first MMP-null mouse was created. From this moment on, several MMP-null mouse models have been available for research, thus highlighting the importance of inhibiting MPs’ activity in various circumstances [11].



In the context of MPs, TIMPs have wide-range inhibitory effects on most MMP family members but specific inhibitory effects on ADAMs and ADAMTSs. In particular, the ratios of MP families and TIMPs are important for the maintenance of the normal structure of the ECM, and when this ratio is altered, ECM imbalance can lead to weaknesses in several tissues’ environments. Furthermore, there are also several broad cellular effects from TIMP activity [13,58,67,68,69].



Several studies have tried to find artificial MP inhibitors to contrast with the effects of MMPs in tissues, especially in the inhibition of metastasis and cancer progression and several vascular diseases, such as chronic ulceration of the lower limbs. In particular, some drugs used primarily for a variety of diseases, such as tetracyclines (doxycycline and minocycline), sulodexide, cilostazol, and statins, seem to have also inhibitory effects on MMPs in vascular disease contexts, but their specific use for MP inhibition has not been definitely validated at this time [22,70,71,72,73,74].



With regard to specific MP inhibition, several molecules have been studied. The first generation of MP inhibitors (MPIs), studied in the middle and late 1990s, are represented by hydroxamate-based inhibitors (containing high-affinity zinc-binding groups able to act through peptidomimetics’ activity). Batimastat and marimastat are the most well-known in this category, and they have demonstrated broad inhibitory effects towards the MMP, ADAM, and ADAMTS families and more specific anticancer effects in animal models. Batimastat reached only phase-one clinical trials, while marimastat reached phase-two and -three clinical trials. Both showed several important side effects related to musculoskeletal syndrome or other inflammatory effects. Moreover, these molecules were pharmacologically unstable with overly short half-lives. All these issues prevented the clinical utilization of the first generation of MPIs [22,75].



In the first decade of the 21st century, a new MPI group with non-hydroxamate-based inhibitors was tested. Considering that the side effects seem to be related to the strong anchoring to the zinc-binding site, which causes the alteration of the orientation of the molecules, this group has less affinity for Zn2+ compared to hydroxamate-based inhibitors and has been proved to reduce side effects but with less specificity and a weaker therapeutic effect. This group includes tanomastat, metastat, and doxycycline. Although these compounds show better tolerability, their efficacy is controversial. Catalytic-domain non-zinc-binding inhibitors represent the third generation of MPIs, which specifically target the catalytic domain of MPs without affinity for the zinc binding group but with high affinity for some pockets near the zinc binding site (respectively, on the right and left sides). The aim of these new compounds was to increase the affinity and thus reduce side effects. Some natural compounds were identified in this group, such as caffeates and flavonoids, but the collected data show no superiority compared to the previous groups of inhibitors. The fourth generation of MPIs is represented by allosteric and exosite inhibitors, which target other MP domains, such as hemopexin or the propeptide domain. At the moment, the efficacy of inhibition at these sites is quite low. At this time, no specific MPs inhibitor has been found that has both safety and specificity characteristics and can be effectively used in clinical practice [22,75].




6. Metalloproteinases as Biomarkers


As MPs and TIMPs can be secreted by several cells and found in all body fluids (e.g., plasma, serum, saliva, urine, etc.) and tissues, they can be easily sampled and measured for use as biomarkers of disease in the areas of precision health and precision medicine, which are novel and specific areas of medicine that seek to identify personalized solutions to diseases, integrating biological variables, interindividual variability, and a wide range of determinants of health. In this context, a biomarker is any analyte related to biological functions or to clinical, imaging, or other related factors, such as social, psychological, economic, and environmental determinants, that can give useful information on disease susceptibility, characteristics, staging, evolution, and response to treatment [1].



Several diseases are based on ECM imbalance and disruption. Staging and progression to complications often parallel MP levels. In other circumstances, MPs’ level patterns are arranged typically in certain patients, and this may account for different treatment options. Specific MP patterns can even predict that some patient populations may have a greater risk for certain complications compared to others, suggesting tailored follow-up programs. There is evidence of these applications with several diseases, such as cardiovascular disease (e.g., atrial fibrillation, aneurysms, chronic venous disease, venous thromboembolism, vascular ulcers), cancer (i.e., lung carcinoma, ovarian cancer), inflammatory diseases (i.e., rheumatoid arthritis), oral diseases (i.e., periodontal disease), proctologic diseases (i.e., hemorrhoids), infective diseases (i.e., COVID-19), and neurodegenerative diseases (i.e., Alzheimer’s disease) [76,77,78,79,80,81,82,83,84,85,86].




