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ABSTRACT  

Although matrix metalloproteinases (MMPs) are implicated in the regulation of numerous 

physiological processes, evidences of their pathological roles have also been obtained in the last 

decades, making MMPs attractive therapeutic targets for several diseases. Recent discoveries of 

their involvement in central nervous system (CNS) disorders, and in particular in Alzheimer’s 

disease (AD), have paved the way to consider MMP modulators as promising therapeutic 

strategies. Over the past few decades, diverse approaches have been undertaken in the design of 
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therapeutic agents targeting MMPs for various purposes, leading, more recently, to encouraging 

developments. In this article, we will present recent examples of inhibitors ranging from small 

molecules and peptidomimetics to biologics. We will also discuss the scientific knowledge that 

has led to the development of emerging tools and techniques to overcome the challenges of 

selective MMP inhibition.  

 

1. Introduction: General remarks about Alzheimer’s disease nowadays  

Alzheimer’s disease (AD), the most common form of dementia (~70%) in the elderly, is a 

chronic and neurodegenerative brain disorder characterized by memory loss and other cognitive 

impairments. In 2018, the number of people living with dementia in the world was estimated at 

50 million and this number will likely more than triple to 152 million by 2050.
1
 With only 4 

drugs approved (Donepezil, Galantamine, Rivastigmine and Memantine) to barely relieve the 

symptoms of AD, finding a cure, or at least a treatment that delays the progression of the disease, 

remains a real challenge for the community. Because of the heavy economic and societal 

impacts, there is an urgent need to find new treatments that target the molecular causes of the 

neurodegenerative process. During the past three decades, scientists have debated about the true 

molecular causes of the disease, but these remain elusive to this day. Two abnormal aggregates 

of beta-amyloid peptide (Aβ) and hyperphosphorylated Tau protein, respectively, constitute what 

has been considered for many years the main pathological features of AD: extracellular amyloid 

plaques (also known as senile plaques) and intracellular neurofibrillary tangles. Other 

pathophysiological disturbances in AD have also been pointed out, such as alterations in 

cholinergic and glutamatergic neurotransmission, neuroinflammation, oxidative stress and 
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mitochondrial dysfunctions. In 2020, it is still unclear how these interconnected events influence 

each other, why they become damaging over time or what is their exact chronology. Thus, 

ongoing experimental and clinical research continues to expand knowledge of potential new 

biological targets involved in the pathogenesis of AD.   

In this context, matrix metalloproteinases (MMPs) have been recently highlighted in the 

literature as potential new relevant biological targets in AD. In this paper, we will review the 

pathophysiological activities of MMPs in the central nervous system (CNS) in general and more 

specifically in AD. We will then focus our attention on the challenges to be addressed when 

targeting MMPs and discuss the different strategies and their evolution for the design of 

therapeutic agents that modulate their activities.  

 

2. Description of the matrix metalloproteinase family  

MMPs, also known as matrixins, form a family of endopeptidases characterized by the presence 

of a zinc cation stabilized by interactions with three histidine residues in their catalytic site. They 

belong to the larger metzincin superfamily of metalloproteinases and are present in most tissues 

of the body. To date, there are more than twenty MMPs described in humans (Table 1). They are 

classified according to their abilities to cleave substrates (initially discovered) in collagenases, 

gelatinases and matrilysins, and according to the localization (stroma) where they were first 

identified for stromelysins. Most MMPs are secreted, but a group of six proteinases bound to the 

membrane are referred to as membrane-type MMPs (MT-MMPs). Finally, a more heterogeneous 

group is often classified as "others". 



 4 

 

 

Table 1. MMPs classification in humans, adapted 

from 
2
 and in accordance with UniProt database 

(www.uniprot.org).  

 

 

All these MMPs are synthesized with a common N-terminal signal sequence, which is then 

cleaved in the endoplasmic reticulum to form the latent proenzymes. MMPs are made up of at 

least two domains, which are the pro-domain (containing the so-called “cysteine-switch” 

sequence motif, Pro-Arg-Cys-Gly-Xxx-Pro-Asp, except for MMP-23) and the zinc-containing 

catalytic domain. The cysteine residue of the pro-domain binds to the catalytic zinc as the fourth 

ligand in tetrahedral coordination sphere and thus keeps MMPs in their inactive form. Class-

specific domains complete their structure (hemopexin-like domain, hinge region, collagen-

binding domain, membrane anchored domain…).
3,4

 These proMMPs, also called zymogens, are 

activated by different mechanisms and subsequently either secreted in the extracellular space or 

attached to the cell membrane, although new intracellular MMP activities have also been 

reported.
5
 The activation step includes most of the time the “cysteine switch” event, consisting in 

successive cleavages inside the pro-domain by trypsin, plasmin or other MMPs, which results in 

the release of the pro-domain and the disruption of the Cys-Zinc interaction. Other activation 

mechanisms have been reported, including the formation of complexes between proMMPs and 

Class Numbering 

Collagenases MMP-1, MMP-8, MMP-13  

Gelatinases MMP-2, MMP-9 

Stromelysins MMP-3, MMP-10, MMP-11 

Matrilysins MMP-7, MMP-26 

MT-MMP  
(membrane type) 

MMP-14 (MT1-MMP), MMP-15 (MT2-
MMP), MMP-16 (MT3-MMP), MMP-17 

(MT4-MMP), MMP-24 (MT5-MMP), 
MMP-25 (MT6-MMP) 

Others 
MMP-12, MMP-19, MMP-20, MMP-21, 

MMP-23, MMP-27, MMP-28 



 5 

endogenous tissue inhibitors of MMPs (TIMPs), as well as furin cleavage in the trans-Golgi 

network.
3,6

  

MMPs are involved in the proteolysis of extracellular matrix components, in addition to a large 

number of non-matrix substrates such as growth factors, cytokines, chemokines, cell surface 

proteins receptors – to name just a few – which may become activated or inactivated. Thus, 

depending on their localization and their substrate specificity, MMPs have physiological 

functions involved in homeostatic processes such as development, morphogenesis and tissue 

reorganization.
7,8

 Like all proteinases, their activities must be tightly regulated because of their 

biological importance and potency. The activation/inhibition balance is maintained at several 

levels in vivo, including gene expression, proMMPs activation and endogenous inhibition in the 

extracellular medium by the family of TIMPs (TIMP-1 to TIMP-4), as well as by other inhibitors 

such as α2-macroglobulin, a plasma inhibitor.
7,9,10 The four TIMPs are macromolecules 

containing about 190 amino acids, which form equimolecular complexes with individual MMPs 

in their active form depending on their specificity and thereby block the active site of MMPs.
11

  

In some situations, the disruption of the MMP/TIMP balance is observed, as upregulation of 

MMP activity has been associated to many disorders such as cancer, arthritis, scarring processes, 

atherosclerosis, infections, inflammatory and immune diseases,
12,13,14 for which the development 

of specific MMP inhibitors has been validated as a genuine therapeutic strategy (e.g., MMP-1, -2 

and -7 in cancer).
15,16 More recently, MMP involvement has also been confirmed in 

neurodegenerative diseases.
10,17,18
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3. Involvement of MMPs in the central nervous system physiology 

In the CNS, MMPs are expressed at a modest level in physiological conditions and their regional 

distribution varies depending on the MMP. They are produced by all brain cells, e.g., endothelial 

cells, oligodendrocytes, astrocytes, microglia and neurons
19

 and contribute together with TIMPs 

to nervous system physiology during ontogenesis, neurogenesis, angiogenesis and neuronal 

plasticity.
5,20

 MMPs implication in neuronal plasticity has been mainly linked to their ability to 

influence learning and memory and what is believed to be the underlying cellular substrate, long-

term potentiation (LTP).
5,21,22

 MMP-9, MMP-3 and MT5-MMP have been mainly studied in this 

context. Moreover, MMPs (e.g., MMP-2, MMP-9, MT3-MMP, MT5-MMP) have been also 

involved in synaptogenesis,
22,23,24

 migration of neural cells and their precursors,
25,26,27

 and 

nervous tissue regeneration.
26,28,29,30,31,32

 

However, MMPs are ambivalent enzymes that can also exert negative effects depending on the 

biological context.
5
 Along this line, upregulation of MMP expression has been extensively 

documented in a myriad of pathological processes including excitotoxic epileptic seizures,
22,33,34 

hypoxia/ischemia,
35,36

 neuronal death,
35,37

 microbial infections,
38

 blood-brain barrier (BBB) 

disruption,
35,38,39

 neuroinflammation,
40,41

 demyelination
5
 as well as glioma progression.

