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Preface

Metalloproteinases play key roles in physiological processes such as embryonic development,

wound healing, angiogenesis, and blood coagulation, as well as pathologies like arthritis,

cardiovascular disease, and cancer. In the therapeutic context, either decreasing or increasing the

activity of a particular metalloproteinase may be ideal. This can be achieved, for example, through the

action of molecules able to bind to substrate-binding sites (exosites) present on the ancillary domains

of these enzymes or interfere with their transcriptional or post-translational regulation. This Special

Issue aims to provide a state-of-the-art perspective on in vitro, preclinical, and clinical approaches

to modulating metalloproteinase activity for therapeutic purposes. Its eleven articles (five reviews

and six studies) cover a wide range of topics, from the screening of small molecules to tissue-specific

drug delivery, and are addressed to a broad audience of scientists in life and medical science.
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Editorial

Novel Approaches for Targeting Metalloproteinases
Salvatore Santamaria

Department of Biochemical Sciences, School of Biosciences, Faculty of Health and Medical Sciences, Edward
Jenner Building, University of Surrey, Guildford GU2 7XH, UK; s.santamaria@surrey.ac.uk

With 187 genes, metalloproteinases represent the most abundant protease family in the
human proteome [1]. These proteases are involved in a variety of biological processes such
as embryonic development, tissue resorption and repair, cell differentiation, migration,
and apoptosis. As a result of this broad range of activities, dysregulated metalloproteinase
activity is one of the drivers and hallmarks of diseases such as cancer, cardiac failure,
atherosclerosis, and arthritis. The geometry of the active site around the catalytic ion, which
is generally zinc, is highly conserved within each metalloproteinase superfamily, thus mak-
ing it extremely challenging to achieve selective modulation of metalloproteinase activity.

This Special Issue aims to provide a state-of-the-art perspective on in vitro, preclinical
and clinical approaches to modulate metalloproteinase activity for therapeutic purposes.
Its 11 articles (5 reviews and 6 studies) cover a wide range of topics, from the screening of
small molecules to tissue-specific drug delivery.

Hou et al. (contribution 1) performed ultrahigh-throughput activity assays (>650,000
molecules) to identify inhibitors of meprin α and β, two zinc metalloproteinases involved
in several diseases such as cancer, fibrosis, and Alzheimer’s. The assay was based on
the cleavage of a fluorescent peptide and optimized for a 1536-well plate format. Three
different scaffolds (triazole-hydroxyacetamides, sulfonamide-hydroxypropanamides, and
phenoxy-hydroxyacetamides) provided robust inhibition of meprin α, with good selectivity
(>30-fold) over meprin β and other metalloproteinases. The most selective meprin α in-
hibitors contained hydroxamate as a zinc-binding group and therefore likely achieved their
selectivity through optimized interactions with the protease subsites. Representative com-
pounds were tested for their ability to affect the viability of skin fibroblasts and melanocytes.
Little or no effect on cell viability was observed, suggesting a lack of cytotoxicity. Screening
differently biased libraries or finely tuning assay conditions would aid the identification
of non-chelating inhibitors. The lead compounds identified in this study were further
optimized by Wang et al. using structure–activity relationship studies (contribution 2).
The aryl triazole SR19855 exhibited a 10-fold selectivity for meprin α over meprin β and
activity in the low-micromolar range. SR19855 was docked into a homology model of
meprin α and β’s active site, thus highlighting crucial interactions between the protease
and inhibitor. This highlighted that both the phenyl and pyrimidine rings of SR19855
could not be removed without a significant decrease in meprin inhibitory activity. The best
compound, SR24717, exhibited sub-micromolar inhibitory activity against meprin α, with
a 100-fold selectivity over meprin β, thus outperforming most of the previously reported
meprin inhibitors and confirming the success of this approach. It will be interesting to
probe the biological role of meprins by testing the effect of compounds like SR24717 in
multiple cell-based assays.

High conservation of the active site across members of the metzincin superfamily
has so far hampered the development of selective matrix metalloproteinase (MMP) in-
hibitors. The only MMP currently approved for clinical use is Periostat® (doxycycline) for
periodontitis. While monoclonal antibodies have achieved impressive results in terms of
potency and selectivity [2], synthetic MMP inhibitors have failed in clinical trials due to
lack of selectivity and poor pharmacokinetics [3]. To improve selectivity, hydrophilicity,
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and bioavailability, small molecule inhibitors have been modified through conjugation
with carbohydrate moieties. These derivatives and their inhibitory profiles are widely
discussed in the review by Cuffaro et al. (contribution 3). Carbohydrate-based compounds
are a growing area in the metalloproteinase field that will likely generate new therapeutic
opportunities in the near future.

Das et al. (contribution 4) comprehensively review alternative mechanisms for inhibit-
ing MMP activity. These include targeting distantly located, poorly conserved substrate-
binding sites (exosites), homodimer formation (in the case of MMP9 and MMP14), and
zymogen activation. Selective inhibition can be achieved using peptides, small molecules,
or monoclonal antibodies. The authors highlight that the MMP substrate repertoire is not
limited to extracellular matrix (ECM) substrates, including, for example, chemokines and
cytokines. To uncover the metalloproteinase degradome, proteomics techniques such as
terminal amine isotopic labeling of substrates (TAILS) have been developed.

Gonçalves et al. (contribution 5) explore current approaches to target MMP2 in heart
failure (HF). MMP2 is involved in the degradation of the cardiac ECM and components
of the contractile sarcomeric apparatus such as troponin I, titin, and myosin light chain.
Plasma MMP2 is considered a biomarker of HF, and rodent models have shown a link
between dysregulated MMP2 activity and cardiac dysfunction. Starting from non-selective,
first generation, zinc-chelating hydroxamate MMP inhibitors, the authors move to de-
scribe non-hydroxamate inhibitors, antibiotics of the tetracycline class, siRNA, statins, and
antihypertensive drugs, as well as their applications in preclinical and clinical models
of HF.

Skrzypiec-Spring et al. (contribution 6) tested the effect of β-blockers carvedilol,
nebivolol, and metoprolol in a rat model of ischemia–reperfusion (IR) injury. These
molecules were previously reported to inhibit expression of MMP2 [4,5]. IR induced
activation of MMP2, which was reversed specifically by carvedilol but not by the other
β-blockers, suggesting that the cardioprotective activity of carvedilol is partly mediated
by inhibition of MMP2 activation. Supporting this, carvedilol caused a 73% decrease in
the cardiac levels of the sarcomeric protein troponin I at the end of perfusion, a proxy for
troponin I degradation. The exact mechanism of carvedilol action still warrants further in-
vestigation, but based on the results from the authors, no direct effect on protein expression
seemed to be involved.

Palladini et al. (contribution 7) tested the effect of obeticholic acid (OCA) in a rat model
of hepatic IR to assess modulation of MMP activity, since previous in vitro studies have
shown that OCA can restore the balance between MMPs (in particular MMP2 and MMP9)
and their endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs) and
reversion-inducing cysteine-rich protein with kazal motifs (RECK) [6]. In the kidney cortex
and medulla, OCA treatment resulted in reduced MMP9 dimer activity compared with
vehicle-treated IR rats, but no significant changes in MMP2, TIMP1, TIMP2, or RECK were
observed. Additionally, OCA reduced serum levels of creatinine, an index of renal function,
and reduced levels of the proinflammatory cytokines tumor necrosis factor (TNF)-α and
interleukin-6 (IL-6) in the kidney cortex. Overall, the results of this study provide evidence
that OCA treatment may ameliorate hepatic renal syndrome by inhibiting fibrosis and
restoring renal function.

Ciccone et al. (contribution 8) review the ability of natural compounds to modulate
the activity of gelatinases MMP2 and MMP9 in the context of neurodegenerative and
neuroinflammatory diseases, in particular Alzheimer’s disease. After summarizing the
pathological and physiological role of MMP2 and MMP9 in the nervous system, the authors
describe bioactive drugs derived from marine organisms and their application as gelatinase
inhibitors. They then move on to discuss molecules derived from terrestrial sources,
highlighting crucial differences in the mode of action, i.e., direct versus indirect (for example,
transcriptional) inhibition.

Laghezza et al. (contribution 9) identified bisphosphonic acid derivatives as MMP13
inhibitors. These molecules can be tested for the treatment of bone metastasis due to
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the ability of the bisphosphonic acid group to specifically target the bone. The most
potent compounds exhibited activity in the low/sub-micromolar range against MMP13
and good selectivity over MMP8 and MMP9. However, selectivity over MMP2 still needs
to be improved.

Compared to MMPs, not much is known on the biological functions of dipeptidyl
peptidase III (DPP III), a zinc-dependent exopeptidase. Agić et al. (contribution 10) used
a combination of in vitro and in silico approaches to identify DPP III inhibitors. They
reported coumarin-based compounds with inhibitory activity in the micromolar range that
can be used to probe the patho-physiological role of DPP III. Quantitative structure activity
relationship analysis identified crucial substituents necessary for inhibitory activity. The
most active compound was docked in the active site of DPP III to model crucial interactions
with the enzyme.

Metalloproteinases are also involved in osteoarthritis, the most common degenerative
joint disease, due to their ability to degrade important ECM components such as collagens
and proteoglycans. The lack of disease-modifying drugs prompted the development of
innovative approaches to delay/arrest disease progression, as discussed in the review by
McClurg et al. (contribution 11). Such strategies either aim to inhibit cartilage degradation
(via their action on metalloproteinases such as A Disintegrin-like and metalloproteinase
with thrombospondin motif 5 or MMP13) or promote cartilage anabolism (through adminis-
tration of growth factors). The authors further described and critically discussed a number
of methods to specifically target drug delivery to the cartilage, a poorly vascularized tissue,
for example, through conjugation with peptides directed against chondrocytes or specific
ECM components such as type II collagen or aggrecan.

The studies described in this Special Issue will undoubtedly stimulate further research
in this area, thus increasing the druggability of metalloproteinases.

Funding: The work in the author’s laboratory is supported by the British Heart Foundation (FS/
IBSRF/20/25032) and the University of Surrey Faculty Research Support Fund.

Acknowledgments: I wish to thank all the authors for their high-quality contributions and the
reviewers for providing critical feedback.
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Abstract: Meprin α and β are zinc-dependent proteinases implicated in multiple diseases including
cancers, fibrosis, and Alzheimer’s. However, until recently, only a few inhibitors of either meprin
were reported and no inhibitors are in preclinical development. Moreover, inhibitors of other
metzincins developed in previous years are not effective in inhibiting meprins suggesting the need
for de novo discovery effort. To address the paucity of tractable meprin inhibitors we developed
ultrahigh-throughput assays and conducted parallel screening of >650,000 compounds against
each meprin. As a result of this effort, we identified five selective meprin α hits belonging to
three different chemotypes (triazole-hydroxyacetamides, sulfonamide-hydroxypropanamides, and
phenoxy-hydroxyacetamides). These hits demonstrated a nanomolar to micromolar inhibitory
activity against meprin α with low cytotoxicity and >30-fold selectivity against meprin β and
other related metzincincs. These selective inhibitors of meprin α provide a good starting point for
further optimization.

Keywords: meprin α; meprin β; zinc metalloproteinase; uHTS

1. Introduction

Meprin α and meprin β are zinc-dependent proteinases implicated in multiple dis-
eases including cancers [1], fibrosis [2,3], and Alzheimer’s [4,5]. Meprins cleave multiple
cytokines and adhesion molecules thus contributing to inflammation and migration of
inflammatory cells [6]. Chronic inflammation can lead to the excess deposition of collagen
I resulting in fibrosis [7,8]. Meprins have been shown to cleave procollagen I leading to its
maturation and deposition in skin and lung [3,9]. The roles of meprins in various processes
are mediated via the cleavage of biological molecules. There are examples of common
substrates that meprin α and meprin β share amongst themselves [10] and with other
proteases [4]. This complicates the understanding of their respective roles in the specific
disease scenarios and, as a consequence, their value as targets for drug discovery. To vali-
date either meprin as a target in any particular disease, target modulation by combination
of genomic (e.g., knockdown, overexpression) [11] and pharmacologic means (e.g., small
molecules) [12] could be useful. However, due to the relatively recent discovery of meprins’
involvement in pathologic conditions there are very few reports of small molecule inhibitor
discovery efforts for these enzymes. Kruse et al. [13] reported several known metzincin
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inhibitors that are capable of inhibiting meprins with some degree of selectivity. How-
ever, these inhibitors were not selective for other metzincins, which made their utilization
for studying the roles of meprins in various diseases difficult. Our group had reported
the first low nanomolar meprin β inhibitors, NFF449 and PPNDS (Figure 1, Ki = 22 nM
and 8 nM, respectively), with ~100-fold selectivity against meprin α and good selectivity
against adamalysins and matrixins [14]. Ramsbeck et al. (2017) reported the low nanomolar
selective meprin β inhibitor, 11 g, with 46-fold selectivity against meprin α (Figure 1,
IC50 = 2735 nM and 60 nM for meprin α and β, respectively) with good selectivity against
adamalysins and matrixins [15]. They also reported improved compounds based on the
same scaffold [16] (Figure 1). The best compounds from this series, 8 h and 8i, are 27-fold
and 15-fold selective against meprin α (IC50 = 23 nM and 626 nM for 8 h and 24 nM and
368 nM for 8i, for meprin β and α, respectively). A measure of 200 µM of either inhibitor
had only limited effect on MMP and ADAM activity, but IC50 values were not reported.
Tan et al. (2018) reported the first selective inhibitors of meprin α, 10d and 10e, with 18-
and 19-fold selectivity against meprin β [17] (Figure 1). Herein we report the results of a
large-scale parallel high-screening throughput effort to discover novel inhibitors of meprin
α and meprin β.
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2. Results
2.1. Assay Miniaturization and Optimization in 1536 Well Plate Format

The meprinα and meprinβ assays, which utilize the substrates (Mca)-YVADAPK-(K-ε-
Dnp) and (Mca)-EDEDED-(K-ε-Dnp), respectively, have been described previously [14]. To
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enable an ultra-high-throughput screening (uHTS) campaign, we proceeded to miniaturize
both assays to 1536 well plate format (wpf). First, we recapitulated the assays in 1536 well
plate using reagents at the same concentrations as in 384 well plate format assays by scaling
the volume down by the factor of 2.5. This resulted in the final volume of the assays of
4 µL. The meprin α assay in 1536 well plates demonstrated a lower signal-to-basal (S/B)
ratio than in 384 well plates (1.85 vs. 2.3, respectively), but a better Z’ value (0.76 vs. 0.6,
respectively), suggesting that the assay is very suitable for large-scale HTS [18]. Actinonin’s
IC50 values were within 2-fold of each other (5.7 nM and 11 nM for 1536 and 384 well plate
format, respectively) (Figure 2A and Table 1).
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and 1536 well plate formats showed similar potency of pharmacological controls for (A) meprin α
(actinonin) and (B) meprin β (NF449) assays. Both assays were performed in triplicate.

Table 1. Comparison of meprin α and meprin β assay parameters in 384 and 1536 well plate formats.

Assay S/B Z’ Actinonin IC50, nM NFF449 IC50, nM

Meprin α 384 wpf 2.3 0.6 11 >100,000

Meprin α 1536 wpf 1.85 0.76 5.7 >100,000

Meprin β 384 wpf 4.4 0.9 22,000 53

Meprin β 1536 wpf 6.9 0.91 9750 48

Meprin β assay exhibited greater S/B in 1536 wpf than in 384 wpf (6.9 vs. 4.4, respec-
tively), while Z’ factor values were identical at 0.9. NFF449 IC50 values were 48 nM and
53 nM for 1536 and 384 wpf, respectively (Figure 2B and Table 1). Despite excellent Z’
values in the 1536 wpf in both assays, we wanted to ensure an optimal balance between
robustness and sensitivity; in particular with meprin α.

First, both assays were run for 180 min at three different enzyme concentrations
including the concentrations at which the assays were recapitulated in 1536 wpf (1.3 nM
and 0.05 nM for meprin α and meprin β, respectively). QC parameters (Z’ and S/B) and
IC50 values of pharmacological controls (actinonin and NFF449) were calculated at 30, 60,
and 90 min of the reaction time. The meprin α assay displayed the best S/B values after
90 min of reaction time using 1.3 nM enzyme; however, the reaction progress curve was not
linear at the 90 min time point (Figure 3A). This suggested that while longer reaction times
and higher than 1.3 nM enzyme concentration may lead to somewhat better S/B values, the
assay sensitivity may suffer due to a nonlinear relationship between signal and proteolysis
inhibition. Therefore, to ensure optimal assay sensitivity, we chose 60 min reaction end
point and 1.3 nM meprin α as final assay conditions for the primary HTS campaign.
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The meprin β assay progress curve was hyperbolic rather than linear at 0.05 nM
and 0.025 nM enzyme; therefore, we chose 0.0125 nM enzyme concentration where assay
linearity was demonstrated (Figure 3B). Z’ and S/B values were acceptable at 60 min
reaction end point (0.86 and 2.6, respectively). IC50 values of NFF449 were not significantly
affected by the variations of reaction length and meprin β concentrations.

Next, we performed substrate optimization to achieve balanced assay conditions
defined as [S]/KM = 1 [19]. In order to do that, we first determined kinetic parameters
of proteolysis of meprin α and meprinβ substrates by the respective enzymes (Figure 4A,B).
Meprin α and meprin β proteolysis exhibited similar KM values (2.4 ± 0.3 µM and
2.7 ± 0.7 µM, respectively) suggesting the need for optimization of both assays’ substrate
concentration. Meprin β exhibited >20-fold faster turnover of its substrate than meprin
α (6.4 ± 0.06 s-1 versus 0.29 ± 0.06 s-1, respectively) which is consistent with >100-fold
difference in enzyme concentrations for meprin α and meprin β assays (1.3 nM versus
0.0125 nM, respectively). To optimize substrate concentrations, both assays were run for
90 min at three different substrate concentrations (10, 5, and 2.5 µM) which included the
concentration at which the assays were recapitulated in 1536 wpf (10 µM for both meprin
α and meprin β) and the concentration approximating [S]/KM = 1 condition (2.5 µM).
Enzyme concentrations were fixed at 1.3 nM for meprin α and 0.0125 nM for meprin β.
QC parameters (Z’ and S/B) and IC50 values of pharmacological controls (actinonin and
NFF449) were calculated at 40, 60, and 90 min of the reaction time (Figure 4C,D). The
2.5 µM substrate condition resulted in increased apparent potency of pharmacological
controls for both assays (2-fold for actinonin in the meprin α assay and 3-fold for NFF449 in
the meprin β assay). This suggested that 2.5 µM substrate concentrations result in greater
assay sensitivity. Assay QC parameters (S/B and Z’) at 2.5 µM substrate concentrations
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did not differ significantly from assays run at 10 µM substrate concentrations; therefore,
we chose 2.5 µM substrate concentrations as a final assay condition.
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2.2. Online Robotic Pilot Study

To ascertain the readiness of the assays for a large-scale screening effort, a small pilot
screen was conducted using Kalypsys GNF integrated online robotic platform (San Diego,
CA, USA) [20]. Overall, ~39,000 compounds were tested using 31 assay plates in both
meprin α and meprin β assays. Both assays performed well on the Kalypsys robotic system,
as the meprin α assay average Z’ and S/B were 0.88 ± 0.03 and 2.9 ± 0.07, respectively,
while the meprin β assay average Z’ and S/B were 0.91 ± 0.03 and 4.5 ± 0.17, respectively.
The number of hits identified in the meprin α and meprin β assays were 169 and 260,
respectively, which constituted 0.43% and 0.67% hit rates, respectively. After removal
of duplicates, Venn analysis showed that 37 compounds inhibited both meprins, while
there were 129 compounds selectively inhibiting meprin α and 220 compounds selectively
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inhibiting meprin β, suggesting that selective probes for both enzymes could be discovered.
This also suggested that both assays were ready for large scale effort.

2.3. Primary HTS Campaign

Primary HTS campaigns were conducted using The Scripps Research Institute propri-
etary library of 649,570 compounds using both meprin α and meprin β assays [21]. Overall,
522 plates were used for each assay with excellent QC parameters (average Z’ = 0.86 ± 0.04
and average S/B = 2.8 ± 0.09 for meprin α assay and average Z’ = 0.88 ± 0.03 and average
S/B = 4.4 ± 0.27 for meprin β assay). IC50 values of control compounds were reproducible
with literature and our preliminary experiments (meprin α actinonin IC50 = 2.9 ± 0.12 nM,
n = 11 plates; meprin βNF449 IC50 = 10.4 ± 0.85 nM, n = 11 plates). Using hit cutoffs de-
rived from the average and 3 standard deviations of the activity of all samples tested which
were 10.76% and 14.33% for the meprin α and meprin β assays, 5064 and 4929 hits were
identified which constituted hit rates of 0.78% and 0.76%, respectively. It was noted that the
majority of meprin α hits exhibited a percentage inhibition close to the hit cutoff, whereas
meprin β hits were distributed evenly in the range of 20−100% inhibition (Figure 5A,B).

After removal of a handful of duplicates, Venn analysis showed that 1416 compounds
inhibited both meprins, while there were 3632 compounds selectively inhibiting meprin α
and 3470 compounds selectively inhibiting meprin β (Figure 5C). Correlational analysis
showed 48 and 39 compounds selectively inhibiting meprin α and meprin β, respectively,
with a percentage inhibition ≥ 50 (Figure 5D).

2.4. Hit Confirmation and Prioritization

For the confirmation assays all compounds that inhibited either of the meprins with
>20% inhibition were selected. Confirmation assays were done at a single concentration
point in triplicate. Out of 2378 total compounds tested in confirmation assays, only 206
confirmed activity against meprin α and 1097 confirmed activity against meprin β consti-
tuting 8.7% and 46.1% confirmation rate for meprin α and meprin β, respectively. The low
confirmation rate for meprin αwas not unexpected due to the majority of meprin α hits
from the primary campaign being close to the hit cutoff (Figure 5A).

Venn analysis showed that 81 compounds inhibited both meprins, while there were
125 compounds selectively inhibiting meprin α and 1016 compounds selectively inhibiting
meprin β (Figure 5E). Correlational analysis showed 19 and 12 compounds selectively
inhibiting meprin α and β, respectively, with≥50% inhibition (Figure 5F). Overall, 827 com-
pounds exhibited >20% inhibition.

It was also noted that the majority of the most active hits for each enzyme were po-
tential Zn-binders due to the presence of hydroxamate and reverse hydroxamate moieties.
Compounds acting via Zn binding may be undesirable due to clinical trial failures observed
previously based on a lack of selectivity, toxicity, and metabolic instability. To prioritize
selectivity, we introduced additional assays to help with triaging the compounds to ascer-
tain that we are not biasing for nonselective compounds. We utilized ADAM10, MMP-8,
and MMP-14 as the most relevant counter targets. The counter screens were conducted in
triplicate using the same 2378 compounds that were tested in confirmation assays.
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Venn analysis showed that 84 meprin actives inhibited at least one counter target
(Figure 5G), while there were 117 compounds selectively inhibiting meprin α and 960 com-
pounds selectively inhibiting meprin β (Figure 5H) and 14 and 75 compounds selectively
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inhibiting meprin α and meprin β, respectively, with ≥50% inhibition. Cheminformatics
analysis of the Scripps HTS assay database containing hundreds of biological assay results
showed that 660 out of 1237 confirmed hits were not promiscuous; meaning they hit in
less than 5 other assays. Out of these 660 compounds 536 were meprin α active and 195
were meprin β active. Medicinal chemistry triage suggested that 289 compounds out of
536 meprin α actives were tractable, while out of 195 meprin β actives 180 were tractable,
which constitutes 469 total tractable compounds. Removal of 62 duplicates left us with 407
unique compounds of which 404 were available for concentration response studies. Despite
the majority of top actives from the 2378 primary HTS hits being potential Zn-binders, the
hit rate in counter screens was < 2.0% (Figure 5G,H) suggesting low metzincin promiscuity
of meprin hits.

We conducted concentration response studies of 404 compounds in meprin α and β
assays using 10-point 3:1 serial dilutions starting at the highest concentration of 17.4 µM in
triplicate. Out of 404 tested compounds, 13 exhibited IC50 values < 1 µM and 47 < 5 µM in
in both meprin α and meprin β assays.

To pick compounds for further characterization and probe development we used a
cutoff of IC50 values < 10 µM against either meprin and 10-fold selectivity window for
meprin α or meprin β. Additionally, we picked the top selective compounds with IC50
values < 10 µM that had no apparent Zn-binding moieties. More specifically, we prioritized
selective compounds without apparent Zn-binding groups (hydroxamates, carboxylates,
etc.). Using these criteria, we selected 46 compounds. Interestingly, the majority (42)
were selective for meprin β and only 4 were selective for meprin α. These 46 potentially
non-Zn-binding compounds were clustered in [21] distinct scaffolds. The most populated
scaffold had 9 members suggesting its amenability to medicinal chemistry.

The second group of compounds was chosen based on selectivity between main target
(either meprin α or β) and four other tested metzincins (either meprin α or meprin β,
ADAM10, MMP-8, and MMP-14) and potency towards the main target (either meprin α or
meprin β) regardless of the presence of Zn binders. These criteria yielded 41 compounds
belonging to 17 distinct clusters. Interestingly, the majority (32) were selective for meprin α
and only 9 were selective for meprin β, which is the opposite trend from non-Zn-binders.

2.5. Hit Potency, Selectivity, and Cytotoxicity

We were able to procure 64 out of 87 selected compounds from commercial sources,
which we tested in triplicate, 10-point, 3:1 serial dilution concentration response format
starting at the highest concentration of 17.4 µM against both meprin α and meprin β. In
addition to meprins, we also tested 64 hits against related metzincins (MMP-2, MMP-
3, MMP-8, MMP-9, MMP-10, MMP-14, ADAM10, and ADAM17) to ascertain general
nonpromiscuity against zinc-dependent proteases.

The top nine compounds exhibited IC50 values ≤ 1 µM against meprin α (Table 2).
Examination of the structures of meprin α top hits revealed that they fall into four
groups (Figure 6), thiadiazole-hydroxyacetamides (SR19849, SR19848, SR19847), triazole-
hydroxyacetamides (SR19850, SR19855), sulfonamide-hydroxypropanamides (SR162808,
SR162799), and phenoxy-hydroxyacetamides (SR1220670, SR1596857). SR162808 was the
most potent and selective inhibitor of meprinαwith an IC50 value of 0.446 µM and >30-fold
selectivity against meprin β and other tested metzincins (Table 2). Both sulfonamide-
hydroxypropanamides (SR162808 and SR162799) exhibited sub-micromolar IC50 values for
meprin α inhibition and >30-fold selectivity against meprin β and other tested metzincins.
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Figure 6. Results of concentration response studies of top potent and selective meprin α inhibitors. 

The top meprin β inhibitors belonged to two structural families (Figure 7 and Table 
3), isobutyryl-tetrahydronaphthalen-amides (SR910128, SR910130, and SR910140) and ni-
trofuran-containing compounds (SR207820 and SR412882). Compound SR355996 was the 
only representative of the bis-nitrobenzoic acid scaffold. 

Figure 6. Results of concentration response studies of top potent and selective meprin α inhibitors.

The top meprin β inhibitors belonged to two structural families (Figure 7 and
Table 3), isobutyryl-tetrahydronaphthalen-amides (SR910128, SR910130, and SR910140)
and nitrofuran-containing compounds (SR207820 and SR412882). Compound SR355996
was the only representative of the bis-nitrobenzoic acid scaffold.

We also tested representative compounds from each scaffold for effects on skin fi-
broblast and melanocyte viability to ascertain cytotoxicity towards various skin cell types.
Overall, hits showed either no or very little effect on cell viability (Figure 8) suggesting a
lack of general cytotoxicity and amenability of hit chemotypes for the development into
in vitro probe for biological studies.
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3. Discussion

As the result of the uHTS effort we discovered and characterized several novel scaf-
folds with activity against meprin α and meprin β. All top selective meprin α HTS hits
contain a hydroxamate moiety, whereas meprin β hits lack one. Based on the presence
of the hydroxamate moiety in meprin α inhibitors it is likely that they act via binding
of the active site zinc atom as was demonstrated for numerous other metzincins. Tan
et al. [17] proposed the interaction model whereby the hydroxamic moiety of an analog
of compounds 10d and 10e (Figure 1) binds zinc and carboxylate moieties interact with
residues of the S1 and S1′ subsites. Based on this model, the selectivity of 10d and 10e is
derived from differences between meprin α and meprin β S1 and S1′ subsites. Both 10d
and 10e structures are symmetric with a central hydroxamate moiety connected via propyl
linkers to either terminal benzodioxanes or benzodioxols. Our HTS hits are unlikely to
interact with both subsites as the hydroxamate is terminal in all cases. Similar to 10d and
10e, most of the hits (Table 2) have at least one other electronegative moiety in addition to
the hydroxamate that could be interacting with positively charged residues in either subsite
of meprin α. However, only five (SR19855, SR1596857, SR220670, SR162799, and SR162808)
out of nine hits show selectivity for meprin α suggesting that additional interactions may
be responsible for selectivity against meprin β.

The most selective and potent meprin α HTS hit, SR162808, exhibited more than
30-fold selectivity against meprin β and other metzincins (Table 2) and no cytotoxicity
(Figure 8B). For comparison, 10d and 10e exhibit 18-fold and 19-fold selectivity, respectively
(Table 4). Unfortunately, nothing has been reported about their effects on cell viability. For
in vivo probe or drug lead development significant selectivity and toxicity windows are
extremely important; therefore, SR162808 represents a good starting point for a medicinal
chemistry optimization effort.

Table 4. Comparison of SR162808 and compounds 10d and 10e from 17. All units are IC50, µM.

ID Meprin α Meprin β Selectivity Fold

SR162808 0.30 >17 38

10d 0.16 2.95 18

10e 0.40 7.59 19

The HTS-based approach to metalloproteinase or any other inhibitor discovery has
inherent limitations and strengths. The strength of HTS is in its ability to assess multiple
chemical scaffolds for activity against the target of choice and the ability to select the most
promising scaffolds for further optimization. In the event that the chosen scaffold is not
amenable to optimization, the researchers can go back to the HTS campaign results and
choose additional scaffolds. The main limitation of the HTS approach is that it relies heavily
on the composition of the HTS library that is being screened. In our case, we found several
novel scaffolds active and selective for both meprins, however, most of these scaffolds
contain zinc-binding moieties such as hydroxamates. While hydroxamates have good
binding affinity to zinc of the active site, they have their limitations (reviewed in [22]). More
specifically, the zinc-binding property of hydroxamates can lead to off-target interactions
with other members of metzincin superfamily (e.g., adamalysins, matrixins), unfavorable
pharmacokinetic properties, dose-limiting toxicity and metabolic instability, to name a
few. However, despite these limitations, there are multiple examples of hydroxamates
being used in the clinic (reviewed in [23]). Examples include, but are not limited to histone
deacetylase inhibitors (HDACI) panobinostat and bellinostat, deferoxamine, a chelating
agent used to treat iron or aluminum toxicity [24].

In conclusion, an HTS campaign led to the discovery of [5] selective meprin α hits be-
longing to three different chemotypes: triazole-hydroxyacetamides (SR19855), sulfonamide-
hydroxypropanamides (SR162808 and SR162799), and phenoxy-hydroxyacetamides
(SR1220670 and SR1596857). The chemical diversity of the HTS hits, a good metzincin
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selectivity profile, and low cytotoxicity suggest that these hits can be developed into more
potent compounds for in vivo studies. Further medicinal chemistry optimization and
in vivo studies will help determine the value of these scaffolds as probes or leads for drug
development. The main value of current HTS hits is in their good selectivity for main target
meprin α against a counter target meprin β and related metzincins. This property will help
differentiate the roles of these two enzymes in biological and pathobiological processes.

4. Materials and Methods
4.1. Reagents

MMP-1, MMP-2, MMP-8, MMP-9, MMP-10, MMP-13, MMP-14, ADAM10, ADAM17
and Mca-KPLGL-Dpa-AR-NH2 fluorogenic peptide substrates were purchased from R&D
Systems (cat # 901-MP, 902-MP, 908-MP, 911-MP, 910-MP, 511-MM, 918-MP, 936-AD, 930-
ADB, and ES010, respectively). All common chemicals were purchased from Sigma.
NFF449 was purchased from Tocris (cat# 1391) and actinonin was from Sigma-Aldrich
(cat# 01809).

4.2. HTS Substrate Synthesis

Meprin α and meprin β substrates ((Mca)-YVADAPK-(K-ε-Dnp) and (Mca)-EDEDED-
(K-ε-Dnp), respectively) [25] were synthesized utilizing Fmoc solid-phase methodology
on a peptide synthesizer. All peptides were synthesized as C-terminal amides to prevent
diketopiperazine formation [26]. Cleavage and side-chain deprotection of peptide-resins
was for at least 2 h using thioanisole-water-TFA (5:5:90). The substrates were purified
and characterized by preparative RP HPLC and characterized by MALDI-TOF MS and
analytical RP HPLC.

4.3. Meprins Expression Protocol

Recombinant human meprin α and meprin β were expressed using the Bac-to-Bac
expression system (Gibco Life Technologies, Paisley, UK) as described [27–29]. Media and
supplements were obtained from Gibco Life Technologies. Recombinant Baculoviruses
were amplified in adherently growing Spodoptera frugiperda (Sf)9 insect cells at 27 ◦C in
Grace’s insect medium supplemented with 10% fetal bovine serum, 50 units/mL penicillin,
and 50 µg/mL streptomycin. Protein expression was performed in 500 mL suspension cul-
tures of BTI-TN-5B1-4 insect cells growing in Express Five SFM supplemented with 4 mM
glutamine, 50 units/mL penicillin, and 50 µg/mL streptomycin in Fernbach flasks using
a Multitron orbital shaker (INFORS AG, Bottmingen, Switzerland). Cells were infected
at a density of 2 × 106 cells/mL with an amplified viral stock at a MOI of ~10. Protein
expression was stopped after 72 h, and recombinant meprins were further purified from the
media by ammonium sulfate precipitation (60% saturation) and affinity chromatography
(Streptactin for Strep-tagged meprin α and Ni-NTA for His-tagged meprin β). Meprins
were activated by trypsin, which was removed afterwards by affinity chromatography
using a column containing immobilized chicken ovomucoid, a trypsin inhibitor.

4.4. Meprin α and Meprin β Assays in 384 Well Plate

Both assays followed the same general protocol [14]. A 5 µL measure of 2 × enzyme
solution (2.6 and 0.1 nM for meprin α and meprin β, respectively) in assay buffer (50 mM
Hepes, 0.01% Brij-35, pH 7.5) was added to solid bottom black 384 low volume plates
(Nunc, cat# 264705). Next, 75 nL of test compounds or pharmacological control (actinonin
or NFF449) were added to corresponding wells using a 384-pin tool device (V&P Scientific,
San Diego, CA, USA). After 30 min incubation at RT, the reactions were started by addition
of 5 µL of 2 × solutions of substrates (20 µM, mepin α substrate Mca-YVADAPK-K(Dnp)
or meprin β substrate Mca-EDEDED-K(Dnp)). Reactions were incubated at RT for 1 h, after
which the fluorescence was measured using the Synergy H4 multimode microplate reader
(Biotek Instruments) (λexcitation = 324 nm, λemission = 390 nm).
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Three parameters were calculated on a per-plate basis: (a) the signal-to-background
ratio (S/B); (b) the coefficient for variation (CV; CV = (standard deviation/mean) × 100))
for all compound test wells; and (c) the Z- or Z’-factor [18]. Z takes into account the effect
of test compounds on the assay window, while Z’ is based on controls.

4.5. Determination of Kinetic Parameters of Meprin α and Meprin β Mediated Proteolysis of Their
Respective Substrates

Substrate stock solutions were prepared at various concentrations in HTS assay buffer
(50 mM Hepes, 0.01% Brij-35, pH 7.5). Assays were conducted by incubating a range of
substrate concentrations (2–50 µM) with various meprin concentrations at 25 ◦C. Fluores-
cence was measured on a multimode microplate reader Synergy H1 (Biotek Instruments,
Winooski, VT, USA) using λexcitation = 324 nm and λemission = 393 nm. Rates of hy-
drolysis were obtained from plots of fluorescence versus time, using data points from
only the linear portion of the hydrolysis curve. The slope from these plots was divided
by the fluorescence change corresponding to complete hydrolysis and then multiplied
by the substrate concentration to obtain rates of hydrolysis in units of µM/s. Kinetic
parameters were calculated by nonlinear regression analysis using the GraphPad Prism 8.0
suite of programs.

4.6. Meprin α and Meprin β Assays in 1536 Well Plate Format

Both assays followed the same general protocol. A 2 µL portion of 2 × enzyme
solution (1.3 and 0.0125 nM for meprin α and meprin β, respectively) in assay buffer
(50 mM Hepes, 0.01% Brij-35, pH 7.5) was added to solid bottom black 1536 low volume
plates (Corning cat# 7261). Next, 30 nL of test compounds or pharmacological control
(actinonin or NFF449) was added to corresponding wells using a 1536 pin tool device (V&P
Scientific, San Diego). After 30 min incubation at RT, the reactions were started by addition
of 2 µL of 2x solutions of substrates (20 µM, meprin α substrate Mca-YVADAPK-K(Dnp) or
meprin β substrate Mca-EDEDED-K(Dnp)). Reactions were incubated at RT for 1 h, after
which the fluorescence was measured using the Viewlux multimode microplate reader
(Perkin Elmer) (λexcitation = 324 nm, λemission = 390 nm).

