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Matrix metalloproteinase-2 (MMP-2), a zinc-dependent enzyme, plays a critical role in the
degradation and remodeling of the extracellular matrix (ECM). As a member of the gelatinase
subgroup of matrix metalloproteinases, MMP-2 is involved in a variety of physiological processes,
including tissue repair, wound healing, angiogenesis, and embryogenesis. It is primarily responsible
for the degradation of type IV and V collagen, fibronectin, laminin, and elastin, which are essential
components of the ECM. MMP-2 is secreted as an inactive pro-enzyme (proMMP-2) and activated
through proteolytic cleavage and by some chemical agents like pAPMA, with its activity being
precisely regulated by tissue inhibitors of metalloproteinases (TIMPs) precisely by TIMP-2.
Dysregulation of MMP-2 has been linked to a variety of pathological conditions, including
cardiovascular diseases, diabetic complications, kidney diseases and cancer. In cardiovascular
diseases, it contributes to vascular remodeling, atherosclerosis, and aneurysms, while in fibrotic
diseases, it mediates excessive ECM degradation leading to tissue scarring. In diabetes, elevated
MMP-2 activity exacerbates complications such as nephropathy, retinopathy and cardiovascular
diseases. In cancer, MMP-2 facilitates tumor invasion and metastasis by degrading ECM components
and promoting angiogenesis. Despite its essential roles in both physiological and pathological
processes, targeting MMP-2 for therapeutic purposes presents challenges due to its dual functions in
tissue remodeling and repair, raising concerns about unplanned consequences such as impaired tissue
healing or excessive tissue damage. These challenges underscore the need for future research to focus
on developing selective modulators that can precisely balance their activity under specific disease
environments. Clinical trials targeting MMP-2 modulation highlight the potential of gelatinase
inhibitors, including those targeting MMP-2, to reduce tumor progression in fibrosarcoma, breast, and
lung cancers. This paper reviews the structure, function, and regulation of MMP-2, its involvement in
disease pathogenesis, and the potential challenges in the therapeutic implications of modulating its
activity.
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INTRODUCTION

prominent role in ECM remodeling. MMP-2, along with MMP-9
(gelatinase B), belongs to the gelatinase subgroup and is characterized
by its ability to degrade type IV and V collagen, fibronectin, laminin,

Matrix metalloproteinases (MMPs), also known as matrixins, are a
family of calcium dependent zinc-containing enzymes essential for
the degradation and remodeling of the extracellular matrix (ECM—
structural network supporting tissues and organs) (1,2). This family
consists of 28 different enzymes, which are commonly classified
based on their substrates and the organization of their structural
domains. The main subfamilies are collagenases, gelatinases,
stromelysins, membrane-type MMPs, and other MMPs (3). These
endopeptidases are master regulators of tissue remodeling, regulating
biological processes such as wound healing, inflammation, and tissue
regeneration. MMPs could also influence endothelial cell function as
well as smooth muscle cell migration, cell proliferation, calcium
signaling, and contraction (4). Dysregulation of MMPs contributes to
pathological conditions like cardiovascular diseases, cancer, chronic
renal and pulmonary diseases, and inflammatory disorders, where
they augment tissue destruction, tumor invasion, and altered tissue
regeneration and repair mechanisms (1-5). Among the MMP family,
MMP-2 (also known as gelatinase A) is noticeable due to its

elastin, along with other ECM proteins (6). Under normal
physiological conditions, MMP-2 contributes to the breakdown of the
extracellular matrix, playing essential roles during processes like
embryonic development and tissue remodeling. MMP-2 is a 72 kDa
enzyme composed of several distinct structural domains. The
chemical structure of MMP-2 consists of a zinc ion at the catalytic
site, essential for its proteolytic activity, and a conserved catalytic
domain (active site facilitating enzymatic reactions) responsible for
substrate recognition and cleavage. MMP-2 exists in two isoforms:
the full-length isoform, which includes a pro-domain, catalytic
domain, and hemopexin-like domain, and the N-terminal truncated
isoform, which lacks part of the pro-domain and is constitutively
active. MMP-2 exists in various isoforms, including the inactive
proMMP-2, the active enzyme capable of ECM degradation, and
membrane-bound forms that influence cell migration and invasion.
Alternative splicing also generates different isoforms with unique
structural characteristics, which can modulate their activity and tissue-
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specific roles in both physiological processes and disease progression.
MMP-2 exhibits physical properties typical of metalloproteinases,
including a globular structure and the ability to cleave a broad
spectrum of substrates, such as extracellular matrix components and
cytokines (7,8). MMP-2 is secreted as an inactive pro-enzyme
(proMMP-2) that requires activation before it can exert its proteolytic
activity. The activation typically occurs through the proteolytic
cleavage of the pro-peptide region by other MMPs, such as MMP-14
(MT1- MMP) or plasmin. These enzymes cleave the pro-domain,
releasing the active form of MMP-2, which can then degrade its target
ECM substrates (2—4). The activity of MMP-2 is tightly controlled by
tissue inhibitors of metalloproteinases (TIMPs), primarily TIMP-2.
TIMPs bind to the active form of MMP-2 in a 1:1 stoichiometric
manner, blocking the catalytic site and preventing ECM degradation.
This regulatory balance between MMPs and TIMPs is crucial in
maintaining ECM homeostasis and preventing pathological tissue
remodeling. Genomic data analysis has revealed associations between
MMP-2 gene polymorphisms and various diseases, including dilated
cardiomyopathy, highlighting the genetic influence on disease
susceptibility and progression. Furthermore, studies have shown that
MMP-2 expression correlates with other genes like lipoxygenase
(Lox) and Collal, indicating its involvement in complex molecular
networks underlying diseases such as breast cancer or periodontitis
(9,10). Recently, MMP-2 has been shown to interact with many
functional proteins, uncovering its prominent role in health and
disease. As evidence, it can be enumerated several distinct roles of
MMP-2, including results published by Terni and Ferrer who showed
that MMP-2 can cleave recombinant tau protein in vitro in a dose-
dependent manner, indicating its involvement in normal protein tau
proteolysis (11). Research has shown that MMP-2 deficiency leads to
inhibition of the activation of transforming growth factor-p (TGF-f)
and the Smad2/3 pathway, emphasizing the interaction between
MMP-2 and other signaling proteins involved in the progression and
occurrence of thoracic aortic aneurysm (12). MMP-2 also facilitates
epidermal growth factor receptor (EGFR) signaling by promoting the
release of EGFR ligands as well as regulates the canonical
inflammasome pathway leading to the release of interleukin-1f and
interleukin-8 that controls inflammatory processes at different levels
(13). Also, the possibility of the cleavage of TNF-a, a potent pro-
inflammatory and immunomodulatory cytokine implicated in
inflammatory conditions, by MMP-2 suggests a pivotal role for
MMP-2 in homeostasis (14). Additionally, in cancer, MMP-2 is
involved in promoting invasion and metastasis by facilitating the
vascular endothelial growth factor (VEGF), insulin-like growth factor
(IGF), and TGF-B dependent pathways (15). MMP-2 has gained
renewed attention in recent years due to the development of selective
MMP-2 inhibitors, including small molecules and monoclonal
antibodies, which might overcome the challenges of off-target effects
and toxicity seen in the past with traditional wide-spectrum inhibitors
(16). Furthermore, innovative technologies such as nanomedicine,
CRISPR-based gene editing, and advanced drug delivery systems
have facilitated new approaches for precisely modulating MMP-2
activity, enabling localized treatment within the targeted tissues and
minimizing side effects by preserving healthy processes (17,18).
Further exploration of MMP-2 interactions with other proteins may
reveal novel therapeutic targets for modulating MMP-2 activity in
diverse pathological conditions, as described in the next paragraphs.

The Roles of MMP-2 in Cardiovascular Diseases (CVDs): MMP-2
is involved in multiple cardiovascular conditions such as aortic
aneurysm formation, atherosclerosis, chronic thromboembolic
pulmonary hypertension (CTEPH), and myocardial fibrosis (19). An
aneurysm is characterized by the degradation and functional loss of
elastin in the aortic media. MMP-2 plays a crucial role in weakening
ECM components such as elastin, collagen, fibronectin, and
proteoglycans, thereby compromising the integrity of the aortic wall
(20). Moreover, TIMP-2 knockout attenuates aneurysm progression
due to playing a role in MMP-2 activation. Transgenic animal models
for MMP-2 exhibit enlarged mid-ventricular coronary luminal areas,
along with areas of aneurysmal dilation, ectasia, and perivascular
fibrosis (21). In atherosclerosis, MMP-2 degrades ECM components
within the arterial walls, contributing to plaque destabilization and