7. Metalloproteinases and the Paradigm of Complexity


The history of MPs is complex, just as the world of molecular biology is complex. The concept of complexity and its relationship with a broad and multidisciplinary approach found its first formulation between the 1960s and 1970s [87].



Thus, the paradigm of complexity can be helpful in understanding and studying health and disease as a set of environmental, biological, social, political, economic, and natural factors [88]. MPs are evidently “complex” in the usual sense of the word, as they are endowed with the emergent properties of spontaneity and self-organization [89].



Thus, the complex approach has become a challenge for every form of knowledge, all of which are called to integrate, mix, and deal with apparently distant disciplines, such as the human sciences [87]. In this context, Edgar Morin was one of the first intellectuals who proposed mixing knowledge through the paradigm of complexity [90]. In the context of MPs, Morin’s theories find a significant application given their great influence on the concepts of health and disease [91].



All this stimulates a move away from the reductionist vision of biology, and biomedical sciences in general, to arrive at a complex vision of phenomena, including the biomolecular phenomena, that is no longer only bound to the cellular dimension but in constant interchange with the material and social environment, both physical and metaphysical. The effects mediated by MPs, as Morin explains, only exist when they are interpreted by living beings, and they are inseparable from life [92]. That is why today the paradigm of complexity still finds wide applications in biology [87].



The idea that proteins and other molecules always exist in one environment from which they receive information is largely outdated, as is the idea of emergent properties that cannot be predicted from knowledge of linear, mechanistic interactions between the constituent components of a system [93].



Thus, the paradigm of complexity, as demonstrated by the history of MPs, solicits us to reflect on how we must definitively break down the reductionist opposition between culture, society, and relationality and nature, biology, medicine, etc., since the biochemical evolution itself, and more generally that of mankind, has turned out to be both a natural and a social event [93].



In this regard, MPs are related to a series of diseases that have strong complex connotations; i.e., they also have implications for and impacts on the psychosocial sphere [94].



In the context of diabetes and the complications associated with it, the psychosocial impact is particularly relevant [95]; in fact, alongside the biomedical dimension of this pathology, forms of diabetes distress, psychiatric comorbidities, inadequate support from society and family, and diabetes hearsay emerge [96].



Even in the field of wounds, in which MPs play a central role in the etiopathogenesis, a complex vision is required, since wounds have an important impact on the social and psychological lives of patients [97]. In particular, there is evidence of a certain link between psychological stress and the wound healing process and, furthermore, there are important positive results from the transdisciplinary approach in wound management [98].



In the context of diabetic foot ulcers (DFUs), MPs are considered specific targets for wound healing [99]. In particular MMP-9 is considered a specific molecular target for wound healing in relation to DFUs [100,101], and cilostazol, a drug used for peripheral artery disease (PAD), seems to have an effect that lowers MMP-9 levels, suggesting a beneficial effect that could be used to prevent or retard the onset of DFUs in diabetic patients [73,102]. MMP-9 is an important contributor to the pathophysiology of depression [103], and depression is widely prevalent among DFU patients. This strict interplay between more biological and clinical variables explains the complexity of MPs’ effects.



With regard to chronic venous disease (CVD), observation of MPs’ families and levels may be used to describe the entire course of this chronic disease, from onset and progression to response to clinical management. In particular, serum elevation of MMP-2, ADAMTS-1, and ADAMTS-7 correlates well with the initial stages of CVD, whereas the serum elevation of MMP-1, MMP-8, MMP-9, ADAM-10, ADAM-17, and ADAMTS-4 is particularly involved in skin change complications, including chronic venous leg ulcers (CVLUs) [3].



In the context of kidney diseases, the relationship between the biological and psychosocial dimensions becomes very interesting when the psychosocial sphere impacts the perception of a nephrological disease: participation in the monitoring process in the initial stages of a nephrological disease; the ability to collaborate in hospital treatment and/or at home; the possible acceptance of a transplant; etc. [104]. For example, in this type of disease, the relationship between the biological sphere of chronic kidney disease and depression is very strong, as the disease has a negative impact on quality of life, self-care behavior, and mortality [105].



Furthermore, the complexity paradigm applied to MPs highlights an important correlation with neurodegenerative diseases [106]. Moreover, in this case, there are even psychosocial repercussions that underline the need for an overall vision capable of integrating the biological dimension with the psychological, social, environmental, etc., since neurodegenerative diseases are associated with emotional lability, reduced social interactions, declining to engage in mealtime tasks, and increased distractibility [107].