Three parameters were calculated on a per-plate basis: (a) the signal-to-background
ratio (S/B); (b) the coefficient for variation (CV; CV = (standard deviation/mean) × 100))
for all compound test wells; and (c) the Z- or Z’-factor [18]. Z takes into account the effect
of test compounds on the assay window, while Z’ is based on controls.

4.7. uHTS Campaign

The miniaturized 1536-well plate format meprin α and meprin β assays were used
to screen a collection of approximately 650,000 compounds (The Scripps Research library,
La Jolla, CA, USA) on the automated Kalypsys/GNF platform at The Scripps Research
Molecular Screening Center (SRMSC, Jupiter, FL, USA: http://hts.florida.scripps.edu/).
Both uHTS campaigns were run separately but in a similar manner. Briefly, the first step
was the primary screen of all test compounds as singlicates against the meprin α and
meprin β target at a final concentration of 7.0 µM. Next, compounds selected as primary
hits were cherry-picked and retested in triplicate against the primary screen target and
its antitarget (meprin α for the meprin β screening effort, and vice versa) at a same final
concentration of 7.0 µM. The additional counter screen assays against related metzincins
(MMP-8, MMP-14, and ADAM10) were performed in triplicate at a final concentration
of 7.0 µM. The final step was the titration of selected hits as 10-point, 1:3 serial dilutions
in both the target and antitarget assay, starting at a final nominal concentration of 17 µM.
For all the aforementioned assays, actinonin and NFF449, for meprin α and meprin β,
respectively, at a final concentration of 1 µM, were used as a positive control and reference
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for 100% inhibition. Wells treated with DMSO only were used as negative controls and 0%
inhibition reference. The percentage inhibition of each well was then normalized as follows:

%_Inhibition = (RFU_Test_Compound—MedianRFU_Low_Control)/
(MedianRFU_High_Control—MedianRFU_Low_Control) * 100

(1)

where “Test_Compound” refers to wells containing test compound, “High_Control” is
defined as wells treated with either actinonin or NFF449 (n = 24) and “Low_Control” as
wells containing DMSO only (n = 24). All data generated during this effort were uploaded
to the SRMSC’s institutional screening database (Assay Explorer, Symyx). Sample to
background (S/B) ratios, as well as Z and Z’ values, were calculated on a per plate basis
as described 14. Curve fitting and resulting IC50 determinations were performed as
previously reported [30].

4.8. ADAM10 and ADAM17 Assays

Both assays followed the same general protocol. A 2.5 µL portion of 2 × enzyme
solution (20 nM) in assay buffer (10 mM HEPES, 0.001% Brij-35, pH 7.5) was added to solid
bottom black 1536 plates (Greiner, cat# 789075). Next, test compounds and pharmacological
controls were added to corresponding wells using a 1536 pin tool device (V&P Scientific,
San Diego, CA, USA). After 30 min incubation at RT, the reactions were started by addition
of 2.5 µL of 2x solutions of substrate (R&D Systems cat#: ES010, Mca-KPLGL-Dpa-AR-NH2,
20 µM). Reactions were incubated at RT for 2 h, after which the fluorescence was mea-
sured using a PerkinElmer Viewlux multimode microplate imager (λexcitation = 324 nm,
λemission = 390 nm). Final concentration of test compounds in assays was 7.0 µM.

4.9. MMP Assays

All assays followed the same general protocol. A 5 µL portion of 2 × enzyme solution
(5 nM) in assay buffer (50 mM Tricine, 50 mM NaCl, 10 mM CaCl2, 0.05% Brij-35, pH 7.5)
was added to solid bottom black 384 plates (Nunc, cat# 264705). Next, test compounds
and pharmacological controls were added to corresponding wells using a 384-pin tool
device (V&P Scientific, San Diego, CA, USA). After 30 min incubation at RT, the reactions
were started by addition of 5 µL of 2x solutions of substrate (R&D Systems cat#: ES010,
Mca-KPLGL-Dpa-AR-NH2, 20 µM). Reactions were incubated at RT for 1 h, after which
the fluorescence was measured using the Synergy H4 multimode microplate reader (Biotek
Instruments) (λexcitation = 324 nm, λemission = 390 nm).

4.10. Cell Toxicity Studies

Test compounds were solubilized in 100% DMSO and added to polypropylene 384 well
plates (Greiner cat# 781280). The 1250 of BJ skin fibroblasts (ATCC CRL-2522) and primary
melanocytes (ATCC PCS-200-013) were plated in 384 well plates in 8 µL of serum-free
media (HybriCare for BT474, EMEM for HEK293). Test compounds and pharmacological
assay control (lapatinib) were prepared as 10-point, 1:3 serial dilutions starting at 10 mM,
then added to the cells using the pin tool mounted on the Integra 384. Plates were incubated
for 72 h at 37 ◦C, 5% CO2 and 95% relative humidity. After incubation, 8 µL of CellTiter-
Glo (Promega cat# G7570) was added to each well and incubated for 15 min at room
temperature. Luminescence was recorded using a Biotek Synergy H1 multimode microplate
reader. Viability was expressed as a percentage relative to wells containing media only
(0%) and wells containing cells treated with DMSO only (100%). Three parameters were
calculated on a per plate basis: (a) the signal-to-background ratio (S/B); (b) the coefficient
for variation (CV; CV = (standard deviation/mean)× 100)) for all compound test wells; and
(c) the Z’-factor. IC50 values were calculated by fitting normalized data to sigmoidal log
versus response equation utilizing nonlinear regression analysis from GraphPad Prizm 8.
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Abstract: Meprin α is a zinc metalloproteinase (metzincin) that has been implicated in multiple
diseases, including fibrosis and cancers. It has proven difficult to find small molecules that are capable
of selectively inhibiting meprin α, or its close relative meprin β, over numerous other metzincins
which, if inhibited, would elicit unwanted effects. We recently identified possible molecular starting
points for meprin α-specific inhibition through an HTS effort (see part I, preceding paper). Here, in
part II, we report further efforts to optimize potency and selectivity. We hope that a hydroxamic
acid meprin α inhibitor probe will help define the therapeutic potential for small molecule meprin α
inhibition and spur further drug discovery efforts in the area of zinc metalloproteinase inhibition.

Keywords: meprin α; meprin β; zinc metalloproteinase; medicinal chemistry; probe development

1. Introduction

Meprin α is a zinc metalloproteinase (metzincin) that has been implicated in multiple
diseases, including fibrosis [1,2], and cancers [3]. Understanding meprin α’s precise role,
alone or in combination with other metzincins, including its close relative meprin β,
has been difficult to establish due to the lack of known selective inhibitors. While many
preliminary reports for meprin inhibitors have emerged [4–8], no compounds with suitable
potency, selectivity, and drug-like attributes for in vivo use are known. We recently reported
an HTS campaign to identify lead meprin α and meprin β inhibitors [9]. We then began
SAR studies to understand the pharmacophore for meprin α inhibition, to enhance potency
of the best leads, and to widen or maintain their selectivity over other metzincins. These
efforts led to the identification of a potential probe molecule that may allow us in the
future to ascertain the therapeutic potential for small molecule meprin α inhibition in the
treatment of fibrosis or cancers.

Zinc metalloproteinases are ubiquitous in human biology and their dysregulation in
certain disease states has spurred many researchers to seek modulators, usually inhibitors,
of their function. The primary difficulty in most drug discovery efforts is to gain selectivity
for the zinc metalloproteinase of interest. Most inhibitors are characterized by having
groups that tightly bind zinc ions, often through bidentate coordination. Compounds that
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bind strongly to zinc metalloproteinases in this way can be found, though a frequently
encountered liability is poor target selectivity, since coordination to zinc, and perhaps to
other metal ions of similar size, is often the main driver of potency. As a consequence,
many such inhibitors block off-target zinc-and even non-zinc metalloproteinase, including
enzymes that are required for a myriad of essential biological functions of healthy cells,
and they thus display intolerably high toxicity.

A common strategy is to avoid metal coordinating groups altogether. A second strategy
is to employ a metal coordinating group that is: (1) consistent with drug-like properties,
and (2) is merely one part of an organic molecule that also has several other functional
groups that contribute substantially to its binding energy for the target, and not for other
targets, thus imparting an acceptable level of target selectivity. Ideally this will translate
to low toxicity in in vivo use. In our efforts here, our starting point was a screening hit
containing a hydroxamic acid, R–CO–NH–OH, and we sought to alter other regions of the
screening hit to widen its selectivity.

In our HTS effort (see part I), we sought any type of inhibitor, with or without metal co-
ordinating groups. Only leads with known Zn coordinating functional groups were found
to have suitable potency for follow-up, however, and any optimization effort required
that we address selectivity concerns at an early stage. The hydroxamic acid compound
SR19855 (Figure 1) was a preferred meprin α inhibitor hit, having both significant potency
(low-micromolar inhibition of meprin α) and hints of target selectivity. In screens for se-
lectivity, we saw 13-fold selectivity for meprin α inhibition over inhibition of the most
closely-related enzyme, meprin β, and also at least 10-fold selectivity over a larger panel
of metzincins, including MMP-2, MMP-3, MMP-8, MMP-9, MMP-10, MMP-14, ADAM10,
and ADAM17. Given that a hydroxamic acid group can tightly bind zinc ions in all of
these targets, we surmised that other regions of SR19855 were contributing to meprin
α binding and to target selectivity. Further, we wished to further widen this selectivity
window, with increases in potency as well, so that a probe molecule might be identified for
use in order to isolate the effect of meprin α-specific inhibition in relevant biological and
pharmacological contexts.
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Figure 1. HTS hit, the aryl triazole SR19855 (left), and related, less selective thiadiazoles.

2. Results
2.1. Modeling of Lead Series

Our HTS effort and follow-up SAR-by-purchase efforts identified a number of mod-
erately potent meprin α inhibitors bearing hydroxamic acid groups. Among these were
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related aryl triazoles and thiadiazoles (Figure 1). Notably, the thiadiazoles were unlike
the aryl triazoles in terms of isoform selectivity: only the aryl triazoles were >10-fold
selective for meprin α over meprin β. We considered isoform selectivity to be critically
important, since low ligand selectivity limits the usefulness of metalloprotease inhibitors as
isoform-specific probes. We surmised that the additional aromatic ring in the aryl triazoles
(left) may be an important selectivity element favoring binding to meprin α over meprin β,
and perhaps over other metzincins as well. In the thiadiazole series, similar compounds
purchased with a thiazole core (one N replaced with CH) were much less potent, suggesting
that the nitrogen atoms in the heterocyclic core are important.

We wished to understand the possible basis for meprin α binding and SR19855
selectivity. Using coordinates for a meprin β X-ray crystal structure, we constructed a
homology model for meprin α and docked several HTS hits, including the aryl triazoles.
The hydroxamate of SR19885, not surprisingly, is modeled to form a strong bidentate
interaction with the Zn ion in both docking models (Figure 2). This binding anchors the
ligand into each active site. Overall, geometry of binding for the backbone of the ligand
is similar for the meprin enzymes. Important differences are apparent for the side chains,
however, especially the interactions of the central para-methoxy phenyl group in meprin α.
As shown in the left panel of Figure 2, Y149 of meprin αmakes a face-on π-π interaction
with the phenyl ring. R177 residue makes cation-π interactions with both phenyl and
pyrimidine rings of the ligand. Although the primary sequences of the meprin isoforms are
similar in the binding pocket, these interactions are absent or are much weaker in meprin β
with the exception of the hydroxamate/Zn interaction and an H-bond interaction to Y211
(Y149 in meprin α) that are preserved. These findings suggest that the aryl triazole core of
the ligand should be preserved, for selectivity purposes, during our SAR studies aimed to
increase potency and selectivity for meprin α.
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In analyzing data from the HTS effort and for a few purchased analogs, we noted
that both the phenyl and pyrimidine rings of SR19855 could not be deleted without a
substantial drop in meprin α inhibitory activity. This finding agreed with our binding
model (Figure 2). Together, these observations led us to explore the effect of a pyrimidine
substituents and the replacement or alternative substitution of the central aryl group, with
the aim of finding electronic and/or steric factors that would maximize meprin α inhibitory
activity and maintain or (preferably) increase target selectivity.

2.2. Synthetic Strategy

To further study compounds in the series, we initiated an internal synthesis effort.
A versatile 6-step synthesis used is shown in Figure 3, which is adaptable for different
pyrimidine X groups and for substituted phenyl rings, or a replacement heterocycle. This
strategy is based upon the initial 3 steps of a literature method [10]. Briefly, the alkylation
of a thiopyrimidine 1 (step 1) to give ester 2 is followed by treatment with hydrazine
(step 2) to form a hydrazine amide 3, which is acylated with an isothiocyanate 4 (step 3),
which following an immediate acidic workup (step 4), gives the mercaptotriazole 6. This
potentially oxidatively sensitive intermediate is then alkylated (step 5) to give ester 7, which
can be safely stored under inert conditions and purified by chromatography, if needed.
Many of the earlier intermediates are obtained in high purity through precipitation or
crystallization, with minimal chromatography, as outlined in the Experimental Section.
Finally, the hydroxamic acid group is installed by treatment with hydroxylamine (step 6)
to give the final test hydroxamic acid product 8.
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2.2.1. A. Pyrimidine Substitution

Holding the other groups constant, we varied the X substituents on the pyrimidine
(Table 1), from the relatively electron-deficient unsubstituted pyrimidine, to a bulkier but
neutral pyrimidine (3,5-dimethyl), to a more electron-rich 3,5-dimethoxy pyrimidine. We
used symmetric disubstituted compounds due to their ready availability. Potency varied
only in a small range, as all three compounds are single digit micromolar meprin α binders.
Selectivity assessment using the meprin β inhibition assay, however, led us to prioritize
3,5-dimethoxy pyrimidines for further follow-up, as SR24144 showed complete lack of
inhibition of meprin β at 100 µM. This contrasts with significant meprin β inhibition
by SR19855 (IC50 = 17 µM) and modest but complete meprin β inhibition by SR24319
(IC50 = 60 µM). We felt that the maximization of selectivity, which was our primary criteria
for probe development, offset a decrease in meprin α inhibition (meprin α IC50 = 8.7 µM),
provided that meprin α inhibition could be increased by making other modifications, such
as replacements for the central methoxyphenyl ring.
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Table 1. Pyrimidine substitution: dimethoxylation disfavors meprin β inhibition.
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X ID Meprin α IC50, µM Meprin β IC50, µM

H SR19855 1.3 ± 0.1 17 ± 3

Me SR24139 4.1 ± 0.8 60 ± 7

OMe SR24144 8.7 ± 1.1 >100

2.2.2. Phenyl Substitution

Replacement of the central methoxyphenyl ring (Table 2) indeed allowed us to regain
meprin α binding affinity without sacrificing selectivity vs. meprin β. Moving the para
methoxy group in SR19855 to the meta or ortho position, however, reduced meprin α
affinity and, more concerning, gave unwanted binding to meprin β (IC50 = 59 and 52 µM
for SR24460 and SR24459, respectively). Reducing electron density with a pyridyl ring
present or with CF3, Br, F, or Me groups replacing OMe maintained meprin β selectivity
but had only minor effects on meprin α binding, with SR24403, with a CF3 group, being
the best alternative (meprin α IC50 = 5.4 µM). A larger group, a 2-naphthyl ring system
(SR24467), gave a modest increase in meprin α binding (IC50 = 2.0 µM) at the expense of
higher molecular weight and elevated lipophilicity. We saw enhanced potency when a
para amino substituted phenyl was used, with the 4-morpholine analog SR26466 having
an IC50 = 1.1 µM, the 4-diethylamino analog 24,465 having an IC50 = 600 nM, and the
4-dimethylamino analog SR24717 being nearly equipotent, having an IC50 = 660 nM. IC50
values for each compound were determined in triplicate and the average value is given
in Table 2, with SD factor as an error. Selectivity over meprin β was maintained in all
analogs other than the meta-methoxy and ortho-methoxy compounds (IC50 vs. meprin β in
all other cases was >70 µM). To test our presumption that the hydroxamic acid is essential,
we also tested certain ester synthetic precursors to the hydroxamates (not shown) and saw
no activity (meprin α IC50 > 100 µM). As shown in Table 2, SR26465, with a diethylamino
group present, and SR24717, with a with a diethylamino group present, are essentially
equivalent with respect to meprin α/β affinity and a selectivity ratio >100. We chose
SR24417 as the lead for further evaluation.

Table 2. SAR studies in the central aromatic ring.
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2.3. SR24717 Characterization in In Vitro Assays

We tested a freshly re-synthesized, analytically pure sample of SR24717 against meprin
α, meprin β, and related metzincins. IC50 values for SR24717 were batch independent:
IC50 values for meprin α inhibition for multiple batches ranged from 490–670 nM. IC50
values for meprin β inhibition were consistently at ~70 µM or above as well. Results shown
in Figure 4 are for one scale-up batch, with results in triplicate. There is full meprin α
inhibition and only partial meprin β inhibition, at the higher doses tested (Figure 4A).
Assay results with related metzincins demonstrated excellent broad selectivity of SR24717
(IC50 metzincins > 100 µM for all tested enzymes, Figure 4B).
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Figure 4. Characterization of a potential meprin α probe SR24717 against meprin β and related
metzincins. (A) Dose response study of re-synthesis batch of SR24717 with meprin α and β; (B) Dose
response study of re-synthesis batch of SR24717 with metzincins shows good selectivity profile. All
experiments performed as 10 point 3-fold concentration-response curves in triplicate. All units are
IC50, µM.

We further characterized SR24717 for the mode of inhibition of meprin α. Pre-incubation
of SR24717 with meprin α for 0–3 h showed no change in IC50 values, suggesting that
SR24717 is not a time-dependent inhibitor (Figure 5A). This allowed us to use the steady-
state assumption in our follow-up experiments. Varying substrate concentration in meprin
α decreased the apparent potency of SR24717 (Figure 5B,C), suggesting a competitive mode
of inhibition. Indeed, both linear (Figure 5D) and non-linear (Figure 5E) models showed
good fit to the competitive inhibition. Global fit to the competitive model of inhibition
using GraphPad Prism showed Ki = 300.8 nM.
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We tested SR24717 for effects on viability and cytotoxicity of several cell types. Only 
at a concentration of 100 µM of SR24717 were negative effects on viability and cytotoxicity 
observed (Figure 6), suggesting that SR24717 may be a useful probe for studying the bio-
logical role of meprin α in in vitro and in vivo systems. 
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fit crossing at Y-axis, suggesting a competitive inhibition mechanism by SR24717. (E) Global fit of meprin α-mediated
proteolysis in the presence of SR24717 to a competitive model using non-linear regression shows good fit.
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We tested SR24717 for effects on viability and cytotoxicity of several cell types. Only
at a concentration of 100 µM of SR24717 were negative effects on viability and cytotoxicity
observed (Figure 6), suggesting that SR24717 may be a useful probe for studying the
biological role of meprin α in in vitro and in vivo systems.
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3. Discussion

While we had initially hoped that HTS efforts would identify non-chelating, non-
hydroxamic acid meprin α or meprin β inhibitor leads, we have demonstrated that the
two aromatic groups in the lead series of meprin α inhibitors are also very important,
and perhaps uniquely positioned, for meprin α binding. Thus, Zn chelation is not the
overwhelming driver of ligand affinity. SR24717 has unexpectedly high selectivity vs.
10 other zinc metalloproteases (Figure 4), indicative of potential use as a probe molecule
in an in vitro setting. The selectivity is noteworthy in comparison to known inhibitors
(Table 3), with structures depicted in Figure 7.

The meprin α/β fold selectivity (ratio of IC50 values) had been ~13 for the HTS hit
SR19855 and was improved to 106 for SR24717. Actinonin is a meprin inhibitor that has
long been commonly used in the literature, but its target selectivity is quite poor. It is
a repurposed antibiotic agent that potently inhibits many metzincins and in cell-based
environments, though it is significantly cytotoxic. Its wide use is purely historical: it was
one of the first inhibitors of meprin α with some selectivity for meprin β, but off-target
activity confounds the interpretations for any of actinonin’s effects, as they cannot be
cleanly ascribed to meprin α inhibition. This is illustrated in Table 3, where we see sub-
micromolar activity for actinonin vs. MMP-2, MMP-8, MMP-9, MMP-13, ADAM17 (and
also MMP1, see footer), with low micromolar activity vs. meprin β and ADAM10. This
contrasts greatly with similar data for SR24717.

At the time of initial submission of this manuscript, the most potent meprin α in-
hibitors known were bis-benzyl glycine hydroxamates 10d and 10e, both from the Rams-
beck labs [8], which displayed meprin α/β fold selectivity ratios of 18 and 19, respectively.
The same group very recently gave an update on this series and related analogs [11], re-
porting more balanced pan tertiary amine inhibitors such as compound 1c and also much
more potent, conformationally constrained meprin α inhibitors 2c and 2d. Interestingly,
compounds 2c and 2d, like SR24717, append two aromatic groups to a 5-membered ring
core (Figure 7). Though selectivity IC50 values were not reported, most (as shown in Table 3)
were weak inhibitors at 10 µM and showed more substantial inhibition at 200 µM. The
most potent off-target for inhibitors 2c and 2e was ovastacin, with Ki values of 66 nM and
196 nM, respectively [11].
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Table 3. Selectivity testing of SR24717 and literature meprin α inhibitors.

ID Meprin α Meprin β MMP2 MMP3 MMP8 MMP9 MMP10 MMP13 MMP14 ADAM10 ADAM17

SR24717 a 0.66 ± 0.03 70 ± 5 >100 >100 >100 >100 >100 >100 >100 >100 >100

Actinonin b 0.004 4.8 ± 0.5 0.09 NR 0.19 0.1 ± 0.01 NR 0.1 >1000 2.2 ± 0.2 0.2 ± 0.02

10d [8] c 0.16 ± 0.001 2.95 ± 0.35 95%
26%

91%
61%

86%
55%

86%
61%

86%
57%

10e [8] 0.40 ± 0.03 7.59 ± 0.01 94%
65%

91%
21%

98%
47%

80%
56%

80%
41%

1c [11] d 0.19 ± 0.001 0.03 ± 0.35 95% 91% 86% 86% 86%

2c [11] e 0.004 ± 0.001 0.813 ± 0.001 87% 86% 80% 80% 62%

2e [11] f 0.003 ± 0.001 0.199 ± 0.001 104% 81% 75% 73% 61%

All units are IC50, µM, % values indicate % activity remaining at 10 µM (top) and at 200 µM (bottom). All assays performed in triplicate,
with error bars ± SD. a. Multiple synthesis of SR24717 batches were tested, shown are results of one representative batch. b. Actinonin
also has IC50 = 0.1 µM vs. MMP1. c. Compound 10d has IC50 = 1.15 µM vs. ovastacin [11]. d. Compound 1c has IC50 = 0.49 µM vs.
ovastacin [11]. e. Compound 2c has Ki = 66 nM vs. ovastacin [11]. f. Compound 2e has Ki = 196 nM vs. ovastacin [11].
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Figure 7. Structures of literature meprin inhibitors: actinonin, SR24717, 10d [8]; 10e [8], 1c [11], 2c [11], 2e [11].

Our modeling study, depicted in Figure 2, suggests that two cation-π interactions are
responsible for meprin α potency and selectivity. Our structure–activity relationship study
supports the model, in that the 3,5-dimethoxypyrimidine and 4-dimethylaminophenyl
groups of SR24717 work in concert to augment potency and selectivity. Though SR24717 is
merely ~2-fold more potent than the HTS hit SR19855 in binding meprin α, it has selectivity
advantages (~106-fold vs. meprin β), with consistently lower IC50 and/or lower maximum
inhibition of nine other metzincins, when tested even at a high concentration (100 µM, see
Figure 4 and Table 3).

We have developed a versatile, scalable, and operationally straightforward route
to producing the SR24717 and its analogs. Future work includes characterization of all
properties that are relevant for in vivo use, including the evaluation and optimization
of DMPK properties, while maintaining or improving both target potency and meprin
α selectivity.
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4. Materials and Methods
4.1. Assay Reagents

MMP-1, MMP-2, MMP-8, MMP-9, MMP-10, MMP-13, MMP-14, ADAM10, ADAM17
and Mca-KPLGL-Dpa-AR-NH2 fluorogenic peptide substrate were purchased from R&D
Systems (cat # 901-MP, 902-MP, 908-MP, 911-MP, 910-MP, 511-MM, 918-MP, 936-AD, 930-
ADB, and ES010, respectively). All common chemicals were purchased from Sigma. NFF449
was purchased from Tocris (cat# 1391) and actinonin was from Sigma-Aldrich, St. Louis,
MO, USA (cat# 01809).

4.2. Meprin α and Meprin β Substrate Synthesis

Meprin α and meprin β substrates (Mca-YVADAPK-(K-ε-Dnp) and Mca-EDEDED-(K-
ε-Dnp), respectively) [12] were synthesized according to Fmoc solid-phase methodology
on a peptide synthesizer. All peptides were synthesized as C-terminal amides to prevent
diketopiperazine formation [13]. Cleavage and sidechain deprotection of peptide-resins
was for at least 2 h using thioanisole-water-TFA (5:5:90). The substrates were purified
and characterized by preparative RP HPLC and characterized by MALDI-TOF MS and
analytical RP HPLC.

4.3. Meprins Expression Protocol

Recombinant human meprin α and meprin β were expressed using the Bac-to-Bac
expression system (Gibco Life Technologies, Paisley, UK) as described before [5,14]. Media
and supplements were obtained from Gibco Life Technologies. Recombinant Baculoviruses
were amplified in adherently growing Spodoptera frugiperda (Sf )9 insect cells at 27 ◦C in
Grace’s insect medium supplemented with 10% fetal bovine serum, 50 units/mL penicillin,
and 50 µg/mL streptomycin. Protein expression was performed in 500 mL suspension cul-
tures of BTI-TN-5B1-4 insect cells growing in Express Five SFM supplemented with 4 mM
glutamine, 50 units/mL penicillin, and 50 µg/mL streptomycin in Fernbach-flasks using
a Multitron orbital shaker (INFORS AG, Bottmingen, Switzerland). Cells were infected
at a density of 2 × 106 cells/mL with an amplified viral stock at a MOI of ~10. Protein
expression was stopped after 72 h, and recombinant meprins were further purified from the
media by ammonium sulfate precipitation (60% saturation) and affinity chromatography
(Strep-tactin for Strep-tagged meprin α and Ni-NTA for His-tagged meprin β). Meprins
were activated by trypsin, which was removed afterwards by affinity chromatography
using a column containing immobilized chicken ovomucoid, a trypsin inhibitor.

4.4. Meprin α and Meprin β Assays in a 384-Well Plate

Both assays followed the same general protocol [15]. 5 µL of 2× enzyme solution
(2.6 and 0.1 nM for meprin α and meprin β, respectively) in assay buffer (50 mM HEPES,
0.01% Brij-35, pH 7.5) were added to solid bottom black 384 low-volume plates (Nunc,
cat# 264705). Next, 75 nL of test compounds or pharmacological control (actinonin) were
added to corresponding wells using a 384-pin tool device (V&P Scientific, San Diego, CA,
USA). After 30 min incubation at RT, the reactions were started by addition of 5 µL of 2×
solutions of substrates (20 µM, meprin αMca-YVADAPK-K(Dnp), and for meprin βMca-
EDEDED-K(Dnp)). Reactions were incubated at RT for 1 h, after which the fluorescence
was measured using the Synergy H4 multimode microplate reader (Biotek Instruments)
(λexcitation = 324 nm, λemission = 390 nm).

Three parameters were calculated on a per-plate basis: (a) the signal-to-background
ratio (S/B), (b) the coefficient for variation (CV; CV = (standard deviation/mean) × 100)
for all compound test wells; and (c) the Z- or Z’-factor [16]. Z takes into account the effect
of test compounds on the assay window, while Z’ is based on controls.
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4.5. Determination of Kinetic Parameters of Meprin α Mediated Proteolysis in the Presence of
Potential Probe SR24717

Substrate stock solutions were prepared at various concentrations in HTS assay buffer
(50 mM HEPES, 0.01% Brij-35, pH 7.5). Assays were conducted by incubating a range of
substrate (2–50 µM) and SR24717 concentrations (0–1000 nM) with 1.3 nM meprin α at
25 ◦C. Fluorescence was measured on a multimode microplate reader Synergy H1 (Biotek
Instruments, Winooski, VT, USA) using λexcitation = 324 nm and λemission = 393 nm. Rates of
hydrolysis were obtained from plots of fluorescence versus time, using data points from
only the linear portion of the hydrolysis curve. The slope from these plots was divided by
the fluorescence change corresponding to complete hydrolysis and then multiplied by the
substrate concentration to obtain rates of hydrolysis in units of µM/s. Kinetic parameters
were calculated by non-linear regression analysis using the GraphPad Prism 8.0 suite
of programs.

4.6. ADAM10 and ADAM17 Assays

Both assays followed the same general protocol. 2.5 µL of 2× enzyme solution (20 nM)
in assay buffer (10 mM HEPES, 0.001% Brij-35, pH 7.5) were added to solid bottom black
384 plates (Greiner, cat# 789075). Next, test compounds and pharmacological controls were
added to corresponding wells using a 384-pin tool device (V&P Scientific, San Diego). After
30 min incubation at RT, the reactions were started by addition of 2.5 µL of 2× solutions
of substrate (R&D Systems cat#: ES010, Mca-KPLGL-Dpa-AR-NH2, 20 µM). Reactions
were incubated at RT for 2 h, after which the fluorescence was measured using a Perkin
Elmer Viewlux multimode microplate imager (λexcitation = 324 nm, λemission = 393 nm). All
compounds were tested in 10-point, 1:3 serial dilutions dose-response format starting with
highest concentration of 100 µM. IC50 values were determined using non-linear regression
analysis using the GraphPad Prism 8.0 suite of programs.

4.7. MMP Assays

All assays followed the same general protocol. 5 µL of 2× enzyme solution (5 nM) in as-
say buffer (50 mM Tricine, 50 mM NaCl, 10 mM CaCl2, 0.05% Brij-35, pH 7.5) were added to
solid-bottom black 384 plates (Nunc, cat# 264705). Next, test compounds and pharmacolog-
ical controls were added to corresponding wells using a 384-pin tool device (V&P Scientific,
San Diego). After 30 min incubation at RT, the reactions were started by addition of 5 µL
of 2× solutions of MMP substrate (R&D Systems cat#: ES010, 20 µM). Reactions were
incubated at RT for 1 h, after which the fluorescence was measured using the Synergy H4
multimode microplate reader (Biotek Instruments) (λexcitation = 324 nm, λemission = 390 nm).
All compounds were tested in 10-point, 1:3 serial dilutions dose-response format start-
ing with highest concentration of 100 µM. IC50 values were determined using non-linear
regression analysis using the GraphPad Prism 8.0 suite of programs.

4.8. Cell Toxicity Studies

Test compounds were solubilized in 100% DMSO and added to polypropylene 384-
well plates (Greiner cat# 781280). 1250 of BJ skin fibroblasts or primary melanocytes were
plated in 384-well plates in 8 µL of serum-free media (HybriCare for BT474, EMEM for
HEK293). Test compounds and pharmacological assay control (lapatinib) were prepared as
10-point, 1:3 serial dilutions starting at 10 mM, then added to the cells using the pin tool
mounted on Integra 384. Plates were incubated for 72 h at 37 ◦C, 5% CO2 and 95% RH.
After incubation, 8 µL of CellTiter-Glo® (Promega cat# G7570) was added to each well and
incubated for 15 min at room temperature. Luminescence was recorded using a Biotek
Synergy H1 multimode microplate reader. Viability was expressed as a percentage relative
to wells containing media only (0%) and wells containing cells treated with DMSO only
(100%). Three parameters were calculated on a per-plate basis: (a) the signal-to-background
ratio (S/B), (b) the coefficient for variation (CV; CV = (standard deviation/mean) × 100)
for all compound test wells, and (c) the Z’-factor. IC50 values were calculated by fitting
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normalized data to sigmoidal log vs. response equation utilizing non-linear regression
analysis from GraphPad Prism 8.

4.9. Molecular Modeling Studies

The crystal structure of human meprin β (PDB ID 4GWN) was used as a template
for constructing a model of human meprin α using Prime (Schrödinger, LLC, New York,
NY, USA), with the option of a single template to build a single chain and including
the Zn ion. The homology model and the coordinates, 4GWN, were prepared using the
protein preparation wizard in Maestro v12.2 (Schrodinger, LLC, NY, USA). Docking studies
were performed using Glide SP v8.7 (Schrodinger, LLC, NY, USA) with no constraint. The
docking grid was generated around the Zn ion with a box size of 18 × 18 × 18 Å3. SR19855
was prepared for Glide docking with LigPrep (Schrodinger, LLC, NY, USA) to include
different conformational states. The docking pose with the highest docking score for each
compound was then merged to the docked structures for energy minimization using the
OPLS3e force field (Schrodinger, LLC, NY, USA) and the results were analyzed in pymol.

4.10. Compound Synthesis and Characterization

Synthesis of all test compounds followed the 6-step route summarized in Figure 3,
which was adapted from the literature [10,17,18]. Details for all steps in the synthesis of
SR24717 are shown, with supporting data. Other compounds followed the same synthetic
methods, and data follows for all analogs reported herein.

Step 1, Ethyl 2-[(aryl)thio] acetate derivatives (2). Mercaptopyrimidine 1 (1 equiv.),
ethyl 2-chloroacetate (2 equiv.) and potassium carbonate (1.2 equiv.) were heated at 80 ◦C
in acetone. Reaction progress was monitored by LC/MS and after no more than 2 h, the
mixture was cooled, filtered, and concentrated in vacuo to give the crude product 2, which
was dissolved in minimal dichloromethane, precipitated by addition of diethyl ether, and
the precipitate was collected by filtration and dried under high vacuum. The product was
isolated in 75% yield, with >95% purity by LC/MS, with no chromatography necessary.

Step 2, 2-[(Aryl)thio]acetohydrazide derivatives (3). A mixture of ethyl 2-[(aryl)thio]acetate
(2) (1 equiv.) and hydrazine hydrate (2 equiv.) in ethanol was stirred for 1–2 h at room
temperature. The colorless hydrazide 3 precipitated out of the solution and was collected
by filtration. The precipitate was washed with water, dried under high vacuum, and was
taken to the next step without purification. It was >95% pure by LC/MS analysis.

Step 3, Thiosemicarbazide derivatives (5). A solution of the hydrazide (3) (1 equiv.)
and an aryl isothiocyanate 4, typically a substituted phenyl isothiocyanate (1 equiv.), in
hot ethanol was refluxed for 1 h. The colorless thiosemicarbazide 5 precipitated out of the
solution and, after cooling, it was collected by filtration. The precipitate was washed with
water, ether, dried under high vacuum, and was taken to the next step without purification.
It was >95% pure by LC/MS analysis.

Step 4, Mercaptotriazole derivatives (6). A suspension of thiosemicarbazide (5) in aq.
2% NaOH was heated at 100 ◦C, and the solution became homogeneous. Reaction progress
was monitored by LC/MS and cyclization was complete within 2 h. The solution was then
cooled to room temperature. The pH was adjusted to 6–7 by the addition of 3 M HCl, at
which point a colorless precipitate formed. The precipitate collected by filtration, washed
with water, and dried under high vacuum. It was >95% pure by LC/MS analysis and
was obtained in 70% isolated yield for steps 2–4, from compound 2. This intermediate
was potentially sensitive to air oxidation, so it was kept under inert atmosphere and then
carried without delay to the next step.

Step 5, Mercaptotriazole esters (7). A mixture of the mercaptotriazole (6) (1 equiv.),
ethyl 2-chloroacetate (1.12 equiv.) and potassium carbonate (1.5 equiv.) in acetone was
heated at 80 ◦C. Reaction progress was monitored by LC/MS and the alkylation was
complete within 2 h. Upon cooling, a colorless precipitate formed and it was collected
by filtration. The precipitate washed with water and was dried under high vacuum. The
precursor to the probe candidate was >95% pure by LC/MS analysis and was obtained in
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85% isolated yield. Certain mercaptotriazole esters analogs were less crystalline and could
be purified by column chromatography on silica gel at this stage, using a CH2Cl2 to 5%
MeOH in CH2Cl2 gradient. Intermediate ester 7 was stable and could be stored cold under
inert atmosphere for later use in the final step.

Step 6, final hydroxamic acids (8). A solution of mercaptotriazole ester (7) (1 equiv.)
in MeOH/DCM (3:1) was cooled to 0 ◦C and was treated with saturated hydroxylamine
hydrochloride solution (6 equiv.) followed by the addition of sat. aq. NaOH (12 equiv.).
After reaction completion (typically~10 min) the mixture was concentrated in vacuo, water
was added, and the pH was adjusted to 7.0 by the addition of 2 M HCl. A colorless
precipitate formed (25–30% yield, >95% analytical purity by HPLC) and it was collected
by filtration. The product was kept cold and under inert atmosphere to prevent slow
hydrolysis of the hydroxamic acid to a carboxylate, presumably from atmospheric moisture.
Such hydrolysis was also seen upon prep HPLC purification, so the final product was best
isolated by precipitation.

Characterization data for the potential meprinα inhibitor SR24717: 1H NMR (600 MHz,
DMSO-d6): δ ppm 10.75 (s, 1H), 9.01 (s, 1H), 8.58 (s, 1H), 7.16 (d, J = 8.8 Hz, 2H), 6.68 (d,
J = 8.8 Hz, 2H), 5.89 (s, 1H), 6.94 (s, 1H), 4.48 (s, 2H), 3.81 (s, 6H), 3.78 (s, 2H), 2.94 (s, 6H).
13C NMR (DMSO-d6): δ ppm 170.9, 168.2, 164.2, 153.7, 151.9, 151.2, 128.4, 120.3, 112.4, 86.0,
60.2, 33.4, 24.4. MS (ESI, M + H) calcd for (C19H23N7O4S2 + H): 478.13, found 477.86, purity
by analytical HPLC >95%.

4.11. Data for Other Test Compounds
4.11.1. SR19855, N-hydroxy-2-((4-(4-methoxyphenyl)-5-((pyrimidin-2-ylthio)methyl)-4H-
1,2,4-triazol-3-yl)thio)acetamide

Colorless solid, 42% yield for the final step. Other steps were comparable in yield
to that for SR24717. Silica gel chromatography used MeOH/DCM 0–5% gradient, on the
penultimate step. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.76 (s, 1H), 9.02 (s, 1H), 8.54 (d,
J = 4.88 Hz, 2H), 7.37 (d, J = 8.92 Hz, 2H), 7.19 (t, J = 4.88 Hz, 1H), 7.04 (d, J = 8.92 Hz, 2H),
4.42 (s, 2H), 3.80 (s, 6H), 3.77 (s, 2H). 13C NMR (600 MHz, DMSO-d6): δ ppm 170.0, 163.7,
160.2, 157.8, 153.0, 151.0, 128.9, 124.9, 117.5, 114.9, 55.5, 33.1, 23.9. MS (ESI, M + H) calcd for
(C16H16N6O3S2 + H): 405.07, found 405.01, purity by analytical HPLC > 95%.

4.11.2. SR24139, 2-((5-(((4,6-dimethylpyrimidin-2-yl)thio)methyl)-4-(4-methoxyphenyl)-
4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 45% yield for final step. Other steps were comparable in yield to
that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.75 (d, J = 1.2 Hz, 1H), 9.02 (d,
J = 1.2 Hz, 1H), 7.35 (d, J = 8.9 Hz, 2H), 7.00 (d, J = 8.9 Hz, 2H), 6.93 (s, 1H), 4.47 (s, 2H),
3.79 (s, 6H), 3.78 (s, 2H), 2.28 (s, 6H). 13C NMR (600 MHz, DMSO-d6): δ ppm 167.7,167.0,
163.7, 160.01, 153.3, 151.0, 128.8, 124.8, 116.2, 114.7, 55.5, 33.1, 23.5, 23.2. MS (ESI, M + H)
calcd for (C18H20N6O3S2 + H): 433.10, found 433.05, purity by analytical HPLC > 97%.

4.11.3. SR24144, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(4-methoxyphenyl)-
4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 45% yield for the final step, recrystallized from EtOAc. Other steps
were comparable in yield to that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.76
(d, J = 0.88 Hz, 1H), 9.01 (d, J = 0.88 Hz, 1H), 8.37 (d, J = 8.92 Hz, 2H), 7.01 (d, J = 8.92 Hz,
2H), 5.91 (s, 1H), 4.49 (s, 2H), 3.80 (s, 6H), 3.79 (s, 3H), 3.77 (s, 2H). 13C NMR (600 MHz,
DMSO-d6): δ ppm 170.5, 167.7, 163.7, 160.2, 153.0, 151.1, 128.9, 124.8, 114.8, 85.5, 55.5, 54.3,
33.1, 24.0. MS (ESI, M + H) calcd for (C18H20N6O5S2 + H): 465.09, found 465.01, purity by
analytical HPLC > 95%.
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4.11.4. SR24460, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(3-methoxyphenyl)-
4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 38% yield for the final step. Other steps were comparable in yield to
that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.77 (d, J = 1.04 Hz, 1H), 9.03 (d,
J = 1.48 Hz, 1H), 7.42 (dt, J = 7.88, 0.80 Hz, 1H), 7.04 (q, J = 7.08 Hz, 3H), 5.91 (s, 1H), 4.55 (s,
2H), 3.80 (s, 6H), 3.75 (s, 2H). 13C NMR (600 MHz, DMSO-d6): δ ppm 170.5, 167.7, 163.6,
159.8, 152.7, 150.6, 133.44, 130.5, 119.3, 115.6, 113.2, 85.5, 55.5, 54.2, 33.2, 24.0. (ESI, M + H)
calcd for (C18H20N6O5S2 + H): 465.09, found 465.02, purity by analytical HPLC > 98%.

4.11.5. SR24459, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(2-methoxyphenyl)-
4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 40% yield for the final step. Other steps were comparable in yield
to that for SR24717.1H NMR (400 MHz, DMSO-d6): δ ppm 10.77 (s, 1H), 9.03 (s, 1H), 7.50
(dt, J = 6.88, 1.56 Hz, 1H), 7.39 (dd, J = 7.8, 1.56 Hz, 1H), 7.21 (d, J = 8.4 Hz,1 H), 7.05 (t,
J = 7.64 Hz, 1H), 5.91 (s, 1H), 4.48 (d, J = 15.0 Hz, 1H), 4.37 (d, J = 15.0 Hz, 1H), 3.81 (s,
6H), 3.75 (s, 2H). 13C NMR (600 MHz, DMSO-d6): δ ppm 170.5, 167.8, 163.7, 154.3, 153.0,
151.2, 132.0, 129.1, 120.8, 120.5, 112.8, 85.5, 55.9, 54.2, 33.2, 23.8. (ESI, M + H) calcd for
(C18H20N6O5S2 + H): 465.09, found 464.98, purity by analytical HPLC > 95%.

4.11.6. SR24718, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(pyridin-3-yl)-4H-
1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 42% yield for the final step. Other steps were comparable in yield to
that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.82 (s, 1H), 9.09 (s, 1H), 8.80
(d, J = 2.36 Hz, 1H), 8.75 (dd, J = 4.8, 1.4 Hz, 1H), 8.07 (td, J = 8.24, 2.48 Hz, 1H), 7.62 (dd,
J = 8.24, 4.84 Hz, 1H), 5.98 (s, 1H), 4.63 (s, 2H), 3.87 (s, 6H), 3.84 (s, 2H). 13C NMR (600 MHz,
DMSO-d6): δ ppm 170.5, 167.5, 163.5, 152.9, 151.0, 150.9, 148.2, 135.6, 129.6, 124.4, 85.6, 54.3,
33.7, 24.0. MS (ESI, M + H) calcd for (C16H17N7O4S2 + H): 436.08, found 435.91, purity by
analytical HPLC > 95%.

4.11.7. SR24003, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(4-
(trifluoromethyl)phenyl)-4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 35% yield for final step. Other steps were comparable in yield to that
for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.78 (d, 1H), 9.02 (d, 1H), 7.88 (d,
J = 8.31 Hz, 2H), 7.76 (d, J = 8.24 Hz, 2H), 5.88 (s, 1H), 4.58 (s, 2H), 3.79 (s, 9H). 13C NMR
(600 MHz, DMSO-d6): δ ppm 170.5, 167.5, 163.5, 152.8, 150.5, 136.1, 130.4, 128.8, 126.8, 124.5,
122.7, 85.5, 54.3, 33.6, 24.0. MS (ESI, M + H) calcd for (C18H17F3N6O4S2 + H): 503.07, found
503.01, purity by analytical HPLC > 97%.

4.11.8. SR24462, 2-((4-(4-bromophenyl)-5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-
4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 35% yield for the final step. Other steps were comparable in yield to
that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.76 (s, 1H), 9.03 (s, 1H), 7.70 (d,
J = 8.7 Hz, 2H), 7.45 (d, J = 8.7 Hz, 2H), 5.93 (s, 1H), 4.55 (s, 2H), 3.82 (s, 6H), 3.78 (s, 2H).
13C NMR (600 MHz DMSO-d6): δ ppm 170.5, 167.51, 163.6, 152.7, 150.6, 132.7, 131.8, 129.7,
123.6, 85.5, 54.3, 33.4, 24.0 MS (ESI, M + H) calcd for (C17H17BrN6O4S2 + H): 513.0, 515.0,
found 512.99, 514.95, purity by analytical HPLC > 95%.

4.11.9. SR24463, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(4-fluorophenyl)-
4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 35% yield for the final step. Other steps were comparable in yield
to that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.77 (s, 1H), 9.03 (s, 1H),
7.55–7.58 (m, 2H), 7.37 (t, J = 8.8 Hz, 2H), 5.93 (s, 1H), 4.53 (s, 2H), 3.82 (s, 6H), 3.79 (s, 2H).
13C NMR (600 MHz, DMSO-d6): δ ppm 170.5, 167.6, 163.4, 161.7, 152.8, 150.8, 130.1, 128.8,
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116.8, 85.5, 54.3, 33.3, 24.0. MS (ESI, M + H) calcd for (C17H17FN6O4S2 + H): 453.07, found
452.59, purity by analytical HPLC > 96%.

4.11.10. SR24467, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(m-tolyl)-4H-1,2,4-
triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 42% yield for the final step. Other steps were comparable in yield to
that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.76 (s, 1H), 9.02 (s, 1H), 7.50 (t,
J = 7.59 Hz, 1H), 7.31 (d, J = 7.47 Hz, 1H), 7.24 (d, J = 6.75 Hz, 2H), 5.90 (s, 1H), 4.51 (s, 2H),
3.80 (s, 9H), 2.29 (s, 3H). 13C NMR (600 MHz, DMSO-d6): δ ppm 170.5, 167.7, 163.6, 152.8,
150.7, 139.6, 132.4, 130.4, 129.5, 127.7, 124.5, 85.5, 54.3, 33.2, 24.0, 20.6. (ESI, M + H) calcd for
(C18H20N6O4S2 + H): 449.10, found 448.94, purity by analytical HPLC > 95%.

4.11.11. SR26467, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(naphthalen-1-yl)-
4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 32% yield for the final step. Other steps were comparable in yield
to that for SR24717. Silica gel chromatography used MeOH/DCM 0–5% gradient, on the
penultimate step. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.76 (s, 1H), 9.02 (s, 1H), 8.06
(d, J = 8.32 Hz, 1H), 8.03 (d, J = 7.44 Hz, 1H), 7.67 (d, J = 7.36 Hz, 1H), 7.62–7.54 (m, 3H),
7.13 (d, J = 8.16 Hz, 1H), 5.74 (s, 1H), 4.41 (d, J = 15.1 Hz, 1H), 4.38 (d, J = 15.2 Hz, 1H),
3.80 (s, 2H), 3.59 (s, 6H). 13C NMR (600 MHz, DMSO-d6): δ ppm 170.1, 167.2, 163.6, 153.9,
151.8, 133.7, 130.9, 128.8, 128.4, 128.3, 128.1, 127.1, 127.0, 125.5, 121.4, 85.4, 54.0, 33.1, 23.7.
MS (ESI, M + H) calcd for (C21H20N6O4S2 + H): 485.10, found 484.91, purity by analytical
HPLC > 95%.

4.11.12. SR26466, 2-((5-(((4,6-dimethoxypyrimidin-2-yl)thio)methyl)-4-(4-
morpholinophenyl)-4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 41% yield for the final step. Other steps were comparable in yield to
that for SR24717. 1H NMR (400 MHz, DMSO-d6): δ ppm 10.76 (s, 1H), 9.02 (s, 1H), 7.24
(d, J = 8.96 Hz, 2H), 6.97 (d, J = 9.04 Hz, 2H), 5.91 (s, 1H), 4.50 (s, 2H), 3.81 (s, 6H), 3.78
(s, 2H), 3.75 (t, J = 4.88 Hz, 4H), 3.17 (t, J = 4.76 Hz, 4H). 13C NMR (600 MHz, DMSO-d6):
δ ppm 170.5, 167.7, 163.7, 153.1, 151.6, 151.3, 128.1, 122.6, 114.7, 85.6, 66.0, 54.3, 47.4, 33.0,
24.0. MS (ESI, M + H) calcd for (C21H26N7O5S2 + H): 520.14, found 519.95, purity by
analytical HPLC > 95%.

4.11.13. SR26465, 2-((4-(4-(diethylamino)phenyl)-5-(((4,6-dimethoxypyrimidin-2-
yl)thio)methyl)-4H-1,2,4-triazol-3-yl)thio)-N-hydroxyacetamide

Colorless solid, 41% yield for the final step. Other steps were comparable in yield to
that for SR24717. 1H NMR (400 MHz, CD3CN-d6): δ ppm 7.06 (d, J = 8.88 Hz, 2H), 6.59
(d, J = 9.04 Hz, 2H), 5.71 (s, 1H), 4.51 (s, 2H), 3.80 (s, 6H), 3.69 (s, 2H), 3.33 (q, J = 7.04 Hz,
4H), 1.11 (t, J = 7.08 Hz, 6H). 13C NMR (600 MHz, DMSO-d6): δ ppm 170.4, 167.7, 163.8,
153.3, 151.6, 148.1, 128.2, 118.8, 111.0, 85.6, 54.2, 43.7, 32.8, 23.8, 12.3. MS (ESI, M + H) calcd
for (C21H27N7O4S2 + H): 506.16, found 505.96, purity by anal. HPLC > 95%.

5. Conclusions

The lead molecule emerging from this study, SR24717, optimized from a high through-
put screening hit, shows a promising profile with selectivity for meprin α. Three interac-
tions, a π-π interaction and two cation-π interactions, appear to be responsible for this
selectivity vs. meprin β and other metzincins. Accordingly, modification of substituent
effects on the aryl and heteroaryl rings impact affinity and selectivity. Compounds in
this chemical series may prove useful for the study of the efficacy and safety of meprin
α-selective inhibition in animal models of human disease.
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Abstract: Matrix metalloproteinases (MMPs) and A disintegrin and Metalloproteinase (ADAMs) are
zinc-dependent endopeptidases belonging to the metzincin superfamily. Upregulation of metzincin
activity is a major feature in many serious pathologies such as cancer, inflammations, and infections.
In the last decades, many classes of small molecules have been developed directed to inhibit these
enzymes. The principal shortcomings that have hindered clinical development of metzincin inhibitors
are low selectivity for the target enzyme, poor water solubility, and long-term toxicity. Over the
last 15 years, a novel approach to improve solubility and bioavailability of metzincin inhibitors has
been the synthesis of carbohydrate-based compounds. This strategy consists of linking a hydrophilic
sugar moiety to an aromatic lipophilic scaffold. This review aims to describe the development of
sugar-based and azasugar-based derivatives as metzincin inhibitors and their activity in several
pathological models.

Keywords: carbohydrates; glycoconjugates; MMPs; ADAMs; iminosugars; metzincin inhibitors

1. Introduction

1.1. Metzincins

Tissue remodeling is a crucial process in various pathological and physiological events in living
organisms. In general, protein degradation during tissue turnover is regulated by a multitude
of proteases, among which metzincins play an important role. Metzincin superfamily includes
metalloproteinases which share a similar catalytic site constituted by a zinc ion, a zinc binding
consensus motif, and a specific conserved methionine residue [1]. In the active form of the enzyme,
the zinc ion is disposed in a highly conserved motif, tetrahedrally complexed with three histidines,
and with a fourth coordination place available for the substrate and/or water. The consensus motif
(HEXXHXXG/NXXH/D) is followed by a structurally conserved methionine which participates in the
structural integrity of the catalytic domain [2]. Metzincins are classified in five different subfamilies on
the basis of structural similarities: the matrixins (matrix metalloproteinases, MMPs), the serralysins
(large bacterial proteinases), the astacins, the pappalysins and the adamalysins (ADAMs (A Disintegrin
And Metalloproteinases), and ADAMTSs (ADAMs with thrombospondin motifs) [3].

1.2. Matrix Metalloproteinases

Matrix metalloproteinases (MMPs), or matrixins, constitute a family of 24 zinc-dependent
endopeptidases homogeneous for structure, function, and localization which are critical for the
degradation of the extracellular matrix (ECM) [4]. In addition to their functions as tissue-remodeling
enzymes, MMPs are also involved in the selective cleavage of many non-ECM targets, such as cytokines,
cell surface receptors, chemokines, and cell–cell adhesion molecules [3]. The widely used classification
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of MMPs (Figure 1) is based on substrate specificity, sequence similarity, domain organization,
and partially on their cellular organization [2,3]:

• Archetypal MMPs have a similar structure and are divided into:

- Collagenases (MMP-1, MMP-8, MMP-13): specifically cleave the collagen triple helix.
Moreover, their collagenolytic activity, due to a cooperation between the hemopexin and the
catalytic domains, acts on a various number of ECM and non-ECM molecules.

- Stromelysins (MMP-3, MMP-10): structurally similar to collagenases, show wide substrate
specificity but are unable to degrade native collagen.

- Others (MMP-12, MMP-19, MMP-20, and MMP-27): not classified in the previous categories.
Metalloelastase (MMP-12) is mainly expressed in macrophages and digests elastin and
other proteins.

• Gelatinases (MMP-2 or Gelatinase A and MMP-9 or Gelatinase B): owing to the presence of three
fibronectin type II repeats inside the catalytic domain, they readily digest type IV collagen, gelatin,
and a number of ECM molecules including laminin, fibronectin, and aggrecan core proteins.

• Matrilysins (MMP-7 and MMP-26): characterized by the lack of the hinge region and of
hemopexin domain.

• Furin-activatable MMPs:

- Secreted (MMP-11, MMP-21, and MMP-28): activated by furin-like proteases before secretion.
- Membrane-type MMPs (MT-MMPs): classified in type I transmembrane proteins (MMP-14,

MMP-15, MMP-16, and MMP-24) and type II transmembrane protein (MMP-23).
- Glycosylphosphatidylinositol (GPI)-anchored proteins (MMP-17 and MMP-25).

Figure 1. Schematic overview of the matrix metalloproteinase (MMP) domains and family
member classification. SP: signal peptide; Pro: propeptide; TM: transmembrane domain; GPI:
glycosylphosphatidylinositol; Cys: cysteine array; Fn: fibronectin repeat; Fr: furin-cleavage site;
SH: thiol group.

Currently, the 3D structures of a number of MMPs have been determined by X-ray crystallography
and NMR methods [5–8]. From a structural point of view, the family of MMPs mostly shares a
common three domain-based structure that consists of a pro-peptide domain (about 80 residues) at the
amino-terminal, a central catalytic domain (about 160–170 residues), and a hemopexin domain at the
carboxylic-terminal. The pro-peptide domain confers latency to the enzyme by occupying the active
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site zinc, making the catalytic domain inaccessible to substrates. The pro-domain contains a sequence
PRCGXPD with a conserved cysteine, fundamental for the activation process. The catalytic domain is
strictly conserved among MMPs and also shows similarity for all metalloproteinases, leading to
difficulties in site-targeted selective inhibitor design. It presents a specific consensus motif
(His-Glu-X-X-His-X-X-Gly-X-X-His) typical of all MMPs. In addition, two structural zinc ions and
at least one calcium ion are included. A hinge domain (about 60–70 residues) connects the catalytic
domain to the hemopexin one [9].

The catalytic mechanism starts with the enzyme activation due to proteolytic cleavage of
the N-terminal pro-domain. The removal of the pro-peptide disrupts the interaction between the
conserved cysteine and the zinc, allowing the thiol group to be replaced by a water molecule. This so
called “cysteine-switch mechanism” enables the partially activated enzyme to further hydrolyze the
pro-peptide, resulting in its removal [4].

The substrate binding involves principally the zinc ion. In the active form of the enzyme, the zinc
is tetrahedrally coordinated by three histidines (His 228, His 222, and His 218 in full MMP-3 numbering)
and a water molecule. The glutamate residue, coordinating the water molecule, makes it a good
nucleophile to attack the substrate scissile peptide bond (Figure 2).

Figure 2. General representation of amide bond hydrolysis in the catalytic site of MMPs.

MMP Catalytic Binding Site

The catalytic binding site as well as the substrates differ significantly among MMPs. Therefore,
Schechter and Berger reported [10] a nomenclature system to identify amino acids in the substrate as
well as the recognizing areas on the surface of the enzyme (Figure 3).

Figure 3. Schematic representation of MMP catalytic binding site.

This generally accepted nomenclature identifies all of the subsites with S1, S2, and S3 for the
sites on the left side of the zinc ion, while S1’, S2’, and S3’ are used to recognize the subsites on the
right side of the zinc ion. The amino acid positions (P) of the substrate are countered from the scissile
amide bond and have the same numbering to that of the subsites they occupy on the enzyme surface.
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Basically, the residues on the N-terminal side of the substrate are named P1, P2, and P3 whereas the
residues on the C-terminal side are termed P1’, P2’, and P3’.

The MMP substrate binding cleft is mainly represented by a hydrophobic pocket, namely S1’ [11].
The S1’ pocket, also called the specificity pocket, confers the substrate-recognition varying among the
different isoforms of MMPs in its aminoacidic sequence and depth. Although S2’ and S3’ pockets
participate in substrate binding together with S1’, they are shallower pockets more solvent exposed
than S1′. For these characteristics they result more difficult to target using synthetic inhibitors.

MMPs are classified on the basis of S1’ depth in shallow (MMP-1, MMP-7), medium (MMP-2,
MMP-8, MMP-9), and deep (MMP-3, MMP-11, MMP-12, MMP-13, MMP-14) pocket MMPs. The S1’
pocket accommodates the side chain of the substrate that will become the new N-terminus [12].

1.3. ADAM Metalloproteinases

The vast majority of ADAMs are type I transmembrane proteins approximately constituted by
750 amino acids which belong to the metzincin superfamily [13,14].

ADAM structure is constituted by a metalloprotease domain, similarly to MMPs, and a
unique disintegrin domain responsible for binding to integrins, which explains their name:
ADAM (A Disintegrin and A Metalloproteinase). The main function of ADAMs is the cleavage of cell
surface proteins among which are growth factors, cytokines, receptors, and adhesion molecules [15].
Their domain structure consists of a pro-domain, a metalloprotease domain, a disintegrin domain, a
cysteine-rich domain, an EGF-like domain, a transmembrane domain, and a cytoplasmic tail. In the
last years, 3D structures of the most important ADAMs have been published disclosing important
structural information and specificities of the various domains [16–19].

The catalytic metalloproteinase domain is quite similar to the one of MMPs. The catalytic domain
is divided into two subdomains, and the active site cleft is positioned between the two [2,20].

Similarly to MMPs, the groove between the two subdomains has six subsites (S3, S2, S1, S1’,
S2’, S3’) determining specificity for particular amino acid sequences (P3, P2, P1, P1’, P2’, P3’) in the
substrate. Particularly interesting are the subsites P1 and P1’, where the proteolytic cleavage occurs.

ADAM Ectodomain Shedding

The ADAMs have long been studied for their ability to cleave a large number of cell surface
proteins, releasing a soluble fragment from its trans-membrane precursor. This mechanism is known
as ectodomain shedding [21]. The cleaved transmembrane protein can be the substrate for cytoplasmic
proteases or intramembrane proteolytic complexes, capable of releasing intracellular molecules
responsible for gene transcription regulation. Alternatively, the ectodomain shedding, together with
the protein internalization, can control the half-life of transmembrane proteins on the cell surface.

The ADAM mediated proteolysis is not only essential for providing extracellular signals, but also
represents a prerequisite for intracellular signaling by regulated intramembrane proteolysis (RIP).
RIP can be defined as a proteolytic cascade, initiated by an ectodomain sheddase action on a
transmembrane protein which leads to intracellular release of soluble fragments [22].

1.4. Metzincin Inhibitors

Misregulation of the metzincin activity is a major feature in many serious pathologies [23].
In particular, it is well known that overexpression of these enzymes can lead to massive tissue
degradation, dangerous for the promotion of cellular events such as tumor invasiveness [24] and
inflammation spreading [25,26]. Moreover, an imbalanced expression of MMPs due to an inadequate
regulation of TIMPs, is a hallmark of different bacterial, viral, or combined systemic infection such as
sepsis [27,28]. Furthermore, recent findings about metzincin involvement in central nervous system
(CNS) disorders, and in particular in Alzheimer’s disease (AD), make them modulators for promising
therapeutic strategies [29–31]. The strong involvement of metzincins in these critical diseases has
been repeatedly confirmed by gene-direct studies and animal models so that many resources have
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been invested in the last 30 years by pharmaceutical companies in the development of metzincin
inhibitors [32].

A classical metzincin inhibitor consists of a “backbone” and a “zinc-binding group” (ZBG) [33].
The backbone is a classic drug-like structure designed to establish noncovalent bonds with the protein,
such as hydrophobic and electrostatic interactions and hydrogen bonds. The zinc-binding group is a
chelating group for the catalytic zinc atom that is also able to give hydrogen bonds with the enzyme.
The hydroxamate group is the most used ZBG due to its excellent chelating properties [34]. The zinc
chelation mediated by hydroxamates proceeds with a bidentate structure, in which each oxygen is
located at an optimal distance to the catalytic zinc. Additionally, hydroxamate efficacy is potentiated
by hydrogen bond formation between its heteroatoms and some residues conserved in all MMPs
(the reason why this moiety suffers from poor selectivity).

Initially, three main generations of zinc-binding metzincin inhibitors were developed,
exploiting the growing knowledge of these proteinases. Small molecules such as the peptidomimetic
Marimastat, and Ilomastat (or Galardin) [35] (first generation, Figure 4), the sulfonamido-based
CGS-27023A [36] and Prinomastat (second generation, Figure 4), NNGH [37] and ARP100 [38]
(third generation, Figure 4), were identified as progenitors of many potent metzincin inhibitors [39].
Many MMP inhibitors showed high potency in preclinical studies but the selectivity goal was not
achieved, and they eventually failed in clinical trials. The most important syndrome derived from the
use of broad-spectrum metzincin inhibitors is a Musculoskeletal Syndrome (MSS) and has nowadays
been ascribed to MMP-1 and MMP-14 inhibition [40].

In the last 15 years new strategies have been developed in order to selectively target MMPs such as
using non-zinc binding inhibitors [41–43], or exosite-binding inhibitors [44–46].

The first synthetic ADAM inhibitors relied on Zn2+ binding groups to interact with the
catalytic active site. One of the most studied ADAMs is ADAM17 (or TACE, TNF-α converting
enzyme), a protease involved in the shedding of transmembrane protein ectodomains [47,48]. Recently,
selective ADAM17 inhibitors able to target the catalytic binding site [49–51] or the enzyme exosites
have been reported [52,53].

Although several small molecule MMP [54] or ADAM [55] inhibitors with high in vitro activity
have been described, the principal obstacles that have hindered clinical development of metzincin
inhibitors are the inadequate selectivity for the target enzyme, the poor water solubility and long-term
toxicity. In fact, the majority of the metzincin inhibitors reported so far presented a hydrophobic
structure which gave high affinity for the target enzyme due to hydrophobic interactions. However,
the high lipophilicity of these scaffolds negatively affected their bioavailability, increasing the human
serum albumin retention (HSA) [56] and hindering the target reach. A good water solubility would
confer a good bioavailability in physiological media, representing a highly desirable property for
drug-like compounds.

Therefore, in the last 15 years, glycoconjugation has been investigated as an approach to improve
the hydrophilicity of metzincin inhibitors and thus increase their oral bioavailability, avoiding a
detrimental effect on their inhibitory activity. In the next paragraph we will describe and fully detail
all the carbohydrate-based inhibitors of MMPs and ADAMs reported in literature so far.
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Figure 4. Chemical structure of the most representative zinc-chelating metzincin inhibitors.

2. Carbohydrate-Based Metzincin Inhibitors

In this review carbohydrate-based metzincin inhibitors will be described and classified on the
basis of the sugar moiety in sugar-based inhibitors and azasugar-based inhibitors.

2.1. Sugar-Based MMPIs

Nowadays, it is well known how a wide range of glycosylated derivatives such as glycoproteins
or glycosylated natural products, are crucial for physiological [57] and pathological processes [58].
Particularly interesting is the protein-carbohydrate recognition, a phenomenon fundamental in
many cellular mechanisms, such as migration, adhesion, cell-differentiation, tumor progression,
infections (by viruses or bacteria), and immune response among others [59–63]. In the last years,
the ubiquity but also the biological properties of glycoproteins or glycosylated natural products have
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driven research towards the synthesis of glycoconjugates for the development of drug candidates with
anti-infectious, anti-inflammatory, anticancer, or vaccine activity [64–66].

Due to their polyhydroxylated nature, carbohydrates are often employed as biocompatible
enhancers of the hydrophilic profile of water insoluble drugs. In the design and development of
potential drugs, the study of physico-chemical properties (stability, lipophilicity, aqueous solubility,
and bioavailability) is essential to obtain compounds with optimal potency and selectivity [67–70].
For this reason, the insertion of a sugar moiety could be crucial to improve the bioavailability
profile but also to recognize specific cellular entities, thus increasing the activity of the parent
non-glycoconjugated compound.

In the last years some water-soluble MMPIs have been reported in literature by different research
groups [71]. The first two sugar-based MMPIs (1 and 2, Figure 5) were reported by Fragai et al., in 2005 [72].
These two compounds present a sulfur-containing constrained structure that can be synthesized
in a diastereomerically pure α-O-glyco form through a totally chemo-, regio-, and stereoselective
Diels–Alder reaction.

Figure 5. Chemical structure of glycoconjugated MMPIs 1–6.

A virtual screening of various molecules has been carried out by docking analysis in MMP-12
catalytic domain. Compounds 1 and 2, which are characterized by a side chain with a biphenyl group
(1) or a naphthyl group (2) linked to the homoglutamic nitrogen and presenting as ZBG a carboxylic
acid, afforded the best activity results. A NMR study on ligand–protein interactions was performed
to confirm the in silico results. Binding of 1 and 2 to 15N-enriched MMP-12 catalytic domain was
monitored by 1H,15N HSQC NMR spectroscopy and pointed out the lack of interactions between the
carboxylic acid and the protein and confirmed the good interaction of the lipophilic moieties with
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the S1’ pocket of the enzyme. These compounds were poor MMP-12 inhibitors with IC50 in the high
micromolar range but represent the first carbohydrate-based MMP-12 inhibitors reported in literature.

In 2006 the sulfonamido-based MMPI 3 (Figure 5) was published by Calderone et al. [73] as a
more soluble derivative of NNGH [37] in which the isopropyl group was replaced by a glycosylated
N-hydroxyethyl chain. The β-O-glucopyranoside derivative 3 showed a higher water solubility
(>30 mM) compared to NNGH and presented a nanomolar activity (Ki) for MMP-1 (286 nM),
MMP-8 (9 nM), MMP-12 (14 nM), and MMP-13 (1.7 nM). The X-ray analysis of compound 3-MMP-12
complex (Figure 6) evidenced a lack of significant participation in binding of the glucose ring.
The MMP-12-compound 3 complex showed the classical coordination of the hydroxamate moiety with
the catalytic zinc ion, the good fitting of the hydrophobic moiety in the S1’ pocket and the protrusion
of the glucose portion out of the protein towards the solvent region. Although the glucose interaction
with the protein could be marginal, it seemed to have an effective role on the selectivity profile for
MMP-13 compared to other MMPs. Moreover, the interaction of compound 3 and NNGH with human
serum albumin (HSA) was reported. While NNGH is a strong binder, inhibitor 3 did not appreciably
interact with HSA, probably due to the glucose moiety.

Figure 6. The binding mode of 3 [73] in the MMP-12 catalytic domain (PDB: 3N2U). Image generated
with Chimera, version 1.13.

Afterwards, the same research group reported the synthesis of a bifunctional MMPI, 4 (Figure 3),
which was structurally related to compound 3. The glucose unit of 3 was replaced by a lactose moiety and
the spacer length was increased [74]. The lactose was chosen in order to bind Galectin-3 (Gal-3), a member
of galectin family strictly involved in cancer progression. The presence of Gal-3 in tumor invasion area
correlates with MMP upregulation. For this reason, a bifunctional architecture, which combines MMP
inhibitory activity with galectin targeting, was adopted as design strategy. The inhibitory potency of
compound 4, tested on a set of MMPs, revealed that the lactose functionalization did not impair the
activity of the ligand (Kis in the nanomolar range) and did not improve the selectivity. The ability of
4 to bind MMPs and Gal-3 simultaneously was demonstrated by a NMR study in MMP-12 catalytic
domain. A ternary complex Gal-3-compound 4-MMP-12 was formed in solution and the ligand 4 was
able to gather Gal-3 and MMP-12 side by side.

In 2012, Hugenberg et al. [75] described a MMPI series of fluorinated triazole-substituted
hydroxamates. Among them, two 2-fluoro-glucopyranoside derivatives, 5 and 6 (Figure 5), were synthesized
by click chemistry reaction. These compounds differ only in the linker connection that is a triazole
methyl chain in 6 and a triazole PEG chain in 5. The conjugation was achieved through copper-catalyzed
click chemistry reaction between 2-fluoro glucose and the alkynyl sulfonamide scaffold. The glucose
derivatives reported high activity (Ki ranging picomolar for 5 and nanomolar for 6) for MMP-2,
MMP-8, MMP-9, and MMP-13 but no selectivity, and an excellent cLogD value. These compounds
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were designed in order to be radiolabeled as [18F] derivatives. The aim was to obtain suitable tools for
in vivo imaging of activated MMPs with PET. Unfortunately, 5 and 6 were not chosen to be labeled for
further studies, due to their poor selectivity.

Recently Rossello’s group reported two series of sugar-based arylsulfonamide carboxylates as
MMP-12 inhibitors (8–17 and 18–25, Figure 7) [76,77]. Due to the long-time experience of this group
into the design and synthesis of MMP-12 inhibitors [78–81], a previously published potent and selective
arylsulfonamido MMP-12 inhibitor 7 [82] (Figure 7) was selected as starting compound. The structure
of 7 was modified by replacing the aromatic ring on its sulfonamide nitrogen (P2’ position) with
a β-N-acetyl-d-glucosamine (GlcNAc) moiety through insertion of a proper spacer. The aim was
to improve the water solubility of 7, avoiding a loss of activity for the target, by inserting a sugar
moiety in a proper position of the arylsulfonamido scaffold. This choice was also supported by
crystallographic studies of compound 7-MMP-12 complex, which revealed the lack of interaction
between the benzoamidoethyl group and the protein. The conjugation between GlcNAc and the
MMPI-scaffold was obtained by introducing a thioureido group or a 1,4-triazole group. Glycoconjugates
8–17 (Figure 7) [76] were tested on human recombinant MMPs by a fluorometric assay, showing a
stronger affinity for MMP-12 (IC50 in the nanomolar range) than for MMP-9 (IC50 in the micromolar
range) for all derivatives. Compounds of the thioureido series, 12–17 (IC50 MMP-12 <40nM), were more
active than the triazole analogues, 8–11 (IC50 MMP-12 < 75 nM). X-ray crystallographic analysis of
the binding mode of 14 into MMP-12 catalytic domain (Figure 8) confirmed the better fitting for
MMP-12 compared to MMP-9, and the higher affinity of thioureido derivatives with respect to triazole
analogues. Furthermore, a physicochemical evaluation of thioureido derivatives 14–17 by cLogP in
silico calculation and by UV-Vis solubility test, demonstrated the improvement in water solubility of
all derivatives compared to parent compound 7. The best glycoconjugated MMPI of this series was
compound 15, with a nanomolar activity for MMP-12 (IC50 40nM), a very good selectivity profile over
the other tested MMPs, and an improved hydrophilicity (water solubility > 5 mM and cLogP = 3.15).
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Figure 7. Chemical structure of sugar-based arylsulfonamido MMPIs 8–25 and the parent compound 7.
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Figure 8. The binding mode of 14 [76] in MMP-12 catalytic domain (PDB: 5I0L). Image generated with
Chimera, version 1.13.

On the basis of these encouraging results, in the following paper [77] the same group undertook
the synthesis of new arylsulfonamido-based glycoconjugated MMP-12 inhibitors (18–25 Figure 7) in
order to perform a SAR analysis in this class of compounds. GlcNAc was replaced with glucose in
order to improve intestinal absorption of the compounds targeting the glucose transporters (GLUT).
In fact, glucose is actively absorbed by sodium dependent cotransporter 1 of intestinal epithelial
cells [83]. Furthermore, the effect of the conjugation position on activity was analyzed by linking the
hydrophobic scaffold in C-1 or C-6 position of the sugar through a Mitsunobu reaction or by inserting
a thioureido spacer. All the compounds were tested by fluorometric assay and showed a nanomolar
activity for MMP-12 except for some outliers. The best compounds were the glucose derivatives 18 and
19 with a nanomolar activity for the target and a good selectivity over MMP-9. Compounds 14, 15, 18,
and 19 resulted the best compounds of the two series and they were selected to evaluate their intestinal
permeability using an ex-vivo everted gut sac model. Among the four glycoconjugates, GlcNAc-based
compound 15 showed the best intestinal permeability and considering the similarity with glucose
structure, it was supposed to cross the intestinal membrane by using the facilitative GLUT2 transporter.

Biological results for sugar-based MMPIs are summarized in Table 1.
In 2016 Ponedel’kina et al. [84] reported a water soluble hyaluronic acid (HA)-based

hydroxamate and its derivatives conjugated with biologically active amines and hydrazides
as MMP-2 inhibitors (26–36, Figure 9). HA is a natural non-immunogenic and biodegradable
polysaccharide, consisting of alternated d-glucuronic acid and N-acetyl-d-glucosamine units widely
applied in medicine as synovial fluid substitute and viscoelastic for ophthalmic surgery. In this
study HA was functionalized as hydroxamic acid (26) and conjugated with biologically active
amines and hydrazines through carbodiimide technique in water solution. The amines used are
biologically relevant amines able to afford various glycoconjugates: p- and o-aminophenols 27
and 28, anthranilic acid 29, 4- and 5-aminosalicylic acids 30 and 31, isonicotinic (Isoniazid) 32,
p-aminobenzenesulfonamide (Streptocide) 33, p-aminobenzoic acid diethylaminoethyl ester (Procaine)
34, 4-amino-2,3-dimethyl-1-phenyl-3-pyrazolin-5-one (4-aminoantipyrine) 35, hydrazides 36 and benzyl
pyridinium quaternary salt 37. Moreover, they all contained groups able to coordinate the catalytic zinc
ion or able to specifically interact with the binding site. The new compounds were tested by enzymatic
assay on MMP-2 at 0.27–270 µM concentration range. Considering the percentage of inhibition,
conjugates with O-aminophenol 28 and 4-aminoantipyrine 35 obtained 100% of inhibition at 0.27 µM
concentration. 4-Aminosalicylic acid 30 was able to inhibit up to 92% at 270 µM in a dose dependent
manner and other conjugates showed only 40–60% inhibitory effect at different concentrations.
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Table 1. Inhibitory activity (IC50 nM) of sugar-based MMP inhibitors against MMP-1, -2, -9, -12.

Compound MMP-1 MMP-2 MMP-9 MMP-12 Ref

1 - a - - 490,000 [72]
2 - - - 790,000 [72]
3 286 - - 14.3 [73]
4 - - 80 (Ki) 17 (Ki) [74]
5 - 30 43 - [75]
6 - 0.2 0.6 0.5 [75]
8 - - 6800 63 [76]
9 - - 9400 73 [76]
10 - - 4400 72 [76]
11 - - 3100 53 [76]
12 - - 1220 36 [76]
13 - - 1200 28 [76]
14 19,000 330 1200 18 [76]
15 40,000 320 5400 40 [76]
16 50,000 100 860 12 [76]
17 - - 1470 42 [76]
18 - - 880 19 [77]
19 - - 1120 98 [77]
20 - - 520 65 [77]
21 - - 1200 18 [77]
22 - - >50,000 1300 [77]
23 - - 1235 83 [77]
24 - - 890 41 [77]
25 - - 2200 51 [77]

a “-”: not tested or unknown from the corresponding original reference.
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Figure 9. Chemical structure of hyaluronic acid-based MMP-2 inhibitors 26–37.

2.2. Azasugar-Based Inhibitors

2.2.1. Azasugar Biological Background

Azasugars or iminosugars, whether of natural or synthetic origin, are hydroxylated carbohydrate
mimics, where a basic nitrogen substitutes the classic endocyclic oxygen [85]. This modification
appears simple and not significant but provides important biological properties and also gives rise to
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many synthetic challenges [86–92]. Historically, iminosugars are known as inhibitors of glycosidases,
enzymes involved in the glycosidic bond hydrolysis in different biological processes, such as intestinal
digestion, post-translational processing of the sugar chain of glycoproteins, and lysosomal catabolism
of glycoconjugates [93].

Despite being a structurally diversified class of molecules (polyhydroxylated piperidines and
pyrrolidines and their derivatives), iminosugars attracted considerable interest due to their biomedical
relevant activities. In fact, this class of compounds displayed different biological properties: as antiviral
agents (against HIV-1, herpes simplex virus, bovine viral diarrhea virus (BVDV), and hepatitis C virus
(HCV)), as antidiabetics, as agents for the treatment of lysosomal storage disorders such as Gaucher’s
and Niemann–Pick type C, in immune modulation and as anticancer agents [94].

Among these polyhydroxylated alkaloids, 1,5-dideoxy-1,5-imino-d-glucitol or 1-deoxy-d
-nojirimycin [95] (DNJ, Figure 10) and its N-alkylated derivatives have prime importance. In fact, most of
the commercially available azasugar drugs are based on DNJ structure, such as Glyset (N-hydroxyethyl
-1-deoxy-d-nojirimycin, commonly known as Miglitol, Figure 10) [96–98], a well-known human
alpha-glucosidase inhibitor used to treat type II diabetes and Zavesca (N-butyl-1-deoxy-d-nojirimycin
commonly known as Miglustat, Figure 10) [99], which is an approved prominent inhibitor of
glycosphingolipids for Gaucher disease. Recently DNJ has been studied also as MMPI, with not
completely clear results. In 2010 Wang et al. [100] reported the DNJ effect on reducing B16F10 cell
metastatic capability by suppressing the activity and the expression of MMP-2 and -9, but simultaneously
imbalancing MMP-2 and TIMP-2 activity. Moreover, in 2013 the mulberry DNJ pleiotropic effect on the
development of atherosclerosis was reported [101]. Mulberry DNJ is able to inhibit migration of A7r5
vascular smooth cells in a dose dependent manner and both the MMP-2 and MMP-9 activities in these
cells. In this case the DNJ-inhibition of VSMC migration is a synergistic effect due to two different
pathways: AMPK activation and the inhibition of F-actin activity. MMP-2 and MMP-9 inhibition is a
key step in RhoB activation in the AMPK activation path.
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Figure 10. Chemical structure of DNJ, Miglitol and Zavesca.

2.2.2. Azasugar-Based ADAM/MMP Inhibitors

Based on a classical MMP inhibitor scaffold, Moriyama et al., reported [102–104] the design,
synthesis, and SAR study of azasugar-based MMP/ADAM inhibitors (38–53, Series 1–4 Figure 11).
This class of compounds is based on the structure of known MMP inhibitors constituted by a
sulfonamide scaffold as structural motif inserted in an azasugar having different configuration
(l-altro, l-ido, l-gluco, l-manno, and l-gulo). The first series (Series 1 Figure 11) [102] was prepared
to investigate the stereochemistry and the different protection of hydroxyl groups attached to a
p-methoxysulfonamido scaffold. The inhibition data on MMP-1, MMP-3, MMP-9, and ADAM17
(also known as TACE: tumor necrosis factor-α-converting enzyme) led to identify compound 40 (l-altro)
with a nanomolar activity for all the tested enzymes. In a further work [103], a SAR analysis on
compound 40 has been carried out, changing the stereochemistry configuration of azapyranose unit
and the type of aromatic ring (Series 2 and Series 3, Figure 11). All these compounds were tested
on MMP-1, -3, -9, and TACE and the phenoxyphenyl derivative 46 (l-ido) was selected as the best
one with an inhibitory activity in the low nanomolar range (Ki MMP-1: 8.0 nM; Ki MMP-3: 0.5 nM;
Ki MMP-9: 0.06 nM; Ki TACE: 2.3 nM). Compound 40 was used as starting point to develop the fourth
series [104] of azasugar MMP/ADAM inhibitors, changing its stereochemistry (compound 49, l-gulo)
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and analyzing different groups in the P1’ position (50–53, l-gulo). The phenoxyphenyl derivatives
46 and 49 presented an excellent stability in aqueous solution and the best inhibitory activity for
MMP-1, MMP-3, MMP-9, and TACE (Ki in the low nanomolar range). Moreover, azasugar derivative
49 was effective on a mouse TPA-induced epidermal hyperplasia model used to evaluate its efficacy as
antipsoriatic agent. The binding mode of compound 49 in MMP-3 catalytic domain determined by
crystallographic analysis showed that the stereochemistry of C-2 hydroxyl group was not fundamental
for the interaction with the enzyme.

Figure 11. Chemical structure of azasugar-based MMP/ADAM inhibitors (Series 1–4).

Compound 49 was also tested by other research groups. In 2009, Chikaraishi et al. [105] studied
the antiangiogenic activity of 49 by analyzing its suppressing activity against vascular endothelial
cell tube formation by an in vitro HUVEC and fibroblast coculture assay and by in vivo retinal
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neovascularization in a murine ischemia-induced proliferative retinopathy model. In the in vitro
angiogenesis model, 49 was able to decrease VEGF-induced HUVEC tube formation. Furthermore,
in the in vivo angiogenesis model, administration of 49 reduced retinal neovascularization avoiding
side effects on physiological revascularization to the oxygen-induced obliteration area.

In 2018, Sylte et al. [106] reported a study on the binding strengths of compound 49 (Figure 11)
and Galardin (Figure 4) for the bacterial MMPs, thermolysin, pseudolysin, and auerolysin, compared
to human MMP-9 and MMP-14. The obtained Ki values of 49 on MMP-9 were approximately 10-fold
lower than the previously reported ones. Enzymatic data revealed a stronger inhibition of MMP-9
and MMP-14 by azasugar 49 compared to Galardin probably due to a more favorable interaction of
diphenyl ether moiety with the S1’ pocket, as confirmed by a docking study. The opposite effect was
found on bacterial MMPs, where Galardin was highly effective while compound 49 was inactive.

The azasugar-based MMP/ADAM inhibitors described so far showed nanomolar inhibition of
MMPs and ADAMs but none of these structures presented a good selectivity profile. Based on the SAR
analysis of the previous papers, a TACE selective azasugar-based inhibitor series was reported (54–58,
Figure 12) [107]. In this series the iminosugar stereochemistry was analogous to the one of compounds
49–53 (l-gulo) because this was the most suitable in order to inhibit TACE, as described in Moryiama’s
papers [102–104]. The azasugar was combined with a butyn-2-yloxy aromatic scaffold reported as
suitable P1’ substituent in order to achieve TACE selectivity. The new inhibitors were tested by
enzymatic assay on human MMPs and TACE, revealing excellent activity for TACE (Ki 0.53–1.85 nM),
high selectivity over MMP-1 and moderate selectivity over MMP-3 and MMP-9. In particular,
compound 56 with a 2,3-O-acetonide group had a very potent TACE inhibitory activity (Ki 0.57 nM)
and a good selectivity profile with a 136-fold selectivity for TACE over MMP-9, 52-fold over MMP-3,
and 1500-fold over MMP-1.
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Table 2. Inhibitory activity (IC50 nM) of azasugar-based metzincin inhibitors against ADAM17 and
MMP-1, -3, -9.

Compound ADAM17 MMP-1 MMP-3 MMP-9 Ref

38 22 554 44 310 [102]
39 40 16 3.7 21 [102]
40 71 84 1.7 157 [102]
41 21 50 50 47 [102]
42 12 25 7.7 4.8 [103]
43 510 >850 490 780 [103]
44 340 450 85 82 [103]
45 8.7 >850 42 64 [103]
46 2.3 8.0 0.5 0.06 [103]
47 1.6 850 2.6 6.1 [103]
48 67 100 1.8 0.9 [103]
49 6.2 5.3 0.35 0.097 [104]
50 15 26 2 2 [104]
51 21 162 50 47 [104]
52 1.7 >850 2.1 7.4 [104]
53 0.53 128 3.3 14 [104]
54 0.53 128 3.3 14.2 [107]
55 1.85 90 0.43 12 [107]
56 0.57 >850 29.6 77 [107]
57 0.84 552 11.5 98 [107]
58 1.85 >850 58 118 [107]

3. Conclusions

MMPs and ADAMs are zinc-dependent endopeptidases belonging to a larger family of proteases
known as metzincins. Upregulation of metzincin activity is a major feature in many serious pathologies
such as cancer, inflammatory disorders, neurological diseases, and infections. Several molecules have
been discovered in the last years as MMP or ADAM inhibitors presenting very high activity in vitro
but also inadequate selectivity for the target enzyme, poor water solubility, and long-term toxicity.
For this reason, over the last 15 years, a novel approach to improve solubility and bioavailability of
metzincin inhibitors has been the synthesis of carbohydrate-based inhibitors. This strategy consists of
the conjugation of a hydrophilic carbohydrate moiety to an aromatic backbone containing the ZBG.
In this review we described all the carbohydrate-based metzincin inhibitors reported in literature,
classifying them on the basis of the carbohydrate (sugar-based and azasugar-based) and on the basis of
the biological target (MMPs or ADAMs). Some promising molecules showing a nanomolar activity
and a good selectivity profile for the target enzyme together with an improved water solubility have
been discovered. Among sugar-based inhibitors, relevant inhibitory results have been achieved by the
GlcNAc-derivative 15, showing a nanomolar activity for MMP-12, an interesting specificity as well as a
good water solubility. Among azasugar-based inhibitors, the phenoxyphenyl derivative 49 is one of the
most promising compounds, with high activity and selectivity for MMP-1, MMP-3, and MMP-9 and
good inhibitory results in different biological models used to evaluate its antiangiogenic activity. On the
basis of the published results here presented, carbohydrate-based inhibitors resulted an emerging class
of potent, selective, and water-soluble metzincin inhibitors. Further in vitro and in vivo studies should
be performed to finally prove the potentialities of this class of compounds.
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Abstract: Matrix metalloproteinases (MMPs) have been demonstrated to have both detrimental
and protective functions in inflammatory diseases. Several MMP inhibitors, with the exception of
Periostat®, have failed in Phase III clinical trials. As an alternative strategy, recent efforts have been
focussed on the development of more selective inhibitors or targeting other domains than their active
sites through specific small molecule inhibitors or monoclonal antibodies. Here, we present some
examples that aim to better understand the mechanisms of conformational changes/allosteric control
of MMPs functions. In addition to MMP inhibitors, we discuss unbiased global approaches, such as
proteomics and N-terminomics, to identify new MMP substrates. We present some examples of new
MMP substrates and their implications in regulating biological functions. By characterizing the roles
and substrates of individual MMP, MMP inhibitors could be utilized more effectively in the optimal
disease context or in diseases never tested before where MMP activity is elevated and contributing to
disease progression.

Keywords: matrix metalloproteinases (MMPs), protease; tissue inhibitors of metalloproteinases
(TIMPs), exosite; small molecule inhibitors; monoclonal antibodies; proteomics; N-terminomics;
terminal amine isotopic labeling of substrates (TAILS)

1. Introduction

Matrix metalloproteinases (MMPs) are zinc-dependent proteases that have been exten-
sively studied in the context of extracellular matrix (ECM) breakdown and remodelling [1].
Increasingly, non-ECM substrates are being investigated for MMPs as ECM substrates only
account for approximately 30% of all known MMP substrates [2,3]. The dysregulation of
MMPs, their substrates, and the tissue inhibitor of metalloproteinases (TIMPs) often results
in the progression of numerous diseases [1,3,4]. Various MMPs have been implicated in
multiple cancers including pancreas, brain, lung, prostate, breast, skin and gastrointestinal
tract [3,5]. MMP12 has been studied in chronic obstructive pulmonary disease (COPD) and
the minor allele of a single nucleotide polymorphism in MMP12 (rs2276109) was associ-
ated with a beneficial effect on lung function in smokers and children with asthma [6,7].
Multiple MMPs have been investigated in rheumatoid arthritis and osteoarthritis yet the
precise functions of individual MMP remains to be better characterized (reviewed in [8]).
MMPs have also been studied in context of periodontal diseases [9,10]. It is not surpris-
ing that MMP inhibitors were tested in clinical trials. However, to date, the only MMP
inhibitor that is currently approved is Periostat® (doxycycline hyclate), which is used
for treating periodontitis (Figure 1a). Despite their biological roles in multiple cancers,
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in addition to inflammatory and autoimmune diseases, most MMP inhibitors failed due to
a combination of factors including poor study design, a lack of understanding of biological
roles of MMPs and the substrates they cleave, and the lack of specific inhibitors [1,3,5,11].
The structures and amino acid sequence of the catalytic domain of the 23 MMPs are highly
conserved, which initially resulted in the design of broad spectrum MMP inhibitors. MMPs,
however, have both detrimental and protective functions, limiting the use of these broad-
spectrum inhibitors and increasing the complexity of developing MMP inhibitors to treat
human diseases.

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 2 of 17 
 

 

acterized (reviewed in [8]). MMPs have also been studied in context of periodontal dis-
eases [9,10]. It is not surprising that MMP inhibitors were tested in clinical trials. However, 
to date, the only MMP inhibitor that is currently approved is Periostat® (doxycycline hy-
clate), which is used for treating periodontitis (Figure 1a). Despite their biological roles in 
multiple cancers, in addition to inflammatory and autoimmune diseases, most MMP in-
hibitors failed due to a combination of factors including poor study design, a lack of un-
derstanding of biological roles of MMPs and the substrates they cleave, and the lack of 
specific inhibitors [1,3,5,11]. The structures and amino acid sequence of the catalytic do-
main of the 23 MMPs are highly conserved, which initially resulted in the design of broad 
spectrum MMP inhibitors. MMPs, however, have both detrimental and protective func-
tions, limiting the use of these broad-spectrum inhibitors and increasing the complexity 
of developing MMP inhibitors to treat human diseases.  

 
Figure 1. Chemical structures of small molecule MMP inhibitors. (a) Periostat®: doxycycline hy-
clate. (b) MLS000048794: 2-[[3,5bis(ethylamino)-2,4,6,8,9-pentazabicyclo[4 .3.0]nona-2,4,7,9-tetraen-
7yl] sulfanyl-methyl]-1H-quinazolin4-one). (c) MLS000048818: N-[4-(difluoromethoxy)phenyl]-2-
[(4-oxo-6-propyl-1H-pyrimidin-2-yl)sulfanyl]-acetamide. (d) MLS000048509: 2-[[4-(1,3,4-oxadiazol-
2-yl)phenyl] methylsulfanyl]-1Hbenzoimidazole). (e) MLS000098372: 2-[[5-chloro-2 (difluorometh-
oxy)phenyl]methylsulfanyl]-6-methyl-1H-pyrimidin-4-one). (f) N-(4-fluorophenyl)-4-(4-oxo-
3,4,5,6,7,8-hexahydroquinazolin-2-ylthio)butanamide. (g) JNJ0966: N-{2-[(2-methoxy-
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Figure 1. Chemical structures of small molecule MMP inhibitors. (a) Periostat®: doxycycline hyclate.
(b) MLS000048794: 2-[[3,5bis(ethylamino)-2,4,6,8,9-pentazabicyclo[4 .3.0]nona-2,4,7,9-tetraen-7yl]
sulfanyl-methyl]-1H-quinazolin4-one). (c) MLS000048818: N-[4-(difluoromethoxy)phenyl]-2-[(4-
oxo- 6-propyl-1H-pyrimidin-2-yl)sulfanyl]-acetamide. (d) MLS000048509: 2-[[4-(1,3,4-oxadiazol-2-
yl)phenyl] methylsulfanyl]-1Hbenzoimidazole). (e) MLS000098372: 2-[[5-chloro-2 (difluoromethoxy)
phenyl]methylsulfanyl]-6-methyl-1H-pyrimidin-4-one). (f) N-(4-fluorophenyl)-4-(4-oxo-3,4,5,6,7,8-
hexahydroquinazolin-2-ylthio)butanamide. (g) JNJ0966: N-{2-[(2-methoxyphenyl)amino]-4′-methyl-
4,5′-bi-1,3-thiazol-2′-yl}acetamide.

2. Regulation of MMP Activity

The catalytic activity of MMPs is tightly regulated by endogenous TIMPs [12]. TIMPs
are secreted proteins that inhibit metalloproteinases [13] through the formation of 1:1
stoichiometric complexes [12]. The C-terminus of TIMPs interacts with the hemopexin like
domain, found in all MMPs except MMP7 and MMP26, whereas the N-terminus interacts

62



Pharmaceuticals 2021, 14, 31

with the zinc ion within the catalytic domains of MMPs [14]. When an imbalance between
MMPs and TIMPs occurs, it often results in inflammation and immune responses, as seen
in many inflammatory diseases and cancers [15]. Therefore, the reestablishment of MMP-
TIMP homeostasis is of pharmacological value and supports the need for the development
of effective MMP inhibitors. Moreover, a better understanding of the biological functions
of TIMPs is also needed to clarify their roles in human pathologies.

3. Non-Proteolytic Functions of MMPs

As demonstrated in previous clinical trials, broad spectrum targeting of the catalytic
domain of MMPs is challenging. Thus, alternative methods for the inhibition of MMP
functions have been investigated such as targeting exosites and ectosites. Not only would
this potentially enable greater specificity between MMPs, but some exosites may have
unique functions distinct from proteolysis. One example is the hemopexin (PEX) domain
that contributes to protein-protein interactions and can initiate cell signalling and increased
cell migration [16–18]. Since the amino acid sequences of the PEX domain across MMPs is
more divergent and less conserved than the catalytic domain, the PEX domain is a potential
site to target with inhibitors to increase selectivity. Interestingly, MMP7 and MMP26 do
not contain a PEX domain, therefore not all MMPs require this domain. The MMP1 PEX
domain is essential for binding to collagen and in the modulation of the triple helical
structure of the substrate to allow access to the catalytic cleft [19]. Both the catalytic and
PEX domain of MMP1 are necessary for the cooperative binding of triple helix collagen,
demonstrating the importance of the PEX domain in substrate binding. Additionally,
the conserved collagen residue P10 interacts with MMP1 via a hydrophobic pocket or
exosite composed of Phe301, Ile271, and Arg27 within the PEX domain [19]. Further, when
double mutants of Ile271Ala/Arg272Ala were generated, the collagenolytic function was
significantly reduced. Thus, the inhibition of this hydrophobic pocket could potentially
be a therapeutic approach to regulate MMP1 activity as it is important in not only the
binding of triple helix collagen but in the processing of collagen [19]. The PEX domain of
MMP12 plays a critical role in clearance of various bacteria such as Staphylococcus aureus,
Klebsiella pneumoniae, Escherichia coli, and Salmonella enteriditis in the phagolysosome [18].
In Mmp12−/− mice, there was an increase in mortality at lower titer concentration when
infected with S. aureus as compared with wild type mice [18]. Anti-bacterial properties of
MMP12 were determined to be the result of disruption of the bacterial outer membrane by
amino acids 344-363 in blade II of the PEX domain [18]. Conversely, the catalytic domain
of MMP12 may contribute to the cleavage of bacterial toxins but did not demonstrate
antibacterial properties against S. aureus α-toxins [18]. Therefore, a better characterization
of the PEX domains of MMPs may reveal new exciting functions in other MMPs.

The PEX domain of MMPs is also implicated in homo-/hetero-dimerization and
can form multimers [20]. The propeller structure of the PEX domain includes 4 blades
composed of two alpha-helices and four beta strands [21]. In MMP9, a mutation in blade
IV of the PEX domain resulted in a loss of homodimer formation [16]. Mutations in blade I
of the MMP9 PEX domain resulted in a loss of interactions with the cell surface CD44 [16].
This interaction between the outer blade I of the MMP9 PEX domain and CD44 was shown
to increase cell migration via the activation of epidermal growth factor receptor (EGFR)
and downstream kinase signaling [16]. Peptides generated to mimic the outer beta strand
of blade I or IV resulted in decreased levels of MMP9 dimers and also a reduction cell
migration [16]. MMP9 can also increase angiogenesis [22]. Using an allosteric inhibitor to
the PEX domain, Hariono et al. [22] demonstrated that inhibition of ECM proteolysis, which
decreases the release of vascular endothelial growth factor (VEGF) from within the ECM,
significantly reduces the binding of VEGF to its membrane receptor, and subsequently
decreases angiogenesis.

The catalytic domain of membrane type 1-matrix metalloproteinase/MT1-MMP
(MMP14) has been implicated in pro-tumorigenic functions by processing type I collagen,
in addition to increasing cell migration, angiogenesis, and cell invasion [23–25]. The PEX
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domain of MT1-MMP also forms hetero- (with CD44) and homo-dimers via blades I and IV
of the PEX domain, respectively [25]. Synthetic peptides mimicking the outermost strand
motifs within the PEX domain (blades I and IV) of MT1-MMP were shown to specifically
inhibit MT1-MMP-enhanced cell migration, although the ability to directly prevent MT1-
MMP proteolytic activity was not shown [25]. The PEX domain contributes to the tumor
promoting nature of MT1-MMP as tumour volume was significantly larger in cancer cells
containing the PEX domain compared to those without [24]. MT1-MMP also contains
transmembrane and cytoplasmic tail domains that have been shown to have distinct func-
tions from the catalytic domain and could be targeted with inhibitors to interfere with
the biological functions of MT1-MMP. Targeting the PEX domain of MMPs could provide
non-competitive inhibition as compared with active site inhibition with broad-spectrum
compounds [26]. Each MMP is likely to have unique exosites or “hotspots” that may be
targeted individually due to divergence of their amino acid sequences, chemical potential
and geometry [27]. However, the binding affinity of most exosites for substrate is typically
low (10−6–10−7 M) making it potentially challenging to design an effective drug against
that site [28,29].

4. Strategies for the Development of Protease Inhibitors

Multiple MMP inhibitors were originally designed with a substrate-based peptide,
resembling the structure of type I collagen where MMPs cleave, aimed to interact with the
necessary zinc ion in the MMPs’ active site [30]. This active site zinc ion is a required compo-
nent of their catalytic site activity [31], coordinated by three histidine residues, and calcium
ions, which stabilize conformation of the active protease [32]. Examples of chemical groups
with zinc chelating agents used in the development of MMP inhibitors include hydrox-
amates, carboxylates, aminocarboxylates, phosphonate, and sulfhydryl groups [28,33].
Tables 1–3 provides a summary of MMP inhibitors that were tested in clinical trials and
pre-clinical studies. One example is Batimastat, a peptidomimetic composed of a hydroxa-
mate group, that was investigated for the treatment of breast cancer and was terminated in
clinical trials due to its poor solubility and low oral bioavailability [34,35]. Later, a chemical
analogue, marimastat, with improved oral bioavailability, was taken further along in clini-
cal trials and was terminated due to musculoskeletal pain and lack of efficacy [34]. Another
hydroxamate derivative, Prinomastat, was also unsuccessful in phase III clinical trials due
to lack of efficacy in patients with late-stage disease [36]. While the use of MMP inhibitors
in combination with traditional chemotherapy drugs was reported to improve adverse
side effects, the chemotherapeutics, in turn, surprisingly lowered the therapeutic effects
of the MMP inhibitors [37–40]. Despite termination of clinical trials for MMP inhibitors
for the treatment of cancer and arthritis, another MMP inhibitor, Periostat® (CollaGenex
Pharmaceuticals Inc.), was successfully approved for the treatment of periodontitis [41–43].
Periostat® is a synthetic tetracycline, (doxycycline hyclate) but its precise mechanism of
action on MMPs activity remains unclarified [42]. Periostat®’s ability to bind to the calcified
surfaces of tooth roots may potentiate its efficacy in periodontal disease [44]. The gradual
release of doxycycline from teeth in active form also may contribute to increased exposure,
the maintained effectiveness during the post-treatment period [42]. Periostat® also reduces
the level of localized and systemic inflammatory mediators in osteopenic patients in addi-
tion to improving on the clinical measurements of periodontitis [45]. Additionally, it has
showed therapeutic effects in multiple sclerosis and type II diabetes. In multiple sclerosis
(MS), in a combination therapy with intramuscular interferon-β (IFNβ), oral doxycycline
was found to be effective, safe and well-tolerated [46]. In this study, outcome measures
included number of lesion changes, relapse rates, safety and tolerability of the combination
therapy in patients with MS. Multiple parameters were recorded including the Expanded
Disability Status Scale scores, MMP9 levels in the serum, and the transendothelial migration
of monocytes exposed to serum from patients with relapsing-remitting multiple sclerosis
(RRMS). The inhibitory effect of doxycycline was associated with decreased serum level of
MMP9 and was found to be corelated with reduction in brain lesion activity as measured by
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gadolinium-enhancing lesion number change [46]. When serum from RRMS patients was
incubated with monocytes, their transendothelial migration was significantly diminished.
Importantly, in this study, the adverse effects were mild, and one out of fifteen patients
relapsed. In another clinical trial with obese people with type II diabetes, doxycycline
was tested over a 12-week timepoint resulting in decreased inflammation and improved
insulin sensitivity [47]. This effect was associated with a decrease in C-reactive protein and
myeloperoxidase comparing to the placebo; it also increased 3′- phosphoinositide kinease-1,
protein kinase B, and glycogen synthase kinase 3 ß [47]. However, these clinical trials were
performed only on a small number of patients and further studies on a larger number of
patients are needed to further test their efficacy. The failure of all MMP inhibitors in clinical
trials, with the exception of Periostat®, led to the investigation of the roles of MMPs beyond
their recognized roles in ECM remodeling [5]. Recent studies using animal model of disease
coupled with high-throughput methods for substrate discovery (will be further discussed
in Section 8) have revealed important roles of MMPs in inflammation and viral/bacterial
infections [3,11,18,48,49]. In fact, multiple MMPs, such as MMP2, -3, -8, -9, and -12, play
important roles in maintaining tissue homeostasis and have been demonstrated to have
protective effects (full list is reviewed in [3]). Therefore, the ideal MMP inhibitor should be
able to interfere with detrimental MMPs while sparing the beneficial MMPs. The catalytic
domains of MMPs are highly conserved, therefore, targeting other MMP domains, which
are unique to a single MMP, represents an alternative method of MMP inhibitor design.

5. Small Molecule MMP Inhibitors

Strategies to inhibit MMP functions with small molecules has been explored (Table 2)
[16,22,24,25,50]. Italicize in silico analysis of MMP9 in which molecular docking programs
were utilized to map potential ligand binding sites in the PEX domain at the dimerization
interface were successful at identifying compound that interfered with MMP9 homodimer-
ization and blocked a downstream signaling pathway critical for MMP9 mediated cell
migration and invasion [50]. These compounds (Figure 1b–e) spared MMP9′s proteolytic
activity, and ‘compound 2′ (Figure 1c) from their study significantly diminished the phos-
phorylation of extracellular signal-regulated kinase 1/2 (ERK1/2). In a xenograft model
of metastatic breast cancer cells (MDA-MB-435) stably transfected with a green fluores-
cent protein (GFP), a small molecule exosite MMP9 inhibitor, ‘compound 2′, significantly
decreased the tumor size and reduced the number of lung metastasis [50]. A follow-up
study [17] demonstrated that treatment with their newly identified compound (Figure 1f)
disrupted MMP9 homodimerization and prevented association with α4β1 integrin, CD44
and decreased phosphorylation of Src and its downstream target proteins focal adhesion
kinase and paxillin. In the in vivo model of chick chorioallantoic membrane, treatment
with a PEX domain small molecule inhibitor resulted in a reduction of cancer cell invasion
and angiogenesis [17]. Using previously published active compounds (Figure 1c,f), Hari-
ono et al. [22] evaluated ten additional arylamide compounds. Using molecular dynamic
simulations, the mechanism of MMP inhibition via the hemopexin domain of MMP9 was
investigated. Two compounds, (3-bromo-N-(4-nitrophenyl)propanamide) and (3-bromo-N-
{4-[(pyrimidine-2-yl)sulfamoyl]phenyl}propanamide), demonstrated significant inhibition
and cytotoxicity against 4T1 murine breast cancer cells. Using a biochemical and structural
screening workflow, the compound JNJ0966 (Figure 1g) was found to selectively impede
activation of proMMP9 into its active form via an interaction with a structural pocket
in proximity to the MMP9 zymogen cleavage site near Arg106 [29]. JNJ0966 was unable
to interact with the active forms of MMP1, -2, -3, -9, or -14. In a mouse experimental
autoimmune encephalomyelitis model, JNJ0966 reduced disease severity at a dose of 10
and 30 mg/kg and to the same levels of dexamethasone [29]. Italicize in silico analysis
of MT1-MMP’s PEX domain identified a potentially targetable site that is distinct from
the dimerization interface and located at the center of the PEX domain [24]. Subsequent
docking studies of a small molecule inhibitor led to identification of a novel PEX inhibitor
which is selective for MT1-MMP as compared to MMP2. It did not show any toxicity or
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interference to catalytic activities including MT1-MMP mediated activation of MMP2. This
compound was effective in attenuating cancer cell migration and reduced tumor volume
in vivo [24]. Despite promising results, there are still only a few studies that have tested
small molecule MMP inhibitors in animal models and additional work in characterizing
these inhibitors is needed to better understand whether this could be a viable approach to
inhibit MMP function.

6. MMP Inhibition Using Selective Antibody

Monoclonal antibodies have emerged as potential enzyme inhibitors with numerous
examples demonstrating them to be effective [51–54]. Initially, antibody generation was
deemed challenging for the active site of MMPs due to the instability during presentation
and lack of surface accessibility of the catalytic metal-protein cleft [55]. Sela-Passwell
et al. [55] used a synthetic metal-baring mimicry complex and were able to generate a
response not only to the metal-protein cleft, but also to the enzyme surface of MMP2 and
MMP9 with high specificity which resulted in the generation of the monoclonal antibody
SDS3. In a dextran sodium sulfate (DSS)-colitis mouse model, SDS3 was demonstrated
to prevent colonic inflammation, release of proinflammatory cytokines, and tissue dam-
age [55]. The applicability of SDS3 towards colitis and inflammatory bowel disorders was
reinforced through clustering of the labelled SDS3 antibody in the intestine of the mice 24
h after injection. Another MMP9 monoclonal antibody inhibitor, REGA-3G12, was demon-
strated to be selective towards MMP9 through recognition of the N-amino terminal catalytic
domain subsequently inhibiting its catalysis [56,57]. REGA-3G12 recognizes the Trp116-
Lys214 motif domain part of the Phe107-Gly223 outside of the Zn2+ binding site of MMP9,
a site exploited by multiple MMP inhibitors. Although REGA-3G12 targets the catalytic
domain, it was shown to be selective to MMP9 but not MMP2, therefore demonstrating
the potential of the catalytic domain to be used to generate selective MMP inhibitors. The
selectivity of REGA-3G12 is likely due to the vast number of interactions with the carboxy-
terminal of the catalytic domain. REGA-3G12 did not show significant binding to synthetic
linear fragments of the epitopes recognized by REGA-3G12, demonstrating the antibody
may recognize a conformation instead of a linear residue. MT1-MMP inhibition is another
attractive anti-cancer target as it is highly expressed in breast cancer and contributes to
migration, invasion, and neovascularization [58]. Using a phage library display approach,
an MT1-MMP active site inhibitor antibody, DX-2400, was developed to selectively inhibit
active MT1-MMP. DX-2400 was also shown to inhibit pro-MMP2 activation due to the
inhibition of MT1-MMP and reduced breast cancer cell invasion [58]. DX-2400 exhibited
promising therapeutic results in an MDA-MB-231 breast cancer xenograft tumor mouse
model associated with a decrease in cell growth and vascularization. Conversely, non-
metastatic MCF-7 breast cancer cell that do not express MT1-MMP, did not show decreased
growth in a xenograft tumor mouse model [58]. DX-2400 also delayed metastasis, and when
in combination with bevacizumab delayed breast cancer cells’ tumor growth [58]. Similarly,
when applied to a BT-474 xenograft tumor mouse model, DX-2400 in combination with
paclitaxel resulted in tumour growth delay. Surprisingly, while this study demonstrated
promising results related to using selective MT1-MMP inhibitors to treat breast cancer,
DX-2400 was unsuccessful in clinical trials.

Selective inhibition of MT1-MMP was also demonstrated in a model of influenza
infections that resulted in ECM dysregulation and increased susceptibility for a bacterial
co-infection [48]. The selective, potent and allosteric MT1-MMP inhibitor, LEM-2/15,
was generated via mouse immunization with a cyclic peptide from the sequence of the
V-B loop (residues 218–233), which displays a unique sequence divergence within the
MMP family members [59]. This loop of MT1-MMP is flexible and likely undergoes
conformational changes when binding to LEM-2/15 causing a narrower substrate binding
cleft and constraining the flexibility of the loop. Therefore, the Fab fragment of LEM-2/15
interacted with the MT1-MMP expressed on the cell surface and inhibited its collagenase
activity while not interfering significantly with the activation of proMMP2 and MT1-MMP
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homodimerization on the cell surface [59]. ECM remodeling is usually independent of
the viral burden but rather linked to the proteolysis driven by the immune response.
LEM-2/15 reduced inflammation and ECM remodeling during influenza infection [48].
When used prophylactically or therapeutically during a coinfection of influenza and S.
pneumoniae, LEM-2/15 significantly improved survival in mice. Interestingly, when used
in combination with Tamiflu® (Oseltamivir) both prophylactically or therapeutically, an
approved anti-influenza inhibitor, 100% survival was achieved in a mouse model of viral
infection [59]. Importantly, Tamiflu® alone resulted in increased survival only when used
prophylactically. Thus, promoting ECM stability and homeostasis via MT1-MMP inhibition
during influenza infection is an attractive target.

7. MMP Substrates Extend Beyond Matrix Proteins

Contrary to what their name suggests, MMPs have been shown to cleave substrates
other than matrix (ECM) proteins [1,2,11]. MMPs cleave chemokines and cytokines to
regulate their functions [49,60–63]. For example, the processing of monocyte chemoattrac-
tant proteins, CCL-7 and CCL-13, reduced the inflammatory response, as demonstrated in
mouse model of inflammatory edema [64]. In a mouse model of asthma, MMP2 and MMP9
were found to be protective via disruption of transepithelial chemokine gradients regulated
by CCL7, CCL11, and CCL17 [65]. In macrophages, MMP12 cleaved the C-terminus of
IFNγ, removing the receptor binding site and thereby decreasing JAK–STAT1 signaling
and IFNγ activation within the proinflammatory macrophage [63]. Genetic ablation of
MMP12 or therapeutic inhibition of MMP12 using Rxp470.1 in murine models of autoim-
mune inflammatory diseases resulted in elevated IFNγ mediated inflammatory signatures
compared to the control groups [63]. In virus-infected cells, MMP12 was shown to be
localized in the nucleus and promoted NFKBIA transcriptional activity resulting in INFα
secretion, a key mechanisms for antiviral immunity [49]. In parallel, extracellular MMP12
attenuated systemic IFNα, and use of an MMP12 inhibitor, Rxp470.1, which is unable
to enter the cells, significantly reduced the viral load [49]. MMP processing of CCL15
and CCL23, implicated in inflammatory arthritis, resulted in an increase in monocyte
recruitment during inflammation [62]. Collectively, these four lines of evidence support the
critical role for MMPs in regulating the inflammatory response through direct cleavage of
chemokines/cytokines. Further, only 30% of MMP substrates are linked with the ECM [2].
Therefore, additional roles of MMPs are likely to be identified when looking beyond the
matrix.

8. Identification of Novel MMP Substrates Using N-Terminomics/TAILS

N-terminomics technologies have been used to profile and identify new MMP sub-
strates in various cell systems and tissues [2,3,49,66,67]. One example is terminal amine
isotopic labeling of substrates (TAILS), a high throughput quantitative proteomic platform
that allows simultaneous quantitative analysis of the N-terminome and proteolysis on a
proteome-wide scale, and hence allows for protease substrate discovery [68]. To study
the substrate repertoire of a specific protease using TAILS, the protease of interest can be
compared to an inactivated form of the protease or to a protease inhibitor-treated sample
(Figure 2). Alternatively, tissue proteomes of protease knock-out mice can be compared to
wild-type animals with or without induction of a specific infection, stress or disease. Once
collected, proteomes are denatured, and it is important to avoid primary amine containing
buffers. After the reduction and alkylation of cysteine residues, primary amines of both
the N-termini and lysine residues are chemically labeled with formaldehyde. During this
step, we incorporate stable isotope labeling in order to later compare the different condi-
tions being tested. An example of isotopic labeling is light (+28 Da) and heavy (+34 Da)
dimethylation used with the catalyst sodium cyanoborohydride (NaBH3CN) [69]. These
isotopic modification can later be monitored using liquid chromatography and tandem
mass spectrometry (LC-MS/MS) [68]. However, dimethylation reactions are limited to
three distinct labels and other labelling such tandem mass tag (TMT) can label up to 11 dif-
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ferent samples with a distinct isotope [67,70]. After isotopic labeling, the labeled proteomes
are then mixed and digested with trypsin. During digestion, trypsin cleaves the peptide
only after arginine (semi-ArgC specificity) as the blocked lysine residues are unreactive
to trypsin. After trypsin cleavage, ~10% of the sample is collected and prepared for LC-
MS/MS analysis; this is the pre-enrichment TAILS samples. Next, the TAILS aldehyde
reactive polymer is used to remove the internal tryptic peptides that were generated during
trypsin digestion. The unbound blocked and labeled peptides are recovered from the
samples by size exclusion (10-kDa cut-off filters) filtration. The recovered peptides are then
analyzed via LC-MS/MS analysis. The abundance ratio of blocked peptides from the TAILS
samples can be compared to naturally blocked N-termini from the pre-enrichment TAILS
samples. The neo-N-termini peptides specific to the protease of interest appear in higher
ratios or only in the protease-treated sample and therefore show high protease/control
abundance ratio. Therefore, the TAILS protocol is designed to identify new protease sub-
strates and also identifies the precise cleavage site within the substrate sequence. TAILS
has been used to profile the substrate repertoires of various MMPs and hundreds of new
substrates have been identified in specific cell lines and tissues [66,71–75]. Using TAILS,
the substrates of MMP2 and MMP9 were investigated in fibroblasts secretomes where
201 substrates were identified for MMP2 and only 19 for MMP9 [75]. Although, more
MMP2 substrates were identified, most substrates can be cleaved by both MMP2 and
MMP9 including thrombospondin-2, galectin-1, insulin-like growth factor-binding protein
4 (IGFBP4), dickkopf-related protein-3, and pyruvate kinase M1/M2 [75]. This study sug-
gests that the regulation of MMP2 and MMP9’s activity could be linked with differences
in genetic expression, different rates of TIMP inhibition, alternate activation mechanisms
and/or distinct kinetic activities that could explain the differences in the phenotypes of
Mmp2−/− and Mmp9−/− mice. Additional italicize in vivo studies comparing various cells,
tissues, and organs of WT counterparts, Mmp2−/− and Mmp9−/− mice using disease models
will help better characterize the unique roles and substrates of these two MMPs.

The substrates of macrophage MMP12 were investigated using TAILS by incubating
murine MMP12 with secretomes from Mmp12−/− murine embryonic fibroblasts (MEFs),
murine macrophage cell line RAW264.7 secretomes and also by comparing WT and
Mmp12−/− peritoneal macrophages from a peritonitis model using thioglycollate stim-
ulation for 4 days [71]. Hundreds of MMP12 substrates were identified including pyruvate
kinase, biglycan, vimentin, renin-receptor and alpha-2-HS-glycoprotein (see [71] for the
full list of substrates). Using TAILS, new functions for MMP12 in coagulation, comple-
ment activation/deactivation and resolution of inflammation were identified. To further
confirm these MMP12 substrates in human diseases, TAILS was used to investigate nine
COPD patients at exacerbation and recovery [7]. When comparing MMP12 substrates from
murine peritonitis and joint inflammation model to the sputum of COPD patients, multiple
identical substrates were identified including alpha-2-HS-glycoprotein, complement C3
(C3), complement C4-B (C4b), hemopexin, antithrombin III (SERPINC1), but also new
substrates were identified such as transmembrane protease serine 7 (TMPRSS7) and DEP
domain-containing mTOR-interacting protein (DEPTOR) [7,71]. MMP12 can cleave hun-
dreds of substrates, therefore, the regulation of its activity is likely driven and impacted by
other proteases, TIMPs, tissue specific microenvironment and other immune cells present
such as neutrophils, eosinophils, natural killer cells, mast cells, T and B cells. Interestingly,
MMP12 has been predominantly identified as a beneficial/protective MMP in inflamma-
tory diseases although it has been implicated as a potential drug target in certain cancers.
However, its precise role in inflammation needs to be further characterized [3,49,63,71].

Using TAILS, numerous non-ECM substrates have been identified further demon-
strating new roles for MMPs (reviewed in [1,2,76]). For example, 58 new substrates were
identified when MT6-MMP (MMP25) was added to fibroblasts secretomes, including
vimentin, cystatin C, galectin-1, secreted protein acidic and rich in cysteine (SPARC),
and insulin-like growth factor-binding protein 7 (IGFBP7) [72]. These identified substrates
indicated a novel role for MT6-MMP for the clearance of apoptotic neutrophils. Cleavage of
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vimentin by MT6-MMP resulted in a decrease in chemoattraction of THP-1 monocytic cells
but an increase in phagocytosis activity in an assay where fluorescent microbeads were
coated with vimentin or cleaved vimentin and added to THP-1 cells [72]. The identification
of new MT6-MMP substrates using TAILS supported a key biological role for this MMP in
innate immunity and resolution of inflammation. Most MMPs have yet to be investigated
using unbiased N-terminomics approaches to identify the extent of their substrates. It is
anticipated that the cell type producing MMPs and specific microenvironments where
MMPs are present will greatly impact what substrates can be cleaved by MMPs.
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isotopically labeled with light (+28 Da) or deuterated (+34 Da) formaldehyde. Proteins are then digested with trypsin and
a pre-enrichment TAILS sample is collected. The remaining peptides are subjected to the TAILS polymer and N-termini
are added to a size exclusion filter. Samples are subjected to liquid chromatography and tandem mass spectrometry
(LC-MS/MS). The proteomics data is analyzed by bioinformatics software (e.g., MaxQuant). Data interpretation is analyzed
with pathway enrichment tools (Metascape, STRING) or protease analysis software (TopFIND).

9. Conclusions and Perspective: Next Generation of MMP Inhibitors

MMPs have been shown to play a key biological role in numerous pathologies, how-
ever, the broad-spectrum inhibitors targeting multiple MMPs has potentially impeded
their therapeutic applicability and use in the clinic to treat joint diseases or cancers. There
are various pharmacological approaches that have been utilized to inhibit both the prote-
olytic and non-proteolytic functions of MMPs: peptides, monoclonal antibodies, and small
molecule inhibitors (Figures 1 and 3, Tables 1–3). With the discovery and development
of novel specific methods of targeting individual MMPs, there is renewed hope for other
MMP inhibitors and a revival in better characterizing MMP functions. Moreover, addi-
tional opportunities for the use of MMP inhibitors may become apparent. For example,
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given the success of MMP inhibition in animal models, MMP inhibitors could play an
emerging role in veterinary medicine. For example, MMP2 and MMP9 inhibitors may be
beneficial for the treatment of canine chronic enteropathy [77]. Elevated levels of active
MMP2 and MMP9 are found throughout the intestines of dogs with chronic enteropathy
and are associated with increased inflammation and neutrophil infiltration. MMP2/9
inhibitors could be effective in lowering intestinal inflammation and decreased disease
severity [77]. Another example is the use of MMP inhibitors to treat the elevated expression
of MMP2 and MT1-MMP in the narrowing of myocardial vessels in canine myxomatous
mitral valve disease [78]. When considering application to human health, one option could
be to only inhibit MMPs in diseases requiring short-term treatments, therefore limiting
the period over which the treatment is received effectively minimizing any detrimental
consequences that could arise. For example, sepsis could be further investigated for the
short-term implementation of MMP inhibitors. In sepsis, MMPs cleave and regulate cy-
tokine storm and chemokine activity, thus, playing a role in many of the pathways resulting
in complications [79]. Another example is MMP12 with its anti-bacterial functions and
its involvement in the inflammatory pathway leading to reduced lethality of lipopolysac-
charide (LPS) induced inflammation [18,80]. Selective MT1-MMP inhibitors alone or in
combination with Tamiflu® also demonstrated efficacy in influenza infection models and
could be further investigated for other viral infections. The utilization of shorter dosing and
altering administration may reduce patient exposure to previously identified side effects of
MMP inhibitors [28]. A more complete investigation into the protective and detrimental
properties of MMPs and the subsequent development of therapeutics with high affinity for
distinct MMPs may provide greater applications of MMP inhibition in the future.
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Table 1. MMPs inhibitors in clinical trials.

Inhibitor
Names Class/Structure Selectivity Diseases Clinical Trial Outcomes/

Side Effects References

Batimastat Peptidomimetic/
Hydroxamate Broad spectrum Malignant tumor Phase I Local toxicities i.e.,

abdominal discomfort [81]

Marimastat
Peptidomimetic/

Hydroxamate Broad spectrum

Progressive ovarian,
prostatic, pancreatic
and colorectal cancer

Phase III Adverse musculoskeletal
(MS) syndrome [82]

Pancreatic cancer Phase III Musculoskeletal pain
and inflammation [83]

Pancreatic cancer
Phase III, in
combination

with gemcitabine

Well tolerated but no
therapeutic beneficial effects [40]

Gastric cancer Phase III Severe musculoskeletal
(MS) syndrome [84]

Metastatic breast
cancer Phase I

Musculoskeletal pain
associated with
inferior survival

[85]

MMI-270 Hydroxamate/Small
molecule Broad spectrum Advanced solid cancer Phase I Rash and

musculoskeletal pain [86]

Prinomastat Hydroxamate/Small
molecule

Broad spectrum
Advanced cancer Phase I No response in tumor growth [36]

Non-small cell lung
cancer

(stage IIIB or IV)
Phase III Musculoskeletal syndrome [87]

Esophagus cancer Phase II Unexpected
thromboembolic events [88]

Tanomastat
(Bay 12-9566)

Biphenyl, thioether
zinc-binding
group/small

molecule

MMP2, -3 and -9
Solid tumor Phase I

Mild toxicity, no
musculoskeletal pain. No

effect on tumor
[89]

Pancreatic cancer
without prior
chemotherapy

Phase III Poorer survival [90]

Ovarian cancer Phase III Well tolerated but did not
impact patients’ survival [91]

Metastat
Tetracycline

derivatives/small
molecule

MMP2 and -9

Refractory
solid tumors Phase I Subcutaneous phototoxicity [92]

AIDS related
Kaposi’s sarcoma

Phase I
Applied with sun

protection
Photosensitivity reaction [93]

Advanced soft
tissue sarcoma

Phase II
Applied with sun

protection
Photosensitivity reaction [94]

Periostat®/
Doxycycline

Tetracycline
derivatives/small

molecule
Broad spectrum

Periodontitis Phase III Well tolerated;
improved outcome [41,43]

Asymptomatic
abdominal aortic

aneurysms
Phase II Well tolerated; but no

significant therapeutic effects [95]

Multiple sclerosis Phase II
Along with IFNß-1a

Well tolerated;
improved outcome [46]

Type II diabetes Phase III Reduced inflammation and
better insulin sensitivity [47]

Rebimastat
(BMS- 275291)

Mercaptoacyl, thiol
zinc-binding
group/small

molecule

MMP1, -2, -8, and
MT1-MMP

Advanced cancer Phase I Well tolerated; no
tumor response [96]

Early-stage
breast cancer Phase III Study was terminated

because of toxicity [97]

Non-small cell
lung cancer

Phase II along with
paclitaxel and

carboplatin

Well tolerated but poor
therapeutic response [38]

Non-small cell lung
cancer

Phase II along with
paclitaxel and

carboplatin

Increased toxicity with no
improved survival [37]

S-3304
Sulfonamide

derivatives/small
molecule

MMP2 and -9 Advanced solid
tumors Phase I Well tolerated [98]

AZD1236 MMP9 and -12

Moderate to severe
Chronic obstructive
pulmonary disease

(COPD)

Phase II Well tolerated but no
therapeutic efficacy [99,100]

Neovastat
(AE-941)

Mixed extract from
shark cartilage Broad spectrum

Non-small cell lung
cancer

(stage III)

Phase III along
with chemotherapy

Well tolerated but no
therapeutic effect [39]
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Table 2. Small molecule exosite MMP inhibitors.

Compounds Target Binding Site Mechanism of Action Assays and Models Tested on References

N-[4 (difluoromethoxy) phenyl]
2-[(4-oxo-6-propyl 1Hpyrimidin-2yl)

sulfanyl]-acetamide
MMP9 Hemopexin

(PEX)

Interfered with
homodimerization; inhibition of
cell migration and proliferation

Tumor growth and metastasis
(xenograft mouse model) [16]

NSC405020 MT1-MMP Hemopexin
(PEX)

Interfered with
homodimerization and

interaction with catalytic domain

Tumor growth
(xenograft mouse model) [24]

JNJ0966: (N-{2-[(2-methoxyphenyl)
amino]-4-methyl-4,5-bi-1,3-thiazol-2-yl}

acetamide)
MMP9 Pro-peptide

domain

Inhibit activation of MMP9
without affecting MMP1, -2, -3, -9

and MT1-MMP

Autoimmune
encephalomyelitis

(mouse model)
[29]

N-(4-fluorophenyl)-4-(4-oxo-3,4,5,6,7,8-
hexahydroquinazolin-2-ylthio)

butanamide
MMP9 Hemopexin

(PEX)

Inhibition of homodimerization;
decreased cancer cell migration-

blocks cancer cell invasion of
basement membrane and

angiogenesis

in vitro migration assay, Tumor
growth

(xenograft mouse model),
angiogenesis (chicken

chorioallantoic membrane)

[17]

Synthesized acrylamides
(1) 3-bromo-N-(4-nitrophenyl)

propenamide
(2) 3-bromo-N-{4-[(pyrimidine-2-yl)

sulfamoyl] phenyl} propenamide
(3) 3-bromo-N-{4-[(4,6

dimethylpyrimidin-2-yl)
sulfamoyl]-phenyl} propanamide

MMP9 Hemopexin
(PEX)

Inhibition of 4T1 breast cancer
cell growth; inhibition of MMP9

gelatinolytic activity

in vitro migration assay and
(xenograft mouse model) [22]

Table 3. Regulation of MMP inhibition by antibodies.

Name Antibody Type Target Epitope/Domains Assays and Models Tested on References

LEM-2/5 Monoclonal MT1-MMP Surface epitope; V-P loop Migrating cancer cells; [59]
lung pathology; influenza [48]

SD3 Monoclonal MMP2
and -9 Catalytic domain Inflammatory bowel disease

(mouse model); colitis [55]

REGA-3G12 Monoclonal MMP-9 Catalytic domain other
than Zn2+ binding

Inhibited MMP9 proteolytic
activity [56,57]

DX-2400 Fab fragment MT1-MMP Catalytic domain Breast cancer [58]

Multiple
(A4-7 Fc-ScFv,

E2_C6 Fc-ScFv)

Antibody
fragments MT1-MMP

Catalytic domain outside
the active site cleft,

inhibiting binding to triple
helical collagen

Tumor growth and proliferation
(xenograft mouse model) [101]
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Abstract: Heart failure (HF) is an acute or chronic clinical syndrome that results in a decrease in
cardiac output and an increase in intracardiac pressure at rest or upon exertion. The pathophysiology
of HF is heterogeneous and results from an initial harmful event in the heart that promotes neurohor-
monal changes such as autonomic dysfunction and activation of the renin-angiotensin-aldosterone
system, endothelial dysfunction, and inflammation. Cardiac remodeling occurs, which is associated
with degradation and disorganized synthesis of extracellular matrix (ECM) components that are
controlled by ECM metalloproteinases (MMPs). MMP-2 is part of this group of proteases, which
are classified as gelatinases and are constituents of the heart. MMP-2 is considered a biomarker of
patients with HF with reduced ejection fraction (HFrEF) or preserved ejection fraction (HFpEF). The
role of MMP-2 in the development of cardiac injury and dysfunction has clearly been demonstrated
in animal models of cardiac ischemia, transgenic models that overexpress MMP-2, and knockout
models for this protease. New research to minimize cardiac structural and functional alterations
using non-selective and selective inhibitors for MMP-2 demonstrates that this protease could be used
as a possible pharmacological target in the treatment of HF.

Keywords: MMP-2 inhibitor; cardiac dysfunction; ischemia

1. Introduction

HF is highly prevalent, affecting approximately 26 million people worldwide every
year, with high rates of hospitalization and death [1]. According to the annual report on
cardiovascular disease of the American Heart Association (AHA), the lifetime risk of devel-
oping HF is high, ranging from 20 to 45% after the age of 45 years. Estimates indicate that
six million American adults aged 20 years or older have HF [2,3]. In Europe, the prevalence
of HF is around 17.2 cases per 1000 individuals. It is an important public health problem
with an average number of hospitalizations of 2671 per million people [4]. Furthermore, it is
one of the most expensive syndromes in the US and Europe, consuming around 1–2% of the
overall healthcare budget [5]. Global spending on CI is around US $108 billion per year [6].

HF is an acute or chronic clinical syndrome that results in a decrease in cardiac output
and an increase in intracardiac pressure at rest or upon exertion. In this condition, the
heart is unable to pump enough blood to meet the metabolic needs of tissue [7]. HF can
be determined according to the left ventricle (LV) ejection fraction (EF), characterized
as the percentage of blood ejected from the LV with each systole. HF can be classified
as reduced ejection fraction (HFrEF), HF with intermediate ejection fraction (HFiEF) or
HF with preserved ejection fraction (HFpEF). Patients with HFrEF have a left ventricular
ejection fraction <40%, with inadequate stroke volume and cardiac output as the primary
manifestation. Patients with HFpEF have a left ventricular ejection fraction ≥50%, with
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impaired left ventricular relaxation. Patients with EF ranging from 41% to 49% were
classified as HFiEF, presenting clinical characteristics similar to the population with HFpEF
(Table 1). The New York Heart Association (NYHA) HF classification system, which
stratifies the patient into classes I–IV, is based on the symptoms presented by the patient
and the level of tolerated physical activity (Table 2) [8,9]. The etiology of HF stems from
several conditions, and the leading causes are hypertension, valvular diseases, genetic
cardiomyopathies, myocarditis, extracardiac diseases, and ischemia [10,11] (Figure 1).

The pathophysiology of HF is complex and results from an initial harmful event in the
heart. The event can occur acutely (such as ischemic events, valvular diseases, and viral and
bacterial myocarditis) or chronically (in arterial hypertension, genetic cardiomyopathies,
and extracardiac diseases) and promotes functional and structural changes that compromise
both systolic and diastolic blood pumping [7,9,12]. Diastolic dysfunction occurs due to
structural changes resulting from fibrosis, promoting increased stiffness, decreased cardiac
compliance, and hypertrophic cardiac remodeling, which causes an increase in LV filling
pressure [12]. Systolic and diastolic electrical and mechanical asynchronies are related
to the extent of diastolic dysfunction and exercise tolerance. Neurohormonal changes
such as autonomic dysfunction and activation of the renin-angiotensin-aldosterone system
are also implicated, as are endothelial dysfunction and inflammation. This makes HF
heterogeneous and creates difficulties in choosing the therapeutic approach [13] (Figure 1).

In HF, cardiac remodeling occurs with degradation and disorganized synthesis of
extracellular matrix (ECM) components. The ECM content is divided into fibrillar com-
ponents (collagen, elastin, and reticular) and non-fibrillar components (glycoproteins and
proteoglycans), which are responsible for tissue resistance and elasticity. Furthermore, their
breakdown promotes functional changes. ECM metalloproteinases (MMPs) are proteases
specialized in controlling the content of ECM [14–16] (Figure 1).

Table 1. Definition of HF, according to left ventricular ejection fraction.

Classification Left Ventricle Ejection
Fraction (LVEF)

Main Cardiac Alterations
(Ecodoppler)

HFrEF <40% Structural change and
systolic dysfunction

HFpEF ≥50% Structural change and
diastolic dysfunction

HFiEF 41% to 49% Structural change and
diastolic dysfunction

HFrEF: heart failure with reduced ejection fraction; HFpEF: heart failure with preserved ejection fraction;
HFiEF: heart failure with intermediate ejection fraction.

Table 2. New York Heart Association (NYHA) classification of heart failure based on symptoms and
level of tolerated physical activity.

Class General Description Patient Symptoms

I Asymptomatic No limitation of physical activity; regular physical activity
does not cause undue fatigue, palpitation and dyspnea.

II Mild symptoms Slight limitation of physical activity; comfortable at rest;
activity results in fatigue, palpitation and dyspnea.

III Moderate symptoms Marked limitation of physical activity; comfortable at rest;
regular exercise causes fatigue, palpitation and dyspnea.

IV Severe symptoms
Unable to perform any physical activity without

discomfort; HF symptoms at rest; if any physical activity
is performed, the pain increases.
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Figure 1. Cardiac remodeling in HF. HF occurs after an acute or chronic harmful event. The conditions
that trigger this disease are hypertension, valvular diseases, genetic cardiomyopathies, myocarditis,
extracardiac diseases and ischemia, generating autonomic dysfunction and activation of the renin-
angiotensin-aldosterone system (RAAS), endothelial dysfunction and inflammation. In addition,
the degradation and disordered synthesis of the extracellular matrix (ECM) occurs due to increased
activity of MMP-2 and decreased activity of endogenous tissue inhibitors (TIMP), leading to collagen
deposition and oxidative stress, causing degradation of components of the contractile apparatus,
troponin I, light chain myosin, alpha-actinin and titin, promoting structural and functional changes;
image elements from smart.server.com.
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MMP-2 is a gelatinase constitutive of the heart that is considered a biomarker of pa-
tients with HFrEF and HFpEF. MMP-2 can digest components of the contractile apparatus,
such as troponin I and light chain myosin 1, which contributes to the reduction in cardiac
contractility [17]. At the transcriptional level, MMP-2 expression is controlled by tran-
scription factors [18]. At the post-transcriptional level, MMP-2 activity and expression are
regulated by inflammatory stimuli, oxidative stress, and alteration of the renin-angiotensin-
aldosterone (RAAS) axis [19–22]. There is also a class of endogenous tissue inhibitors of
metalloproteinase (TIMPs) that participate in the control of MMPs, and the balance between
MMPs and TIMPs plays an essential role in the pathophysiology of heart disease [23,24]
(Figure 1).

MMP-2 can be produced and secreted in the heart by cardiomyocytes, fibroblasts,
endothelial cells and inflammatory cells present during the progression of HF. Although
present in greater volume, cardiomyocytes are in smaller numbers than non-myocyte
cells, which comprise 70% of the cells in cardiac tissue, most of which include fibroblasts.
Cardiac fibroblasts maintain cardiac structural integrity by controlling cardiac extracellular
matrix content. In addition, fibroblasts surround cardiomyocytes, and the myocyte function
depends on the fibroblast. In pathological processes, cytokines and growth factors alter the
fibroblast phenotype by increasing the secretion of ECM proteins that lead to fibrosis [25–27].
Fibroblasts and myofibroblasts are the central MMP-secreting cells in the heart and are
indicated as a therapeutic target for the treatment of myocardial infarction, hypertension
and HF [26].

Before introducing neurohormonal therapies in treating patients with HF, more than a
third of deaths were attributed to sudden cardiac death. However, evidence-based clin-
ical trials using neurohormonal treatments in patients not using a defibrillator showed
a reduction in the rate of premature death. Furthermore, in addition to current pharma-
cological therapies, resynchronization devices, cardioverter-defibrillators and ventricular
assist devices drastically reduced the risk of death. Indeed, HFrEF shows a different tra-
jectory in response to drug therapy and cardiac resynchronization devices compared to
HFpEF. However, both patient groups have benefited from available treatments, show-
ing improvements in myocyte function, normalization of action potential duration, and
improvement in mitochondrial energy metabolism. However, an unacceptable number
of patients suffer impairment of functional capacity, low quality of life and early death
due to HF. Thus, therapies that can stop or minimize the progression of HF continue to be
challenging [8,9,28].

In this mini-review, we will highlight the participation of MMP-2 in cardiac alterations
related to HF. Next, we will present some MMP inhibitors used in pre-clinical and clinical
trials as a pharmacological tool for treating various diseases. Then we will address the
use of MMP-2 inhibitors as an alternative treatment for HF in animal and human models.
Finally, we will briefly explain the possible use of MMP-2 inhibitors and new technolo-
gies as an adjuvant treatment associated with standard therapy and their impact on the
progression of HF.

2. Matrix Metalloproteinase 2 (MMP-2)

MMPs are a family of proteases specialized in degrading ECM components, which
have a highly homologous protein structure. Most have four basic domains: signal peptide,
pro-peptide, catalytic, and hemopexin-like domains [29]. Based on their substrate affinity
and structural organization, MMPs are commonly classified as collagenases, gelatinases,
stromelysins, matrilysins, membrane MMPs, and others [30]. MMP-2 belongs to a group of
gelatinases that have a unique catalytic domain among MMPs composed of a triple repeat
of type II fibronectin, which forms a collagen affinity domain. This allows the binding and
degradation of type IV collagen and denatured collagen (gelatin) [29] (Figure 2).
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Figure 2. Structure, activation and isoforms of MMP-2. (A) MMP-2 has in its structure a signal
peptide (Pre), a propeptide (Pro), a catalytic domain (having a zinc ion and three fibronectin repeats
that confer affinity to collagen) and hemopexin (HP). (B) The inactive isoform of MMP-2 has a
molecular size of 72 kDa (pro-MMP-2). Inactivity is guaranteed by a cysteine residue in the propeptide
domain, which binds to Zn2+ in the catalytic domain, preventing the binding and proteolysis of
substrates. The active intracellular isoform of MMP-2 has a molecular size of 72 kDa and occurs
when ONOO− or GSH reacts with ONOO−. The reaction product binds to the cysteine residue
of the propeptide, which prevents it from complexing with the Zn2+ atom in the catalytic domain,
allowing the catalytic domain to interact with substrates. The 65 kDa NTT-MMP-2 is constitutively
active, formed under conditions of hypoxia and oxidative stress, and leads to activation of alternative
MMP-2 promoters that do not translate the first 77 amino acids. This isoform is not secreted into the
extracellular environment, found in mitochondria and cytosol. The extracellular isoform of MMP-2
with a molecular size of 72 kDa, activated by the proteolytic removal of the propeptide domain by
MMP-14, thrombin and plasmin, produces an active isoform of 64 kDa. FN: fibronectin GSH: reduced
glutathione; ONOO−: peroxynitrite; ROS: reactive oxygen species; RNS: reactive nitrogen species;
NTT-MMP-2: truncated N-terminal isoform of MMP-2; image elements from smart.server.com.

MMP-2 is encoded by a 27-kb gene that has 13 exons and 12 introns located on
chromosome 16. The gene has consensus sequences for the transcription factors AP-2
and SpI [31]. The gene is transcribed into a 3.1-kb mRNA [32], which is translated into a
660-residue protein that contains a 29-residue signal peptide. This peptide is responsible
for translocating MMP-2 to the endoplasmic reticulum, followed by secretion into the
extracellular medium, giving rise to a latent enzyme of about 72 kDa [29,33] (Figure 2).

The absence of catalytic activity of the enzyme is maintained by the interaction between
a sulfhydryl bond between a cysteine residue present in the pro-peptide and zinc at the
catalytic site [34]. In the enzymatic activation, the catalytic site is exposed, which can
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occur through proteolysis of the propeptide by other proteases (MMP-2, plasmin, and
thrombin) or through the interruption of the sulfhydryl bond by reactive species [35,36].
In proteolytic activation, an MMP-2 with a molecular size of 64 kDa is formed [29]. In
the process of activation by reactive species, the molecular size of 72 Kda is maintained
due to the permanence of the pro-peptide [36]. MMP-2 is expressed in most body tissues
and modulates several physiological processes, such as cell migration, angiogenesis, and
wound healing [29] (Figure 2). However, increased expression and activity of MMP-2
is involved in cardiovascular diseases such as atherosclerosis, aneurysm, hypertension,
and HF [37,38].

3. Role of MMP-2 in HF

The knowledge of specific biomarkers used in the clinic to determine pathological
states, define diagnoses or even prognoses are of great value since the symptoms of HF are
often not pathognomonic, making diagnosis difficult. The main biomarkers to diagnose
HF are the natriuretic peptides BNP and NT-pro-BNP [9,39]. However, BNP can be altered
due to several factors such as kidney disorders, advanced age, obesity, diabetes, sepsis,
Cushing’s syndrome and hyperthyroidism. Thus, the search for biomarkers that can help
in the diagnosis and prognosis of HF becomes imperative.

MMP-2 can be considered a biomarker of HF, as higher plasma MMP-2 levels were
found in patients with congestive HF, resulting from different etiologies (acute myocardial
infarction, dilated cardiomyopathy and valvular disease). Higher levels of MMP-2 are
correlated with patients with a worse prognosis for HF (NYHA class II–IV) [40], as well as
an increased risk of death or hospitalizations for HF [41]. MMP-2 and TIMP-1 are higher
in the plasma of patients with acute HF [42]. MMP-2 is considered the best biomarker
among the other proteases in the ECM, as its levels varied only slightly during a temporal
evaluation [43].

MMP-2 has also been considered a biomarker of LV remodeling in patients with
HF who have suffered an acute myocardial infarction, with extensive areas of injury and
decreased ejection fraction [44]. A study that evaluated control patients (who did not
have cardiovascular disease), patients with LV hypertrophy without HF, and patients with
diastolic HF and LV hypertrophy, showed that the dosage of MMP-2 and procollagen
III N-terminal propeptide (PIIINP) together, were shown to be biomarkers that predict
HFpEF better than NT-proBNP dosing alone [45]. MMP-2, MMP-9 and TIMP-1 have also
been recognized as highly valuable biomarkers for predicting the risk of death in patients
with HF [46].

In addition to being a biomarker, the participation of MMP-2 in the development of HF
was suggested due to its role in the degradation of components of the myocardial matrix
and the regulation of the fibrotic process, contributing to progressive dilation of the cardiac
chambers, reduction in heart compliance and driving problems. In this context, MMP-2 is a
key protease in the maladaptive remodeling process of the heart [20,40,41]

The role of MMP-2 in developing cardiac injury and dysfunction was demonstrated
in a transgenic model of MMP-2 overexpression. Interestingly, this model showed that
an increase in MMP-2 levels in the heart is sufficient to induce ventricular dysfunction,
with myocyte hypertrophy, contractile protein lysis and cardiac fibrosis, even without a
pathological process [47]. Furthermore, when subjected to ischemia and reperfusion injury,
those animals that overexpress MMP-2 have higher infarction areas, lipid peroxidation and
cardiac dysfunction compared to normal animals [48].

For a better understanding of the involvement of MMP-2 in pathological processes
that lead to HF, the hearts of rats that suffered ischemia and reperfusion were evaluated,
and there was an increase in the production of reactive species, including peroxynitrite
(ONOO−) associated with MMP activation, before being secreted into the extracellular
environment [36,49]. As a result, MMP-2 promoted proteolysis of contractile machinery pro-
teins, including titin [50], troponin I [51], myosin light chain [52,53] and alpha-actinin [54].
In this experimental model, the disruption of the cell cytoskeleton by MMP-2 is involved in
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the decrease in myocardial contractility, with oxidative stress being the main factor related
to the increase in MMP-2 activity. Thus, decreasing the oxidative stress or inhibiting the
catalytic activity of MMP-2 may be a therapeutic target.

The redox imbalance in cardiomyocytes during ischemia also leads to the activation of
alternative MMP-2 promoters, producing an N-Terminal Truncated isoform called NTT-
MMP-2, constitutively active and present in mitochondria, altering energy metabolism
and mitochondrial function and activation of the innate immune response [33]. In addi-
tion, overexpression of NTT-MMP-2 in mouse hearts results in LV hypertrophy, intense
inflammatory cell infiltration, cardiomyocyte apoptosis and cardiac dysfunction [55].

Studies with knockout mice for MMP-2 were performed to confirm the participation
of MMP-2 in HF after acute myocardial infarction. The absence of MMP-2 did not change
the infarct area. However, the animals showed less LV dilation and increased survival
than wild animals [56]. MMP-2 deletion was also beneficial in mice subjected to increased
cardiac preload, in which they showed decreased myocyte hypertrophy and improved
fibrosis and cardiac dysfunction [57].

On the other hand, inhibition of MMP-2 at below baseline levels can become an
issue [58]. This was demonstrated in a preclinical study using MMP-2−/− mice with
cardiac overexpression of TNF-α showing decreased survival, LV contractile dysfunction,
and increased infiltration of inflammatory cells of the myocardium [59]. Another study
with MMP-2−/− mice infused with angiotensin II showed that MMP-2 deletion did not
affect the severity of hypertension but caused cardiac hypertrophy to develop earlier and
to a greater extent than in wild-type animals [60]. Furthermore, clinical studies have
shown that patients with loss of MMP-2 function due to mutations in the MMP-2 gene
are predisposed to a complex multisystem syndrome involving abnormalities of cardiac
development [61,62].

The manipulation of MMP-2 genes helped us to confirm its participation in the patho-
physiology of HF. However, when we analyzed the studies mentioned above, we realized
that an exacerbated increase in activity or expression and the complete deletion of this
protease is harmful during HF’s evolution. In this way, the ideal would be to modulate
the levels and the activity of MMP-2 to prevent functional dysfunction caused by the
remodeling of the heart. Therefore, the use of molecules that can inhibit MMP-2 may work
as an effective treatment for the progression of HF.

4. The Development of Inhibitors for MMPs and Their Use as a Pharmacological Tool
in Disease

The understanding of the role of MMPs in the pathophysiology of cardiovascular dis-
eases, neurodegenerative disorders such as Parkinson’s and Alzheimer’s and cancer raised
the hypothesis of the importance of regulating these prostheses as a way to stop changes in
physiological processes such as angiogenesis, tissue remodeling, healing, migration cell,
activation of signaling molecules and immunity [63]. Table 3 summarizes the different
MMP inhibitors and their characteristics.

MMPs have endogenous inhibitors, including α2-macroglobulin, a protease secreted
by the liver, that binds to MMPs in plasma, preventing them from degrading their substrates.
Tissue MMPs are inactivated by TIMPs, with four members that make up this family:
TIMP-1 to 4. TIMPs can inhibit all MMPs, but with different specificities for each one of
them [64]. TIMPs have been used as a therapeutic tool in several diseases to modulate
MMPs. However, without favorable results, possibly because they share similar pathways
without directly interfering with each other’s role [63].
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Table 3. Development of MMP inhibitors and their characteristics.

Class of MMP Inhibitors Inhibitor (Alternative Names) Characteristics

Endogenous inhibitors α2-macroglobulin and TIMPs

It traps MMPs in the plasma, preventing them
from degrading their substrates.

It inhibits tissue MMPs and has four members:
TIMP-1 to 4. TIMPs can inhibit all MMPs, but

with different specificities.

Hydroxamate-based inhibitors Batimastat and Marimastat
They are designed to mimic the natural
peptide substrate (collagen) of MMPs. It

targets the catalytic site of MMPs.

The new generation of
hydroxamate-based inhibitors Cipemastat and MMI-166

They were developed with a sulfonamide and
a zinc-binding hydroxamate group, in addition
to the substitution of an aryl group, generating

a compound with more specificity.
It targets the catalytic site of MMPs.

Non-hydroxamate inhibitors Rebimastat and Tanomastat

They were designed with various
peptidomimetics and non-mimetics, not

limited to mimicking the substrate of MMPs.
It targets the catalytic site of MMPs.

Inhibitors targeting alternative
binding sites

BMS-275291 and specific MMP-13
inhibitor (provided by Pfizer, Ann

Arbor, MI, USA)

Highly selective, unlike previous MMP
inhibitors, because it does not bind to catalytic

zinc ion and is not competitive for substrate
binding. They target alternative, less conserved

binding sites.

The first class of synthetic molecules used as inhibitors of MMPs was based on hydrox-
amate. These compounds were designed to mimic the natural peptide substrate (collagen)
of MMPs associated with a group that can chelate the Zn2+ ion of the catalytic site, thus
favoring broad-spectrum inhibition [65,66]. An example of this type of drug was batimastat,
which could inhibit MMP-9 and slow the growth of solid tumors in preclinical trials [67].
In a double-blind prospective clinical trial, this drug was used to inhibit MMPs, as an
adjuvant treatment in patients with small-cell lung cancer. However, it did not improve
survival, decreasing the quality of life of patients who used it [68]. Another example of a
hydroxamate-based drug was marimastat, a structural analog of batimastat, which showed
favorable results in most preclinical studies in tumor models, thus serving as a basis for
clinical trials [69]. A series of phase I, phase II and phase III tests were performed against
solid metastatic tumors, with significant depletions in the increase in tumor markers being
observed. However, in phase III studies, patients showed musculoskeletal toxicity, which
may be associated with inhibition of ADAM and ADAMTS family members [66,70–72].
This class of hydroxamate-based inhibitors was able to inhibit several MMPs, including
MMP-1, MMP-2, MMP-7 and MMP-9, showing benefits in preclinical trials but failed in
clinical trials mainly due to their nonspecificity promoting combined inhibition of several
MMPs resulting in musculoskeletal syndrome (arthralgia, myalgia and tendinitis) [63,66].
In addition, these drugs may have been introduced too late to modify a pathological
condition, which could explain their failure in clinical trials. Therefore, first-generation
hydroxamate-based molecules were discontinued after clinical trials failed.

However, a new generation of hydroxamate-based molecules was developed, pre-
senting a sulfonamide and a zinc hydroxamate linking group and substituting an aryl
group, generating a compound with more specificity to minimize the adverse effects of the
previous generation triggered. Its development uses structure-activity relationship analysis
(SAR), which helps identify molecular substructures related to the presence or absence of
biological activity [63]. Cipemastat, used in treating patients with rheumatoid arthritis
and osteoarthritis, is an example of this class. It was able to inhibit MMP-1, MMP-3 and
MMP-9 more selectively. However, it did not prevent the progression of joint damage [66].
MMI-166 is selective for MMP-2, MMP-9 and MMP-14 and decreases the cellular invasion
of cervical carcinoma in vitro. However, there was no suppression of the proliferation of
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tumor cells [66,73]. A recurring limitation in the use of these inhibitors was the premature
metabolism suffered by the drug, leading to the loss of the hydroxamate group that binds
with zinc. Despite the difficulties encountered in the therapeutic use of this new generation
of inhibitors, there is still significant interest in developing drugs derived from hydroxamic
acid, as these compounds are the most potent inhibitors of MMP available to date [63].

The search for molecules with lower metabolic lability and more stable bonds to the
Zn2+ ion of the catalytic site led to the development of compounds derived from phospho-
ric acid, hydantoins and carboxylates, usually called non-hydroxamate MMP inhibitors.
Next-generation MMP inhibitors have been designed with a variety of peptidomimet-
ics and non-mimetics, not limited to mimicking their substrates [63]. One of the first
non-hydroxamate MMP inhibitors developed was Rebimastat, a broad-spectrum inhibitor
containing a thiol group that binds to zinc. Phase II clinical trials in early-stage breast
cancer and a phase III study in lung carcinoma using this compound as adjuvant ther-
apy discontinued treatment because patients experienced arthralgia consistent with MMP
inhibitor-induced toxicity [74,75]. Another tanomastat inhibitor showed good tolerability
and variable efficacy that depended on the timing of administration concerning disease
progression [76,77]. Several biphenyl sulfonamide carboxylate-based MMP inhibitors have
been designed to treat osteoarthritis by inhibiting MMP-13.

Substances such as polyphenols, flavonoids and carotenoids, obtained from natural
products, can inhibit MMPs, with photoprotective and antioxidant properties. For example,
P. leucotomos inhibits the expression of MMPs in epidermal keratinocytes and fibroblasts
and stimulates TGF-β in skin fibroblasts by decreasing lipid peroxidation and oxidative
stress [78,79]. Xanthohumol directly inhibits MMP-1, MMP-3 and MMP-9 while increasing
the expression of collagen types I, III and V, fibrillin-1 and 2 in dermal fibroblasts [80].
Lutein prevents photoaging by inhibiting MMPs and oxidative stress, reducing epidermal
hyperproliferation, expanding mutant keratinocytes, and mast cell infiltration in response
to solar radiation [81,82]. The photoprotective activity presented by these compounds
is probably associated with a decrease in the degradation of collagen fibers by MMP-1
and MMP-2 and of elastin fibers by MMP-2 and MMP-9 as well as by stimulating TGF-β
in fibroblasts, which inhibits MMP-1 and stimulates collagen production [78]. Tetracy-
cline antibiotics, such as doxycycline and minocycline, have an innate inhibitory capacity
for MMPs [63,66].

To reduce off-target effects and to avoid broad inhibition of MMPs, due to their
high structural homology, current inhibitors are being designed to target alternative, less
conserved binding sites. Using crystallography and X-rays combined with computational
methods allows the modeling of drug-protein interactions with inhibitors that bind to other
sites. In addition, combining techniques with computational prediction revealed hidden
sites in the structure of MMPs that can be explored for the rational design of new molecular
effectors and therapeutic agents [63,66]

5. Use of Nonspecific and Specific Inhibitors for MMP-2 in HF

Preclinical studies demonstrate that a therapeutic approach to MMP-2 inhibition may
be a promising strategy for treating patients with HF. ONO-4817 a selective inhibitor, has
shown beneficial results in an ischemia and reperfusion model, improving contractile
dysfunction, associated with decreased MMP-2 activity and titin proteolysis [50]. In addi-
tion, it showed promising results in attenuating LV remodeling and myocardial fibrosis
in mice treated with doxorubicin, a drug used in cancer patients that is cardiotoxic and
leads to HF, by increasing oxidative stress and MMP-2 activity [83]. Collectively these
studies support the hypothesis that inhibiting MMPs by selectively using ONO-4817 has
therapeutic potential, as this compound selectively inhibits MMP2, significantly decreasing
the extent of lesions and disease severity. Furthermore, it cannot inhibit MMP-1, which has
been associated with adverse effects triggered by hydroxamate-based inhibitors.

Antibiotics of the tetracycline class, such as doxycycline, which has an innate inhibitory
capacity for MMPs, with greater specificity for MMP-2, MMP-9 and MMP-8, have also
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been used in models of cardiac injury. In preclinical trials, doxycycline prevented the
conversion of concentric hypertrophy to eccentric hypertrophy of the LV during hyperten-
sion. This effect was associated with decreased MMP-2 activity and reduced troponin I
and dystrophin proteolysis, thus improving the mechanical stability of cardiomyocytes
and the contractile function [84]. On the other hand, doxycycline could not reduce scar
thinning and compensatory LV hypertrophy, despite having decreased MMP-2 and MMP-9
activity in a model of acute myocardial infarction with LV dysfunction. These findings
draw attention to the non-selective inhibition of MMPs in the initial healing phase after
IM [85]. Doxycycline is an antibiotic capable of inhibiting MMPs at subantimicrobial doses
and is currently the only FDA-approved MMP inhibitor for the treatment of periodontal
disease [86]. In addition, it shows benefits in other conditions such as abdominal aortic
aneurysm [87], arterial hypertension [88–92] and acute myocardial infarction [93].

Clinical studies that evaluated the effects of doxycycline on HF showed results de-
pendent on the dose used and the etiology. For example, patients with acute myocardial
infarction (40% of patients with HFrEF) were treated with doxycycline 100 mg as ad-
junctive therapy. They improved diastolic function and decreased the infarct area [94].
On the other hand, two randomized clinical trials that evaluated the effects of adjuvant
treatment with doxycycline at a dose of 20 mg in patients with coronary artery disease
and atherosclerosis showed no improvement in cardiac dysfunction parameters and sud-
den death outcomes [95,96]. The pathophysiological processes that trigger the damage
and cardiac remodeling are closely correlated with the therapeutic response and the dose
used since the preferential inhibition of specific MMPs are associated with the dose of
doxycycline used as well time of therapy instituted.

The adverse effects of non-selective MMP inhibition are reinforced by the clinical study
in patients with acute myocardial infarction and HFpEF, which evaluated the impact of
the inhibitor PG-116800 (oral MMP inhibitor with an affinity for MMP-2, MMP-3, MMP-8,
MMP-9, MMP-13 and MMP-14 and low affinity for MMP-1 and MMP-7). The PG-116800-
treated group showed no improvement in heart function and death rates compared to the
placebo. Unfortunately, this study was discontinued due to the development of muscu-
loskeletal toxicity with no apparent benefit following administration of PG-116800 [97].
Therefore, we emphasize the importance of using inhibitors as an adjuvant therapy with
greater specificity and fewer off-target effects.

In this way, using more selective inhibitors aimed at binding to alternative, less
conserved sites can be a therapeutic strategy in HF, minimizing the adverse effects of
nonspecific inhibitors. For example, TISAM, an N-sulfonylamino acid derivative, which
selectively inhibits MMP-2, was used in a model of acute myocardial infarction, improving
survival rate, preventing cardiac rupture and delaying post-infarction remodeling. These
benefits were associated with decreased MMP-2 activity and macrophage infiltration into
cardiac tissue [56].

Using chemical modeling to inhibit MMP-2 selectively, the inhibitors MMPI-1154,
MMPI-1260 and MMPI-1248 were developed. MMPI-1154 and MMPI-1260 showed efficacy
in reducing infarct size associated with decreased MMP-2 activity [98,99]. However, despite
the potential of the TISAM, MMPI-1154 and MMPI-1260, these compounds have not
been tested in other preclinical, experimental models of HF and clinical studies have not
been conducted.

The selective inhibition of MMP-2 was also evaluated with siRNA technology. MMP-2
deletion in cardiomyocytes isolated from adult rats undergoing ischemia and reperfusion
injury prevented contractile dysfunction associated with decreased MLC1/2 degrada-
tion [100]. The encapsulation of siRNA for MMP-2 in a hydrogel to improve cell penetra-
tion was also investigated in an in vivo acute infarction model. Positive effects on heart
hemodynamics were observed, where the reduction in MMP-2 in cardiomyocytes led to the
maintenance of cardiac output and ejection fraction [101]. Together, the studies that used
compounds or technology of selective inhibition of MMP-2 reinforce that this protease can
be a therapeutic target in the treatment of HF.

87



Pharmaceuticals 2022, 15, 920

Clinical studies evaluating the effects of statins on MMP-2 inhibition (atorvastatin,
rosuvastatin and pravastatin) in patients with HFrEF after acute myocardial infarction
showed decreased serum MMP-2 levels associated with a reduction in the number of
deaths and hospital readmission [102–104]. These studies did not assess whether these
drugs directly inhibit MMP-2, but statins are known to decrease inflammation and ox-
idative stress [105,106], which may be related to the results found in reduced serum
levels of MMP-2.

Drugs used in the treatment of hypertension, such as verapamil, carvedilol and
trimetazidine, have shown positive effects on cardiac function and remodeling associated
with decreased activity and expression of MMP-2 [107–109]. Low-dose carvedilol is cardio-
protective and inhibits MMP-2 activity in an ischemia/reperfusion model [109]. Verapamil
has been shown to reduce MMP-2 activity by decreasing oxidative stress and calpain-1 that
regulates MMP-2 activity in a model of HF induced by hypertension [108]. At the same
time, trimetazidine has reduced MMP-2 expression by decreasing oxidative stress in an
animal model of myocardial infarction [107]. Table 4 summarizes the non-selective and
selective MMP-2 inhibitors evaluated in preclinical and clinical studies of HF.

It is evident that MMP-2 plays an essential role in cardiac injury and HF development.
Preclinical studies better explain the pathophysiological mechanisms involving extracellular
matrix proteins. Clinical evidence indicates that selective inhibition of MMPs is optimal,
as non-selective inhibition with MMP-inhibiting compounds is associated with loss of
response and adverse reactions, possibly through inhibition of MMPs essential for body
homeostasis. It is noteworthy that more clinical studies involving selective and non-
selective MMP-2 compounds are needed, as the use of inhibitors for MMP-2 has shown
promise as adjuvant therapy for HF in preclinical models. In addition, the use of drugs
already used in the clinic can be an alternative for inhibiting MMP-2, having the advantage
of safety in its use.

Table 4. Non-selective and selective MMP-2 inhibitors were evaluated in preclinical and clinical
studies of HF.

Non-Selective
Inhibitor Species Disease Comments References

Doxycycline Rats Renovascular hypertension
with HF

Prevented the conversion of concentric
hypertrophy to eccentric hypertrophy in

the LV, associated with decreased
MMP-2 activity and reduced troponin I

and dystrophin proteolysis

[84]

Doxycycline Mice Model of acute myocardial
infarction with HF

It has not reduced scar thinning and
compensatory LV hypertrophy, despite

having decreased MMP-2 and
MMP-9 activity

[85]

Doxycycline
(Adjuvant therapy) Humans Acute myocardial infarction

(40% of patients with HFrEF)
Improved diastolic function and

reduced infarct area [94]

Doxycycline
(Adjuvant therapy) Humans Coronary artery disease

and atherosclerosis

There was no improvement in cardiac
dysfunction parameters and sudden

death outcomes
[95,96]

PG-116800
(Adjuvant therapy) Humans Acute myocardial infarction

(HFpEF) with HF

No improvement in heart function
and death rates
Development of

musculoskeletal toxicity

[97]

88



Pharmaceuticals 2022, 15, 920

Table 4. Cont.

Non-Selective
Inhibitor Species Disease Comments References

MMP-2 selective inhibitor

ONO-4817 Mice Ischemia and reperfusion
model with HF

Shown to improve contractile
dysfunction associated with decreased
MMP-2 activity and titin proteolysis

[50]

ONO-4817 Mice
Model of

doxorubicin-induced
cardiotoxicity

Attenuated LV remodeling and
myocardial fibrosis [83]

TISAM Mice Model of acute myocardial
infarction with HF

It improved survival rate by
preventing cardiac rupture and

delaying post-infarction remodeling
[56]

MMPI-1154, MMPI-1260
and MMPI-1248

(Chemical Modeling)
Mice Model of acute myocardial

infarction with HF

They showed inhibitory activity on
MMP-2, associated with a reduction in

the infarct area
[98,99]

siRNA for MMP-2 Mice Ischemia and reperfusion
model with HF

It prevented contractile dysfunction
associated with decreased
degradation of MLC1/2

[100]

Hydrogel encapsulated
siRNA for MMP-2 Mice Model of acute

myocardial infarction
Improved cardiac output and

ejection fraction [101]

Statins
(Atorvastatin,

Rosuvastatin and
Pravastatin)

Humans Acute myocardial
infarction (HFrEF)

Decreased serum MMP-2 levels are
associated with a reduced number of

deaths and hospital readmission
[102–104]

Antihypertensive drugs
(Verapamil, Carvedilol

and Trimethazine)
Mice and rats

Ischemia/reperfusion model;
Model of HF induced by

hypertension and
Myocardial Infarction Model

Positive effects on cardiac function
and remodeling associated with

decreased activity and expression
of MMP-2

[107–109]

Selective inhibitors for MMP-2 tested in a multitude of diseases may be a plausible
alternative in the treatment of HF, but the safety profile, possible adverse effects, and
clinical results must be taken into account [110–115]. In addition, as a future perspective,
the use of computational modeling as a tool can help predict the behavior of a molecule
in non-living systems. Besides that, structure-activity relationship (SAR) analysis helps
identify molecular substructures related to the presence or absence of biological activity.
Finally, genomic engineering, such as clustered regularly interspaced short palindromic
repeat (CRISPR), has a potential future in treating cardiovascular diseases, including HF.

6. Conclusions

Modulation of MMP-2 by non-selective or specific inhibitors has the potential to
provide new directions for studying the mechanisms underlying various heart diseases,
including HF. In addition, it has potential as a therapeutic tool for clinical practice and
could have a significant impact on the development of new approaches to protect against
cardiac remodeling and dysfunction in HF.
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Abstract: Matrix metalloproteinase 2 (MMP-2) is activated in hearts upon ischemia-reperfusion
(IR) injury and cleaves sarcomeric proteins. It was shown that carvedilol and nebivolol reduced
the activity of different MMPs. Hence, we hypothesized that they could reduce MMPs activation
in myocytes, and therefore, protect against cardiac contractile dysfunction related with IR injury.
Isolated rat hearts were subjected to either control aerobic perfusion or IR injury: 25 min of aerobic
perfusion, followed by 20 min global, no-flow ischemia, and reperfusion for 30 min. The effects
of carvedilol, nebivolol, or metoprolol were evaluated in hearts subjected to IR injury. Cardiac
mechanical function and MMP-2 activity in the heart homogenates and coronary effluent were
assessed along with troponin I content in the former. Only carvedilol improved the recovery of
mechanical function at the end of reperfusion compared to IR injury hearts. IR injury induced the
activation and release of MMP-2 into the coronary effluent during reperfusion. MMP-2 activity in the
coronary effluent increased in the IR injury group and this was prevented by carvedilol. Troponin
I levels decreased by 73% in IR hearts and this was abolished by carvedilol. These data suggest
that the cardioprotective effect of carvedilol in myocardial IR injury may be mediated by inhibiting
MMP-2 activation.

Keywords: β-blockers; carvedilol; matrix metalloproteinase-2; ischemia-reperfusion injury; isolated
heart perfusion

1. Introduction

β-blockers improve the oxygen supply/demand ratio by reducing myocardial oxygen
consumption via a decrease in heart rate and myocardial contractility [1]. Several clinical
studies showed the ability of β-blockers to decrease the incidence of coronary heart disease
and mortality in patients with coronary heart disease and acute coronary syndromes [2,3].
The first generation β-blockers are represented by propranolol, sotalol, oxprenolol and
nadolol, the second by metoprolol, atenolol, and bisoprolol, and the third by carvedilol,
nebivolol, and labetalol [3]. The cardioprotective effects of different β-blockers were
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tested on animal models. It was shown that carvedilol and nebivolol possess superior
cardioprotective efficacy as compared to other β-blockers which failed to protect the
myocardium against IR injury [4–9]. These observations suggest that the protective activity
of some β-blockers is most probably unrelated to β-adrenoceptor inhibition but to other‘-
ancillary’- properties.

Carvedilol (CAR) is a third generation, non-selective β-blocker which also possesses
α-blocker and anti-oxidant properties. It may prevent oxidative stress-induced activation
of transcription factors associated with inflammatory and remodeling processes and inhibit
the direct cytotoxicity of reactive oxygen and nitrogen species [10]. It was shown to inhibit
MMP-8 in coxackie virus-induced myocarditis and MMP-2 and MMP-9 expression in exper-
imental atherosclerosis [11,12]. As we previously described, CAR reduces the contractile
dysfunction of heart muscle by attenuation of MMP-2 activity and decreased degradation
of troponin and myofilaments in hearts subjected to experimental autoimmune myocardi-
tis [13]. Nebivolol (NEB) is a third generation, highly selective β1-adrenoceptor antagonist
endowed with the ability to induce nitric oxide release from the endothelium [14]. More-
over, it was shown to attenuate MMP-2 and MMP-9 activities in experimental renovascular
hypertension and renal IR injury [15,16]. In contrast, metoprolol (MET) represents a second
generation, selective β1-adrenoceptor antagonist with no pleiotropic actions disclosed.

IR injury occurs as a result of acute oxidative stress following reperfusion after is-
chemia. It can be described as a cascade of pathophysiological events including the biosyn-
thesis of reactive oxygen and nitrogen species and cytokines and activation of MMPs,
in particular MMP-2 [17–19]. Although MMPs are primarily known for their ability to
cleave substrates in the extracellular matrix, it was also shown that the acute contractile
dysfunction in IR injury is also caused by the activation of intracellularly localized MMP-2
which results in troponin I, myosin light chain-1, α-actinin and titin degradation [20,21].

The properties of CAR and NEB to inhibit MMPs, and thus, prevent the degradation
of sarcomeric proteins, such as troponin I may provide the underlying pharmacologic
rationale for the use of these drugs as a first choice for acute coronary syndromes. The
present study was, therefore, performed to test the hypothesis that the cardioprotective
action of CAR or NEB in the setting of IR injury is related to their ability to inhibit MMPs
activity and troponin I degradation in heart tissue.

2. Results
2.1. Carvedilol Protects Hearts from Ischemia-Reperfusion Injury

Stable mechanical function of hearts perfused for 75 min in aerobic conditions was
observed (data not shown). IR injury caused a significant reduction in the heart rate and
mechanical function recovery expressed as LVDP and RPP in the reperfusion period
(Figure 1a–c). CAR 0.1 µM significantly improved the recovery of mechanical function at
the end of the reperfusion period in comparison to the control IR injury group (p < 0.01;
Figure 1a). The higher CAR concentrations, as well NEB and MET in all tested concentra-
tions, did not significantly improve the recovery after IR injury (Figure 1a–c).

2.2. Carvedilol Influences MMP-2 Activity

The differences when comparing MMP-2 activities in the coronary effluent between
carvedilol treated groups were not significant (Figure 2a). Additionally, at higher CAR
concentrations, as well as with NEB and MET at all tested concentrations, there were no
significant differences between groups (data not shown).

Nevertheless, a significant increase of MMP-2 activity in the coronary effluent, calcu-
lated as the ratio of 45 and 25 min perfusion time values was seen in IR injury group,
as well as CAR 1 and CAE 10 groups in comparison with the C group (p < 0.0001;
Figure 2c–e). This increase in MMP-2 activity was significantly lower in the IR injury
with CAR 0.1 µM group (Figure 2c). NEB and MET in all tested concentrations had no sig-
nificant influence on the increase of MMP-2 activity evoked by IR which was significantly
higher than in the C group (p < 0.0001, Figure 2d,e).
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Figure 1. (a–c). Effect of carvedilol, metoprolol and nebivolol on cardiac mechanical function after
20 min of ischemia (a) Effect of carvedilol on cardiac mechanical function after 20 min of ischemia.
(b) Effect of metoprolol on cardiac mechanical function after 20 min of ischemia. (c) Effect of carvedilol
on cardiac mechanical function after 20 min of ischemia. The result presented as the rate-pressure
product (heart rate × left ventricular developed pressure) normalized to 15 min aerobic value.
C—control group, aerobically perfused hearts, IR injury—ischemia-reperfusion injury, IR-CAR 0.1–
hearts from IR injury model treated with 0.1 µM carvedilol, IR-CAR 1– hearts from IR injury model
treated with 1 µM carvedilol, IR-CAR 10– hearts from IR injury model treated with 10 µM carvedilol,
IR-MET 0.01—hearts from IR injury model treated with 0.01 µM metoprolol, IR-MET 0.1—hearts
from IR injury model treated with 0.1 µM metoprolol, IR-MET 1—hearts from IR injury model treated
with 1 µM metoprolol, IR-NEB 0.005—hearts from IR injury model treated with 0.005 µM nebivolol,
IR-NEB 0.05—hearts from IR injury model treated with 0.05 µM nebivolol, IR-NEB 0.5—hearts from
IR injury model treated with 0.5 µM nebivolol. * IR vs IR-CAR 0.1, p < 0.05, n = 6, ANOVA.
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 Figure 2. Influence of carvedilol, metoprolol and nebivolol on MMP-2 activity in coronary effluent. (a)
Densitometric analysis of gelatinolytic MMP-2 activities in coronary effluent in samples from perfused
hearts collected at different time points. (b) Representative zymogram showing gelatinolytic activities
in coronary effluent samples from perfused hearts collected at different time points. The 72 kDa MMP-
2 specific activity in coronary effluent samples was assessed by densitometric analysis (c) Log ratio
of 45 vs. 25 min perfusion MMP-2 activities in coronary effluent in carvedilol treated groups. (d) Log
ratio of 45 vs. 25 min perfusion MMP-2 activities in coronary effluent in metoprolol treated groups.
(e) Log ratio of 45 vs. 25 min perfusion MMP-2 activities in coronary effluent in nebivolol treated
groups. Only in the IR CAR 0.01 group there was no significant increase in MMP-2 activity. C—control
group, aerobically perfused hearts, IR injury—ischemia-reperfusion injury, IR-CAR 0.1—hearts from
IR injury model treated with 0.1 µM carvedilol, IR-CAR 1—hearts from IR injury model treated with
1 µM carvedilol, IR-CAR 10—hearts from IR injury model treated with 10 µM carvedilol, IR-MET
0.01—hearts from IR injury model treated with 0.01 µM metoprolol, IR-MET 0.1—hearts from IR
injury model treated with 0.1 µM metoprolol, IR-MET 1—hearts from IR injury model treated with 1
µM metoprolol, IR-NEB 0.005—hearts from IR injury model treated with 0.005 µM nebivolol, IR-NEB
0.05—hearts from IR injury model treated with 0.05 µM nebivolol, IR-NEB 0.5—hearts from IR injury
model treated with 0.5 µM nebivolol. * C vs IR, IR-CAR 1, IR-CAR 10, IR-MET 0.01, IR-MET 0.1,
IR-MET 1, IR-NEB 0.005, IR-NEB 0.05, IR-NEB 0.5, p < 0.05, n = 6, ANOVA.
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MMP-2 activity in the heart tissue was assessed only at the end of the experiment
showing no significant changes between groups (data not shown).

2.3. Carvedilol Has No Effect on MMP-2 Activity In Vitro

Carvedilol did not inhibit the activity of MMP-2 when run out on gel zymograms
incubated with 0.1 µM carvedilol (Figure 3a,b).
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Figure 3. Effect of CAR on MMP-2 activity in vitro. a. Densitometric analysis of gelatinolytic MMP-
2 activities in control gel and gel incubated with addition of 0.1 μM CAR. b. Representative zymo-
grams of MMP-2 activity in control gel (A) and gel incubated with addition of 0.1 μM CAR (B). C—
control group, C+ CAR 0.1—in control gel and gel incubated with addition of 0.1 μM CAR. p > 0.05, 
n = 8, T-test. 
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Real time PCR revealed no significant changes in MMP-2 mRNA expression between 
groups (Figure 4). 

Figure 3. Effect of CAR on MMP-2 activity in vitro. (a) Densitometric analysis of gelatinolytic MMP-2 activities in control
gel and gel incubated with addition of 0.1 µM CAR. (b) Representative zymograms of MMP-2 activity in control gel
(A) and gel incubated with addition of 0.1 µM CAR (B). C—control group, C+ CAR 0.1—in control gel and gel incubated
with addition of 0.1 µM CAR. p > 0.05, n = 8, T-test.

2.4. Carvedilol Does Not Change MMP-2 mRNA Expression in Hearts Subjected to
Ischemia-Reperfusion

Real time PCR revealed no significant changes in MMP-2 mRNA expression between
groups (Figure 4).
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2.5. Carvedilol Does Not Affect MMP-2 Content in Coronary Effluent

IR injury caused a significant increase in MMP-2 content, assessed by western blot, in
coronary effluent in the second minute of reperfusion in both IR and IR-CAR 0.1 groups,
but there were no significant differences between IR and IR-CAR 0.1 groups (Figure 5a,b).
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Figure 5. MMP-2 content in coronary effluents and heart tissue. (a) Densitometric analysis of
MMP-2 content in coronary effluent collected at 2 min of reperfusion after 20 min ischemia in IR
CAR 0.1 group as determined by Western blot. (b) Representative western blot of MMP-2 content
in coronary effluents collected at 2 min of reperfusion after 20 min ischemia in IR CAR 0.1 group.
C—control group, aerobically perfused hearts, IR injury—ischemia-reperfusion injury, CAR 0.1,
aerobically perfused hearts treated with 0.1 µM carvedilol, IR-CAR 0.1—hearts from IR injury model
treated with 0.1 µM carvedilol. * C vs IR, C vs IR-CAR 0.1, CAR 0.1 vs IR, CAR 0.1 vs IR-CAR 0.1,
p < 0.05, n = 5, ANOVA.
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There were no significant differences in MMP-2 content in heart tissue between groups
(data not shown).

2.6. Carvedilol Abolishes Troponin I Level in Heart Tissue

Analysis of troponin I levels in hearts at the end of perfusion showed that IR injury
caused a 73% decrease of the level of 31 kDa troponin I which was abolished in the IR-CAR
0.1 µM group (p < 0.05; Figure 6a,b). This was not observed NEB and MET in all tested
concentrations (Figure 6c,d).
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Figure 6. (a–d) Effect of carvedilol, metoprolol and nebivolol on troponin I content in heart tissue. (a) Densitometric
analysis of TnI content in heart homogenates prepared at 30 min of reperfusion after 20 min ischemia in IR CAR 0.1 group
as determined by Western blot. (b) Representative troponin I (TnI) protein level in heart homogenates prepared at the
end of perfusion in IR CAR 0.1 group as determined by Western blot. (c) Densitometric analysis of TnI content in heart
homogenates prepared at 30 min of reperfusion after 20 min ischemia in metoprolol treated hearts as determined by Western
blot. (d) Densitometric analysis of TnI content in heart homogenates prepared at 30 min of reperfusion after 20 min ischemia
in nebivolol treated hearts as determined by Western blot. Decrease of the level of 31 kDa troponin I was abolished only in
the IR-CAR 0.1 µM group. C—control group, aerobically perfused hearts, IR injury—ischemia-reperfusion injury, IR-CAR
0.1—hearts from IR injury model treated with 0.1 µM carvedilol, IR-CAR 1—hearts from IR injury model treated with 1 µM
carvedilol, IR-CAR 10– hearts from IR injury model treated with 10 µM carvedilol, IR-MET 0.01—hearts from IR injury
model treated with 0.01 µM metoprolol, IR-MET 0.1—hearts from IR injury model treated with 0.1 µM metoprolol, IR-MET
1—hearts from IR injury model treated with 1 µM metoprolol, IR-NEB 0.005—hearts from IR injury model treated with
0.005 µM nebivolol, IR-NEB 0.05—hearts from IR injury model treated with 0.05 µM nebivolol, IR-NEB 0.5—hearts from IR
injury model treated with 0.5 µM nebivolol. * IR vs IR-CAR 0.01, p < 0.05, n = 6, ANOVA.

3. Discussion

This study demonstrates for the first time that the cardioprotective role of carvedilol
(CAR) in experimental IR injury may be caused in part by its ability to inhibit MMP-2
activation. These findings are of clinical importance and suggest a possible beneficial role
of CAR over other β-blockers in preventing contractile dysfunction as a consequence of
IR injury.

Although MMPs were first recognized for their ability to cleave substrates in the
extracellular matrix, more recent studies revealed that hearts undergoing oxidative stress
have increased MMP-2 activity. Moreover, it also acts intracellularly, leading to myocardial
contractile dysfunction by degradation of α-actinin, myosin light chain-1, titin and troponin
I [20,21]. Observations regarding MMPs function in animal hearts with induced IR injury
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have been verified in human studies. Lalu et al. reported an increase of both MMP-2
and MMP-9 activities in human hearts following cardiopulmonary bypass [22]. It was
shown that during cardiopulmonary bypass for coronary artery graft surgery, right atrial
biopsies obtained within 10 min after aortic cross-clamp release had increased activities of
both MMP-2 and MMP-9 which was inversely correlated with the decrease in contractile
function measured 3 h after cross-clamp release [22].

CAR and NEB were both shown to inhibit the activity of various MMPs in conditions
of enhanced oxidative stress related to atherosclerosis, myocarditis, periodontitis, hyper-
tension, or renal IR injury [11–13,15,16]. However, there were no data on the effect of these
drugs on MMP activation in acute IR injury of the heart.

In our study, we showed an improvement in the recovery of cardiac contractile
function in IR injury hearts along with a reduction in MMP-2 release into the coronary
effluent in 0.1 µM CAR treated hearts. Interestingly, only this lowest concentration of
CAR improved the recovery of mechanical function during reperfusion and attenuated
the IR injury-induced MMP-2 release into the coronary effluent. The superior role of this
low concentration of carvedilol in reducing MMPs activation over higher concentrations
was shown in other studies. Jaggi et al. showed that only CAR- 0.1 µM attenuated
IR injury in isolated rat hearts by preventing mast cell degranulation [23]. Similarly, a
low concentration of CAR (0.05 µM) was shown to exert cardioprotective effects, along
with reduction of creatine kinase release, during hypoxia in isolated rat hearts [24]. Our
current results are also consistent with our previous findings showing that the lowest
concentration of CAR was the most effective in inhibiting MMP-2 activity during acute
autoimmune myocarditis [13].

NEB is also known for its anti-MMPs properties [15,16]. However, surprisingly,
we did not observe cardioprotective effects and MMP inhibition with NEB despite its
equivalent potency at β-receptors to CAR in the concentrations used in the experiment. The
explanation of this phenomenon is not straightforward and requires further investigation.
NEB is a third generation, highly selective β1-adrenoceptor antagonist endowed with
the ability to induce NO release from the endothelium [14]. The protective role of NO in
ischemic hearts is exerted by various mechanisms [25–27]. Nevertheless, a negative effect
of NO on cardiomyocytes through the formation of peroxynitrite was when present at
elevated levels also in the presence of superoxide. Mori et al. found that intracoronary
administration of the precursor of nitric oxide L-arginine aggravated myocardial stunning
in dogs via the biosynthesis of peroxynitrite [28]. A similar effect was achieved using an
in vivo canine model with NO donor S-nitroso-N-acetylpenicillamine while NOS inhibition
exerted the opposite effect [29,30]. Therefore, the lack of inhibitory action of NEB on MMPs
in IR injury of the heart may be, at least in part, explained by overproduction of NO
by NEB.

MMPs cause acute cardiac mechanical dysfunction by cleaving sarcomeric proteins,
such as troponin I [20]. Furthermore, impaired cardiac contractile function and reduced
levels of troponin I were shown in cardiomyocytes of transgenic mice with cardiac specific
expression of active MMP-2 [31]. Therefore, inhibition of MMP activity should reduce
troponin I degradation. In our study, we showed that in homogenates prepared from
IR injury hearts that the troponin I levels were the highest in the IR-CAR 0.1 µM group.
These results are in line with previous data showing the effect of CAR on troponin I in
patients with adriamycin-induced cardiotoxicity [32] and our previous findings regarding
the protective role of CAR on the level of troponin in acute myocarditis along with MMP-2
activity inhibition [13].

The main limitation of our study is that, based on our results, we cannot directly say
what is the exact mechanism responsible for the decrease in MMP-2 activity by carvedilol.
Based on the results of in vitro experiment we can exclude the direct effect of carvedilol
on MMP-2 activity. We can also exclude changes at the transcriptional level as we did not
observe differences in MMP-2 mRNA expression between groups, indicating that carvedilol
regulates MMPs at the post-transcriptional level. Western blot analysis of MMP-2 content in
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coronary effluent revealed that there were no changes between the IR and IR-CAR 0.1 µM
group while the increase in MMP-2 activity assessed in zymography was significantly
lower in the IR injury with CAR 0.1 µM group than in the IR group. Moreover, a decrease
in MMP-2 activity in the effluent from hearts treated with carvedilol was accompanied
by a decrease in tissue troponin I degradation. These results indicate that the changes of
MMP-2 activity resulted from its activation in heart tissue and subsequent release into the
coronary effluent in the settings of IR but not from changes in enzyme localization. Further
research is needed to explain the exact mechanism by which carvedilol inhibits the activity
of MMP-2.

Another limitation of our study is that we did not observe significant changes in
MMP-2 tissue activity. However, the tissue MMP-2 activity was assessed only at 30 min of
reperfusion, but not within the first two minutes. As a result of reperfusion injury following
myocardial ischemia, we showed a rapid and enhanced release of MMP-2 into the coronary
effluent which peaked within the first 2 min of reperfusions shown by [19]. As the increased
release of activated MMP-2 results from its intracellular activation, consequently, MMP-2
tissue activity at the beginning of reperfusion should be increased. The lack of increased
MMP-2 activity in heart homogenates at the end of reperfusion is due to its release from
isolated hearts as shown by Cheung et al. [33]. Again, troponin I levels in heart tissue
may serve as indirect evidence of MMP activation [19]. Despite this limitation, we suggest
that the effects of carvedilol on postischemic cardiac contractility and troponin levels we
observe may be due to its ability to inhibit MMP-2 activation and subsequent release.

4. Materials and Methods
4.1. Animals

All β-blockers (CAR, NEB, MET) were purchased from Sigma-Aldrich (Poznan,
Poland). Hearts were obtained from male Wistar rats, weighing 250–350 g, purchased from
the Laboratory Animal Center, Wroclaw Medical University.

4.2. Heart Perfusion Protocol

Rats were anesthetized with thiopental (75 mg/kg) given intraperitoneally. Af-
ter sternotomy, hearts were excised and immersed with ice-cold Krebs–Henseleit solu-
tion (0.5 mmol/L EDTA, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 3 mmol/L CaCl2,
4.7 mmol/L KCl, 11 mmol/L glucose, 25 mmol/L NaHCO3, and 118 mmol/L NaCl),
gassed with a mixture of 95% O2 and 5% CO2 in pH 7.4. Then the aorta was cannulated
and coronary perfusion with Krebs–Henseleit solution was initiated. Perfusion solution
was delivered at constant pressure (60 mmHg) and temperature (37 ◦C). Left ventricular
pressure was monitored by fluid filled latex balloon inserted into the left ventricle. Heart
rate was also monitored during the experiments. Left ventricular developed pressure
(LVDP) was calculated as the difference between systolic and diastolic pressure of the left
ventricular. Cardiac mechanical function was expressed as the heart rate-pressure product
(RPP) (calculated as the product of the spontaneous heart rate and LVDP).

The hearts were aerobically perfused for 25 min, then for 20 min subjected to global,
no-flow normothermic ischemia and finally aerobically reperfused for 30 min (Figure 7).
Control hearts were perfused for 75 min in aerobic conditions. The β-blockers (CAR, NEB,
or MET) were infused into the hearts 10 min prior to the onset of ischemia and for the first
10 min of reperfusion, or for 40 min of the control aerobic perfusion (from 15 to 55 min
of perfusion). The heart perfusion apparatus had separate perfusion solution reservoirs
and a switching valve which allowed the selection between solutions with or without
added drugs. MET was dissolved directly into Krebs–Henseleit solution. CAR and NEB
were dissolved in dimethyl sulfoxide (DMSO) and subsequently diluted at the desired
concentrations with Krebs–Henseleit solution. The concentration of DMSO reaching the
heart was < 0.5% (v:v). Samples of coronary effluent for analysis were collected for an equal
time of 2 min immediately prior to ischemia and after 2 and 30 min after reperfusion. At

105



Pharmaceuticals 2021, 14, 1276

the end of the protocol, hearts were freeze clamped in liquid nitrogen and stored at −80 ◦C
for subsequent biochemical analysis.

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 15 of 18 
 

 

Cardiac mechanical function was expressed as the heart rate-pressure product (RPP) (cal-
culated as the product of the spontaneous heart rate and LVDP). 

The hearts were aerobically perfused for 25 min, then for 20 min subjected to global, 
no-flow normothermic ischemia and finally aerobically reperfused for 30 min (Figure 7). 
Control hearts were perfused for 75 min in aerobic conditions. The β-blockers (CAR, NEB, 
or MET) were infused into the hearts 10 min prior to the onset of ischemia and for the first 
10 min of reperfusion, or for 40 min of the control aerobic perfusion (from 15 to 55 min of 
perfusion). The heart perfusion apparatus had separate perfusion solution reservoirs and 
a switching valve which allowed the selection between solutions with or without added 
drugs. MET was dissolved directly into Krebs–Henseleit solution. CAR and NEB were 
dissolved in dimethyl sulfoxide (DMSO) and subsequently diluted at the desired concen-
trations with Krebs–Henseleit solution. The concentration of DMSO reaching the heart 
was < 0.5% (v:v). Samples of coronary effluent for analysis were collected for an equal time 
of 2 min immediately prior to ischemia and after 2 and 30 min after reperfusion. At the 
end of the protocol, hearts were freeze clamped in liquid nitrogen and stored at −80 °C for 
subsequent biochemical analysis. 

 
Figure 7. Experimental protocol for isolated heart perfusions. Detailed description in Material and 
methods part, “heart perfusion protocol” section. * show times when coronary effluent samples 
were collected during aerobic perfusion (23–25 min) and in the first 2 min of reperfusion (45–47 
min). 

4.3. Experimental Groups 
The hearts were randomly divided into the following 20 experimental groups (n = 6 

hearts per group) in aerobic or anaerobic (IR) conditions either with no drug or with three 
different concentrations of tested drugs: CAR (0.1, 1, 10 μM), NEB (0.005, 0.05, 0.5 nM) 
and MET (0.01, 0.1, 1 μM). 

4.4. Preparation of Heart Extracts and Concentration of Coronary Effluent 
Frozen hearts were crushed into a powder with a mortar and pestle at liquid nitrogen 

temperature and stored at −80 °C. Prior to the biochemical analysis, the tissue powder was 
homogenized in 50 mmol/L Tris-HCl (pH 7.4) containing 1 mmol/L dithiothreitol, 3.1 
mmol/L sucrose, 2 μg/mL aprotinin, 10 μg/mL soybean trypsin inhibitor, 10 μg/mL 
leupeptin, and 0.1% Triton X-100. The samples of coronary effluent were concentrated at 
4 °C 30-fold using Centricon-10 concentrating vessels purchased from Merck Millipore 
(Poznan, Poland). The supernatant was collected and stored at −80 °C for analysis. Protein 
content in both effluent and homogenates was analyzed using Bradford Protein Assay 
(Bio-Rad, Warszawa, Poland) and bovine serum albumin used as a protein standard. 

4.5. Measurement of MMP-2 by Gelatin Zymography 

Figure 7. Experimental protocol for isolated heart perfusions. Detailed description in Material and
methods part, “heart perfusion protocol” section. * show times when coronary effluent samples were
collected during aerobic perfusion (23–25 min) and in the first 2 min of reperfusion (45–47 min).

4.3. Experimental Groups

The hearts were randomly divided into the following 20 experimental groups (n = 6
hearts per group) in aerobic or anaerobic (IR) conditions either with no drug or with three
different concentrations of tested drugs: CAR (0.1, 1, 10 µM), NEB (0.005, 0.05, 0.5 nM) and
MET (0.01, 0.1, 1 µM).

4.4. Preparation of Heart Extracts and Concentration of Coronary Effluent

Frozen hearts were crushed into a powder with a mortar and pestle at liquid nitrogen
temperature and stored at −80 ◦C. Prior to the biochemical analysis, the tissue powder
was homogenized in 50 mmol/L Tris-HCl (pH 7.4) containing 1 mmol/L dithiothreitol,
3.1 mmol/L sucrose, 2 µg/mL aprotinin, 10 µg/mL soybean trypsin inhibitor, 10 µg/mL
leupeptin, and 0.1% Triton X-100. The samples of coronary effluent were concentrated at
4 ◦C 30-fold using Centricon-10 concentrating vessels purchased from Merck Millipore
(Poznan, Poland). The supernatant was collected and stored at −80 ◦C for analysis. Protein
content in both effluent and homogenates was analyzed using Bradford Protein Assay
(Bio-Rad, Warszawa, Poland) and bovine serum albumin used as a protein standard.

4.5. Measurement of MMP-2 by Gelatin Zymography

MMP-2 activity was assessed in both heart extracts and concentrated coronary effluent.
Equal total protein samples were applied to 8% SDS-PAGE gels. Following electrophoresis,
gels were rinsed thrice for 20 min each in 2.5% Triton X-100 and afterward twice for
20 min each in incubation buffer (5 mmol/L CaCl2, 50 mmol/L Tris-HCl, 150 mmol/L
NaCl, and 0.05% NaN3) at room temperature. Subsequently, they were placed for 10 h at
37 ◦C in incubation buffer and finally were stained in 2% Coomassie Brilliant Blue G, 25%
methanol, and 10% acetic acid for 2 h and destained in 30% methanol/ 10% acetic acid
solution. Quantification of reactions was performed with the usage of a GS-800 Calibrated
Densitometer with Quantity One v.4.6.9 software (BioRad) and the relative MMPs activity
was determined and expressed in arbitrary units (AU) calculated on the basis of recombined
MMP standard activity. In vitro inhibition of MMPs activity by carvedilol was evaluated by
developing zymograms performed on selected heart extracts with the addition of carvedilol
to the incubation buffer in comparison to control gels (with no drug added), which served
as a model of 100% of MMP-2 activity.
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4.6. Measurement of Troponin I and MMP-2 by Western Blot

Troponin I content was determined by Western blotting. 30 µg of protein obtained
from heart extracts was applied to 15% SDS-PAGE gels. Following electrophoresis, (at
150 V, 20 ◦C) samples were electroblotted onto a polyvinylidene difluoride membrane (by
semi-dry technique; at 25 V, 30 min). A primary monoclonal mouse antibody against cardiac
troponin I as well as secondary goat-anti-mouse conjugated with horseradish peroxidase
(HRP) were both used at 1:1000 dilution (Thermo Fisher Scientific, Waltham, Massachusetts,
USA; BioRad, respectively). The blot was developed using a chemiluminescence assay
(ClarityTM Western ECL Substrate, Biorad). Membranes were scanned using ChemiDocTM
XRS+ System with Image LabTM Software v.5.2 for data analysis. Rat cardiac troponin I
was used for standard curve preparation (Advanced ImmunoChemical Inc., Long Beach,
California, USA). MMP-2 content was determined in coronary effluents. 30 µL of each
concentrated coronary effluent was applied to 10% SDS-PAGE gels at reducing conditions.
After electrophoresis samples were electroblotted for 40 min at 50 V onto a nitrocellulose
membrane 0.45 µm (BioRad) by wet technique. A primary monoclonal mouse antibody
against total MMP-2 ab86607 (Abcam) and secondary goat-anti-mouse conjugated with
HRP (BioRad) were both used at a dilution of 1:1000. The blot was developed and scanned
as described above. The 72 kDa MMP-2 was detected by comparison with Precision Plus
Protein Standards (BioRad) and relative content was calculated on the basis of 75 kDa band
intensity and expressed in arbitrary units.

4.7. Expression of MMP-2 Gene in Heart Tissue

Ribonucleic acid (RNA) was extracted from powdered heart tissue by phenol/chloroform
technique using PureZol RNA isolation reagent (BioRad), according to the manufacturer’s
instruction. Briefly, 50 µg of tissue powder was mixed with 1 mL of PureZol, and imme-
diately homogenized by Pellet Pestle® Motor (Kimble Kontes). The next steps included
extraction with chloroform (Stanlab), precipitation of RNA with isopropanol (Chempur),
and washing with 75% ethanol (Chempur). Purified RNA was dissolved in 50 µL of DEPC-
treated water (Ambion) and its quality and concentration were assessed by NanoDrop Lite
Spectrophotometer (Thermo Fisher Scientific). 500 ng of RNA was taken for reverse tran-
scription performed using iScript™ cDNA Synthesis Kit (BioRad). Reverse transcription
and subsequent real-time PCR were both performed on CFX96 Touch Real-Time PCR De-
tection System (BioRad). 100 ng of each cDNA template was used for both genes’ real-time
amplification in duplicates, using iTaq Universal SYBR® Green Supermix (BioRad) follow-
ing the manufacturer’s protocol. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
served as a housekeeping gene for the normalization of MMP-2 gene expression. Primers
sequences were designed as follows: GAPDH F: 5′ AGTGCCAGCCTCGTCTCATA 3′,
GAPDH R: 5′ GATGGTGATGGGTTTCCCGT 3′; MMP-2 F: 5′ AGCAAGTAGACGCT-
GCCTTT 3′, MMP-2 R: 5′ CAGCACCTTTCTTTGGGCAC 3′. Relative fold MMP-2 gene
expression was calculated according to delta-delta Ct formula.

4.8. Statistical Analysis

All data are expressed as mean +/− SEM. Comparisons between groups were as-
sessed for significance by two-way analysis of variance (ANOVA) or T-test after assessment
of normality of distribution. Logarithmic transformation was performed of data that had
non-normal distribution to meet requirements of ANOVA analysis. The conclusions drawn
after data transformation remain valid for the original data. If significance was estab-
lished, posthoc analysis was done using Tukey’s test. A value of p < 0.05 was considered
statistically significant.

5. Conclusions

In conclusion, our results provide the first evidence that CAR reduces mechanical
dysfunction of the heart muscle, along with attenuation of MMP-2 activity and degradation
of troponin I in hearts subjected to acute IR injury. These data might help to differentiate
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carvedilol from other β-blockers and explain a peculiarity of this drug, in terms of its
anti-MMP-2 properties in the settings of acute myocardial ischemia, resulting in its better
cardioprotective profile compared to other β-blockers.
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33. Cheung, P.-Y.; Sawicki, G.; Woźniak, M.; Wang, W.; Radomski, M.W.; Schulz, R. Matrix metalloproteinase-2 contributes to
ischemia-reperfusion injury in the heart. Circulation 2000, 101, 1833–1839. [CrossRef] [PubMed]

109



Citation: Palladini, G.; Cagna, M.; Di

Pasqua, L.G.; Adorini, L.; Croce, A.C.;

Perlini, S.; Ferrigno, A.; Berardo, C.;

Vairetti, M. Obeticholic Acid Reduces

Kidney Matrix Metalloproteinase

Activation Following Partial Hepatic

Ischemia/Reperfusion Injury in Rats.

Pharmaceuticals 2022, 15, 524.

https://doi.org/10.3390/

ph15050524

Academic Editor:

Salvatore Santamaria

Received: 5 April 2022

Accepted: 21 April 2022

Published: 24 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pharmaceuticals

Article

Obeticholic Acid Reduces Kidney Matrix Metalloproteinase
Activation Following Partial Hepatic Ischemia/Reperfusion
Injury in Rats
Giuseppina Palladini 1,2,† , Marta Cagna 1,† , Laura Giuseppina Di Pasqua 1 , Luciano Adorini 3,
Anna Cleta Croce 4 , Stefano Perlini 1,5 , Andrea Ferrigno 1 , Clarissa Berardo 1,* and Mariapia Vairetti 1,*

1 Department of Internal Medicine and Therapeutics, University of Pavia, 27100 Pavia, Italy;
giuseppina.palladini@unipv.it (G.P.); marta.cagna02@universitadipavia.it (M.C.);
lauragiuseppin.dipasqua01@universitadipavia.it (L.G.D.P.); stefano.perlini@unipv.it (S.P.);
andrea.ferrigno@unipv.it (A.F.)

2 Internal Medicine Fondazione IRCCS Policlinico San Matteo, 27100 Pavia, Italy
3 Intercept Pharmaceuticals, San Diego, CA 92121, USA; LAdorini@interceptpharma.com
4 Institute of Molecular Genetics, Italian National Research Council (CNR), 27100 Pavia, Italy;

annacleta.croce@igm.cnr.it
5 Emergency Department Fondazione IRCCS Policlinico San Matteo, 27100 Pavia, Italy
* Correspondence: clarissa.berardo01@universitadipavia.it (C.B.); mariapia.vairetti@unipv.it (M.V.);

Tel.: +39-0382-986877 (C.B.); +39-0382-986398 (M.V.)
† These authors contributed equally to this work.

Abstract: We have previously demonstrated that the farnesoid X receptor (FXR) agonist obeticholic
acid (OCA) protects the liver via downregulation of hepatic matrix metalloproteinases (MMPs)
after ischemia/reperfusion (I/R), which can lead to multiorgan dysfunction. The present study
investigated the capacity of OCA to modulate MMPs in distant organs such as the kidney. Male
Wistar rats were dosed orally with 10 mg/kg/day of OCA (5 days) and were subjected to 60-min
partial hepatic ischemia. After 120-min reperfusion, kidney biopsies (cortex and medulla) and blood
samples were collected. Serum creatinine, kidney MMP-2, and MMP-9-dimer, tissue inhibitors of
MMPs (TIMP-1, TIMP-2), RECK, TNF-alpha, and IL-6 were monitored. MMP-9-dimer activity in the
kidney cortex and medulla increased after hepatic I/R and a reduction was detected in OCA-treated
I/R rats. Although not significantly, MMP-2 activity decreased in the cortex of OCA-treated I/R
rats. TIMPs and RECK levels showed no significant differences among all groups considered. Serum
creatinine increased after I/R and a reduction was detected in OCA-treated I/R rats. The same
trend occurred for tissue TNF-alpha and IL-6. Although the underlying mechanisms need further
investigation, this is the first study showing, in the kidney, beneficial effects of OCA by reducing
TNF-alpha-mediated expression of MMPs after liver I/R.

Keywords: kidney; obeticholic acid; ischemia/reperfusion; liver; metalloproteinases

1. Introduction

Obeticholic acid (OCA, INT-747) is a bile acid-derived FXR agonist currently in phase
III trials for the treatment of NASH that has already shown its potential for treating hepatic
steatosis, inflammation, and fibrosis while increasing insulin sensitivity [1]. Recently, the
REGENERATE study showed that the administration of OCA in NASH patients not only
ameliorates liver injury and fibrosis but also improves several health-related quality of life
(HRQoL) domains [2].

Fibrosis is a type of chronic organ failure, resulting in the excessive secretion of
extracellular matrix (ECM). Matrix metalloproteinases (MMPs), the main group of ECM-
degrading enzymes, are considered to be a potential target for fibrosis treatment [3].
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Tissue Inhibitor of Metalloproteinases (TIMP-1), the major endogenous regulator of
MMP-9, plays a protective function in the control of survival and proliferation of liver cells
during I/R injury [4]. MMP-2 and MMP-9 are reduced by interaction with the reversion-
inducing-cysteine-rich protein with kazal motifs (RECK), a transformation-suppressor gene
that regulates the expression of several MMPs and is involved in the inhibition of the tumor
invasion and metastasis process [5].

We have recently shown that OCA decreases MMP-2 and MMP-9 activity in tissue
and bile obtained from livers submitted to partial ischemia/reperfusion (I/R) injury [6].
This is associated with the ability of OCA to restore inhibitors of MMP-2 and MMP-9 such
as RECK and TIMPs (TIMP-1 and TIMP-2) decreased by ischemic insult [6].

The I/R injury in one organ can also lead to multiorgan dysfunction, that is tissue
damage in remote organs away from the body district where the I/R damage is taking
place. For example, I/R intestine damage has been described to cause multiple organ
dysfunction due to uncontrolled production and release of cytokines and other proinflam-
matory molecules [7]. Hepatic I/R injury may also cause damage to remote organs such as
the kidney, heart, and lung. In addition to liver dysfunction as a consequence of hepatic
reperfusion, many remote organs seem to be influenced during this process as well [8].
We have previously documented that moderate acute hepatic ischemia (30 min) followed
by reperfusion (60 min) increases MMPs activity not only in the ischemic liver region but
also in the lung, associated with histological damage in the liver, lung, and kidney [9].
Clinical studies have reported that, in patients with acute liver failure induced by I/R,
the incidence of acute kidney injury (AKI) ranges from 40 to 85%, and up to 95% in liver
transplantation [10]. Indeed, damaged liver tissue releases destructive proinflammatory
cytokines and oxygen-derived radicals into the circulation that are likely causing further
damage to remote organs [11]. Defined as multiple organ dysfunction syndrome (MODS) or
multiple organ failure (MOF), this event is an important cause of death in surgical intensive
care units. In particular, MODS includes altered organ function in sepsis, septic shock, and
systemic inflammatory response syndrome [8].

Most of the current knowledge on liver I/R and remote organ injury derives from
experimental studies as well as from the assessment of the efficacy of innovative therapeutic
strategies. Based on the above reports, we designed a study in rats to investigate whether
liver ischemia (60 min) followed by reperfusion (120 min) affect the function and the
structure of remote organs such as kidney, via modulation of ECM remodeling. Using
these models, we also tested if OCA treatment is able to counteract remote damage via
restoration of MMPs and their specific inhibitors, TIMP-1, TIMP-2, and RECK.

2. Results
2.1. Hepatorenal Syndrome after Liver I/R

After a consensus conference in 1978, hepatorenal syndrome, renal insufficiency pro-
gressing in the presence of severe liver diseases, and the absence of recognized nephrotoxic
agents were defined by plasma creatinine ≥1.5 mg/dL [12]. In the present study, the
evaluation of serum creatinine showed a 1.8-fold increase confirming the induction of
hepatorenal syndrome after liver I/R injury (Table 1). Recently, the International Club of
Ascites (ICA) has adopted the concept of acute kidney injury (AKI) which was developed
originally to be used in critically-ill patients. AKI is defined as an increase in creatinine of
at least 0.3 mg/dL (26 µmol/L) and/or ≥50% from baseline, within 48 h [13].

Our results also demonstrate that rats subjected to liver I/R developed severe liver
dysfunction after 1 h hepatic ischemia followed by 2 h reperfusion, with significantly higher
serum levels of AST, ALT, ALP, total and direct bilirubin compared to sham-operated
animals (Table 1).
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Table 1. Serum biochemical parameters in sham and I/R rats and creatinine/ALT relationship.

Sham I/R

AST (mU/mL) 256 ± 33 9653 ± 956 *
ALT (mU/mL) 64 ± 10 8635 ± 847 *
ALP (mU/mL) 459 ± 50 803 ± 55 *

Total Bilirubin (mg/dL) 0.15 ± 0.01 0.31 ± 0.02 *
Direct Bilitubin (mg/dL) 0.05 ± 0.01 0.21 ± 0.01 *

Creatinine (mg/dL) 3.96 ± 1.10 7.35 ± 0.40 *

r p

Creatinine/ALT 0.94 0.002
n = 6 rats/group. Results are expressed as mean value ± standard error (SE). one-way ANOVA with Tukey–
Kramer test. * p < 0.05 versus sham rats.

Moreover, we demonstrate a direct relationship between the severity of liver dysfunc-
tion (ALT) and the degree of kidney damage (creatinine) after I/R (Table 1). Our data are in
agreement with those reported by Lee HT (2009) who studied renal dysfunction in mice
after liver I/R injury: animals subjected to 60 min ischemia showed a direct and linear
relationship between plasma ALT and creatinine levels after liver I/R [14].

2.2. Changes in MMPs, TIMPs, and RECK in Kidney Cortex and Medulla after Liver I/R

We have already reported that liver I/R injury is associated with MMP activation
with profound effects on tissue integrity [15]; this event also influences the function of
many remote organs [9,16]. In the present study, we evaluated the MMP-9-dimer activity
in the kidney cortex after hepatic ischemia (60 min) followed by reperfusion (120 min):
a significant increase in MMP-9-dimer activity was found in the I/R group compared with
sham-operated rats (Figure 1a). A reduction in cortex MMP-9-dimer activity was detected
in OCA-treated I/R rats compared with vehicle-treated I/R rats (Figure 1a).

The same trend in MMP-9-dimer activity occurred in the medulla obtained from the
I/R group and I/R group treated with OCA (Figure 2a).

Although not significantly, the MMP-9-dimer protein trend was superimposable with
MMP-9-dimer activity. In the cortex, MMP-9-dimer protein increased in I/R by 1.3-fold
and in OCA-treated I/R by 0.8-fold. In the medulla, MMP-9-dimer protein increased in I/R
by 1.8-fold and in OCA-treated I/R by 1.2-fold. Our data are expressed as a fold increase in
their respective sham controls. Tubulin levels, which served as a loading control, remained
unchanged (Figure 1a).

Although not significantly, cortex MMP-2 activity also increased after hepatic I/R
compared with sham-operated rats and decreased in OCA-treated I/R rats (Figure 1a).

No changes were found in medulla MMP-2 activity in any group (Figure 2a).
In the cortex, MMP-2 protein increased in I/R by 1.2-fold and in OCA-treated I/R by

1.2-fold. In the medulla, MMP-2 protein increased in I/R by 0.8-fold and in OCA-treated
I/R by 0.8-fold. Our data are expressed as a fold increase in their respective sham controls.
MMP-2 protein evaluation documented no difference comparing I/R versus I/R + OCA
both in the cortex and medulla. Tubulin levels, which served as a loading control, remained
unchanged (Figure 2a).

Matrix metalloproteinases are inhibited by specific TIMPs; in addiction, RECK
represents a novel matrix metalloproteinase regulator. The evaluation of TIMP-1 and
TIMP-2 expression levels showed no significant differences among all groups considered
(Figures 1b and 2b) and the same trend occurred for RECK expression levels (Figures 1c and 2c)
both in the cortex and medulla.
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vehicle alone (n = 12). (a) Representative of MMP zymography and Western blot; gelatinolytic ac-

tivities of MMP (MMP-9-dimer and MMP-2) quantified by densitometry. (b) TIMPs (TIMP-1 and 

TIMP-2) by Elisa kits and (c) RECK expression levels, by Western Blots, were determined in kidney 

cortex of rats submitted to partial liver ischemia (60 min) followed by reperfusion (120 min). Sham-

operated animals were subjected to the same procedure without clamping the vessels. n = 6 

rats/group. Results are expressed as median value (line red) ± error bar (1–99 percentiles) (black 

dot). One-way ANOVA with Tukey–Kramer test (TIMP-1 and RECK); Kruskal–Wallis test with 

Conover test (MMP-9-dimer, MMP-2, TIMP-2). * p < 0.05 versus I/R rats. 

Figure 1. OCA treatment decreases MMP-9-dimer activity in kidney cortex after liver I/R. Animals
were orally administered 10 mg/kg/day of OCA in methylcellulose 1% vehicle for 5 days (n = 12) or
vehicle alone (n = 12). (a) Representative of MMP zymography and Western blot; gelatinolytic activi-
ties of MMP (MMP-9-dimer and MMP-2) quantified by densitometry. (b) TIMPs (TIMP-1 and TIMP-2)
by Elisa kits and (c) RECK expression levels, by Western Blots, were determined in kidney cortex of
rats submitted to partial liver ischemia (60 min) followed by reperfusion (120 min). Sham-operated an-
imals were subjected to the same procedure without clamping the vessels. n = 6 rats/group. Results
are expressed as median value (line red) ± error bar (1–99 percentiles) (black dot). One-way ANOVA
with Tukey–Kramer test (TIMP-1 and RECK); Kruskal–Wallis test with Conover test (MMP-9-dimer,
MMP-2, TIMP-2). * p < 0.05 versus I/R rats.
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Figure 2. OCA treatment decreases MMP-9-dimer activity in kidney medulla after liver I/R. Animals
were orally administered 10 mg/kg/day of OCA in methylcellulose 1% vehicle for 5 days (n = 12) or
vehicle alone (n = 12). (a) Representative of MMP zymography and Western blot; gelatinolytic activi-
ties of MMP (MMP-9-dimer and MMP-2) quantified by densitometry. (b) TIMPs (TIMP-1 and TIMP-2)
by Elisa kits and (c) RECK expression levels, by Western Blots, were determined in kidney cortex of
rats submitted to partial liver ischemia (60 min) followed by reperfusion (120 min). Sham-operated
animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group. Re-
sults are expressed as median value (red line) ± error bar (1–99 percentiles) (black dot). one-way
ANOVA with Tukey–Kramer test (MMP-9-dimer, MMP-2, and TIMP-1); Kruskal–Wallis test with
Conover test (TIMP-2 and RECK). * p < 0.05 versus I/R rats.
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2.3. OCA Treatment Reduces Serum Levels of Creatinine

The serum creatinine concentration is widely interpreted as a measure of the glomeru-
lar filtration rate (GFR) and is used as an index of renal function in clinical practice [14].
Serum creatinine levels were evaluated in rats submitted to liver I/R: an increase was found
after I/R when compared with sham animals and a significant reduction in sham-operated
levels was detected in OCA-treated I/R rats (Figure 3).
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Figure 3. OCA treatment decreases serum creatinine in rats submitted to partial liver ischemia
(60 min) followed by reperfusion (120 min). Animals were orally administered 10 mg/kg/day of
OCA in methylcellulose 1% vehicle for 5 days (n = 12) or vehicle alone (n = 12). Sham-operated
animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group. Results
are expressed as median value (red line) ± error bar (1–99 percentiles) (black dot). one-way ANOVA
with Tukey–Kramer test. * p < 0.05 versus I/R rats.

2.4. OCA Treatment Reduces Kidney Cortex Levels of TNF-Alpha and IL-6

The effect of OCA on kidney TNF-alpha and IL-6 levels was evaluated by ELISA. At
the end of reperfusion, OCA administration caused a significant decrease in both TNF-alpha
and IL-6 in the kidney cortex of OCA-treated I/R rats compared to I/R rats (Figure 4). Un-
detectable levels of TNF-alpha were found in the kidney medulla in all groups considered.
No changes in the IL-6 kidney medulla were found (Figure S1, supplementary materials).
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Figure 4. OCA treatment decreases cortex TNF-alpha and IL-6 in rats submitted to partial liver
ischemia (60 min) followed by reperfusion (120 min). Animals were orally administered with OCA
10 mg/kg/day in methylcellulose 1% for 5 days (n = 12) or with vehicle alone (n = 12). Sham-operated
animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group. Results
are expressed as median value (red line) ± error bar (1–99 percentiles) (black dot). Kruskal–Wallis
test with Conover test. * p < 0.05 versus I/R rats.
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2.5. FXR Expression in the Kidney

The kidney itself expresses FXR both in the cortex and in the medulla as shown in
Figure 5. After OCA treatment a decrease in FXR expression occurred only in the cortex.

Pharmaceuticals 2022, 15, x FOR PEER REVIEW 7 of 17 
 

 

2.5. FXR Expression in the Kidney 

The kidney itself expresses FXR both in the cortex and in the medulla as shown in 

Figure 5. After OCA treatment a decrease in FXR expression occurred only in the cortex. 

 

Figure 5. FXR expression in kidney cortex and medulla in rats submitted to partial liver ischemia 

(60 min) followed by reperfusion (120 min). Animals were orally administered with OCA 10 

mg/kg/day in methylcellulose 1% for 5 days (n = 12) or with vehicle alone (n = 12). Sham-operated 

animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group. Re-

sults are expressed as median value (red line) ± error bar (1–99 percentiles) (black dot). One-way 

ANOVA with Tukey–Kramer test; * p < 0.05 versus I/R rats. 

2.6. TBARS Formation in the Kidney 

We evaluated the kidney concentration of TBARS after 2-h reperfusion both in the 

cortex and in the medulla (Figure 6). No significant changes in lipid peroxidation were 

detected for all groups considered in the cortex (Figure 6) and no difference in I/R groups 

in the medulla (Figure 6). 

 

Figure 6. TBARS formation in kidney cortex and medulla in rats submitted to partial liver ischemia 

(60 min) followed by reperfusion (120 min). Animals were orally administered with OCA 10 

mg/kg/day in methylcellulose 1% for 5 days (n = 12) or with vehicle alone (n = 12). Sham-operated 

animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group. 

TBARS concentrations were calculated using malondialdehyde (MDA) as standard. Results are ex-

pressed as median value (red line) ± error bar (1–99 percentiles) (black dot). One-way ANOVA with 

Tukey–Kramer test (Medulla); Kruskal–Wallis test with Conover test (Cortex). 

  

Figure 5. FXR expression in kidney cortex and medulla in rats submitted to partial liver is-
chemia (60 min) followed by reperfusion (120 min). Animals were orally administered with OCA
10 mg/kg/day in methylcellulose 1% for 5 days (n = 12) or with vehicle alone (n = 12). Sham-operated
animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group. Results
are expressed as median value (red line) ± error bar (1–99 percentiles) (black dot). One-way ANOVA
with Tukey–Kramer test; * p < 0.05 versus I/R rats.

2.6. TBARS Formation in the Kidney

We evaluated the kidney concentration of TBARS after 2-h reperfusion both in the
cortex and in the medulla (Figure 6). No significant changes in lipid peroxidation were
detected for all groups considered in the cortex (Figure 6) and no difference in I/R groups
in the medulla (Figure 6).
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Figure 6. TBARS formation in kidney cortex and medulla in rats submitted to partial liver is-
chemia (60 min) followed by reperfusion (120 min). Animals were orally administered with OCA
10 mg/kg/day in methylcellulose 1% for 5 days (n = 12) or with vehicle alone (n = 12). Sham-operated
animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group.
TBARS concentrations were calculated using malondialdehyde (MDA) as standard. Results are
expressed as median value (red line) ± error bar (1–99 percentiles) (black dot). One-way ANOVA
with Tukey–Kramer test (Medulla); Kruskal–Wallis test with Conover test (Cortex). * p < 0.05 versus
I/R rats.

2.7. OCA Treatment and Histological Changes in the Kidney

Examples of histological patterns of kidneys collected from vehicle-treated I/R and
OCA-treated I/R rats after 60 min of liver ischemia and 120 min reperfusion are shown
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in Figure 7. In rats submitted to liver I/R, the kidney shows dilated tubules, in particular
in the cortex and outer medulla (Figure 7b,f), compared to the respective sham-operated
controls (Figure 7a,e). This morphological alteration is not appreciable in kidneys from
OCA-treated rats submitted to I/R (Figure 7d,h).
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Figure 7. Histological patterns of kidneys (cortex and outer and inner medulla) collected from rats
orally administered 10 mg/kg/day OCA in methylcellulose 1% for 5 days (n = 12) or vehicle alone
(n = 12), and then submitted to partial liver ischemia (60 min) followed by reperfusion (120 min).
Sham-operated animals were subjected to the same procedure without clamping the vessels. Cryo-
static tissue sections are stained by conventional H&E procedure. (a–d) In the cortex the intensely
stained glomeruli, or renal corpuscles, (gl) exhibit their typical rounded shape. In (a) the vascular pole
(vp) is also easily appreciable. Distal tubules (dt) can be recognized for their much less eosinophilia
than the proximal ones. (e–h) Cross-sections of medulla are characterized by collecting ducts (cd),
larger than distal tubules (dt) and segments of the loop of Henle (asteriscs). (i–l) In the longitudi-
nal sections of medulla, arrays of nuclei facing larger, empty spaces identify collecting duts (cd).
Ischemia-reperfusion affects in particular the tubules in the cortex and outer medulla of rats without
OCA administration, for which the lumen appears to be enlarged and filled with amorphous material
(arrows). Bars: (a–h) 80 µm; (i–l) 50 µm.

Collagen I was evaluated by Western blot: collagen I was not detectable in all groups
considered (Figure S2, supplementary materials).

3. Discussion
3.1. Hepatic Ischemia/Reperfusion and Renal Damage

Acute I/R-induced liver failure is a known clinical problem and often leads to remote
organ dysfunction including lung, heart, and kidney [17]. Particularly, acute kidney injury
(AKI), associated with liver failure, leads to hepatorenal syndrome, a serious clinical
problem characterized by a high mortality rate. The pathogenesis of AKI associated with
liver failure is still poorly understood, also due to the lack of reproducible and reliable
animal models. In this study, we used a rat acute I/R-induced liver failure model to mimic
biochemical (serum creatinine, MMP, TIMP, inflammatory markers such as TNF-alpha and
IL-6, lipid peroxidation, and fibrosis) and histological (renal tubular damage as indicated
by dilatation) changes observed in a hepatorenal syndrome. Through the reduction of renal
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matrix metalloproteinases, in particular gelatinases, our study suggests that OCA treatment
can ameliorate hepatic renal syndrome following partial hepatic I/R injury in rats.

In the last decade, the Acute Kidney Injury Network (AKIN) has proposed new diag-
nostic criteria for AKI, based on small changes in serum creatinine levels [18]. Traditionally,
kidney failure in cirrhosis has been defined as serum creatinine above 1.5 mg/dL [12]. The
definition of AKI in cirrhosis has recently been changed and is based on small changes in
serum creatinine associated with urinary biomarkers and pro-inflammatory cytokines [19].
In our data hepatic ischemia increased serum creatinine levels by 1.8-fold to 7.35 mg/dL,
indicating acute renal failure, and thus validating our model of AKI mediated by liver
I/R injury.

Molecular mechanisms underlying I/R injury involved reactive oxygen species (ROS)
formation released by Kupffer cells, adherent leukocytes, or mitochondrial sources. Liver
I/R injury may initiate a systemic inflammatory response that promotes remote organ
dysfunctions attributed to oxidative stress mediators and other remotely released factors,
including proinflammatory cytokines, tumor necrosis factor, and interleukins [8]. Oxidative
stress is considered a major determinant of liver I/R induced AKI. Activated neutrophils,
ROS, and cytokines release cause direct renal injury and the recruitment of monocytes and
macrophages leading to further aggravation of the oxidative injury [8]. The pivotal role of
ROS in the development of AKI is also demonstrated by the positive effect of the adminis-
tration of free radical scavengers such as quercetin and desferrioxamine that protected the
kidney by decreasing TBARS levels [20]. We evaluated the kidney concentration of TBARS
after 2-h reperfusion and no changes in lipid peroxidation were detected, thus suggesting
that in our model, ROS generation is not underlying the early remote damage in the kidney.

3.2. Renal Damage Is Associated to MMPs Activation

Most matrix metalloproteinases (MMPs), zinc-containing endopeptidases involved in
the extracellular matrix (ECM) remodeling [21], and their specific tissue inhibitors (TIMPs)
are expressed in the kidney even if their spatial expression is complex and has not been com-
pletely characterized [22]. MMPs are associated with both physiological and pathological
processes in the kidney [23]. Knockout mouse models have provided insights into the cause-
and-effect relationship between MMP activity and renal pathophysiology [24–26]. There is
now convincing evidence that MMPs could have both pathogenic and nephroprotective
effects in acute and chronic kidney diseases.

We have previously documented that moderate acute hepatic ischemia (30 min) fol-
lowed by reperfusion (60 min) increases MMPs activity not only in the ischemic liver region
but also in the lung, associated with histological damage in the liver, lung, and kidney [9].
Additionally, no significant difference in MMPs was observed in other distant organs such
as the kidney and heart. The short duration of both the ischemic (30 min) and reperfusion
periods (60 min) of our experimental model could represent a possible explanation for
these results. Thus, we designed a new study to evaluate whether liver I/R may induce
renal MMPs activation in rats. A liver ischemia (60 min) followed by a longer reperfusion
(120 min) was associated with a significant MMP-9-dimer activity increase in the kidney
cortex and medulla. The result obtained show how even the increased activity of MMP-9
dimer can be inserted in a context of renal damage characterized by a significant increase
in creatinine and a histological picture of mild damage.

Zymography analysis revealed the presence of gelatinolytic activities of MMP-9 dimer,
detected at about 220 kDa, and MMP-2 at 68 KDa. No MMP-9 monomers were detected
in kidney tissue. MMP-9, in contrast to MMP-2, exists in two major forms: a monomeric
(92 kDa) and a disulfide-bonded homodimeric (220 kDa) form. MMP-9 dimer has been
identified in a variety of MMP-9-producing cells including neutrophils and normal breast
epithelial cells [27]. Enzymatic activity of the monomeric and dimeric forms of MMP-9
have different biochemical and enzymatic properties. The monomer is more rapidly
activated by MMP-3 and has a higher activity than the dimer [28]. The existence of the
more stable, slow-activating MMP-9 dimer might serve as a regulatory mechanism during
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ECM degradation [28]. In the present study, although not significantly, kidney MMP-2
activity increases. Caron et al. reported similar results in glomerular tissue in a rat model
of renal ischemia-reperfusion. The most marked effect revealed by this study was a higher
MMP-9 dimer induction. Authors reported that protein expression of dimeric MMP-9 forms
was highly stimulated (about 8-fold) by ischemia, compared to the expression of MMP-2
(1.5-fold). It may be possible that a reduced MMP-2 expression may be accompanied by
less detectable activity.

Several studies [29–32] have shown protective effects against AKI with MMP inhibitors,
but there are data from knockout mouse studies where MMP-2 and -9 may show both
proinjury and nephroprotective effects [24].

Loss of MMP-2 is not equivocally protective, while MMP-9 deficiency may exacerbate
an injury. There is also evidence that MMP-2 may be important for recovery following injury,
while MMP-9 overexpression may cause disrepair through microvascular loss. It is known
that MMP-9 is an acknowledged early marker of acute renal damage [16]. These data indi-
cate that more research remains to be performed to elucidate these pathogenic mechanisms.

3.3. OCA Treatment Reduces Kidney Gelatinases Activity following Partial Hepatic I/R Injury
in Rats

In the present study, in order to characterize the mechanisms of remote organ damage,
we investigated the effects of OCA on kidney levels of gelatinase, MMP-2, and MMP-9.

Very few studies have addressed the ability of OCA to modulate the activity of
metalloproteases [6,33]. Recently, our group has detected the ability of OCA to limit the
activation of MMP-2 and MMP-9 occurring during hepatic I/R damage, probably via a
TIMP- and RECK-mediated mechanism [6].

Liver I/R injury is associated with a systemic inflammatory response that promotes
remote organ dysfunctions. In the present study, a reduction in MMP-9-dimer was detected
both in the kidney cortex and in the medulla of OCA-treated I/R rats. In this animal model
of remote organ injury, we did not find a corresponding modulation of MMP and RECK
inhibitors as in the I/R liver. It can be assumed that the modulation of OCA gelatinolytic
activity is likely to be mediated by tissue TNF-alpha and IL-6. Indeed, treatment with
OCA at 120 min caused a significant decrease in both TNF-alpha and IL-6 in the kidney
cortex. A wealth of evidence indicates that circulatory dysfunction plays a key role in the
pathophysiology of hepatorenal syndrome [34]. However, recently, evidence has emerged
to support the impact of systemic inflammation on disease progression and development in
extrahepatic organs, particularly renal dysfunction [35]. After liver I/R injury, circulating
pro-inflammatory cytokines such as interleukin-6 (IL-6), IL-8, TNF-alpha, vascular cell
adhesion protein 1 (VCAM-1), fractalkine, and macrophage inflammatory protein-1 alpha
(MIP-1 alpha) have been found significantly increased [36].

Pro-inflammatory cytokines such as TNF-alpha and IL-6 are produced in response
to infection. During hepatic I/R, serum TNF-alpha has been shown to act as one of the
key mechanisms in modulating MMP activity in remote organs [9]. Tissue TNF-alpha may
be a possible additional source for TNF-alpha traced in the serum in our previous work
using the same animal model. In this study, we detected TNF-alpha in cortical renal tissue
and found an increase in this proinflammatory cytokine in rats undergoing I/R, readily
modulated by OCA administration. The decrease in cortex IL-6 by OCA administration
supports its role in the modulation of inflammatory response.

However, sham animals reveal high levels of tissue IL-6 and TNF-alpha probably
due to the operative trauma of laparotomy as already reported by Ogura et al. [37] and
Wanner G et al. [38].

It is known that an excessive cytokine release enhances vascular permeability and
impairs metabolic processes, thus increasing susceptibility to multiple organ dysfunc-
tion [36,39].

The evaluation of TIMP levels showed no significant differences among all groups
considered and the same occurred for RECK. In our research, we also determined the
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content of both TIMP-1, the specific inhibitor of MMP-9, and TIMP-2, the inhibitor of
MMP-2. Both inhibitors showed no significant differences among all groups tested. Usually,
TIMP concentration is opposite to MMP. However, in our study, we found increased
concentrations of both MMP-9 and TIMP-1, although not significant for the latter; this
could result from failure of TIMP-1 inhibition. Furthermore, TIMP transcription is regulated
by the same cytokines and growth factors controlling MMP expression [40]. The TIMP-2
concentration in the I/R group did not have a statistically significant influence but it
showed, as expected, a negative trend in contrast with MMP2.

MMPs are also inversely regulated by RECK, a membrane-anchored glycoprotein
and a key regulator of ECM integrity [6,41]. In this study, the ability of OCA to restore
renal TIMP and RECK expression was lacking. Although not statistically significant, in
the kidney cortex it was still possible to detect a modest increase in both TIMP-1 and
TIMP-2 in OCA I/R treated group. Probably, the ability of OCA to reduce kidney matrix
metalloproteinase activation following hepatic I/R injury in rats is not modulated by RECK
and TIMP. Thus, we suppose that OCA protection is principally due to the reduction of the
inflammatory response.

The kidney itself expresses FXR in the cortex and the medulla. No significant changes
in FXR levels occurred in the sham and I/R group after 2-h reperfusion in agreement with
Ogura et al.; they documented no changes in FXR expression remote damage occurred
in the liver after intestinal ischemia followed 1 and 3-h reperfusion [37]. After OCA
treatment a decrease in FXR expression occurred only in the cortex; this event will be
further investigated in future studies with the reperfusion time prolonged.

The present study also demonstrated that OCA treatment alleviates I/R-induced
kidney damage as found by a marked decrease in serum creatinine levels. Furthermore,
the histological analysis in the cortex and outer medulla in rats submitted to I/R, reveals
some alterations, such as dilated tubules, as compared with the sham-operated animals.
These morphological changes are less noticeable in kidneys from OCA administered rats
submitted to liver I/R.

Our results show that, after hepatic I/R injury, hepatorenal syndrome rapidly develops
in rats, characterized by an increase in MMP-9-dimer and inflammatory changes such as an
increase in renal cortex TNF-alpha, thus suggesting a key role for this pro-inflammatory cy-
tokine in MMP activation. Although the underlying mechanism needs further investigation,
this study shows, in the kidney, beneficial effects of OCA by reducing TNF-alpha-mediated
expression of MMPs after liver I/R.

4. Materials

All reagents were of the highest grade of purity available and were obtained from
MERCK—Life Science, 20149 Milan, Italy). The FXR agonist, OCA, was kindly provided by
Intercept Pharmaceuticals, San Diego, CA, USA.

4.1. Animals and Experimental Design

The use and care of animals in this experimental study was approved by the Italian
Ministry of Health and by the University of Pavia Commission for Animal Care (Document
number 179/2017-PR). Male Wistar rats (200–250 g) (Charles River, 23885 Calco, LC, Italy)
were used in this study. The animals (n = 24) were allowed free access to water and food
in all the experiments. Animals were orally administered with 10 mg/kg/day OCA in
methylcellulose 1% for 5 days (n = 12) or with vehicle alone (n = 12). The effects of I/R-
induced remote damage in kidneys were studied in vivo using a partial hepatic I/R model
(I/R n = 12 and I/R + OCA n = 12). The rats were anesthetized with sodium pentobarbital
(40 mg/kg i.p.), the abdomen was opened via a midline incision and the bile duct was
cannulated (PE-50) [17]. Ischemia to the left and the median lobe was induced for 60 min
with microvascular clips by clamping the branch of portal vein and the branch of the hepatic
artery after the bifurcation to the right lobe, with the abdomen temporarily closed with a
suture [18]. After a 60-min ischemia, the abdomen was reopened, the clips were removed,
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the abdomen was closed again, and the liver was allowed to reperfuse for 120 min (Figure 1).
By using partial, rather than total, hepatic ischemia, portal vein congestion, and subsequent
bacterial translocation into the portal venous blood were avoided. Sham-operated animals
were subjected to the same procedure without clamping the vessels (sham-operated n = 6
and sham-operated + OCA n = 6). To prevent postsurgical dehydration and hypotension,
1 mL of saline was injected into the inferior vena cava. All the animals were maintained
on a warm support to prevent heat loss, rectal temperature was maintained at 37 ± 0.1 ◦C.
Animals were sacrificed, under general anesthesia (sodium pentobarbital 40 mg/kg i.p.),
by exsanguination. Each sample is derived from individual kidneys.

Blood samples were obtained after reperfusion and immediately centrifuged to isolate
serum. At the end of the reperfusion period, tissue samples of the kidney (cortex and
medulla) were snap-frozen in liquid nitrogen.

4.2. Biochemical Assays

Liver injury was assessed by transaminase serum release (alanine transaminase, ALT,
and aspartate transaminase, AST); alkaline phosphatase (ALP), total and direct bilirubin
were assayed using commercial kits, MERCK—Life Science, 20149 Milan, Italy.

Kidney injury was assessed by serum creatinine colorimetric assay kit (number 700460,
Cayman Chemicals, Ann Arbor, MI 48108, USA). The kit was performed following manu-
facturers’ instructions.

4.3. TBARS Formation

The extent of lipid peroxidation was evaluated, as previously described [42], by
measuring the formation of thiobarbituric acid-reactive substances (TBARS), following
the Esterbauer and Cheeseman [43] method. TBARS concentrations were calculated using
malondialdehyde (MDA) as standard.

4.4. Tissue Sources for MMPs Analysis

After sacrifice, kidneys were quickly excised and placed in cold (4 ◦C) buffer (30 mM
Histidine, 250 mM sucrose, and 2 mM EDTA, pH 7.2) to remove blood. The kidney was
cleaned of external tissue; the renal cortex and medulla were separated and subsequently
frozen in liquid nitrogen and stored at −80 ◦C, until use. Fifty milligrams of cortex and
medulla were homogenized in a dissociation buffer containing 10 mmol/L cacodylic acid,
0.15 mmol/L NaCl, 1 mmol/L ZnCl2, 20 mmol/L CaCl2, 1.5 mmol/L NaN3, and 0.01%
Triton X-100, pH 5.0 [25]. The homogenate was then shaken at 4 ◦C for 24 h and the protein
concentration of the supernatant was measured with the colorimetric Lowry method [24].
Samples were stored at −20 ◦C before use.

4.5. MMP Zymography

In order to detect MMPs activity present in the samples, the homogenate protein con-
tent was normalized by a final concentration of 400µg/mL in sample loading buffer (0.25 M
Tris-HCl, 4% sucrose w/v, 10% SDS w/v, and 0.1% bromophenol blue w/v, pH 6.8). After
dilution, the samples and purified MMP-9 dimer, MMP-9, and MMP-2 (Enzo Lifescience
and Calbiochem-Merck Life Science, 20149 Milan, Italy) were loaded onto electrophoretic
gels (SDS-PAGE) containing 1 mg/mL of gelatin under nonreducing conditions [27,28], fol-
lowed by zymography as described previously [29]. Zymogram experiment was replicated
3 times for each sample.

The zymograms were analyzed by densitometer (GS 710 Densitometer BIORAD,
Hercules, CA, USA) and data were expressed as optical density (OD), reported to 1 mg/mL
protein content.

4.6. Western Blots

CelLytic Buffer and Protease Inhibitor Cocktail were purchased from Sigma-Aldrich
(Milan, Italy), as well as the monoclonal antibody anti-alpha-tubulin (DM1A). Rabbit
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monoclonal antibody against RECK (D8C7) was purchased from Cell Signaling Tech-
nology (Euroclone, Milan, Italy). Rabbit polyclonal antibody against Collagen I alpha 1
(NBP1-30054) was purchased from Novus Biological (Bio-techne, Milan, Italy). Mouse mon-
oclonal antibody against MMP-2 and MMP-9 were purchased by Thermo Fisher Scientific
(Monza, Italy).

Kidney tissue samples were homogenized in an ice-cold CelLytic Buffer supplemented
with Protease Inhibitor Cocktail and centrifuged at 15,000× g for 10 min. The collected
supernatant was divided into aliquots containing the same amount of proteins and stocked
at −80 ◦C. Samples of kidney extracts containing the same amount of proteins were diluted
with 2× Laemmli sample buffer purchased by BIO-RAD (Segrate, Italy) added with 0.1 M
DTT (Sigma-Aldrich, Milan, Italy). Samples were incubated for 10 min at 70 ◦C and then
put for 1 min on ice to cause thermal shock. Samples used for the evaluation of MMP-9
dimer were loaded under unreducing conditions: they were diluted with 2× Laemmli
sample buffer without reducing agent, and were not heated at 70 ◦C. No thermal shock was
caused to them. Thus, samples of kidney extracts containing the same amount of proteins
were separated in SDS-PAGE on 7.5% acrylamide gels and transferred to PVDF membrane.
Unspecific sites were blocked for 2 h with 5% Bovine Serum Albumin (BSA) in TBST (20 mM
Tris/Base, 150 mM NaCl, 7.4 pH, 0.1% Tween 20) at 4 ◦C. The membranes were incubated
with primary antibodies overnight at 4 ◦C, under gentle agitation. Primary antibodies
against alpha-tubulin and RECK were used at a dilution of 1:1000. Membranes were washed
in TBST (20 mM Tris/Base, 150 mM NaCl, pH 7.4, 0.1% Tween 20) and incubated with
peroxidase-conjugated secondary antibody at a 1:2000 dilution for both tubulin and RECK.
Primary antibodies against alpha-tubulin and Collagen I Alpha 1 antibody were used at a
dilution of 1:1000 and membranes were washed in TBST (20 mM Tris/Base, 150 mM NaCl,
pH 7.4, 0.1% Tween 20) and incubated with peroxidase-conjugated secondary antibody at a
1:5000 diluition for both tubulin and Collagen I Alpha 1. Immunostaining was revealed with
BIO-RAD Chemidoc XRS+. Bands intensity quantification was performed by BIO-RAD
Image Lab software, 20090 Segrate, MI, Italy.

4.7. TIMP-1, TIMP-2, TNF-Alpha, and IL-6 Enzyme-Linked Immunosorbent Assay

Kidney Cortex and Medulla were homogenized with suitable lysis buffer as indicated
by the collection procedures of the kit suppliers. After centrifuging the tissue homogenates
for 5 min at 10.000 rpm, supernatants were collected and the concentration of TIMP-1
(Abnova), TIMP-2 (Abnova), and TNF-alpha and IL-6 (Antibodies-online GmbH, Aachen,
Germany) was immediately measured by ELISA kit.

4.8. FXR Expression

FXR mRNA expression was analyzed by a real-time polymerase chain reaction (RT-
PCR). Total RNA was isolated from both kidney cortex and medulla homogenized in TRI
reagent (Sigma-Aldrich, St. Louis, MO, USA), in accordance with the method described
by Chomczynski et al. (1995) [44]. RNA quantification was evaluated by measuring the
absorbance at 260 nm with a T92+ UV Spectrophotometer (PG Instruments, Lutterworth,
UK); the RNA purity was also evaluated by calculating the 260/280 nm ratio. iScript
Supermix (Bio-Rad, Milan, Italy) was employed to generate the cDNA [45]. mRNA expres-
sion was analyzed using the SsoAdvancedTM SYBR® Green Supermix (Bio-Rad, Milan,
Italy) and the amplification was performed through two-step cycling (60–95 ◦C) for 40 cy-
cles in a CFX96TMReal-TimeSystem (Bio-Rad, Milan, Italy). FXR, ubiquitin C (UBQ),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene amplification efficiency
(99.8%, 100%, 102.8%, respectively), was established by means of calibration curves, in a
cDNA concentration range of 10–0.625 ng/µL. As regards housekeeping genes, UBC and
GAPDH were used. The sequence of forward and reverse primers used in the experiments
is reported in Table 2. All samples were assayed in duplicate and the expression of the
reference genes remained constant in all the experimental groups. Gene expression was
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calculated using the ∆Ct method. Comparison between groups was calculated using the
∆∆Ct method.

Table 2. List of forward and reverse primers used in the experiments.

Gene Sequence

rat FXR
Forward: CGCCTCATCGGCGGGAAGAA
Reverse: TCACGCAGTTGCCCCCGTTC

rat GAPDH
Forward: AACCTGCCAAGTATGATGAC

Reverse: GGAGTTGCTGTTGAAGTCA

rat UBQ Forward: CACCAAGAAGGTCAAACAGGAA
Reverse: AAGACACCTCCCCATCAAACC

4.9. Tissue Morphology

Kidney tissue samples collected after animal sacrifice were frozen in liquid nitrogen
and stored at −80 ◦C until they were cut at cryostat (CM1850, Leica Microsystems, GmbH,
Wetlzar, Germany). Tissue sections (12 µm thick) were air-dried for at least 24 h and stained
following conventional hematoxylin eosin (H&E) procedure. Tissue morphology was
observed using an Olympus BX51 microscope (Olympus Optical Co. GmBH, Hamburg,
Germany) equipped with a Canon EOS 1300D (Canon Inc. Ōta, Tokyo, Japan) digital photo
camera, and an Olympus 20× UplanFl objective (NA 0.50 Olympus Optical Co. GmbH,
Hamburg, Germany).

4.10. Statistical Analysis

Statistical analysis was performed using MedCalc Statistical Software version 18.11.3
(MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org; accessed on 1 March
2022). Statistical analysis was performed with one-way ANOVA with Tukey’s test, as post
hoc test, or Kruskall–Wallis with Conover’s test when data were not normally distributed.
To assess normality of distribution, Kolmogorov–Shapiro normality test was used. Results
are expressed as mean value ± standard error (SE) or median value with range percentiles.
The value of p = 0.05 was considered the criterion for statistical significance.

5. Conclusions

This is the first study reporting that the pretreatment with OCA resulted in attenuation
of renal injury after liver I/R by reducing TNF-alpha-and IL6 mediated expression of MMPs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15050524/s1. Figure S1. IL-6 in rats submitted to partial liver
ischemia (60 min) followed by reperfusion (120 min). Animals were orally administered with OCA
10 mg/kg/day in methylcellulose 1% for 5 days (n = 12) or with vehicle alone (n = 12). Sham-operated
animals were subjected to the same procedure without clamping the vessels. n = 6 rats/group.
Results are expressed as median value ± error bar (1–99 percentiles). Kruskal-Wallis test with
Conover test. Figure S2. Collagen I expression levels, by Western Blots, were determined in kidney
cortex (a) and medulla (b) of rats submitted to partial liver ische-mia (60 min) followed by reperfusion
(120 min). Sham-operated animals were subjected to the same procedure with-out clamping the
vessels. n = 6 rats/group.
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20. Polat, C.; Tokyol, Ç.; Kahraman, A.; Sabuncuoǧlu, B.; Yìlmaz, S. The effects of desferrioxamine and quercetin on hepatic
ischemia-reperfusion induced renal disturbance. Prostaglandins. Leukot. Essent. Fatty Acids 2006, 74, 379–383. [CrossRef] [PubMed]

124



Pharmaceuticals 2022, 15, 524

21. Raeeszadeh-Sarmazdeh, M.; Do, L.D.; Hritz, B.G. Metalloproteinases and Their Inhibitors: Potential for the Development of New
Therapeutics. Cells 2020, 9, 1313. [CrossRef]

22. Tan, R.J.; Liu, Y. Matrix metalloproteinases in kidney homeostasis and diseases. Am. J. Physiol. Renal Physiol. 2012, 302,
F1351–F1361. [CrossRef]

23. Catania, J.M.; Chen, G.; Parrish, A.R. Role of matrix metalloproteinases in renal pathophysiologies. Am. J. Physiol. Renal Physiol.
2007, 292, F905–F911. [CrossRef] [PubMed]

24. Bengatta, S.; Arnould, C.; Letavernier, E.; Monge, M.; De Préneuf, H.M.; Werb, Z.; Ronco, P.; Lelongt, B. MMP9 and SCF protect
from apoptosis in acute kidney injury. J. Am. Soc. Nephrol. 2009, 20, 787–797. [CrossRef]

25. Kunugi, S.; Shimizu, A.; Kuwahara, N.; Du, X.; Takahashi, M.; Terasaki, Y.; Fujita, E.; Mii, A.; Nagasaka, S.; Akimoto, T.; et al.
Inhibition of matrix metalloproteinases reduces ischemia-reperfusion acute kidney injury. Lab. Investig. 2011, 91, 170–180.
[CrossRef] [PubMed]

26. Lee, S.Y.; Hörbelt, M.; Mang, H.E.; Knipe, N.L.; Bacallao, R.L.; Sado, Y.; Sutton, T.A. MMP-9 gene deletion mitigates microvascular
loss in a model of ischemic acute kidney injury. Am. J. Physiol. Renal Physiol. 2011, 301, F101–F109. [CrossRef]

27. Roy, R.; Louis, G.; Loughlin, K.R.; Wiederschain, D.; Kilroy, S.M.; Lamb, C.C.; Zurakowski, D.; Moses, M.A. Tumor-specific
urinary matrix metalloproteinase fingerprinting: Identification of high molecular weight urinary matrix metalloproteinase species.
Clin. Cancer Res. 2008, 14, 6610–6617. [CrossRef]

28. Olson, M.W.; Bernardo, M.M.; Pietila, M.; Gervasi, D.C.; Toth, M.; Kotra, L.P.; Massova, I.; Mobashery, S.; Fridman, R. Characteri-
zation of the monomeric and dimeric forms of latent and active matrix metalloproteinase-9. Differential rates for activation by
stromelysin 1. J. Biol. Chem. 2000, 275, 2661–2668. [CrossRef] [PubMed]

29. Parrish, A.R. Matrix Metalloproteinases in Kidney Disease: Role in Pathogenesis and Potential as a Therapeutic Target. Prog. Mol.
Biol. Transl. Sci. 2017, 148, 31–65. [CrossRef] [PubMed]

30. Sutton, T.A.; Kelly, K.J.; Mang, H.E.; Plotkin, Z.; Sandoval, R.M.; Dagher, P.C. Minocycline reduces renal microvascular leakage in
a rat model of ischemic renal injury. Am. J. Physiol. Renal Physiol. 2005, 288, F91–F97. [CrossRef] [PubMed]
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Abstract: Several studies have reported neuroprotective effects by natural products. A wide
range of natural compounds have been investigated, and some of these may play a beneficial
role in Alzheimer’s disease (AD) progression. Matrix metalloproteinases (MMPs), a family of zinc-
dependent endopeptidases, have been implicated in AD. In particular, MMP-2 and MMP-9 are able to
trigger several neuroinflammatory and neurodegenerative pathways. In this review, we summarize
and discuss existing literature on natural marine and terrestrial compounds, as well as their ability
to modulate MMP-2 and MMP-9, and we evaluate their potential as therapeutic compounds for
neurodegenerative and neuroinflammatory diseases, with a focus on Alzheimer’s disease.

Keywords: MMP-2; MMP-9; Alzheimer’s disease; AD; neurodegeneration; neuroinflammation;
natural compounds; marine compounds; terrestrial compounds; nutraceuticals

1. Introduction

Most neurodegenerative diseases are characterized by an incurable loss of neurons
in the brain and spinal cord, leading to impaired movement and/or mental functioning.
In 2019, an estimated 50 million individuals were suffering from dementia worldwide,
and this number is projected to increase to 152 million cases by 2050. The worldwide
cost of dementia exceeds one trillion dollars per year and is set to double by 2030 [1].
While Alzheimer’s disease (AD) is the most common neurodegenerative disorder, other
neurodegenerative disorders resulting in cognitive defects include vascular dementia,
frontotemporal dementia, mixed dementia, and dementia with Lewy bodies. Furthermore,
neurodegenerative diseases affecting the motor system include amyotrophic lateral sclerosis
(ALS), Huntington’s disease (HD), Parkinson’s disease (PD), and spinocerebellar ataxias [2].
Despite the high burden of these pathologies, current therapies mostly manage symptoms
but do not prevent progressive deterioration [3,4].

Brain tissue from patients with AD is characterized by the presence of extracellular
amyloid-β (Aβ) plaques and intracellular neurofibrillary tangles of hyperphosphorylated
tau proteins [5]. The most known molecular pathway in AD is the generation of Aβ pep-
tides, which are released after the consecutive cleavage of membrane-associated amyloid
precursor protein (APP) by α and γ-secretases (a process referred to as the amyloidogenic
pathway; Figure 1). After release, Aβ peptides induce the formation of protein aggregates.
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While the main component is Aβ, up to 488 other proteins that also influence the process of
aggregation have been detected [6]. For example, a cross-reaction with apolipoprotein A1,
cystatin C, or transthyretin inhibits amyloid formation [7–12]. However, the formation of
pathogenic Aβ peptides can be avoided through the cleavage of APP by α-secretase and the
release of soluble APPα (sAPPα) (a process referred to as the non-amyloidogenic pathway;
Figure 1) [13]. Though tau and Aβ aggregates are hallmarks of AD [14], the failure of
clinical trials targeting Aβ (resulting in adverse effects on cognition) has sparked a debate
regarding whether the production of Aβ is the primary underlying cause of AD [15].
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One family of proteins that has gained attention in neurodegeneration and neuroin-
flammation are the matrix metalloproteinases (MMPs). MMPs are endopeptidases that are
able to modify a broad range of proteins with key functions in the extracellular and peri-
cellular environment (discussed in Section 1.1.). MMPs have been studied as therapeutic
targets for several pathologies, in particular cancer. However, early clinical trials in which
broad spectrum metalloproteinase inhibitors were used for the treatment of cancer failed
due to off-target effects. Since then, selectivity has become one of the principal aspects of
MMP inhibitor design. In addition, various molecules acting against two or more MMPs
have recently been investigated, suggesting that carefully selected multitarget approaches
also represent a promising strategy for targeting MMPs [16].

Interesting, both the beneficial and detrimental functions of MMPs in neurodegen-
eration and neuroinflammation have been described [17]. For example, MMPs cleave
myelin basic protein (MBP), thereby contributing to the demyelination of neurons and
neurodegeneration. In contrast, several MMPs are able to degrade Aβ aggregates [18,19].
Though this suggests a potential role for MMPs in aggregate clearance, it remains to be seen
whether this is clinically significant. Nevertheless, given the many pathological functions
of MMPs, they remain considered as potential targets for neurodegenerative diseases such
as AD. An overview of the roles of MMPs in neuropathology and discussion on their
suitability as targets in AD is given in Section 1.2.2.
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Better knowledge on products that modulate MMPs could inspire new approaches
for treatment of neurodegenerative and neuroinflammatory diseases such as AD. Natu-
ral bioactive products extracted from plants, minerals, animals, and microorganism are
common claimed nutraceuticals, and they have been used to fight many diseases [20].
Knowledge on medicinal use of natural products is often handed over from one genera-
tion to another, and it stems from thousands of years ago when medicinal plants, rich in
phytochemicals and microorganisms, were a major source of medicines.

Recently, many natural products were placed under investigation in pre-clinical and
clinical trials in the treatment of AD [21], confirming the relevance of natural compounds.
Several studies report that nutraceuticals and phytochemicals can have a crucial role in cell
survival, neuron function, synaptic plasticity, and memory formation, thus contributing
to prevention of neurodegenerative diseases onset [22–24]. Furthermore, in addition to
other functions such as antioxidant activity and anti-inflammatory activity, several of these
compounds are able to modulate the expression or proteolytic activity of MMPs.

In this manuscript, we briefly discuss MMPs and their known roles in neurodegenera-
tion and neuroinflammation, followed by an overview of natural compounds derived from
marine and terrestrial sources that can modulate the expressions level and/or activity of
MMP-2 and MMP-9. The aim of this manuscript is to function as a reference for medicinal
chemists who wish to develop new molecules that combine the beneficial actions of natural
compounds with the ability to modulate MMPs, perhaps being useful in the treatment of
neuropathologies such as AD.

1.1. Introduction to MMPs

Matrix metalloproteinases (MMPs), also called matrixins, are a family of zinc-dependent
endopeptidases [25]. MMPs have a modular domain structure and share a similar catalytic
domain and zinc-binding domain, together forming the active site for substrate catalysis
(Figure 2). MMPs are secreted by cells such as inactive pro-enzymes (proMMPs) that re-
quire the proteolytic removal (e.g., by other proteases) or chemical modification (e.g., by
reactive oxygen species) of a self-inhibitory prodomain in order to become catalytically
active proteases [26]. The prodomain, catalytic domain, and zinc-binding domain form the
structural basis of all MMPs. Several MMPs also share a hemopexin domain that is involved
in binding to substrates [27], inhibitors [28], and cell surface receptors [29]. MMP-2 and
MMP-9 (gelatinase A and gelatinase B) both have three fibronectin repeats that give them
the ability to bind large substrates such as collagens and to efficiently cleave gelatins [30]. In
addition, MMP-9 has a unique linker sequence (64 amino acids) that connects the active site
to the hemopexin domain and is rich in O-glycans; hence, it is named the O-glycosylated
domain. This domain is indispensable for MMP-9 functions including cell migration [31],
substrate catalysis [32], and the regulation of bioavailability [33]. Furthermore, this do-
main allows MMP-9 to form higher order multimers that are differentially regulated by
natural MMP inhibitors than MMP-9 monomers [34]. There are several MMPs that are
bound to the cell surface through a membrane anchoring domain such as a transmembrane
domain or glycosylphosphatidylinositol anchor, thereby executing cell-surface associated
functions [25]. Finally, MMP-23 is an atypical MMP, having a transmembrane domain
attached to the N-terminus and an immunoglobulin-like domain and cysteine-rich domain
attached to the C-terminus [35].

MMPs are mainly known for their ability to cleave components of the extracellular
matrix (ECM); hence, their original nomenclature was based on substrate specificity, e.g.,
collagenases, gelatinases, and matrilysins. The cleavage of ECM components by MMPs
contributes to processes such as tissue remodeling, cell migration, and the release of growth
factors from the ECM [36]. However, many other (even intracellular [37]) MMP substrates
have been found, and intracellular roles of MMPs are being discovered [38,39]. For example,
the nuclear localization of MMP-2 was reported in cigarette smoke-exposed endothelial
cells and associated with cell apoptosis [40]. MMP-12 is transported to the nucleus, where
it binds to the NF-kappa-B inhibitor alpha NFKBIA promoter and mediates NFKBIA
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transcription, leading to Interferonα secretion and protection against viral infections [41].
Finally, functions unrelated to the proteolytic actions of MMPs have also been found. These
effects mainly rely on the cell-surface association of MMPs and the subsequent activation
of signal transduction pathways, e.g., by binding of cell surface receptors such as CD44
and integrins [42].
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1.2. MMPs in Neurodegeneration and Neuroinflammation

A common feature of several neurodegenerative disorders is the presence and dis-
persal of anomalous protein aggregates throughout the brain. For example, the formation
of amyloid fibrils and Aβ peptide aggregates in AD, tau tangles in tauopathies and α-
synuclein aggregates in PD. The formation of these anomalies is associated with neurotoxic-
ity and the progressive loss of neurons. As an additional factor, innate immune mechanisms
are also implicated in the pathogenesis of neurodegenerative diseases. The transitioning of
the innate immune response into chronic inflammation results in the proliferation of glial
cells (gliosis) and elevated levels of proinflammatory cytokines [2]. For a comprehensive
overview of the actions of all MMPs in neurodegeneration and neuroinflammation, we
refer the reader to several recent reviews [17,43–45]. In this manuscript, we focus on the
actions of the two gelatinases—MMP-2 and MMP-9.

1.2.1. Localization and Origin of MMP-2 and MMP-9 in the Nervous System

Both MMP-2 and MMP-9 can be expressed by cells of the nervous system. While
expression of MMP-9 is most often induced, MMP-2 is more constitutively present and
less influenced by damaging factors [46]. The basal expression of MMP-9 in healthy brain
tissue is low [47] but increases significantly in disease models and/or patient samples with
neurological damage. The disease- or damage-mediated induction of MMP-9 is found in
the endothelial cells of cerebral vasculature [47], astrocytes surrounding amyloid plaques
or in injured nerves [18,48,49], areas of astrogliosis [50], meninges and neurons of the
injured spinal cord [51], human pyramidal neurons [52], and Schwann cells stimulated
with proinflammatory cytokines (e.g., tumor necrosis factor-α and interleukin-1β) [53].
In patients with secondary progressive multiple sclerosis (MS), MMP-9 is expressed at
the rim of plaques in chronic active lesions, suggestive for the expression of MMP-9 by
activated microglia [54]. Furthermore, all forms of MMP-9 (monomers, multimers, and
charge variants) are increased in serum from patients with MS [55]. Interestingly, in a
rat model for HD, MMP-9 immunoreactivity was found in the nuclei of the neurons of
a healthy rat striatum [50]. In a mouse model for peripheral nerve injury, MMP-2 was
found to be constitutively present in nerve tissue [56]. However, in a mouse model for AD,
MMP-2 was also increased in astrocytes surrounding amyloid plaques [18].
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Infiltrating immune cells are a second source of MMP-2 and MMP-9. Polymorphonu-
clear leukocytes (PMNs) are the first cells to arrive in damaged tissue and PMN-derived
MMPs have neurotoxic activity [57]. PMN infiltration is followed by monocyte infil-
tration, and tissue-differentiated monocytes secrete higher levels of MMP-9 compared
undifferentiated monocytes, thereby contributing to neurotoxicity [58]. In animal models
for peripheral nerve injury and spinal cord injury, MMP-9 is associated with infiltrating
macrophages [56,59]. In HIV-induced dementia, proMMP-2 is secreted by HIV-infected
macrophages [56], and in a model for neuroinflammation, macrophage-derived gelati-
nase (MMP-2 and MMP-9) activity was found to be crucial for leukocyte infiltration into
the central nervous system (CNS) [60]. In conclusion, there are several origins of MMP-
2 and MMP-9 in CNS pathology; both resident and infiltrating immune cells are able
to supply these proteases or induce their production, e.g., upon stimulation with pro-
inflammatory molecules.

1.2.2. Mechanisms of MMP-2 and MMP-9 in CNS Pathology

MMPs have a potential role in the turnover of protein aggregates (Figure 3). Several
MMPs, including MMP-2 and MMP-9, are able to cleave Aβ monomers and oligomers, but
MMP-9 is unique in its ability to also cleave Aβ fibrils and clear plaques from amyloid-
laden brains. For a detailed overview of MMP cleavage sites on APP, the reader is referred
to the review manuscript by Cauwe et al. [61]. A recent overview of APP processing by
MMPs is also available in the review manuscript by Zipfel et al. [16]. Though mainly
relying on in vitro studies, ex vivo studies, and steady state mouse models, a positive
cross-interaction between Aβ, MMP-2, and MMP-9 has been suggested [18,48]. Moreover,
several studies have shown that Aβ can also induce MMP-9 expression and activity in vitro,
e.g., in astrocytes [48] and in THP-1 cells (a monocytic cell line) [62]. Hence, Aβ-induced
MMP-2 and MMP-9 expression might also enhance MMP-associated neurotoxicity and
outweigh the Aβ-clearing effect. Interestingly, tau, the aggregating protein associated
with tauopathies, including AD, is also an MMP-2, MMP-3, and MMP-9 substrate. How-
ever, proteolysis by MMP-9, not MMP-3, induces tau oligomer formation [63], whereas a
physiological function of MMP-2 in normal tau proteolysis has been suggested [64].

MMP-2 and MMP-9 can cleave several soluble factors such as chemokines and growth
factors, thereby altering their functional properties [65]. Several MMPs (including MMP-2
and MMP-9) are able to cleave C-X-C motif chemokine Ligand 12 (CXCL12) stromal cell-
derived factor-1 (SDF-1), thereby either degrading it or converting it to a neurotoxic protein
that activates the intrinsic apoptotic pathway (Figure 3) [66]. In HIV-associated neurode-
generation, proMMP-2 is secreted by HIV-infected macrophages, and after activation by
neuronal MMP-14/ membrane-type 1 (MT1)-MMP, MMP-2 converts astrocyte-derived SDF-
1 into neurotoxic SDF-1 (5–67) [67]. Another crucial substrate of MMPs is MBP (Figure 3).
Many in vitro and in vivo studies have shown that MMPs promote demyelination by de-
grading MBP, a major constituent of myelin sheets supporting neuronal signals [53,68–70].

MMPs also have a fundamental role in leukocyte migration (Figure 3). During neu-
roinflammation, leukocytes migrate from the circulation into the CNS. This process requires
their migration through a layer of vascular endothelial cells, two layers of basement mem-
branes (the endothelial basement membrane and the parenchymal basement membrane),
and a layer of astrocytes, together forming the blood brain barrier (BBB) [36]. