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Abstract

:

Ischemic stroke is a leading cause of disability and mortality worldwide. The only approved treatment for ischemic stroke is thrombolytic therapy with tissue plasminogen activator (tPA), though this approach often leads to a severe complication: hemorrhagic transformation (HT). The pathophysiology of HT in response to tPA is complex and not fully understood. However, numerous scientific findings suggest that the enzymatic activity and expression of matrix metalloproteinases (MMPs) in brain tissue play a crucial role. In this review article, we summarize the current knowledge of the functioning of various MMPs at different stages of ischemic stroke development and their association with HT. We also discuss the mechanisms that underlie the effect of tPA on MMPs as the main cause of the adverse effects of thrombolytic therapy. Finally, we describe recent research that aimed to develop new strategies to modulate MMP activity to improve the efficacy of thrombolytic therapy. The ultimate goal is to provide more targeted and personalized treatment options for patients with ischemic stroke to minimize complications and improve clinical outcomes.
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1. Introduction


The American Stroke Association defines ischemic stroke as a neurological dysfunction characterized by the presence of a focal infarction in the central nervous system or retina [1]. This pathology is the second leading cause of death and the third leading cause of disability in the adult population worldwide [2]. Although ischemic stroke has several etiologies, the most common cause is a thrombotic or embolic incident of cerebral blood vessels, which leads to the formation of an ischemic focus, with blood circulation falling below a critical level and disrupting the function of nervous tissue. Irreversible damage to cells in the ischemic focus occurs within a few tens of minutes, while the peri-infarct region known as the penumbra forms, where blood flow is insufficient for normal cell function. However, due to collaterals and redistribution of blood through the Willis circuit, cells in the penumbra region can survive or fully recover their functions after blood flow is resumed [2,3].



Early treatment of patients with acute ischemic stroke is crucial, and recanalization therapy is one of the main strategies recommended in current treatment guidelines. Recanalization therapy involves extraction of blood clots (thrombectomy) and thrombolysis. Thrombolysis involves the administration of thrombolytic agents that induce lysis of the blood clot and restoration of cerebral blood flow, thereby restoring brain cell function. Tissue plasminogen activator (tPA, alteplase) is one such pharmacological agent used in thrombolytic therapy [4]. Currently, tPA is the main drug used to treat patients with acute ischemic stroke, and it is widely used in clinical practice with proven efficacy. However, treatment with tPA is associated with some serious side effects, especially hemorrhagic transformation. Hemorrhagic transformation may occur when intraparenchymal or intraventricular hemorrhage occurs in an ischemic brain area, which increases the patient’s risk of death [5]. Therefore, strategies to reduce hemorrhagic transformation are critical in terms of improving clinical outcomes in patients who receive thrombolytic therapy with tPA. One of the most important mechanisms of this phenomenon is a change in the activity of matrix metalloproteinases (MMPs), which can be modulated under the influence of tPA.



Therefore, to increase the efficacy of ischemic stroke therapy and decrease the likelihood of undesirable hemorrhagic transformations, it is greatly important to study the mechanisms of side effects during thrombolytic therapy with tPA and find ways to correct these issues.




2. Thrombolytic Therapy with Tissue Plasminogen Activator


It is worth noting that for a long time, there was no pathogenetic therapy for ischemic stroke. It was only after 1995 that the results of a National Institute of Neurological Diseases and Stroke (NINDS) study were published, and thrombolytic therapy then began to be used in clinical settings [3]. A randomized double-blind trial of the effect of tPA was conducted in 333 patients with ischemic stroke, demonstrating the clinical efficacy of this agent, which is mainly expressed via a reduction in disability compared to the control group members who received placebo [6]. Currently, tPA is the only agent approved by the US Food and Drug Administration (FDA) for thrombolytic treatment of ischemic stroke [7].