rupture. This degradation weakens the structural integrity of the
arterial wall, making it prone to aneurysm formation, which can lead
to vessel rupture and life-threatening events like stroke or heart attack.
Furthermore, MMP-2 is involved in the extravasation of inflammatory
cells (i.e., macrophages and T-cells) into the arterial wall. These cells
release pro-inflammatory cytokines and additional matrix-degrading
enzymes, further promoting ECM degradation and enhancing
atherosclerotic plaque growth (22). At the same time, ECM
degradation and the inflammatory environment can lead to reduced
production of nitric oxide (NO), a key vasodilator and endothelial
protector. This process further impairs endothelial function and
promotes a pro-atherogenic state (23,24). Recent studies have shown
that reduced NO bioavailability, together with increased oxidative
stress, enhances MMP-2 activity, contributing to vascular dysfunction
and disease progression. In conditions like preeclampsia, elevated
oxidative stress and inflammation further upregulate Mmp2 through
cytokines like interleukin-8, linking NO deficiency to increased
Mmp2 expression and vascular remodeling (25,26). The last factor
leading to promoting atherosclerosis by MMP-2 is augmented pro-
inflammatory signaling due to the release of ECM degradation
products like TNF-a, interleukins, TGF-f, monocyte chemoattractant
protein-1 (MCP-1) as well as MMP-9, which further degrades ECM
components and amplifies inflammation, contributing to endothelial
layer dysfunction (27). The role of MMP-2 in CTEPH has been
widely studied, giving evidence of the negative role of MMP-2
through its involvement in ECM remodeling, endothelial dysfunction,
smooth muscle cell proliferation, and vascular remodeling (28).
Similarly to previously discussed mechanisms, MMP-2-induced ECM
degradation leads to endothelial cell detachment, loss of endothelial
integrity, and an increase in vascular permeability. This pathology
disrupts the physiological endothelial barrier integrity, promoting
inflammatory cell infiltration, particularly macrophages and
lymphocytes. The inflammatory milieu results in the release of pro-
inflammatory cytokines and growth factors, including VEGF and
TGF-B, which further accelerate the fibrotic process and smooth
muscle proliferation in the pulmonary vasculature. Another role of
MMP-2 in CTEPH is its contribution to the proliferation of vascular
smooth muscle cells (SMCs) within the intima and media of
pulmonary arteries, which leads to further impairment of artery
function within pulmonary microcirculation (29,30). The role of
MMP-2 in the progression of myocardial fibrosis has been linked to,
similarly to other CVDs, the excessive degradation of ECM. Under
physiological conditions, the activity of MMP-2 is tightly regulated
by various factors, namely TIMPs (with the prominent role of TIMP-
2), reversion-inducing cysteine-rich protein with kazal motifs (RECK,
which acts as an MMP-2 suppressor), or membrane-type 1 matrix
metalloproteinase (MT1-MMP), which is essential for activating pro-
MMP-2 on the cell surface (31,32). When these factors are not
capable of sufficient inhibition of MMP-2 activity, pro-inflammatory
factors and dysregulation in redox balance come into play, leading to
progressive fibrosis within the heart muscle tissue. Over time, it
results in a fully developed clinical picture of myocardial fibrosis
(33). This paragraph summarized the multifaced role of MMP-2 in
CVD progression and occurrence. It is worth noting that under CVD-
like conditions, MMP-2 is often dysregulated, leading to either
excessive breakdown or inadequate turnover of ECM components.
This imbalance very likely results in pathological changes as
described: myocardial fibrosis, ventricular dilation, and vascular
remodeling, all of which compromise cardiovascular function and can
accelerate disease progression. Thus, MMP-2 activity of ECM
degradation directly influences the development, severity, and
progression of a plethora of cardiovascular pathologies, including
heart failure, hypertension, and atherosclerosis, which are further
related to an inflammatory state, redox disbalance, and altered
adaptive immunity functions (34,35).

MMP-2 Impacts the Course of Diabetic Complications: Type 1
diabetes mellitus (T1DM), also referred to as juvenile-onset diabetes
or insulindependent diabetes mellitus, is a chronic autoimmune
disorder marked by targeted destruction of insulin-producing beta
cells in the pancreatic islets of Langerhans. This autoimmune-
mediated beta-cell destruction results in absolute insulin deficiency,
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leading to hyperglycemia. While TIDM commonly manifests in
childhood or adolescence, it can present at any age (36,37). Ongoing
research on TIDM focuses on unraveling its complex pathogenesis,
identifying genetic and environmental risk factors, and developing
innovative therapies. Current investigational approaches include
immunotherapies designed to modulate or halt the autoimmune
response responsible for beta-cell destruction. These therapies aim to
preserve residual beta-cell function, delay disease onset, and
potentially prevent the progression of TIDM. One of the potential
targets investigated within the last decade is MMP-2 (38). During
T1DM, MMP-2 appears to contribute to the pathogenesis of diabetic
complications through its involvement in specific signaling pathways.
Studies indicate that MMP-2 can be activated by factors such as
insulin-like growth factor-2 (IGF-2) and VEGF. These factors initiate
MMP-2 activation via the PI3-K, protein p38, and JNK signaling
pathways (39). Additionally, intracellular MMP-2 has been shown to
play a role in regulating platelet activation by PAR1-dependent Gq
and G12/13 pathway activation leading to platelets hyperactivity that
might further worsen diabetic vasculopathy (40). Through these
mechanisms, MMP-2 may influence vascular and platelet-related
complications commonly associated with TIDM. Furthermore, MMP-
2 has been linked to excessive cell migration and invasion through the
regulation of epithelial-mesenchymal transition (EMT) and EGFR-
mediated signaling pathways that are also tightly connected to
diabetic liver disease as shown in the hepatic mesenchymal culture
model (41). The axis MMP-2-EMT/EGFR seems to be dependent on
miR-26a-5p, which negatively regulates cadherin and promotes
cadherin 1 expression in diabetic liver disease. In another study,
enhanced cardiac expression of two isoforms of Mmp2 was observed
in an experimental diabetic heart model. The researchers hypothesized
that high glucose stimulation induced the expression of full-length
MMP-2 and N-terminal truncated MMP-2 in vitro and in diabetic
heart models, suggesting a potential link between Mmp?2 isoforms and
diabetic cardiomyopathy (42). Another interesting insight into
vascular complications from diabetes was provided by Liu ef al. (43).
They showed that the forkhead box protein Ol (FoxOl—a key
regulator of cellular metabolism and an early predictor of CVDs) is
significantly upregulated in carotid arteries in the TIDM rat model,
accompanied with adverse vascular remodeling described as increased
wall thickness, a carotid medial cross-sectional area, a media-to-
lumen ratio, and a decreased carotid artery lumen area.
Simultaneously, increased levels of FoxOl were associated with
elevated levels of MMP-2, suggesting the existence of an interrelation
between these two proteins in promoting T1DM-induced
vasculopathy.

Another matter of progressing TIDM is gradually decreasing renal
function. MMP-2 was shown to be a predictor of diabetic renal
fibrosis leading to the progression of chronic kidney disease. This
pathology was associated with TGF-B1 signaling and correlated with
ERK1/2 expression and modulation of MMPs/TIMPs expression (44).
Shiau et al. showed that Mmp2 expression and activities are
significantly increased in patients with T1IDM, and they suggested
that these levels are elevated even before the onset of complications in
diabetic patients (45). Furthermore, as evidence of the role of MMP-2
in TIDM progression, MMP-2 was classified as a novel marker of
neurovascular complications in TIDM (46). On the other hand,
pediatric studies have shown that urine levels of MMP-2 and its ratio
to creatinine could not be used as predictors of fibrosis in the early
development of TIDM in children (47). On the contrary, MMP-2
seems to be a very useful marker of microangiopathies under TIDM
conditions in adults and children (48). Another type of DM—type 2
diabetes mellitus (T2DM)—accounts for approximately 90% of all
diabetes cases. It is hallmark is insulin resistance, where the hormonal
response to circulating insulin is reduced. Initially, this resistance is
counteracted by increased insulin production by the pancreas to
maintain glucose balance, but progressively, insulin production
declines, leading to T2DM. T2DM is most prevalent in individuals
over 45 years old and it has been correlated with growing rates of
excessive body weight, sedentary lifestyles, and consumption of high-
energy diets (49,50). There is evidence that MMP-2 plays an
important role in the initiation, progression, and recurrence of T2DM-

linked complications. Firstly, higher MMP-2 levels were linked to
persistently higher levels of high-sensitive C-reactive protein (hs-
CRP), suggesting the role of MMP-2 in chronic inflammation, which
is a common feature of T2DM (51). Similar observations of the
involvement of MMP-2 in interleukins-6/20-dependent pro-
inflammatory responses were made by Lv in elderly patients suffering
from T2DM (52). Furthermore, thioredoxin-interacting protein,
playing a role in pancreatic B-cell dysfunction and upregulating the
inflammatory response in hyperglycemia, was found strongly
associated with several predictors of severe T2DM (ICAM-1, MMP-
2, and P-selectin) (53). Similarly, to deteriorate the role of MMP-2 in
CVD progression in TIDM, MMP-2 facilitates the progress of CVD
in T2DM. Preil et al. suggested that the diabetic environment affects
the circulating amounts of MMP-2 and might promote peripheral
arterial disease (54). On the other hand, in the same study, no
connections between the levels of MMP-2 and myocardial ischemia,
increased carotid thickness, and decreased ankle—brachial blood
pressure were found (54). The possible explanation of the divergent
MMP-2 role in CVD is its polymorphism in the T allele of Mmp2 C(-
1306)T. It has been shown that T2DM patients carrying this allele
have a significantly reduced risk of CVD when the same allele is
associated with susceptibility to stroke in these patients (55). Another
genetic difference related to the risk of vasculopathy occurrence
during T2DM was proven by Sarray and colleagues. In their work,
they showed that Mmp2 variants rs243864 and 243866 are related to
the susceptibility to diabetic retinopathy and the progression of the
disease in the population with T2DM (56). In T2DM, MMP-2 is
impacted by factors such as dyslipidemia, oxidative stress, and
inflammation, which contribute to endothelial injury and plaque
destabilization. Vasculopathies in T1DM primarily result from
prolonged hyperglycemia leading to microvascular damage, affecting
organs such as the kidneys and eyes, while in T2DM, vasculopathies
are more closely associated with macrovascular complications,
including atherosclerosis and peripheral artery disease, exacerbated
by insulin resistance, dyslipidemia, and systemic inflammation (57).
Understanding the cellular pathways involving MMP-2 in the context
of diabetes can provide insights into the mechanisms underlying
diabetic complications and potential therapeutic targets for
intervention. Further research is needed to elucidate the specific roles
of MMP-2 in diabetes-related pathologies and to explore its potential
as a target for therapeutic strategies.