MPs, as has already been reported, also have a crucial role in cardiovascular diseases, which, once again, have a “complex” aspect. In fact, several biological, social, psychological, and environmental triggers that cause cardiovascular diseases have been identified in recent years [108,109,110]. For example, among patients with cardiovascular disease, psychosocial problems, such as depression and/or anxiety, are very frequent and have significant effects, such as rehospitalization and effects related to all-cause and cardiovascular mortality; unhealthy lifestyles; reduced social interactions; poor quality of life, etc. [110,111,112].



Moreover, in the case of gynecological disorders, we find a relationship of interdependence between the biological and psychosocial spheres. Since these are problems that affect sexuality, the psychological, social, and environmental impacts become central not only in the interaction with the partner but first of all in the bodies of women with gynecological problems, with which depression, stigma, and subsequent reductions in social interactions are related [113,114,115].



Another complex aspect of MPs is their peculiar and constant relationship with the same cell population across different diseases. For example, there is a strict link between MPs and the phenotype of macrophages M1–M2 in different diseases, such as atherosclerosis, and related clinical manifestations, such as in vascular diseases, cancer, wound healing, and osteoarthritis [116,117,118,119]. Most pivotal activation pathways for MPs in the macrophage population probably share the same pathological mechanisms, independently of the specific disease and the specific biologic environment.



With regard to cardiac surgery procedures, including cardiopulmonary bypasses (CPBs), MPs have been found to be involved in the inflammatory response to heart surgery and CPBs. In particular, MMP-2 and MMP-9 are released at high levels during surgery, whereas MMP-9 levels increase after the start of CPBs and during their entire duration. MPs are overexpressed both in the myocardial tissue and in circulation in the bloodstream. Surgical complications seem to be strictly related to MP elevations during surgery, and future research on specific MP inhibitions may improve clinical outcomes for patients undergoing cardiac surgery [42,120]. Moreover, elevated MMP-2 levels are able to affect cardiac ECM’s collagen turnover, leading to hypertrophic cardiomyopathy (HCM). MMP-2 levels may help in monitoring myocardial remodeling process following surgical or percutaneous treatments for HCM [121].



Finally, in the case of inflammatory diseases also, such as arthritic diseases and chronic obstructive pulmonary disease (COPD), the interconnection between the biological sphere and the psychological and social spheres is very relevant. In the case of osteoarthritis, the social context, age, and any work activity have important relevance during the disease and are linked to the degree of perception and acceptance of the disability that this disease entails [122,123]. Moreover, in the case of COPD, the difficulty entailed by the disease significantly reduces the quality of life in social, psychological, and environmental terms such that positive or negative variations significantly affect the disease [124].



In the case of cancer, the paradigm of complexity finds its maximum application since many researchers have noticed how evident the interaction between biological, psychological, and social factors is [125,126,127]. Specifically, the experience of this disease involves the interaction of a multitude of variables, such as aspects relating to illness, treatment, coping, social support, social determinants of health (SDHs) distress, and psychological distress [128,129].



Interestingly, a recent study showed how important social disparities in the context of cardiovascular disease are significantly associated with probable biological pathways linked to protein imbalance, including MPs. In particular, among the 48 studied biomarkers, MMP-12 was strongly and negatively associated with the length of education of the studied subjects. All biomarkers in the studied subjects also related to inflammation pathways. Nevertheless, at the moment, the underlying pathophysiologic mechanisms cannot yet be explained [130].



From all this, it can be seen that the complexity paradigm is particularly promising in the field of health and disease [131]. Thus, this complex view of MPs could be adopted by researchers to realize multidisciplinary practices and theories capable of responding to biological, individual, social, and systemic needs [132].



In this context, the complexity paradigm—and considering actual growing computing power—could stimulate the possibility of developing, implementing, and studying mathematical predictive models using clinical data, biological data, SDHs, and knowledge of MPs to describe disease-related characteristics. For example, fuzzy logic is a flexible mathematical system that has been seen considered a powerful tool for decision making and pattern classification in clinical settings. In fact, this mathematical system can allow very fast computations of large sets of heterogeneous data from patients; therefore, it uses a large amount of information [133,134]. Considering heart disease, Garvin et al., in an eight-year follow-up study of a community-based, middle-aged population, showed that plasma MMP-9 levels are able to predict first-time coronary heart disease (CHD) [135]. Psychological stress is able to release MMP-9 in patients with coronary artery disease, triggering inflammation [136]. SDHs, which include economic, social, environmental, and psychosocial factors, have been shown to play a significant role in CHD [137]. Thus, it is important to find a mathematically based predictive system that would allow, in the near future, evaluation of the complexity of the effects that MPs can have on several characteristics of human health. This predictive approach based on the complexity paradigm may help health professionals better tailor diagnostic pathways and treatments with optimal sensitivity, specificity, and accuracy using a range of readily available data from patients. Most healthcare organizations consider predictive modeling a fundamental tool to support patient segmentation and service matching to achieve the most efficient and effective delivery of healthcare services [138].