42
 MT1-

MMP also seems to influence familial amyloidotic polyneuropathy, a rare, systemic disease with 

autosomal dominant transmission, due to a mutation in the transthyretin gene.
43

 Various MMPs 

are also involved in several chronic neurodegenerative diseases, such as Parkinson's disease, 

amyotrophic lateral sclerosis, Huntington's disease, multiple sclerosis and AD.
17,18,44 

Neuroinflammation is systematically a common feature of these various brain pathologies, 

during which the production and activation of specific MMPs are initiated or amplified by neural 
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(astrocytes, microglia, endothelial cells…) or immune cells (macrophages, lymphocytes, 

neutrophils…).
40

 

Because MMPs are multifaceted enzymes that mediate a myriad of physiological and 

pathological pathways, the risk/benefit outcome must be carefully estimated when considering 

their inhibition in order to prevent/anticipate unwanted side effects. Better understanding the 

molecular interactions of MMPs in a given spatio-temporal setting is therefore a pre-requisite to 

implement innovative drug discovery strategies that interfere with their harmful effects, while 

sparing their physiological actions. These topics have been discussed in detail for a number of 

CNS disorders and physiological conditions in a series of recent reviews.
18,38,39,41,45

  

 

4. MMPs in Alzheimer’s disease 

There is growing evidence that several MMPs may contribute to or interfere with the 

pathophysiological mechanisms of AD. The following paragraphs will provide an update on the 

latest developments in this area, based on knowledge gained directly from AD patients or in 

vitro/in vivo models of AD. 

 

General implication of MMPs in AD 

Elevated expression of different MMPs has been reported in AD brains, including MMP-1, 

MMP-2, MMP-3, MMP-9, MMP-13 and MT1-MMP (and also MT5-MMP that we will address 

separately).
46,47,48,49,50

 The effects of these MMPs have been mostly related to their functional 
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interactions with Aβ or Tau. Aβ results from the proteolytic processing of amyloid precursor 

protein (APP), a type I transmembrane protein of 695 to 770 amino acids, whose physiological 

functions are not yet fully elucidated.
51,52 

There are two main physiological proteolytic pathways 

for APP that are mediated by proteases called secretases: the non-amyloidogenic pathway, which 

is neuroprotective, precludes Aβ production and is predominant under physiological conditions, 

and the amyloidogenic pathway, which leads to the production and eventually neurotoxic 

accumulation of the Aβ peptide under pathological conditions (Figure 1).
53

  

In the non-amyloidogenic pathway, APP is first cleaved at the α-site by an α-secretase (mainly 

ADAM-10 and -17, for a disintegrin and metalloprotease domain), leading to the extracellular 

release of a soluble N-terminal fragment sAPPα with neurotrophic properties, and a residual 

membrane-associated C-terminal fragment α (CTFα, also called C83). Cleavage of C83 within 

the transmembrane domain by the γ-secretase complex (consisting of presenilin 1 or 2, nicastrin, 

anterior pharynx-defective-1 and presenilin enhancer-2) generates an extracellular non-toxic p3 

fragment and an APP intracellular domain (AICD) fragment that is unstable and rapidly 

degraded in this processing pathway.
54
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Figure 1. Schematic representation of the two classical APP processing pathways. In blue, the 

non-amyloidogenic pathway, which mainly occurs at the plasma membrane level and in red, the 

amyloidogenic pathway, which mainly occurs in the endosomes.  

 

APP can also undergo amyloidogenic processing when cleaved at its β site by a β-secretase 

(mainly BACE-1 for beta-site APP cleaving enzyme 1), thus generating the secreted ectodomain 

sAPPβ and the neurotoxic membrane-associated CTFβ fragment (also called C99).
55

 Subsequent 

cleavage of CTFβ by the γ-secretase results in the formation of Aβ and the AICD fragment. The 

latter can be translocated to the nucleus, where it could be involved in the regulation of gene 

expression and other processes, e.g. apoptosis.
54,56

 The levels of Aβ are tightly regulated by two 

main degradation proteolytic pathways that take place extracellularly or intracellularly after 

receptor-mediated endocytosis. MMPs are among the Aβ-degrading enzymes, along with 

neprilysin, insulin-degrading enzyme, angiotensin-converting enzyme and endothelin-converting 

enzyme.
57

 In pathological conditions such as AD, different pathogenic events result in an 
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imbalance between Aβ production and clearance. Thus, abnormal accumulation of Aβ in the 

form of oligomers or amyloid plaques is believed to play a central role in the pathogenesis of AD 

and to be responsible for synaptic and cognitive deficits as well as neuroinflammation.
58

 

Among the Aβ-degrading enzymes, MMP-2 and MMP-9 expressed in reactive astrocytes 

surrounding amyloid plaques, have demonstrated their in vitro and in vivo ability to degrade 

soluble Aβ and amyloid plaques into non-toxic fragments (Table 2), possibly illustrating a mode 

of action by which these MMPs could help preserve neurons from amyloid toxicity under AD 

conditions.
47,59,60,61,62

 This is also partly inferred from in vivo studies where genetic deletion 

(knock-out mice) or pharmacological inactivation of MMP-2 and MMP-9 in non-AD mice 

caused increased levels of Aβ.
63 Clearly, analogous MMP-2/MMP-9 knockout or knockdown 

experiments are still lacking in transgenic AD mouse models. Meanwhile, reduced amyloid 

pathology following immune-based therapy in an AD mouse model has been associated to an 

intriguing increase of MMP-9 levels in the brain.
64

 In pace with a potential beneficial effect of 

MMP-9 in AD, it has been shown that its overexpression in a mouse model of AD promotes the 

increase in the levels of neuroprotective sAPPα, along with a decrease in Aβ oligomers and the 

improvement of cognitive abilities.
65

 This study is interesting from a biochemical standpoint 

because it reflects the possibility that APP is a physiological substrate of MMP-9, which could 

occasionally behave as a -secretase-like enzyme. However, chronic overexpression of MMP-9 

as a valuable therapeutic approach is arguable, since MMP-9, unlike MMP-2, has been found to 

be neurotoxic for hippocampal neurons.
34

 Moreover, an increase in cortical MMP-9 activity 

during early AD has been shown to correlate with cognitive deficits, possibly related to 

proteolytic degradation of nerve growth factor.
66

 Further caution is advised by data indicating 

that detrimental brain hemorrhages following anti-A immunotherapy trials are associated with 
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the upregulation of MMP-9 levels and activities,
67

 which is consistent with the pro-inflammatory 

role of MMP-9 and its contribution to BBB breakdown.
39

  

In line with this idea, the presence of the ε4 allele of apolipoprotein E (ApoE) in the genome – a 

major genetic risk factor for AD – leads to BBB breakdown through the proinflammatory 

cyclophilin A pathway that involves the activation of MMP-9.
68

 The upregulation of MMP-2 

activity has also been linked with BBB leakage
39

 and it is known that oligomeric Aβ can 

stimulate the levels of MMP-2 in astrocytes surrounding amyloid plaques, certainly mediated by 

the release of proinflammatory cytokines by microglia.
69,70

 Altogether, these data highlight the 

possibility that both MMP-2 and MMP-9 could exert detrimental effects in AD through the 

induction of BBB leakage, which may in turn support chronic inflammation. BBB breakdown 

has been controversial for years in the AD field due to the absence of massive leukocyte 

infiltration as it is observed in other disorders such as multiple sclerosis, stroke or epilepsy.
71,72 

However, recent works reporting BBB dysfunctions in animal models of AD
73

 and in Humans
72

, 

point out the necessity of considering BBB demising factors as potential therapeutic targets.  