The Involvement of MMP-2 in the Progression of Renal Function
Impairment: As MMP-2 has been identified as a key player in
fibrotic diseases and ECM degradation, its role in both acute and
chronic kidney disease has been widely studied. Acute kidney injury
(AKI) is a clinical syndrome characterized by a rapid decline in
glomerular filtration rate leading to accumulation of metabolic waste
products (58). Oxidative stress and inflammatory milieu are common
features in models of AKI induced by ischemia— reperfusion (I-R)
injury (59). Ceron et al. showed that NH2-terminal truncated MMP-2
leads to tubular cell necrosis, inflammation, and fibrosis within the
renal system. They suggested that this form of MMP-2 triggers the
kidney to enhance susceptibility to I-R injury via induction of
mitochondrial dysfunction, leading to AKI (59). The involvement of
MMP-2 in AKI was further supported in a study by McNair, who
demonstrated that the serum and urine levels of activity of MMP-2 are
associated with the clinical endpoint of AKI and seem to have earlier
rising levels as compared with those of serum creatinine (60).
Interestingly, MMP-2 is not only a possible marker of AKI severity as
well as a driver of this pathology. It is also involved in recovery after
tubular damage during AKI. Mice with Mmp2 knockout were
characterized by impaired proliferation of tubular epithelial and
damaged tubules that were covered with elongated and immature
regenerated epithelial cells after AKI. Furthermore, this incomplete
recovery of injured microvasculature was also related to persistent
macrophage infiltration (61). Also, TIMP-2 was shown to be a novel
prognostic factor to determine the severity and prognosis of AKI
under different clinical settings (62,63). Recent studies have shed
light on the role of MMP-2 in acute kidney injury (AKI) and its
transition to chronic kidney disease (CKD), emphasizing its
involvement in maladaptive repair mechanisms. Sharma et al. showed
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recently that TGF-B1/SMAD3 pathway activation and increased
collagen expression (which are tightly interrelated to MMP-2 activity)
exacerbated AKI and its transition into CKD (64). Furthermore,
Wyczanska et al. provided evidence that MMP-2 plays a role in
urinary tract obstruction during renal development leading to
inflammation, tubular apoptosis, and interstitial fibrosis. These
conditions might also promote the development of CKD (65). CKD is
a progressive disease with high morbidity and mortality that occurs
commonly in the general adult population, especially in people with
diabetes and hypertension (66,67). MMP-2 is involved in ECM
turnover in the glomeruli and tubulointerstitium, and its elevated
levels are associated with CKD progression, particularly among those
with low inflammation and those with proteinuria (68). MMP-2 was
also shown to promote the development of CKD through the various
interactions with tumor necrosis factors, monocyte chemoattractant
proteins, and reactive oxygen species disbalance (69). Interestingly,
higher levels of MMP-2 and TIMP-2 were found in serum from
patients with CKD, and serum levels of MMP-2 were correlated with
the degree of kidney failure (70). MMP-2 due to activation of pro-
inflammatory cytokines and chemokines can also amplify the renal
tissue damage during the late stages of CKD. Recent studies have
shown that MMP-2 interacts with TGF-B signaling pathways, a
pivotal trigger of fibrotic processes, promoting ECM deposition and
the activation of fibroblasts. This interplay accelerates
glomerulosclerosis and tubulointerstitial fibrosis, which are hallmark
features of CKD, thereby impairing renal function and contributing to
disease development. MMP-2 dysregulation in CKD has been linked
to increased levels of fibrotic markers such as collagen and a-SMA,
highlighting its role as a potential therapeutic target for fibrosis in
renal diseases (71-73). Based on the multifaced functions, MMP-2
was also proposed as a balancing factor during the renal impairment
progression. A study by Takamiya et al. showed that renal expression
and activity of MMP-2 are increased as a compensatory mechanism in
the early phase of diabetic nephropathy. Furthermore, they suggested
that MMP-2 could be considered as having a protective role in the
progression of CKD (74). The role of MMP-2 was also suggested in
renal carcinoma; however, the exact role seems to depend on the stage
of the carcinogenic process, showing how multifaced the role MMP-2
has (75). MMP-2 mediates the degradation of the glomerular
basement membrane (GBM), leading to compromised structural
integrity. This disruption augments the leakage of proteins into the
urine, resulting in proteinuria. Furthermore, the breakdown of GBM
components contributes to podocyte injury, impairing their function in
maintaining the filtration barrier. This cascade of events exacerbates
glomerulosclerosis, ultimately advancing renal pathology and
contributing to the progression of kidney diseases such as diabetic
nephropathy (66). MMP-2 activity exhibits distinct patterns across the
stages of kidney function impairment, with varying roles in the
progression of renal disease. In the early stages of CKD, MMP-2 is
involved in tissue repair and ECM remodeling, facilitating the healing
of renal injury by degrading damaged ECM components. However, its
activity is well regulated to prevent excessive ECM degradation that
could lead to more severe tissue injury. During CKD progress,
dysregulation of MMP-2 takes place, leading to its overexpression
and excessive ECM degradation, which contributes to the
development of glomerulosclerosis and tubulointerstitial fibrosis. This
imbalance in MMP-2 activity accelerates renal fibrosis, impairing
kidney function and facilitating the progression of CKD to end-stage
renal disease (67). Currently, the non-proteolytic function of MMP-2
is a rapidly evolving topic of research, which is also associated with
the progression of CKD. Therefore, more bench-to-bedside studies
are needed to fully establish the role of MMP-2 under impaired renal
function.

The Multiple Roles of MMP-2 Across Different Biological
Systems: The true multifaced nature of MMP-2 (Figure 1) could be
revealed when discussing the recent advances in basic science
research. MMP-2 plays an important role in maintaining the
reproductive system homeostasis. MMP-2 is integral to cyclic
endometrial changes during the menstrual cycle and implantation.
Moreover, the levels of MMP-2 are highly elevated in the ectopic
endometrium of women with visible endometriotic lesions and

eutopic endometrium in patients with no signs of endometriosis (76).
A study by Deady et al. showed the role of follicular adrenergic
signaling in Mmp2 activation and ovulation in Drosophila, which is
likely conserved in other species (77). Moreover, MMP-2 activity in
seminal plasma has a positive effect on sperm count and motility. The
role of MMP-2 in follicular fluid and seminal plasma could be an
important factor in embryo quality in patients undergoing successful
intracytoplasmic sperm injection (ICSI) and may affect the outcome
of ICSI (78). The intraovarian role of MMP-2 includes ECM
remodeling during folliculogenesis, follicle atresia, and postovulatory
regression (79). Recently, Kalev-Altman showed a pivotal role for
MMP-2 in myometrium remodeling during the mammalian parturition
process, underlining a novel cause for dystocia due to a loss in MMP-
2 activity in the uterine tissue (80). In the nervous system, the role of
MMP-2 goes far beyond its detrimental roles and is a master regulator
in many developmental events in the nervous system as well as
promoting regeneration and repair of the injured nervous system (81).
MMP-2 was shown to control multiple synaptic plasticity-related
processes, namely dendritic spine development, cell adhesion, neurite
guidance, and cell migration during the development of the central
nervous system (CNS) (82,83). Similarly, studies in Drosophila using
RNAi-mediated knockdowns and overexpression of TIMP have
revealed that Mmp2 exerts spatial regulation over FGF signaling,
which governs the branching morphogenesis of the developing air sac
(84). Moreover, MMP-2 has a potential role in the activation of
neuroinflammatory pathways and neurosignaling components as well
as might promote compromising vascular integrity resulting in barrier
leakage (e.g., cerebrovascular membrane barrier) (85). Song et al.
showed that MMP-2 activity, specifically at the border of the CNS
parenchyma, strongly enhances the leukocyte transmigration process.
It reveals the previously unknown role of MMP-2 in controlling cells
and cytokine migration through the blood-brain barrier (BBB) (86).
These findings were recently expanded by showing that ischemia-
induced secretion of MMP-2 may contribute to early BBB disruption
in ischemic stroke via interrupting the shared Scube2-Shh pathway
between brain capillary endothelial cells and perivascular astrocytes
(87).

The role of MMP-2 in the cancer environment has been proposed
decades ago. However, recent years brought many new aspects to the
understating of these phenomena. MMP-2 facilitates tumor invasion
and metastasis by degrading basement membrane components,
enabling cancer cell migration and tube formation, critical for
neovascularization in tumors (88). It is also possible that aberrant
MMP-2 activity contributes to resistance mechanisms against anti-
angiogenic therapies (89). MMP-2 has been found to play a role in
tumor invasion and metastasis, particularly in glioma progression,
where it interacts directly with the fibronectin receptor a5p1 integrin
(90,91). MMP-2 has been also implicated in the progression of gastric
cancer by promoting metastasis through the phosphorylation of
activating transcription factor 1 (ATF1) (92); however, the action of
MMP-2 is not associated with the mTOR pathway (93).
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Figure 1. The multifaceted effects of MMP-2 activity imbalance on
multiple organs illustrate its key role in both physiological and
pathological processes (Shown by arrows). Dysregulated MMP-2
activity can lead to tissue remodeling, fibrosis, and damage across
various organs, including the kidneys (via glomerulosclerosis and
proteinuria), the cardiovascular system (contributing to vascular
remodeling and atherosclerosis), and bone metabolism (due to
osteoclast  activity —modulation). MMP2—metalloproteinase-2;
COPD——chronic obstructive pulmonary disease; AKI—acute kidney
injury; CKD-chronic kidney disease. Clinical data have shown that
Mmp?2 is upregulated and positively correlated with the expression of
the long IncRNA P73 antisense RNA 1T (TP73-AS1) in ovarian
cancer tissues, and knockdown of Mmp2 attenuates the effects of
TP73-AS1 overexpression on cell invasion and migration (94). MMP-
2 has been shown to be activated in a cancer-associated fibroblast-
conditioned medium, leading to increased invasion of keratinocytes in
a TGF-B-dependent manner. Furthermore, MMP-2 plays an emerging
role in the regulation of cancer-associated fibroblast infiltration,
potentially participating in immunotherapy response (95). Invasion
and metastatic potential of melanoma cells is driven, i.e., by MMP-2
on hypoxia-dependent pattern. Recent studies showed a new, CD147-
related mechanism to induce MMP-2 in multiple cancers.
Importantly, knocking down CD147 attenuates MMP-2 response to
hypoxia in melanoma cell lines, confirming the new mechanism (96).
Interestingly, MMP-2 activation by membrane type-1-MMP
potentially amplifies protease activity and combination with direct
cleavage of substrate causes effective tissue degradation and enhances
tumor invasion and metastasis (97) (Table 1, Figure 2).
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Figure 2. The multifaceted nature of MMP-2 biology is driven by different pathways leading to vari-
ous biological and pathological phenomena. MMP-2—metalloproteinase-2; ECM—extracellular ma-
trix; TGF-p—Transforming Growth Factor Beta; NF-kB—Nuclear Factor kappa-light-chain-enhancer
B; PI3K/AKT—Phosphatidylinositol 3-kinase/AKT pathway.

MMP-2 also plays a role in maintaining homeostasis of the
musculoskeletal system, and its overexpression might lead to
pathological outcomes. In the bone, many functions were assigned to
MMPs, including osteoblast/osteocyte differentiation, solubilization
of the osteoid in bone resorption, osteoclast recruitment, and
migration and as a coupling factor in bone remodeling under
physiological conditions (98). MMP-2 is important for the
differentiation and survival of osteoblasts as well as required for
proper osteocyte lacunae formation and osteocyticperilacunar/
pericanalicularremodeling (collagenase activity) (98). Jiang et al.
showed for the first time that MMP-2 inhibitor 1 (MMP-2-11) has a
positive role in the osteogenesis of human bone marrow mesenchymal
stem cells (\BMSCs) and angiogenesis of human vascular endothelial
cells (HUVECs). This action seems to be dependent on MMP-2-11
activation of the p38/mitogen-activated protein kinase signaling
pathway (99). Furthermore, MMP-2 seems to alter bone growth by
impacting osteoclast and osteoblast activity and proliferation (100).
Knockout of the Mmp2 gene in mice model had a direct effect on
osteopontin (which promotes osteoclast activity) and sialoprotein
expression, which has been proven to promote osteoblast
development and activity. As a result of the Mmp2 knockout,
enhanced bone reabsorption or bone growth was observed in these
mice (101,102). Interestingly, mutations in genes encoding MMP-2
incur severe bone abnormalities in humans. Based on this evidence, it
can hypothesize that Mmp2 mutations that cause loss of function have
an impact on osteoblasts’ energy metabolism, limiting their ability to
create bone during regeneration processes (103). The above-