8. Future Perspectives and Conclusions


Research on MPs, from the first published study in 1962 [8], has undergone a dynamic process of multidisciplinary analysis that has included several disciplines, such as biology, physiology, biochemistry, immunology, oncology, cardiology, vascular surgery, and others. Several pathological processes have been linked to the regulation of MPs, and the interest in the inhibition of altered MP activity started and advanced in parallel with improvements in knowledge about MPs’ characteristics. As most of the diseases related to MPs are those that primarily affect public health (cancer, cardiovascular diseases, gynecological disorders, inflammatory diseases, etc.), it is evident that MP dysregulation is also reflected in the characteristics of the related diseases; for instance, quality of life and psychosocial effects. MPs’ role in serving as effective biomarkers in the management of several diseases, such as in susceptibility evaluation, early diagnosis, progression, staging, treatment selection, and monitoring, may change disease management in various clinical contexts in the near future. In the context of future perspectives in the area of MPs, it is foreseeable that novel efforts to better understand MP-related mechanisms, which range from cell–cell and cell–ECM interactions to the personal environments of patients (i.e., SDHs), could help physicians better both manage disease risks and better select more effective treatments. Furthermore, in the context of treatments, it is likely that new research on developing novel generations of more effective and more selective MPIs may help to identify a wide range of drugs that may be used in MP-related diseases.



Bearing in mind the complex paradigm that has been discussed in this article, it follows that, by simultaneously analyzing the effects of biological and clinical elements, on one side, and the effects related to SDHs, from the other side, on the MPs system, we can gain control of a more complete dimension where we can effectively operate with MP-related diseases.



In conclusion, MPs represent a complex dimension in the area of health and disease [94] that needs further deepening in order to improve our knowledge and ultimately deliver better care to communities.
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Figure 1. Schematic representation of MMPs. MMP: matrix metalloproteinase; MT-MMP: membrane type-matrix metalloproteinase; GMPI: glycosylphosphatidyl-inositol; Zn2+: Zinc ion. 
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Figure 2. Schematic representation of ADAMs. ADAM: a disintegrin and metalloprotease; EGF-like: epidermal growth factor-like; Zn2+: Zinc ion. 
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Figure 3. Schematic representation of ADAMTS family. ADAMTS: a disintegrin and metalloproteinase with thrombospondin motifs; EGF-Like: epidermal growth factor-like; Zn2+: Zinc ion. 
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Table 1. MMP family members.
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	Subgroup
	Members
	Enzymatic Name





	Collagenases
	MMP-1

MMP-8

MMP-13

MMP-18
	Collagenase-1

Collagenase-2/neutrophil collagenase

Collagenase-3

Collagenase-4



	Gelatinases
	MMP-2

MMP-9
	Gelatinase A

Gelatinase B



	Stromelysins
	MMP-3

MMP-10

MMP-11

MMP-19

MMP-27
	Stromelysin-1/transin-1

Stromelysin-2/transin-2

Stromelysin-3

Stromelysin-4/RASI-1

n/d



	Matrilysins
	MMP-7

MMP-26
	Matrilysin-1/putative MMP (PUMP)

Matrilysin-2



	MT-MMPs
	MMP-14

MMP-15

MMP-16

MMP-4/MMP-17

MMP-5/MMP-24

MMP-6/MMP-25
	MT1-MMP

MT2-MMP

MT3-MMP

MT4-MMP *

MT5-MMP *

MT6-MMP



	Ungrouped MMPs
	MMP-12

MMP-20

MMP-21

MMP-22

MMP-23

MMP-28
	Macrophage metalloelastase

Enamelysin

Xenopous MMP (XMPP)

Chicken MMP (CMMP)

Cysteine array MMP (CA-MMP)

Epilysin







MMP: matrix metalloproteinase; MT-MMP: membrane-type matrix metalloproteinase. * = presence of glycosylphosphatidyl-inositol (GPI) anchor.
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