In the series of other possible adverse effects of MMP-2 and MMP-9 in AD, the upregulation of 

MMP-2, at early and middle stages of AD in neurons containing neurofibrillary tangles, has 

raised the suspicion that the proteinase could promote the pathogenic accumulation of Tau 

aggregates.
74

 Similar hypotheses have been put forward in brains from AD patients, where 

upregulated MMP-9 expression has been found associated with neurofibrillary tangles.
75

  

It is reasonable to suggest that sustained inhibition of MMP-2, which is constitutively expressed 

in the brain, may be consistent with the chronic nature of AD progression, whereas transient 

upregulation of MMP-9 could be better targeted in a narrower time frame, for example in the 
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context of peripheral infection leading to accelerated cognitive decline in AD patients, which is 

likely related to the opening of the BBB and concomitant neuroinflammation.
76

 In any case, the 

development of specific inhibitors for these MMPs could help clarify their function in AD, 

taking into account their spatio-temporal pattern of expression/activity, which has yet to be 

mapped in detail.  

MT1-MMP expression is strongly upregulated in the brain of AD mice in reactive astrocytes 

surrounding amyloid deposit,
69

 as well as in microglia/macrophages
50

 and neurons
47

. Like MMP-

2 and MMP-9, MT1-MMP seems to display a dual functionality in AD. Thus, exogenously 

added to cell cultures, MT1-MMP can degrade soluble and aggregated Aβ species in vitro and in 

situ,
69

 but if overexpressed in HEK cells carrying the APP Swedish mutation, the enzyme leads 

to an increase in CTFβ and Aβ levels, thereby highlighting its potential contribution to AD 

pathogenesis.
47

 The pro-amyloidogenic effect of MT1-MMP involves a β-secretase-dependent 

mechanism and/or the promotion of APP trafficking into endosomes, where Aβ production 

mainly occurs.
77 In vivo confirmation of the functional benefits of MT1-MMP inhibition is 

necessary and experimentally within reach. For example, through genetic or pharmacological 

approaches that suppress or inhibit MT1-MMP activity. In the former case, since MT1-MMP 

deletion causes mice lethality shortly after birth,
78,79

 conditional MT1-MMP deficient mice 

should therefore be generated in an AD background. In the second case, selective MT1-MMP 

blocking antibodies
80,81

 could be infused in AD mice at prodromal-like stages of the pathology.  

A series of studies reported that APP contains a proteinase inhibitor domain for MMP-2 located 

in the C-terminal glycosylated region of soluble APP forms.
82

 Inside this domain, a decapeptide 

sequence Ile-Ser-Tyr-Gly-Asn-Asp-Ala-Leu-Met-Pro termed APP-derived peptide inhibitor 

(APP-IP) specifically inhibits MMP-2.
83,84,85 

Interestingly, the conversion of pro-MMP-2 into the 
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active MMP-2 form was prevented by a fusion protein containing the APP-IP in TIMP-2.
86

 The 

chimera combined potent APP-IP-mediated inhibition of the MMP-2 catalytic site and selective 

recognition of the MMP-2 hemopexin domain by TIMP-2. It is noteworthy that not only can 

MT1-MMP cleave APP upstream of the APP-IP to release soluble APP lacking APP-IP,
77,87

 but 

this process can be performed in cooperation with MMP-2.
77

 This novel functional interaction 

between both MMPs adds to the well-known ability of MT1-MMP to catalyse the conversion of 

inactive pro-MMP-2 to its active MMP-2 form.
88

 In this context, an increase in active levels of 

MMP-2 mediated by MT1-MMP could promote the formation of sAPP without APP-IP, 

resulting in a reduced ability of the system to inhibit MMP-2 that could further contribute to the 

cleavage of APP and so on. Functional links between MT1-MMP and MMP-2 could broaden the 

spectrum and potency of their pathogenic actions, but also expand the possibilities of specifically 

targeting either proteinase to interfere with the proteolytic cascade.  

If MMP-2, MMP-9 and MT1-MMP act as A-degrading enzymes as well as pathogenic 

effectors, is there any justification for activating or inhibiting these proteases? Promoting MMP 

activity, especially chronically, may be inherently risky. Indeed, the natural inhibitors, TIMPs, 

usually exceed MMPs content. In addition, MMPs are mainly present in their inactive forms. All 

this together implies that keeping a tight control on MMP activity appears to be essential to 

preserve tissue homeostasis. A hypothetical degradation strategy of A based on the activation of 

MMPs could result in the indiscriminate degradation of many physiologically important 

substrates, in addition to the activation/amplification of difficult to control proteolytic cascades 

involving MMPs or other proteinases (e.g., serine proteinases), characteristic of many pathogenic 

processes. Therefore, it is likely that promoting MMP activity may eventually increase the 

risk/benefit ratio. On the other hand, inhibiting a given MMP could also affect a number of 
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physiologically relevant off-target substrates and have side effects. This is for instance one of the 

main obstacles to AD therapies aiming at inhibiting -secretase to block the generation of A 

(Figure 1), because the catalysis of other substrates by this enzyme supports physiological 

functions.
89

 In the case of MMPs inhibition, one would expect that the biochemical/biological 

redundancy of this family of proteinases would limit these drawbacks, as other MMPs could take 

over the cleavage of a physiological substrate affected by the specific inhibition of a particular 

MMP. Overall, specific inhibition of MMPs appears to be a more appropriate strategy than their 

activation or upregulation for the prospects of potential therapeutic interventions.  

The possible implication of MMP-13 in AD has been recently highlighted,
90

 as elevated levels of 

the enzyme were found in the brain of AD patients and AD mice.
49

 The same work linked the 

involvement of MMP-13 in amyloid pathology by its ability to regulate BACE-1 expression 

through the phosphatidylinositol kinase-3 (PI3K) signaling pathway. In addition, downregulating 

MMP-13 activity through pharmacological inhibition or MMP-13 knockdown in AD mice 

improved amyloid pathology and cognitive deficits.
49

 Previously, another study showed that Aβ 

peptide could induce MMP-13 in microglial cells through a PI3K/Akt-dependent mechanism,
91

 

likely implying a regulatory feedback between MMP-13 and A.  

Other MMPs have also proven to respond to A. Thus, cultured microglia from post-mortem AD 

brains exposed to Aβ showed increased levels of MMP-1, MMP-3, MMP-9, MMP-10 and 

MMP-12, possibly indicating the involvement of these MMPs in AD associated 

neuroinflammation,
92

 but also in neurodegeneration as suggested for MMP-1.
93  

Despite a growing number of reports linking elevated levels of MMPs in different CNS areas 

with the progression of AD,
18

 there is a clear need for detailed mapping of the regulation of 
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individual MMPs at different stages of disease. Taken together, these data should consolidate 

expectations about the importance of MMPs in AD and prefigure functional specificities of each 

proteinase in the disease context. 
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Table 2. Overview of the main pathophysiological functions of MMPs in AD and in other 

pathological and physiological settings. 

MMP 
Producing cells 
implicated in AD 

Pathophysiological roles in 
AD 

Other functions  

MMP-1 

Neurons; Astrocytes; 
Microglial cells; 

Endothelilal cells; 
Immune cells 

Neuroinflammation; neuronal 
death

93
 

Cancer
2,15,16

; Atherosclerosis
94,95

; 
Immunity

96
; Vascular remodeling

97
 

MMP-2 

Astrocytes; Neurons; 
Microglial cells; 

Endothelial cells; 
Oligodendrocytes; 

Immune cells;  

Aβ degradation
47,62,63

; 
Neuroinflammation

69,70
; 

Associated with Tau 
aggregates

74,18
; Associated 

with Aβ deposits
47 

Cancer
2,15,16

; Learning and Memory 
disabilities

98
; Neuroinflammation

99
; 

Atherosclerosis
94,95

; Vascular 
remodeling

97
  

MMP-3 

Astrocytes; Neurons; 
Microglial cells; 

Endothelial cells; 
Oligodendrocytes; 

Immune cells 

Aβ degradation
100

; Blood-
Cerebrospinal fluid barrier 

degradation
101,18

  

Cancer
2,15,16

; Synaptogenesis
102

; α-
synuclein cleavage

103
; 

Neuroinflammation
104

; 
Atherosclerosis

94,95
; Vascular 

remodeling
97

  

MMP-9 

Astrocytes; Neurons; 
Microglial cells; 

Endothelial cells; 
Oligodendrocytes; 

Immune cells 

Vasculature damages
68

; Aβ 
degradation

60,61,62,63
; sAPPα 

production
65

; Associated with 
Tau aggregates

66,18
; 

Associated with Aβ deposits
47

 

Cancer
2,15,16

; Synaptic 
plasticity

105,106
; Learning and 

Memory
22

; Neuronal death
34,37

; 
Myelinisation

107
; 

Neuroinflammation
99

; 
Atherosclerosis

94,95
; Vascular 

remodeling
97

  

MMP-12 

Macrophages; 
Microglial cells; 

Neurons; Astrocytes; 
Oligodendrocytes; 
Endothelial cells; 

Immune cells 

Neuroinflammation
92

  

Neuroinflammation
108

; 
Neurodegeneration

109
; 

Neuroprotection
110,111

; 
Myelinisation

107
; Inflammation

112,113
; 

Immunity
114,115

; Atherosclerosis
94,95

; 
Vascular remodeling

97
; Cancer

116,117
  

MMP-13 

Microglial cells; 
Neurons; Astrocytes; 

Endothelial cells; 
Oligodendrocytes; 

Immune cells 

Increased BACE1 levels
49

  
Neuroprotection

118
; Cancer

2,15,16
; 

Vascular remodeling
97

; 
Atherosclerosis

94,95
  

MT1-MMP 

Astrocytes; Neurons; 
Microglial cells; 

Endothelial cells; 
Immune cells 

APP metabolism
18,47,77,87,119

; Aβ 
degradation

69
; Aβ 

production
77,18

; Associated with 
Aβ deposits

47
  

Neuroinflammation
50

; 
Glioblastoma

120
; Cancer

121
; 

Immunity/Inflammation
122,123

; Cell 
migration

26,124
; Atherosclerosis

94,95
; 

Vascular remodeling
97

 

MT5-MMP 
Neurons; Astrocytes; 

Immune cells  

Aβ production; 
Neuroinflammation; Synaptic 
failure; Learning and Memory 

disabilities
125,126,127

; APP 
metabolism

18,119,125,126,128
; 

Associated with Aβ deposits
139

 

Synaptogenesis/nervous tissue 
remodeling and repair

28,129,130
; 

Inflammation
28,131

; Cancer
132

; Brain 
tumor

133
; Synaptic activity

134
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MT5-MMP, a new potential target in AD  

Among MMPs, MT-MMPs are expressed at a higher level in the CNS, and particularly MT1-

MMP, MT3-MMP, MT4-MMP and MT5-MMP.
21

 MT5-MMP was identified in 1999 as the 

most abundant subtype of MT-MMPs in the brain,
133,135

 being the only member of the MMP 

family predominantly expressed at the cerebral level, in embryos and in post-natal pups, in areas 

of intense neuronal plasticity, suggesting altogether a key role in brain development.
129,136 

Its 

stable post-developmental expression suggests also an implication in neuronal remodeling under 

physiological and regenerative conditions in adulthood.
28,45,130,137,138

  

MT5-MMP has been recently identified has a new player in AD. Indeed, MT5-MMP was first 

found to be colocalized with amyloid plaques in AD brains, which suggested its participation in 

the remodeling of injured zones.
139 The generally accepted vision of APP metabolism (see above 

amyloidogenic/non-amyloidogenic proteolytic pathways) has been recognized as simplistic in 

recent years in light of the discovery of new APP proteinases.
138,140

 As early as 2006, it was 

demonstrated the capacity of MT1-, MT3- and MT5-MMP to cleave APP in cellulo, at a new site 

upstream of the β-secretase cleavage site.
119

 This work described the formation of APP 

fragments, different from those classically reported after α- and β-secretase cleavages. 

Recently, independent works from two teams have shown that processing of APP by MT5-MMP 

leads to the generation of new fragments through its η-secretase activity, eventually leading to 

neurotoxic effects in vitro and in vivo.
125,128  

Willem et al. confirmed in 2015
128

 a physiological pathway for APP proteolysis mediated by 

MT5-MMP at the site previously described by Ahmad et al.,
119

 that they called η site VLAN504-

M505ISEPR (APP695 numbering). MT5-MMP was capable of displaying η-secretase activity in 
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vivo, unlike its close homologue MT1-MMP.
128

 In this new APP proteolytic pathway, MT5-

MMP can generate a soluble sAPPη fragment and a residual CTFη fragment anchored to the 

membrane (Figure 2). CTFη can then be consecutively cleaved either by β-secretase (BACE-1) 

or by α-secretase (ADAM-10) to release two fragments, a short (92 amino acids) and a slightly 

longer (108 amino acids) called Aη-β and Aη-α, respectively. In the same study, the authors 

demonstrated the neurotoxic potential of the Aη-α peptide, which inhibited LTP in primary rat 

neuronal cultures, while Aη-β had no toxic effect. These data questioned the positive and 

negative roles generally attributed to α- and β-secretases, respectively. In addition, it was shown 

that genetic and pharmacological inhibition of BACE-1 (β-secretase) in mice promoted the 

accumulation of CTFη and Aη-α. As these fragments (at least Aη-α) are potentially neurotoxic, 

ongoing therapeutic strategies on β-secretase inhibitors should take these data into account as a 

possible cause of side effects. Although the toxicity of CTFη has not yet been established, they 

noted that CTFη levels, as those of neurotoxic CTFβ, were enriched in dystrophic neurites in an 

AD mouse model and in human AD brains.
128

  

 



 19 

Figure 2. Schematic representation of APP processing by η-secretase. A- is neurotoxic, but 

A- is not.
128

 

 

By the same time, the contribution of MT5-MMP to AD pathogenesis was first unveiled by 

Baranger et al.
125

 They examined the impact of MT5-MMP deficiency in vivo in the 5xFAD 

mouse model of AD and reported reduced amyloidosis, illustrated by a striking drop in the levels 

of Aβ (oligomers and amyloid plaques) and CTFβ. Reduced A load was concomitant with 

durable reduced neuroinflammation and gliosis, as well as the improvement of LTP, and learning 

and memory. Interestingly, these changes occurred without modifications of the activities of α-, 