mentioned data suggest also that MMP-2 plays a major protective role
in osteogenesis and bone regeneration processes. Genetic
polymorphism in the Mmp2 gene significantly influences its function
and is implicated in the divergent pathogeneses of diseases (104,105).
One of the most studied variants is the -1306 C/T polymorphism in
the promoter region, which modulates the transcriptional activity of
Mmp?2 and alters its expression levels. Individuals carrying the T
allele have been shown to exhibit higher MMP-2 activity, which can
exacerbate conditions characterized by excessive ECM degradation,
such as cancer metastasis, osteoarthritis, and CVD (50). Furthermore,
the -1306 T allele has been associated with an increased risk of
myocardial infarction and stroke, as elevated MMP-2 activity can lead
to vascular remodeling and plaque destabilization. On the contrary,
polymorphisms such as rs243865, which reduce Mmp2 expression,
are associated with impaired ECM remodeling and tissue repair,
contributing to diseases such as diabetic nephropathy, pulmonary
fibrosis, and chronic wounds (106). In osteoarthritis, the rs243849
polymorphism has been linked to increased MMP-2 levels,
accelerating cartilage degradation. These genetic variants affect
disease susceptibility and also modulate disease severity and
progression. For example, in cancer, the overexpression of Mmp2 due
to specific polymorphisms promotes tumor invasion and metastasis,
particularly in breast and lung cancer (107). Furthermore, the
presence of Mmp2 polymorphisms may influence the efficacy of
therapeutic strategies targeting the enzyme, such as MMP inhibitors
or even gene therapies. However, the clinical implications of these
polymorphisms in therapeutic outcomes remain unexplored. To better
understand their functional consequences, future research should
focus on detailed molecular characterization of these variants using in
vivo knockout/knockdown models to assess their impact on disease
pathophysiology. Moreover, advanced gene-editing technologies such
as CRISPR may offer potential advances for therapeutic intervention
and enable modulation of MMP-2 activity in patients with disease-
associated polymorphisms.

Disease/Condition Signaling Pathways Affected Effect of MMP-2 References

Aneurysm, Vascular Remodeling and Calcification,
Reperfusion Injury, Atherosclerosi ial Stiffness, 6271
Hypertension, Heart Valy se

TGF-p, PI3K/ AKT, MAPK/ERK,

Cardiovascular Discases Integrin, VEGF

PI3K/AKT, RAGE, NF-xB, Cardiac and Hypertrophy, Oxidative Stress,
MAPK/ERK, TGF-B /SMAD, Myecardial Ce le Dysfunction, Card; te
ET-1, Inflammasome Pathway Apoptosis, Propagation of Inflammation

Diabetic Cardiomyapathy

Glomerular Basement Membrane (GEM) Thickening,
Tubulointerstitial Fibrosis, Injury and Loss of
Podocytes, Propay

Oxidati

s : TGF-B/SMAD, PI3K/AKT,
Dibede Nephropatny AGEs/RAGE, NF-xB, PKC mation and

e ; P — . Loss Of Blood-Retinal Barrier, Retinal Capillary
Diabetic Retinopathy VEGE, NF-kB, TGF-§, Integrin b sk tane hickcining
. i TGF-B, PI3K/AKT, MAPK/ERK,  Tubular Cell Apoptosis, Impaired Tubular Cells Repair,
Acute Kidney Injury NF-kB, RAAS, HIF Propagation of Cytokine Release, Acute Inflammation
N Renal Fibrosis, Podocyte Injury and Glomerular
- APK/E ¥ Y
Chvoni Kudney Disease O, IK/AKT MAPK/ER, 100 FUl, ol e o oot 113
S Persistent Inflammation, and Imbalanced Oxidation
R - ; Blood-brain Barrier Disruption, Neuroi .
Neurodegenerative TGF-B/SMAD, NF-kB, P oyl iy oy S
e PI3K/AKT, Notch, AGEs/RAGE  Glial Activation, Direct Neuronal Injury, Propagation [69-75]
of Inflamm n
TGF-B, PI3K/AKT, MAPK/ERK, TT“‘?‘" ],;‘(‘ f"‘f;:“"d ",“ :"ff'“’l*;"‘”‘:;:
Cancer VEGF, HIF, Wnt/ B-catenin, reiper e e [77-86]

Factors Stimulation, / is, Increased Tumor

INF-xB, Integrin, EGF/EGFR

TGF-B, PI3K/ AKT, MAPK/ERK,
Wit/ B-catenin, JAK /STAT,
RANK/RANKL/OPG

, Osteoporosis,

Bone Remodeling Disorders dsteoarthritis and [87-92,114]

Table 1. The summary of the signaling pathways involved in MMP-2-
mediated pathological processes. The diseases listed are linked to
specific signaling pathways that regulate key mechanisms such as
fibrosis, inflammation, cell apoptosis, and tissue remodeling. The
associated references provide further information on the signaling
pathways and their roles in disease progression. TGF-f: Transforming
Growth Factor Beta; PI3K/AKT: Phosphoinositide 3-Kinase/Protein
Kinase B; MAPK/ERK: mitogen-activated protein
kinase/extracellular ~ signal-regulated kinase; VEGF: vascular
endothelial growth factor; RAGE: Receptor for Advanced Glycation
End Products; NF-xB: Nuclear Factor Kappa B; SMAD: Small
Mothers Against Decapentaplegic; ET-1: Endothelin-1; AGES:
Advanced Glycation End Products; PKC: Protein Kinase C; RAAS:
Renin—Angiotensin—Aldosterone System; HIF: Hypoxia-Inducible
Factor; EGF/EGFR: epidermal growth factor/epidermal growth factor
receptor; RANK/RANKL/OPG: Receptor Activator of NF-kB/RANK
Ligand/Osteoprotegerin; JAK/STAT: Janus Kinase/Signal Transducer
and Activator of Transcription.

Limitations of the Treatments Harboring on MMP-2: Several
studies showed that targeting MMP-2 holds therapeutic promise,
albeit there are several challenges in developing specific inhibitors
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due to the enzyme’s role in both physiological and pathological
processes. MMPs, in general, are critical for ECM remodeling, wound
healing, and angiogenesis, so their inhibiting could potentially
interfere with these essential functions. The limitations of MMP-2
inhibitors, including off-target effects and toxicity, have spurred
interest in alternative strategies such as gene editing and isoform-
selective targeting. Gene editing techniques (e.g., CRISPR) enable
precise modifications at the genetic level, allowing for the selective
modulation of Mmp2/MMP-2 expression/activity. Additionally,
isoform-selective inhibitors offer the potential to target specific
MMP-2 isoforms, minimizing side effects and enhancing therapeutic
efficacy (108-110). Gene editing tools, such as CRISPR, enable
precise targeting of Mmp2 expression at the genetic level, offering a
solution to its ubiquitous presence and minimizing off-target effects
seen with wide-spectrum inhibitors. Additionally, isoform-selective
inhibitors can modulate specific MMP-2 isoforms, reducing systemic
toxicity and enhancing therapeutic efficacy in targeted tissues or
organs (111-113). A targeted approach is necessary to selectively
modulate MMP-2 activity without disrupting its beneficial roles in the
human body. Another challenge is the existence of different isoforms
of MMP-2. The full-length and truncated isoforms of MMP-2 exhibit
distinct functional properties, contributing to tissue-specific
remodeling and fibrosis. Considering this, designing inhibitors that
selectively target specific isoforms of MMP-2 is crucial to avoid
unintended effects on normal tissue function. Furthermore, the
regulation of MMP-2 is influenced by numerous signaling pathways,
including the PI3K/AKT pathway, p38 MAPK, and JNK signaling.
These pathways are activated by growth factors such as VEGF, TGF-
B, and IGF, all of which are elevated in various pathological
conditions. The interaction of MMP-2 with these signaling pathways
complicates the development of inhibitors, as it requires a detailed
understanding of the specific mechanisms that modulate Mmp2
expression and activity in different tissues (114,115). The complex
biological mechanisms underlying MMP-2 activity and regulation
highlight the challenges associated with targeting this enzyme for
therapeutic purposes. Despite these challenges, there are clinical trials
focusing on modulating MMP-2 activity. Study NCT05670834
investigates the potential association between Mmp2 gene
polymorphism and susceptibility to cataract development. Another
study (NCT04773028) focused on the role of MMP-2 in pulmonary
arterial wall remodeling in patients with chronic thromboembolic
pulmonary hypertension. Another ongoing study examines the
interconnection between relaxin, MMP-2, and IL-6 in women with
chronic pelvic pain. MMP-2 inhibition remains a promising strategy
for treating diseases characterized by excessive ECM remodeling,
particularly in diabetic nephropathy and cardiovascular disease.
Further research into the molecular mechanisms that regulate
Mmp2/MMP-2 expression and activity, along with the development
of selective inhibitors, will be essential for advancing the therapeutic
potential of MMP-2 modulation.

CONCLUSION

Matrix metalloproteinase-2 (MMP-2) is a pivotal enzyme in both
normal tissue physiology and disease pathogenesis. Its role in ECM
degradation, tissue remodeling, and cell migration is critical for
processes such as wound healing, angiogenesis as well as
embryogenesis. However, its overactivation is implicated in numerous
diseases, including cardiovascular disease, diabetic complications,
renal function impairment, and numerous other pathologies. It needs
to be underlined that MMP-2 regulation is a multifaceted process
involving the balance between activation and inhibition, as well as the
influence of growth factors, signaling pathways, and environmental
factors like hypoxia, inflammation, and oxidative stress. The well-
balanced regulation of MMP-2 is critical for maintaining ECM
homeostasis and preventing disease progression. Targeting the
regulatory mechanisms of MMP-2, particularly in pathological
conditions like fibrosis and cancer, holds significant therapeutic
potential but requires a detailed understanding of its complex
regulatory network.
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