tPA is a glycoprotein with a molecular weight of approximately 70 kDa, and it belongs to the serine protease family. Endothelial cells secrete it as a single-stranded polypeptide (sc-tPA). After cleavage by trypsin or plasmin, it assumes a catalytically active form and becomes a double-stranded polypeptide (tc-tPA). It consists of light and heavy chains with lengths of 275–276 residues and forms a functional complex [8]. The main mechanism of action of tPA is based on its protease activity, and it is able to initiate the dissolution of the fibrin clot. tPA triggers the mechanism of fibrinolysis by binding to the fibrin of the thrombus and cleaving the plasminogen via protease activity at residues 560–561 into the active form—plasmin—which then proteolytically destroys the fibrin clot [9]. This feature of tPA is used in thrombolytic therapy to treat ischemic stroke. In addition to the NINDS study, the clinical efficacy of tPA has been demonstrated in more recent studies [10,11,12].



tPA was first produced via recombinant biotechnological methods (PMID: 6337343). For pharmaceutical purposes, tPA was the first drug produced synthetically from mammalian cells, specifically Chinese hamster ovary cells. Recombinant tPA is sold under various brand names. There are some variants of tissue plasminogen activator, such as alteplase, reteplase [13], and tenecteplase. Reteplase and tenecteplase are the third generation of tPA drugs. However, reteplase is approved for thrombolytic treatment of acute myocardial infarction [14], whereas alteplase and tenecteplase are approved for acute ischemic stroke [6,15]. Alteplase has a very short circulating half-life and is, therefore, administered as a bolus (10% of the dose), followed by an infusion of the remaining drug over 1 h with rapid plasma concentrations that decrease in case of infusion delays of more than 5 min [16]. Tenecteplase is produced using recombinant DNA technology as a modification of alteplase. These modifications extend the half-life of Tenecteplase and increase affinity to fibrin and resistance to plasminogen activator inhibitor-1 [17]. Tenecteplase is administered as a single bolus, making it an attractive alternative to alteplase in the treatment of acute ischemic stroke [18].



Despite the efficacy of tPA being demonstrated in many papers, the controversy surrounding its use in ischemic stroke has not abated because of a number of disadvantages and side effects associated with this treatment. A significant disadvantage of thrombolytic therapy with tPA is the narrow therapeutic window of 4.5 h. The introduction of TPA outside of this time window increases the incidence of side effects [19]. In particular, the shorter the time between the onset of stroke symptoms and administration of tPA, the lower the incidences of repeated hospitalizations and mortality [20]. The therapeutic effect of TPA is inversely proportional to the time elapsed between the onset of stroke symptoms and the introduction of TPA [20,21]. Consequently, tPA is effective for no longer than 4.5 h after the onset of stroke symptoms, whereas the therapeutic window for mechanical thrombectomy is much wider, being 24 h after the onset of ischemia [22].



The pathological mechanisms induced by tPA may involve activation of neurotoxic concentrations of plasmin. The roles of plasminogen and plasmin have been described in the context of physiological neurobiology or pathological neurodegeneration. Plasmin has been found to have neurotoxic effects on neurons [23], and injection of plasmin into the striatum can lead to brain damage, increased infiltration of inflammatory cells into brain tissue, and a microglial response [24]. In contrast, plasminogen levels negatively correlated with brain injury when measured after thrombolysis with tPA after stroke [25]. Thus, the effects of plasmin and plasminogen on stroke and thrombolytic therapy appeared to be multidirectional, encompassing both negative effects of plasmin and putative positive effects of plasminogen, whereas the complexity of directly measuring endogenous plasmin dynamics in rodent brain tends to complicate the analysis of these mechanisms. In addition, there is evidence that tPA has a cytotoxic effect, enhances ischemic excitotoxicity, induces neuroinflammation and oxidative stress, increases the risk of orolingual angioedema, etc. [7,8,26,27]. However, one of the main side effects of tPA is hemorrhagic transformation, which occurs in 32% of cases, compared to only 20% without tPA [5]. The main reason for this effect is MMP activation in the ischemic tissue [28].




3. Hemorrhagic Transformation and Activation of MMP in Ischemic Stroke


Hemorrhagic transformation (HT) is a complication of ischemic stroke that results from a violation of the barrier function of blood vessels. According to the European Joint Acute Stroke Studies (ECASS) classification, HT is divided into hemorrhagic infarction—small hemorrhages at the edges of the focus—and parenchymal hematoma, which has a fused formation [5]. Both the development of the ischemic injury itself, which leads to a violation of the integrity of the BBB, and the introduction of thrombolytic agents, which leads to reperfusion, have a major impact [29]. Together with glutamate excitotoxicity, HT is a clinical manifestation of reperfusion injury [2]. The damage and increase in permeability of the BBB is related to the damage inflicted on the vascular endothelium and the destruction of its basement membrane [29,30], which is caused, among other factors, by the increased activity of MMPs, especially MMP-9 and MMP-2. Their proteolytic properties contribute to the destruction of the components of the BBB and increase its permeability. The effect of tPA on the activity of MMPs is apparently one of the main reasons for the increased risk of HT during thrombolytic therapy [31]. It has been shown that within 36 h of stroke onset, symptomatic intracerebral hemorrhage occurred in 6.4% of patients treated with tPA, whereas this outcome occurred in only 0.6% of patients treated with placebo [6].



There are also a number of studies that show activation of MMP when simulating ischemia–reperfusion injury in vitro under oxygen–glucose deprivation (OGD) [32,33,34]. In this model, cells are incubated in a solution without glucose under oxygen-free conditions and simultaneously reoxygenated with the return to a full culture medium. MMP-9 activity has been shown to increase in brain cell cultures during reoxygenation after OGD. Thus, astrocytes and endotheliocytes (bEnd line) showed a gradual increase in the MMP-9 activity in the cell supernatant after 90 min of OGD at 2, 4, 8, and 12 h. However, in primary neurons, MMP-9 activity was not detected and did not increase after OGD [35].



It was shown that the activity of MMP-2 and MMP-9 increased after 2 h of OGD in conditioned culture medium, while it decreased in cell lysates of bEnd endotheliocytes, C8-D1A astrocytes, and SH-SY5Y neuroblastoma cells. This finding indicates that OGD increases the secretion of these enzymes into the extracellular space [33]. It should be noted that MMPs are secreted into the extracellular space in the form of inactive pro-enzymes. The cleavage of pro-MMPs required for their conversion to the active form occurs in the extracellular space. Therefore, the zymograms of the conditioned culture medium and cell lysates may differ significantly with respect to the ratio of active and inactive forms of MMPs [36].



An increase in the activity of MMP-9 in the culture medium of the SH-SY5Y neuronal line is in contradiction with the data that suggest that the activity of MMP-9 is not detected in the supernatants of primary neuron cultures either in the normal state or after OGD. This phenomenon is probably related to the different origin of the cell cultures, since SH-SY5Y is a neuroblastoma cell line that exhibits a neuronal phenotype [37] but does not correspond to primary neurons. Moreover, the activity of various MMPs is a characteristic feature of many tumors, especially metastatic tumors.



Although there is evidence that OGD does not always increase the activity of MMP-2 and MMP-9 in the culture medium of bEnd cells [32], in endothelial cells, an increase in MMP activity after ischemia is virtually universally recognized.



While MMP-2 and MMP-9 are the most studied members of the matrix metalloproteinase family, there are data related to the increase in activity and expression of other MMPs, such as MMP-1, MMP-3, MMP-8, MMP-10, MMP-12, and MMP-13, during the pathology. In mice with bilateral common carotid arterial occlusion, MMP-1 increased in addition to MMP-2 [38], though its role remains unclear. MMP-13 has been shown to have a similar pattern to MMP-2 and MMP-9, i.e., it promotes HT in the acute phase of stroke and is involved in the regeneration of damaged tissue in the late phase [39]. The levels of MMP-8 and MMP-10 were increased after stroke and correlated with negative outcome [40,41,42]. Suppression of MMP-12 contributed to neurological recovery in rats after stroke [43], and its knockdown prevented secondary brain damage [44]. One study has shown that MMP-3 contributes to the induction of hemorrhagic transformations associated with t-PA treatment after ischemic stroke [45]. Moreover, in the above-mentioned study, a significant increase in MMP-3 expression that specifically occurred in ischemic hemisphere endothelial cells was detected after t-PA treatment. Interestingly, the increase in MMP-3 and MMP-13 expression after ischemia was observed in endothelial cells, MMP-12 was observed in activated microglia, and MMP-13 expression decreases in resting microglia in the infarcted area and undamaged neurons of the cerebral cortex [46].




4. The Dynamics of MMP-2 and MMP-9 Activity during Ischemic Stroke


Examination of the activity of MMP-2 and MMP-9 in protein extracts from human brain tissue at different time points after ischemic stroke revealed a transient dependence during the course of pathology. Brain tissue samples obtained at autopsy were examined from eight patients who died at different time points after stroke (from 2 days to 7 years). The activities of the different MMP types were compared in the stroke focus and a similar area of the healthy hemisphere. The results of zymography showed that MMP-9 activity was markedly increased in lesions in patients 2–4 days after stroke compared to intact brain areas, whereas there was virtually no change in MMP-2 activity [47]. In the patients whose autopsy material was analyzed several months or years after stroke, the activity of MMP-9 was increased to a much lesser extent in the foci, though, at the same time, increased activity of MMP-2 was observed [47]. These data suggest that the activity of MMP-2 and MMP-9 have different dynamics: MMP-9 is induced in the early post-stroke phase, whereas MMP-2 is induced much later.



Data obtained during the simulation of ischemic stroke in animals via middle cerebral artery occlusion (MCAO) showed that in the first hours after ischemic injury, the content and activity of MMP-9 increased significantly in the focal zone [48]. The dynamics of the ratio of MMP-9/pro-MMP-9 in the ischemic focus was also interesting. In the first few hours after ischemic injury, the level of pro-MMP-9 increased primarily, and one day later, the level of the active form increased. At day 4, the ratio of MMP-9/pro-MMP-9 decreased. In the period between 5 and 15 days, the MMP-9 concentration decreased to the basal level [48]. At the same time, an increase in the level of MMP-9 in the peri-infarct zone was not observed until 7–14 days after ischemia [49]. It has been shown that foci of functional recovery of brain tissue occurred in this zone, in which MMP-9 was required for extracellular matrix remodeling [49]. Thus, MMP-9 was initially activated in the ischemic area, and as the brain recovered, MMP-9 activity decreased in the ischemic foci and shifted to the peri-infarct area. As a result of analysis of a number of experimental studies and clinical data, we concluded that the activities of the two important MMPs have complex dynamics. In the acute phase of cerebral ischemia, according to experimental animal models, the dynamics of MMP-2 activity differ from that of MMP-9 activity. These data, in combination with the results of the clinical studies and autopsy findings described above, highlight the biphasic nature of the changes in the two MMPs (Figure 1).



The initial increase in MMP-2 activity in the brain apparently begins during ischemia because there is an increase in activity in the interstitial space of the brain immediately after the end of MCAO and before the onset of reperfusion. The increase in activity of MMP-9 in the interstitial space of the brain immediately after ischemia is not as pronounced. Analysis of MMP-2/9 activity in the interstitial space was performed via zymography in samples obtained during microdialysis of the brain in vivo [33]. Interestingly, when ischemia is simulated in the bEnd endothelial line, an increase in MMP-2 and MMP-9 activity is observed at the end of 2-h OGD and at the beginning of reoxygenation [33]. One of the possible explanations for this phenomenon is that the increase in MMP-2 activity in the extracellular space of the brain during this period is due to the production of this enzyme by multiple cell types, rather than only by endothelial cells, and the dynamics of production in other cell types are different from the dynamics of endothelial cells. It has been shown that after 50 min of ischemia and 4 h of reperfusion, increased activity of MMP-2 can be observed [48]. However, the increased MMP-2 activity in rat brain was not observed after 24 h of reperfusion [48]. Thus, the initial short-term activation of MMP-2 is observed immediately after ischemic injury and subsides within 1 day [48]. In the long term, MMP-2 activity increases after stroke and remains elevated over a long period of time (months and years), as proven by the results in humans [47]. This finding is consistent with the fact that a very significant increase in MMP-2 was observed in rats four days after experimental stroke [48]. However, there are currently no clear data on the dynamics of MMP-2 activity and secretion in relation to the ischemic focus during ischemic stroke.



The dynamics of MMP-2 and MMP-9 activity reflect their multifunctional roles in stroke. Their influence has been shown to depend largely on the stage of pathology development, and activation of the same MMPs at different stroke stages can have both negative and regenerative effects [31].




5. Mechanisms of the Influence of tPA on MMPs


A tremendous accumulation of data contributed to our current understanding of the effects of tPA on the ischemic brain. As mentioned previously, the deleterious effects of tPA can largely be attributed to its ability to activate MMPs, whose expression and activity increase during ischemic injury. This result has been demonstrated both in animal models of brain ischemia and in cell cultures exposed to OGD [32,35,50,51,52,53]. The established mechanisms of the influence of tPA on MMPs are shown in Figure 2.



A. The involvement of tPA in the cascade of MMP activation due to its protease activity.



The ability of tPA to activate MMPs is closely related to its proteolytic activity. Through its primary physiological function of cleaving plasminogen to plasmin, tPA can initiate the activation of pro-MMP-3, which is the precursor of MMP-3, to its active form through proteolysis. Once MMP-3 is activated, it can cleave pro-MMP-9 to MMP-9 [28]. Consequently, tPA has the potential to significantly increase the activity of both MMP-3 and MMP-9 through direct proteolysis. This mechanism is of critical importance in the development of ischemic injury. MMP-3 can lead to the degradation of basal lamina and extracellular matrix proteins, while MMP-9 is involved in promoting edema and disrupting the BBB [28,31]. Therefore, the ability of tPA to activate MMP-3 and MMP-9 may exacerbate the progression of ischemic injury.



B. Increased MMPs gene expression.



Through its interactions with various receptors, tPA triggers a cascade of intracellular signaling pathways that promote MMP gene expression [54,55]. It is known that tPA increases the expression of MMP-2 and MMP-9 genes in both glial and endothelial cells, as shown by previous studies [56,57,58].



C. tPA-induced neutrophil degranulation with the release of MMP-9.



Neutrophils play an essential role in the inflammatory response and may release their secretory granules, which contain MMP-9, which is necessary for the degradation of the extracellular matrix and basal plate during infiltration into tissues [59]. It has been shown that after incubation of neutrophils with tPA, the level of MMP-9 increases rapidly in the culture medium and decreases in the cell lysates, which is due to the release from the secretory granules [29,60,61]. Remarkably, MMP-9 is found in neutrophil granules, whereas MMP-2 is not expressed in these cells. This result is further evidence of the separate and distinct functions of the different MMPs in the context of ischemic stroke pathophysiology [62].



D. Effect of tPA on MMP-9 secretion.



The effects of tPA on short-term secretion of MMP-9 have been extensively studied in endothelial cells. The mechanism involves the formation of plasmin via the activity of tPA, which, in turn, triggers activation of the PAR1 receptor. Activation of PAR1 then transmits a signal through the G protein Gαq, which activates TRPC3 channels through PLCβ and diacylglycerol, allowing Ca2+ ions to be transported into the cell. This process leads to an increased intracellular Ca2+ concentration, which eventually results in the secretion of pro-MMP-9. Notably, the concomitant influx of Na+ depolarizes the plasma membrane, which can suppress Ca2+ influx, leading to negative regulation of Ca-dependent MMP-9 secretion. This dynamic interplay between Ca2+ and Na+ fluxes results in short-term pulsed MMP-9 secretion in response to tPA stimulation [63]. Interestingly, inhibition of this regulatory mechanism by glibenclamide has been shown to have beneficial effects in patients with ischemic stroke [63].



E. Increased VEGF levels.



It has been shown that tPA increases VEGF levels in rats in the area of ischemic brain injury after MCAO for 4.5 h [64]. There is evidence that the tPA-mediated increase in VEGF levels during ischemia can be prevented by inhibitors of the Akt and RhoA signaling molecules [65]. VEGF increases the levels of MMP-2 and MMP-9, although the molecular mechanism of this phenomenon is not well understood. It is known that VEGF can activate the Erk-1/2 pathway [66]. On the other hand, the Erk-1/2 pathway regulates the expression of MMP-9 and MMP-2 [67,68]. Therefore, VEGF is expected to increase the expression of these MMPs via the MAPK/Erk-1/2 pathway. Interestingly, tPA triggers the TXNIP-NLRP3 inflammatory signaling pathway under conditions of hyperglycemia, which is a common accompaniment of ischemic stroke. The TXNIP protein, which is sensitive to intracellular glucose levels, is activated during hyperglycemia and under conditions of oxidative stress that are exacerbated by tPA. TXNIP binds to NLRP3 protein and activates a post-ischemic inflammatory process that affects VEGF signaling, which, in turn, increases MMP levels. Thus, hyperglycemia enhances the tPA-induced increase in MMP levels [69].