β- and γ- secretases in the cortex and hippocampus. In the same study, they showed in vitro that 

MT5-MMP can interact and colocalize with APP and also confirmed that MT5-MMP can 

stimulate Aβ and CTFβ production. Overexpression of MT5-MMP was able to trigger the release 

of a soluble APP fragment of 95 kDa (sAPP95) in HEK cells which seems to correspond to the 

sAPPη fragment described by Willem et al..
128

 It is noteworthy that sAPP95 levels were 

significantly reduced in the brain of AD mice deficient for MT5-MMP, therefore further 

confirming that APP is an in vivo substrate of MT5-MMP.
126

  

The pro-amyloidogenic feature of MT5-MMP and its η-secretase activity in the metabolism of 

APP constitute two pathogenic mechanisms, which may be complementary in AD (Figure 3). It 

has been suggested, and then confirmed by Baranger et al., that the pro-amyloidogenic function 

of MT5-MMP could go through a modulation of APP trafficking by facilitating APP sorting in 

the endosomes, which are a main locus of Aβ formation.
126

 In addition, MT5-MMP could also 

contribute to AD pathogenesis through the activation of pro-inflammatory pathways.
127  
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Figure 3. Schematic representation of the two 

newly described disease pathways involving 

MT5-MMP in the pathogenesis of AD. A third 

synergistic/complementary pathway would be 

the role of MT5-MMP in the regulation of 

inflammatory processes in the CNS, but data are 

still needed to demonstrate this.   

It is also significant to note that MT5-MMP deficient mice are viable and show no detectable 

overt abnormalities.
131

 Keeping in mind that MT5-MMP expression is primarily localized in the 

nervous system, this information reinforces the idea that MT5-MMP may constitute a relevant 

therapeutic target in AD, as MT5-MMP inhibitors of therapeutic interest in AD would have 

limited impact on other organs.  

 

5. Major challenges in the design of therapeutic agents targeting MMPs 

Given the broad implications of MMPs that have been identified in various neural diseases, 

including AD, it seems relevant to consider these enzymes as potential new therapeutic targets. 

However, to develop agents targeting MMPs, it is essential to consider inherent challenges, 

mainly linked to their broad substrate specificity and high structural homology. In addition, it is 

important to consider BBB permeability of these agents as CNS targeting drugs. Indeed, despite 

the high therapeutic potential of MMP inhibitors, almost all clinical trials have failed in the past 

mainly due to low selectivity and poor target validation.
2,10
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Broad substrate specificity  

As mentioned earlier, MMPs are capable of cleaving a substantial number of extracellular matrix 

components as well as an increasing number of non-matrix substrates. This confers a wide range 

of action, and sometimes overlapping substrate specificities to these enzymes, that explains their 

pleiotropic effects in physiological and pathological conditions.
7,141,142

 The search for new MMP 

substrates using proteomic approaches is still ongoing, with the idea that a thorough knowledge 

of the substrate repertoire will limit the undesirable side effects associated with unknown 

substrates. Combining proteomics approaches with studies aimed at characterizing the spatio-

temporal expression of MMPs and their substrates should ultimately serve to better understand 

their biological functions (beneficial and/or detrimental), which is a major challenge in the 

development of specific MMP inhibitors.
142,143 

 

Structural homology 

MMPs share a multidomain common structure, with the particularity of catalytic sites that have a 

high homology in the amino acid sequence.
144

 Another characteristic of this proteinase family is 

the presence of a zinc cation in the catalytic site that is coordinated to three histidine residues 

within the conserved His-Glu-Xxx-Xxx-His-Xxx-Xxx-Gly-Xxx-Xxx-His motif, and a conserved 

methionine residue that forms the “Met-turn” region (1,4-β-turn). This conserved zinc-binding 

environment is what allows MMPs to be included in the Metzincins superfamily.
145

 In addition 
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to a zinc atom with catalytic functions, MMPs also share in their active site another zinc atom as 

well as several calcium ions that act as structural elements in the architecture of the proteinase.
146

 

Given the high structural homology between MMPs and the large number of members of this 

family, a major challenge in the development of therapeutic agents is thus selectivity. In order to 

introduce selectivity between MMPs, it is necessary to have detailed structural knowledge for 

each of them. To this end, tertiary MMP structures are of critical importance to design 

appropriate and selective therapeutic agents. Most of the structures have been solved by X-Ray 

or nuclear magnetic resonance (NMR) techniques. This mainly concerns catalytic sites, alone or 

in complex with substrates or various therapeutic agents, although some structures have also 

been determined for other MMP domains.
3,146,147  

The nomenclature of Schechter and Berger is commonly used to describe catalytic sites of 

endopeptidases and their substrates.
148 According to this nomenclature, the MMP catalytic site 

can be divided in several subsites: S1’, S2’, S3’…Sn’ on the right side of the catalytic zinc 

cation, i.e., primed side, and S1, S2, S3…Sn on the left side of the catalytic Zn ion, i.e., 

unprimed side (Figure 4).  

 

Figure 4. Schematic representation of substrate binding in a MMP catalytic site, with the 

implication of different subsites Sn of the MMP for the accommodation of various amino acids 

Pn of the substrate. In yellow, the zinc cation (Zn), essential for the cleavage of the peptide bond 
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(indicated by the arrow between P1-P1’). This cartoon has been generated with PyMOL software 

from the crystal structure of MT3-MMP available in the PDB databank (PDB ID: 1RM8).
149

 

 

By analogy, the corresponding chemical groups on the substrate/analogue that interact with these 

subsites are named P1, P2…Pn, and P1’, P2’…Pn’. In MMPs, the non-primed side subsites 

(mainly S1, S2, S3) have a relatively flat surface and are more exposed to the solvent than the 

primed-side subsites (mainly S1’, S2’, S3’), characterized by deep and shallow pockets forming 

a cleft. The primed-side sites are thus more prone to interactions with the substrates and/or 

inhibitors and have therefore received more attention in the design of therapeutic agents. Among 

the subsites in the cleft of the active site, the most interesting is the S1' pocket, which is the 

closest to the catalytic zinc (Figure 5). This hydrophobic S1′ pocket is the main determinant of 

enzymatic specificity, as it is critical for substrate recognition. Therefore, it appears to be the 

most interesting pocket for the design of therapeutic agents because it is the deepest, most 

flexible and most variable pocket in terms of size, amino acid sequence and shape between 

MMPs.
150

 Nevertheless, other specificity determinants should be considered to improve 

selectivity, such as the S2’ pocket.
144,147,151  

Figure 5. Schematic representation of the general 

catalytic site of MMPs, illustrated by MT3-MMP crystal 

structure (PDB ID: 1RM8). The S1’ pocket (in red), 

close to Zn cation (in yellow) is deep, hydrophobic and 

variable in size and shape among the MMPs. The S2’ 

shallow pocket (in green) is very similar among MMPs 
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and is partially exposed to solvent. This image has been generated with PyMOL software.
149

 

 

A challenge for the coming years will therefore be to characterize the remaining 3D structures of 

MMPs in order to facilitate structure-based drug design and achieve higher selectivity, either for 

the catalytic site or for potential exosites. 

 

BBB permeability  

BBB is a protective element of the brain that provides a defense against pathogenic factors 

present in the systemic circulation and is therefore crucial for proper synaptic and neuronal 

functioning. BBB breakdown was demonstrated in several neurodegenerative disorders and 

particularly in AD, for which the role of its disruption in the pathogenesis of AD is becoming 

increasingly clear.
72,73,152

 In AD, BBB breakdown has been associated to increased BBB 

permeability, cerebral microbleeds, impaired glucose transport, impaired P-glycoprotein 1 

function, CNS leukocyte infiltration, capillary leakages, pericyte and endothelial degeneration, 

aberrant angiogenesis as well as molecular changes.
72,153

 All these alterations lead to the 

accumulation of toxic molecules in the brain, including Aβ species, that initiate multiple 

pathways of neurodegeneration. MMPs are versatile enzymes, as seen above, which can have 

detrimental effects on BBB in various pathological conditions, and thus, could constitute 

potential therapeutic targets to restore BBB integrity, especially in stroke.
154,155

 

The relation between BBB breakdown and brain delivery of neuropharmaceuticals remains a 

controversial issue. Some say that local BBB disruption could be used by therapeutic agents, and 
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paradoxically by MMP inhibitors themselves, to gain access into CNS, while others postulate 

that drug delivery requires functionally and structurally healthy BBB.
72,156

 CNS delivery of 

therapeutic agents targeting brain MMPs is indeed another major challenge. Various general 

strategies for CNS drug delivery can be considered: endogenous cellular mechanisms at the BBB 

(passive diffusion, carrier-mediated transport, receptor-mediated transcytosis…), intranasal drug 

delivery, use of nanomedicine, direct injection into CNS or transient opening of the BBB (e.g. 

focused ultrasound).
72,157,158

 More generally, the physicochemical properties of the designed 

therapeutic agents should be optimized in accordance with the delivery strategy expected in 

terms of molecular weight, lipophilicity, hydrogen bounding, polar surface area, ionization at 

physiological pH...
159,160 

To conclude, various strategies can be explored to increase brain 

penetration of potential newly designed MMPs therapeutic agents. 

 

6. MMPs inhibition: strategies and evolution   

Faced with the increase of functions attributed to MMPs in various pathological conditions, the 

development of MMP inhibitors has been investigated over time. The general awareness that 

MMPs assume broader functions than previously thought, has led to the search of the most 

selective agents as a first step in order to better understand the physiological and pathological 

role of these enzymes. We will describe the various pharmacological strategies that have been 

pursued to this end (Figure 6) from the initial idea to block the activity of MMPs by inhibiting 

their catalytic site. We will thus present the different types of synthetic inhibitors that have been 

successively designed, using different strategies and with improved results in terms of 

selectivity. We will finally discuss more recent developments of therapeutic agents targeting 
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exosites, such as monoclonal antibodies (mAb) and protein-based inhibitors. These are designed 

to target secondary binding sites and to mimic the endogenous regulatory system of MMPs, 

mainly the TIMPs and the MMP pro-domains, which keep enzymes inactive. As there are just a 

few examples of therapeutic agents targeting MMPs for brain disorders at the moment, and none 

for the recently studied MT5-MMP, we will introduce in this section broader examples to present 

global advancements in the field. We will also include the very few examples that deal with the 

BBB challenge.  

 

Figure 6. Schematic representation of physiological and pharmacological regulation of MMP 

activity. Physiological regulation is represented in the blue box with proMMP-3 (PDB ID: 

1SLM), active MMP-3 (PDB ID: 1CAQ) and the MMP-3/TIMP-1 complex (PDB ID: 1UEA). 

Pharmacological regulation is presented in red by a zinc-chelating inhibitor 11 complexed with 

MMP-12 catalytic site (PDB ID: 4GQL) and by GS-5745 exosite-based mAb of MMP-9 (PDB 

ID: 5TH9). Surface representation of MMP catalytic site with the secondary structure 
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highlighted in grey, catalytic zinc ion in yellow. The image has been generated with PyMOL 

software.
149

  

 

Marketed compounds with anti-MMPs properties 

There are only a few therapeutic drugs on the market that display broad MMP inhibition, and 

MMPs are generally not even the primary targets. Apart from their known antimicrobial activity, 

tetracycline-derived compounds, such as Doxycycline 1 and Minocycline, have been shown to 

inhibit MMPs, particularly collagenases (Figure 7A).
161

 Doxycycline hyclate is the only MMP 

inhibitor with this mechanism that has been approved in periodontal disease by the Food and 

Drug Administration. It has to be noted that Minocycline is one of the few MMP inhibitors that 

has been reported to have a good penetration of the BBB.
162

 In addition to tetracyclines, 

bisphosphonates like Alendronate 2 (Figure 7A), which are commonly used for cancer and bone 

conditions, also appear to inhibit MMPs.
163

 Statins, originally designed as cholesterol-lowering 

drugs (e.g., Simvastatin 3, Figure 7A), have also more recently shown anti-MMP properties.
164

 

Finally, Thalidomide 4 (Figure 7A), now available again only through a restricted distribution 

program, has also shown MMP inhibitory capacity.
165
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Figure 7. Examples of structures of non-selective MMPs inhibitors. (A) Marketed compounds 

(B) 1
st
 generation: peptides/peptidomimetics (C) 2

nd
 generation: non-peptidomimetics. * Yellow 

spheres indicate the zinc binding group (ZBG) on designed MMP inhibitors. 

 

First generation of broad-spectrum peptidic/peptidomimetic inhibitors 

In the early design of MMP inhibitors in the 1970s, a substrate-based approach was followed 

based on the knowledge available at the time. A 1
st
 generation of peptides/peptidomimetics was 

developed to mimic the structure of their physiological peptide substrates. The requirement for 

the development of MMP inhibitors was at this time the presence of a zinc binding group (ZBG) 

on the peptidic scaffold in order to chelate the catalytic zinc atom and block enzyme activity. 

Hydroxamic acid groups were thus initially chosen for their high potency. Batimastat 5 (also 

called BB-94, Figure 7B) and many other potent compounds were developed using this approach 

(for review and complete Structure-Activity Relationships see Whittaker et al.
166

). As 

represented by Batimastat 5 in Figure 8, these inhibitors were designed to fit the binding cavity 
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of MMPs both through their capacity to chelate zinc, and through their peptidic scaffold that can 

form hydrogen bonds with the proteinase backbone and distribute its various substituents to the 

enzyme subsites. However, these peptide-based inhibitors failed in clinical trials for various 

reasons, including poor oral bioavailability, metabolic instability, lack of MMP selectivity, 

incomplete knowledge of MMPs biology at the time of the trials, as well as unwanted side 

effects.
167

 Other more orally bioavailable inhibitors, but equally disappointing in clinical trials, 

were designed by modification of the peptidomimetic backbone. This is the case of Marimastat 6 

(also called BB-2516), which possesses a hydroxyl group α-substituent (Figure 7B).
166

 However, 

some of these compounds are still used today as non-selective pharmacological tools in 

preclinical models.  

 

 

 

 

 

Figure 8. (A) Crystal structure of the catalytic domain of MT3-MMP complexed with the non-

selective inhibitor Batimastat 5 in blue (PDB ID: 1RM8). Surface representation of the protein 

with the secondary structure is highlighted in grey, the S1’ pocket in red and the catalytic zinc 

ion in yellow. The inset shows a zoom of the catalytic site with ligand−protein interactions 

represented as yellow dashed lines. The image has been generated with PyMOL software.
149

 (B) 

Schematic representation of the binding mode of Batimastat 5 in the catalytic site.  
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Second generation of broad-spectrum non-peptidomimetic inhibitors 

Non-peptidyl inhibitors were then explored to target the active site of MMPs and led to a 2
nd

 

generation of MMP inhibitors. Different analogues were synthesized, including sulfonamide 

hydroxamates, like the potent Prinomastat 7 (also called AG3340, Figure 7C).
166

 The intense 

utilization of the hydroxamic acid, plus its lack of specificity, as well as the high competition in 

the design of MMP inhibitors at that time, led to the search for alternative weaker ZBG such as 

retrohydroxamates, carboxylates, thiols, phosphorus-based and novel original groups (Figure 

9).
151,166,168,169,170 

 

Figure 9. Development of various ZBGs over time, represented with their pros and cons. 