F. Receptors and signaling pathways mediating tPA-induced MMP expression.



tPA does not have its own specific cell surface receptors. However, it can interact with a number of non-specific receptors. The best known examples of these receptors are LRP-1 and annexin A2 [70]. There is also evidence that tPA can bind to glutamate NMDA receptors, EGF, and mannose receptors. Interaction with these receptors mediates various physiological effects of tPA [71,72,73], though LRP-1 apparently plays the major role in tPA-induced activation of MMPs [74].



The interaction of tPA with LRP-1 leads to the activation of the transcription factor NF-kB [27], which, among other effects, induces MMP gene expression, especially MMP-3 [55]. It has been shown that binding of tPA to LRP-1 also leads to a decrease in transcription of TAP mRNA, i.e., the formation of a negative feedback loop that enables the control of tPA biosynthesis [75].



Apparently, Mek1/Erk-1/2 kinases, which function as intermediate signaling kinases of a cascade [54,76] in a similar way to the HGF signal transduction mechanism with kringle domains, such as tPA, play an important role in signal transduction from LRP-1 to NF-kB. This observation is an important argument in favor of the function of tPA as a cytokine [54].



Of great interest is a study that indicates that ischemia increases the expression of LRP in endothelial cells, which enhances signaling upon exposure to tPA [32]. This potential outcome would generally suggest that the effect of tPA is enhanced under conditions of ischemia.



G. The contribution of Rho-kinases.



A number of studies point to a possible link between the hemorrhagic transformation induced via exposure to tPA during ischemic stroke and an increase in the expression of Rho kinases [62,77]. These kinases regulate contractility, mobility, and proliferation of many cell types tat are important in the pathogenesis of ischemic injury and recovery after stroke. In the 1-hour rat OSMA model, the expression of Rho kinases in the ischemic area gradually increased during 48 h of reperfusion [78]. At the same time, inhibition of Rho kinases positively affected the outcome of stroke in the MCAO model by reducing the size of the damaged area and improving neurological functions. In this regard, Rho kinases can be considered as potential targets for the treatment of ischemic stroke [79].



Recently, tPA was shown to increase the activity of pMLC and cofilin, which are direct targets of Rho kinase phosphorylation [62]. It was also found that the Rho kinase inhibitor Y27632 suppresses the expression of the MMP-9 gene in vascular smooth muscle cells. However, this effect is not associated with the major signaling pathways that control MMP-9 expression, as Y27632 did not affect the activity of the major participants in these pathways, particularly Erk and NF-kB. Therefore, the authors suggest that the activities of Rho kinases are associated with a different way of regulating MMP-9 gene expression [80].




6. Ways to Reduce MMP Activation in Ischemic Stroke


Currently, new therapeutic approaches intended to reduce the adverse effects of ischemic stroke are being actively sought and researched, including inhibitors of MMP activity. It is worth noting that the therapeutic efficacy of MMP inhibition depends on the time elapsed after ischemia. This observation is true due to the differences in MMP functions at the different stages of stroke development described earlier in this paper. Thus, inhibition of MMP-9 on the first day after stroke has a positive effect on its outcome; on the third day, there is no neuroprotective effect; and on the seventh day, it leads to an increase in damage [49].



There are a number of approaches that aim to alter MMP expression and activity that have shown high efficacy in pre-clinical studies [81]. Among the most promising areas in this field are the following topics.



Minocycline is a second-generation antibiotic from the tetracycline group that inhibits MMP activity, as well as having antibacterial activity [82,83]. Minocycline is also known to be an effective adjuvant in thrombolytic therapy of ischemic stroke. In rats subjected to MCAO, combination therapy using tPA and minocycline for 6 h was shown to reduce the amount of MMP-9 in plasma, decrease the volume of ischemic damage, and decrease intracranial hemorrhage compared to administration of tPA alone. Such combination therapy has also been shown to attenuate neutrophil infiltration and microglial activation, reduce the amount of active MMP-9, and decrease the degradation of the tight junction protein claudin-5 in the peri-infarct zone [84]. In the first and second phases of clinical trials, minocycline alone was shown to be safe in the treatment of ischemic stroke [85]. However, it is worth awaiting the results of several other larger clinical trials with minocycline that are currently underway.



Otaplimastat, which is also known as SP-8203, is a small molecule with a quinazoline-2,4-dione scaffold. It improves neurological outcomes in various animal stroke models through multiple cytoprotective mechanisms. In embolic stroke models, otaplimastat has shown significant benefit in terms of reducing infarct volume and edema, both as a single treatment and in combination with tPA [86,87]. In the rat embolic middle cerebral artery occlusion model, otaplimastat reduced cerebral infarct size and edema and improved neurological function. It also prolonged the therapeutic time window of tPA by reducing the intracerebral hemorrhagic transformation and mortality triggered due to delayed tPA treatment. Ischemia-induced MMP expression was closely correlated with cerebral hemorrhagic transformation and brain injury, making otaplimastat a potentially potent inhibitor of stroke injury when administered in combination with tPA. In the OGD model of endothelial cells, otaplimastat suppresses the activity of MMPs by restoring TIMP levels and reducing vascular permeation [88]. In a phase-1 clinical trial, otaplimastat at doses of up to 240 mg was well tolerated by 77 healthy volunteers, with no significant side effects recorded. In a two-part and multicenter phase-2 study of stroke patients receiving tPA, otaplimastat was administered intravenously <30 min after tPA. The study found that otaplimastat adjunctive therapy in patients treated with tPA was feasible and generally safe, with no safety issues recorded in either phase. However, the functional efficacy of otaplimastat needs to be investigated in further large studies [89].



Epigallocatechin gallate (EGCG), which is also known as epigallocatechin-3-gallate, is a type of catechin. Indeed, it is the most abundant catechin in green tea. As a polyphenol, EGCG is currently being investigated in basic research for its potential to influence human health and disease [90,91]. The neuroprotective efficacy of EGCG has been investigated by modeling focal cerebral ischemia in rats [92]. Forelimb function was significantly improved in the EGCG-treated group compared to the MCAO control group, with normal function achieved by day 10 and improvements sustained until day 14 post-ischemia. However, infarct volume did not differ between groups, and hindlimb function was not affected [93]. The effect of EGCG on prolonging the therapeutic window of tPA was studied in an MCAO model in rats. The common side effects of delayed tPA treatment, including cerebral infarction, cerebral edema, and blood–brain barrier disruption, were significantly reduced by EGCG. In the brain, EGCG was shown to upregulate plasminogen activator inhibitor (PAI-1) expression and downregulate MMP-2 and MMP-9 expression [94]. The purpose of a randomized, double-blind, and placebo-controlled trial was to investigate whether the additional administration of EGCG to treat stroke patients with tPA could extend their narrow therapeutic window. The study enrolled 429 patients with acute ischemic stroke who met inclusion criteria, i.e., a well-defined time of onset, a measurable deficit on the National Institutes of Health Stroke Scale (NIHSS), and a CT scan without intracranial hemorrhage. Patients were randomly assigned to treatment with either tPA and EGCG or placebo, and outcomes were measured via NIHSS and plasma levels of MMP-2 and 9. EGCG administration significantly improved treatment outcomes in delayed-onset patients, possibly by lowering plasma MMP-2 and 9 levels, as shown based on strong linear correlations with NIHSS scores. The authors concluded that EGCG could potentially complement conventional tPA treatment to extend the narrow therapeutic window and improve outcomes related to the treatment of late stroke [95].



Stem cells. Recently, a growing body of data has been collected regarding the efficacy of cell therapy based on mesenchymal stromal cells (MSCs) in various diseases, including ischemic stroke. In particular, MSCs have been shown to improve BBB integrity in this pathology [70,96,97]. A number of studies have shown that the activity of MMP-9 decreases when MSCs are transplanted into the MCAO model and MSCs are co-cultured with endothelial cells subjected to OGD [98], whereas the activity of MMP-2 does not change. Presumably, this therapeutic effect of MSCs is due to the suppression of the expression of intercellular adhesion molecules (ICAM) involved in the migration of leukocytes, including neutrophils [99]. As mentioned previously, neutrophils are the source of MMP-9, and exposure to tPA can trigger degranulation of these cells. Thus, the ability of MSCs to improve the integrity of the BBB in ischemic stroke could be explained in part by a reduction in the infiltration of neutrophils into the lesion and, consequently, the reduced release of MMP-9 from these cells. In this regard, cell therapy might have a protective effect when administered together with tPA in ischemic stroke. However, there is evidence that MSCs themselves may increase the expression of tPA in neurons and astrocytes via the endogenous Hedgehog signaling pathway [100,101]. In addition, MSCs have been shown to secrete tissue inhibitors of matrix metalloproteinases 1 and 2 (TIMP 1–2), which exert an inhibitory effect on MMPs. This inhibition may prevent degradation of the extracellular matrix after ischemic stroke, thereby preventing further damage to the BBB [102,103]. It is also possible to use MSCs that overexpress TIMP-1 [104] for more effective treatment of tPA-associated brain injury.



Lithium salts. Lithium salts are conventionally used to treat bipolar disorder [105]. A number of studies have shown their efficacy in reducing the volume of ischemic damage and cerebral edema and improving the integrity of the BBB [106,107,108]. It has also been shown that pre-conditioning astrocyte and endothelial cell cultures with lithium chloride increases their survival in OGD [109]. Moreover, these effects have been associated with a decrease in MMP-9 activity in the ischemic brain [106,107]. Currently, it is not entirely clear how LiCl reduces MMP-9 activity. It has been suggested that the lithium-induced decrease in MMP-9 activity is related to the activation of the MAPK/Erk-1/2 pathway, as lithium increases the phosphorylation of its participants [106]. We have already mentioned that this pathway is a positive regulator of MMP-9 gene expression; thus, this hypothesis leads to a contradiction and requires additional analyzes. Moreover, the beneficial effect of lithium on BBB integrity after ischemia may be due to its ability to regulate the Wnt/β-catenin signaling pathway by inhibiting GSK-3ß kinase. This signaling pathway is known to be important for BBB formation and the synthesis of dense contact proteins [107]. Therefore, it can be assumed that lithium ions may have a protective effect in the treatment of tPA brain ischemia.




7. Conclusions


The outcome of thrombolytic therapy based on the administration of tPA depends largely on the modulation of the activity of different types of MMPs. tPA increases the level and activity of MMPs in brain tissue via different mechanisms and enhances their adverse effects during the acute phase of stroke. Different types of MMPs have different effects on the ischemic brain, and their concentration, activity, and localization vary depending on the time elapsed since injury. When tPA is administered outside of the therapeutic window, the increase in certain MMPs that it causes coincides with the peak of their post-ischemic activity in the brain, resulting in damage to the blood–brain barrier and a marked increase in the risk of hemorrhagic transformation. This outcome is most pronounced for MMP-9, whose activity dynamics in the region of injury seems to determine the limit of the therapeutic window for tPA administration. Understanding these mechanisms underscores the need to search for additional therapeutic agents to extend the therapeutic window and reduce the risk of hemorrhagic transformation during thrombolytic therapy. An effective solution to this problem could be the use of specific MMP inhibitors. However, because of the multifunctionality and complex dynamics of MMP activation, this method might only be effective in a certain period of time; therefore, it requires careful study of the action plan to maintain adequate MMP function during the different phases of stroke rehabilitation.
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Figure 1. Dynamics of the level and activity of MMP-2 and MMP-9 in the brain during ischemic stroke. 
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Figure 2. Mechanisms related to the influence of tPA on MMPs. tPA interacts with low-density lipoprotein receptor-related proteins (LRP) to activate intracellular signaling pathways, ultimately leading to increased MMP activity. Moreover, tPA activates the plasminogen-mediated proteolytic cascade, culminating in MMP activation. In addition, tPA has been shown to interact directly with MMPs, leading to their activation. It has been demonstrated that tPA can induce degranulation of neutrophils, whose granules are known to contain MMPs. Under conditions of hyperglycemia, tPA triggers TXNIP–NLRP3 inflammatory signaling. TXNIP binds to the NLRP3 protein and activates a post-ischemic inflammatory process that affects VEGF signaling, which, in turn, increases MMP levels (question mark indicates putative mechanism). Formation of plasmin based on the activity of tPA triggers activation of the PAR1 receptor, which relays a signal via the G protein Gαq that leads to the release of pro-MMP-9. 
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