MMP inhibitors bearing other ZBG were thus developed, like Tanomastat 8 (also called BAY12-

9566) possessing a carboxylic acid (Figure 7C).
166

 These non-peptidyl inhibitors demonstrated 
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better in vivo pharmacokinetic profiles, but again showed only relatively poor selectivity and 

therefore failed in clinical trials.
167

  

 

Third generation of selective inhibitors 

Scientific research over the past two decades has brought new knowledge in the field of MMP 

inhibitor design and generated technological advances that provide new opportunities, notably in 

the search of selectivity. The resolution of 3D structures of MMPs is now much more advanced 

than in the early days of MMPs research, providing key information about MMP structures and 

MMP-inhibitor interactions that enable the use of structure-based approaches and rational 

inhibitor design. In addition, this 3
rd

 generation of inhibitors was designed by fully exploiting the 

presence of various substrate-binding pockets, which surround the catalytically active zinc 

ion.
151,171

 Major selectivity differences were obtained by targeting “selectivity” S1’ pockets of 

MMPs, which have been widely studied and classified as small, medium and large according to 

the MMP.
150,172

 This was achieved in particular through the development of effective 

technologies and tools based on computer science, high throughput screening (HTS), 

crystallography, molecular modeling and fragment approach.
173,174

 To reach selectivity, scientists 

are often taking advantage of a combination of these tools. Numerous MMP inhibitors started to 

emerge with encouraging results in terms of selectivity, in particular for MMP-13 and MMP-

12.
168,171,175,176,177

  

The sulfonamide moiety has been well studied in the design of MMP inhibitors as an appropriate 

linker between a substituent oriented to the zinc (mainly a ZBG) and sulfonyl substituents 

oriented to the S1’ pocket. In addition, the sulfonamide linker has shown its ability to do crucial 
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hydrogen bonding in the catalytic site.
178

 Successive modifications of this template led to the 

discovery of various compounds, including N-substituted arylsulfonamide carboxylates like the 

sugar-based MMP-12 selective inhibitor 9 (Figure 10A).
179,180

 Rigidified arylsulfides were also 

obtained, as illustrated with compound 10, a selective MMP-12 inhibitor bearing in addition an 

original N-1-hydroxypiperidine-2,6-dione ZBG (Figure 10A).
181

  

In addition, a novel concept for the selective inhibition of MMPs was introduced with the 

discovery of compound 11 (also called SB-3CT, Figure 10B), a mechanism-based specific 

inhibitor of MMP-2 and, to a lesser extent, MMP-9 (i.e. suicide substrate).
182

 The inhibitor binds 

deeply in the S1’ pocket of the catalytic site with the biphenyl ether moiety while the sulfur atom 

of the thiirane group coordinates the catalytic zinc. It has been proposed that a nucleophilic 

attack of a glutamic acid of the active site leads to the opening of the thiirane ring to generate the 

corresponding thiolate, and forms a covalent ester bond that mimics the proMMP state (slow 

binding inhibition).
183

 Compound 11 and its derivatives have been evaluated in different models 

of brain diseases thanks to their ability to cross the BBB.
184,185,186,187  
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Figure 10. Examples of 3
rd

 generation of selective inhibitors with catalytic site interactions 

represented (Pockets Sn). Yellow spheres indicate the ZBG. (A) Non-peptidomimetic, (B) 

mechanism-based and (C) peptidomimetic inhibitors.  
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Scientists also succeeded more recently to develop selective pseudopeptides, mainly phosphinic 

pseudopeptides bearing a phosphoryl weak ZBG, which are relatively stable transition-state 

analogues. Devel et al. designed the highly potent and selective MMP-12 phosphinic inhibitor 12 

(also called RXP470.1) by introducing an isoxazole side chain to fill the S1’ cavity as well as a 

Glu-Glu motif to occupy S2’ and S3’ subsites (Figure 10C).
188,189

 An interesting study on this 

compound revealed the crucial and complex role of the ZBG to modulate either the potency, 

dynamic or selectivity of the inhibitor.
190

 The same group then developed a new generation of 

non-phosphinic pseudopeptides with modified P1’ side chains, like compound 13 (Figure 10C), 

which were even more selective than 12.
191,192

 In addition to their potential interest as therapeutic 

agents, some peptidomimetics could be used as probes and pharmacological or diagnostic tools 

in cellulo or in preclinical models.
193

  

Another example of selective inhibitor is the intriguing synthetic APP-IP decapeptide 14, that 

interacts with the catalytic site of MMP-2 (Figure 10C). As discussed above, the sequence of 

APP-IP corresponds to an internal sequence of APP (residues 586–595, APP770 numbering) that 

was identified as the minimal region required for MMP-2 inhibition.
83,84,85

 APP-IP 14 

specifically inhibits MMP-2 with an IC50 value of 30 nM while sparing MMPs like MT1-MMP, 

MMP-3, -7 and -9, with IC50 values between 10
3
 and 10

4
 higher.

83,84,85
 

The hydroxamate-based gelatinases inhibitor BBB-permeable 15 has come to light in a paper just 

published by Bertran et al. (Figure 10C).
194

 They have successfully developed through a 

multidisciplinary approach a selective potent inhibitor of MMP-2 and MMP-9 with potential for 

the treatment of CNS, as suggested by its ability to cross in vitro and in vivo the BBB. They have 

applied a structure-based drug design approach, after an initial in silico screening, to optimize the 

potency, the selectivity as well as the permeability of the compounds. When considering multiple 
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parameters since the beginning, it is so feasible to overcome several main challenges in the 

development of MMP inhibitors, namely selectivity and BBB-permeability.   

 

Fourth generation of exosite-based inhibitors 

In recent years, inhibitors that target exosites have also been studied to help unravel the complex 

issue of the selectivity.
195

 Some of the least conserved regions among MMPs, known as hot 

spots, have been specifically identified for each MMP, opening up new opportunities to develop 

an even more selective 4
th

 generation of exosite-based inhibitors.
196

 Secondary binding sites have 

been found, notably for MMP-13 in the catalytic domain, for MT1-MMP in the hemopexin-like 

domain as well as in the catalytic site, and for MMP-2 and MMP-9 in the collagen binding 

domain.
197

 Very potent peptides and small molecules have thus been developed, in particular for 

MMP-13.
198

  

To circumvent broad-spectrum MMP inhibition or the inhibition of other metalloenzymes, the 

development of compounds that do not interact with the zinc, without any ZBG, was considered 

in the meantime.
168

 In this context, an interesting approach allowed the identification of ZBG-

free highly selective and potent MMP-13 inhibitors. As a result of initial HTS experiments, a 

first lead capable of binding the S1' specificity subsite, also called S1'' pocket, has been 

identified.
199

 The latter, as mentioned earlier is a well-known exosite of the MMP-13 catalytic 

site. Studies based on the relationship between structure and activity, as well as the 

crystallization of a complex formed by one of the inhibitors and MMP-13, allowed to use 

comparative structural analyses to design a highly potent zinc-chelating inhibitor, compound 16, 

which was non-selective (Figure 11A).
200,201,202

 Another structure-guided molecular design led in 
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a second phase to the synthesis of inhibitor 17, which was in this case selective for MMP-13 

through the removal of the ZBG (Figure 11A).
202

  

In another example, Nara et al. also first identified a hit compound by HTS, which was then co-

crystallized with the catalytic site of MMP-13. Next, they applied a structure-based drug design 

approach to target the deep S1′ pocket and the unique MMP-13 adjacent side pocket S1’’. This 

led to the identification of the highly potent and selective MMP-13 inhibitor 18 lacking the ZBG, 

but which was limited by its pharmacokinetic profile (Figure 11A).
203

 Nara et al. optimized 

compound 18 by introducing a 1,2,4-triazol-3-yl group as ZBG, resulting in MMP-13 inhibitor 

19 with excellent potency and selectivity, as well as improved favorable pharmacokinetic 

properties (Figure 11A).
204

 Despite some concerns about off-targets and as depicted with this 

example, selective MMP inhibitors bearing a ZBG can be successfully developed by carefully 

examining the inhibitor scaffold to target specific subsites of individual MMPs.
168
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Figure 11. Examples of the 4
th

 generation exosite-based MMP inhibitors. (A) MMP-13 

inhibitors with protein-inhibitor interactions represented (MMP pockets Sn’ are visualized and 

yellow spheres indicate the ZBG). (B) Other exosite-based MMP inhibitors. 
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Inhibitors targeting exosites are beginning to emerge also for other MMPs. The in silico docking 

approach, followed by an experimental assay, identified a selective inhibitor of the hemopexin-

like domain of MMP-9 (exosite), compound 20, which reduced cancer cell migration and 

proliferation without modulating MMP-9 catalytic activity (Figure 11B).
205

 The hemopexin 

domain of MT1-MMP was also exploited for exosite-based inhibitor development. In this case, a 

virtual ligand screening led to the identification of compound NSC405020 21, a small molecule 

that binds the MT1-MMP hemopexin domain, showed antitumor efficacy in vitro and impaired 

MT1-MMP homodimerization, but not proteolytic activity (Figure 11B).
206

 An unprecedented 

pharmacological approach was developed with compound JNJ0966 22, which selectively inhibits 

the conversion of inactive proMMP-9 into its active form by MMP-3, but does not inhibit active 

MMP-9 nor MMP-1, MMP-3 and MT1-MMP (Figure 11B). Compound 22 was shown to 

interact directly with an exosite located near the proMMP-9 cleavage site inside the prodomain 

and to reduce experimental autoimmune encephalomyelitis in vivo, thus validating this 

pharmacological approach.
207

 Another small molecule inhibitor 23 that targets specifically the 

hemopexin domain of proMMP-9 (not proMMP-2, nor proMT1-MMP) has been discovered and 

shown to block in vivo cancer cell invasion and angiogenesis. This compound was designed by 

in silico studies, based on compound 20, and demonstrated its ability to prevent proMMP-9 

homodimerization which is critical for cell migration.
208

 

The search for small organic molecules targeting the active site remains the most followed 

strategy at present. However, other strategies to control MMP activities via alternative exosites 

offer significant opportunities in MMP drug design.  
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Development of macromolecules 

Given the challenges of developing selective MMP inhibitors that target the catalytic site, 

exosites outside the catalytic site are now also being explored, as referred above.
195,196,197

 

However, the relatively small size of peptides and/or small molecules limits the possibilities of 

targeting more specific interactions in more distant exosites. This goal can be more easily 

reached with emerging protein-based agents.
209,210,211

 Indeed, highly selective engineered mAb 

(or nanobodies) directed against different MMPs, including MMP-2, -8, -9, -13 and MT1-MMP, 

were developed targeting either exosites or the catalytic site.
14,212,213,214

 Another approach is to 

try to mimic the endogenous regulatory system of MMPs with endogenous-like inhibitors, i.e., 

TIMPs or pro-domain analogues, which are non-toxic and well-known.
209

 In this context, protein 

engineering tools have been used to design a family of N-terminally modified TIMPs.
14

 For 

example, a fusion protein consisting of the synthetic decapeptide APP-IP 14 and TIMP-2 was 

designed and demonstrated 10
6
 greater inhibitory activity against MMP-2 (IC50 0.7 pM), 

compared to MMP-1, -3, -7, -8, -9, or MT1-MMP (IC50 > 1µM).
86

 This protein-based inhibitor 

has shown its ability to interact both with the catalytic site and the hemopexin-like domain of 

MMP-2.
86

 

Although outstanding selectivity can be obtained with this type of macromolecules, a number of 

limitations have to be taken into account with these therapeutic agents, mainly high cost of 

production, difficulties in distribution/stability/clearance, permeability problems across the 

biological membranes, as well as immunogenicity.
209
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7. Conclusions and Perspectives  

We have presented in this article the complex roles of MMPs in physiological and pathological 

processes, as well as their potential therapeutic interest. Various types of therapeutic agents have 

been developed over time to address the challenge of making increasingly selective MMP 

modulators in order to decipher MMP specific functions and to limit side effects. Small 

molecules, peptides or protein-based inhibitors are part of the repertoire of new molecules, and 

the discovery of specific exosites broadens the range of possibilities to generate new highly 

selective compounds. Some of the available agents demonstrate already their efficacy in in vivo 

models of several diseases such as atherosclerosis with MMP-12,
215

 osteoarthritis with MMP-

13,
203,216,217,218

 cancer
80,206,219,220,221

 and rheumatoid arthritis
222

 with MT1-MMP. Some of them 

are currently involved in clinical trials, including Andecaliximab (GS-5745), a mAb targeting 

MMP-9 for glioblastoma (NCT03631836) or FP-025 (Forsee Pharmaceutical), a MMP-12 non-

hydroxamate inhibitor for allergic asthma (NCT03858686).  

However, even if selectivity remains the primary objective at the moment, it is important to 

note the possible synergy of targeting more than one MMP for better efficacy through a 

polypharmacological approach. Along this line, we could cite ZHAWOC6941, a non-

hydroxamate dual inhibitor of MMP-7 and MMP-13, two validated targets in cancer,
223

 or 

ZHAWOC7726, a TIMP peptidomimetic, with a good selectivity towards the anti-cancer targets 

MMP-13, MMP-2 and MMP-9.
224

 The use of multitarget agents with pleiotropic actions might 

highlight future trends in the field of neurodegenerative diseases, and especially AD, a complex 

multicausal disorder. This would imply targeting more than one MMP (among MMP-1, -2, -3, -

9, -12, -13, MT1-MMP or MT5-MMP) with pan-specific inhibitors,
225

 or combining targeting of 

one MMP with another target of interest in AD, e.g. cholinesterases.
226

 Beyond specificity 
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considerations, targeting of MMPs in AD must take into account their generally wide 

distribution, with the exception of MT5-MMP that is primarily expressed in the nervous system. 

Thus, inhibition of MT5-MMP may offer some advantage in terms of brain targeting relative to 

other MMP homologues. Based on progress in structural biology, design of druggable inhibitors 

towards MT5-MMP appears as a realistic achievement and makes it altogether a peculiarly 

promising target among MMPs for a positive impact in AD. In any event, therapeutic strategies 

should ideally consider delivery of active compounds with molecular conjugates that optimize 

access to the brain via the BBB. The prospects of future anti-MMP therapies in AD should also 

integrate the possibility that fragments resulting from substrate cleavage may be targets per se 

and their actions more easily modulated than the proteolytic processes that generate them. 

Increasing knowledge on the nature of MMP substrates, many of them inflammatory mediators, 

should open new avenues for therapeutic intervention in this domain as well. Finally, the chronic 

nature of AD and the fact that the pathological processes precede symptoms by 10-15 years 

makes it necessary to consider when to target a given MMP based on its pattern of expression 

over time during disease progression. A better knowledge of the spatio-temporal distribution of 

MMPs in the brain should therefore increase the chances of accurately defining the time frame of 

intervention. Overall, a thorough knowledge of the pathophysiological processes underlying AD 

appears to be an inevitable path to designing more effective therapeutic strategies, including 

those based on MMP inhibition. 
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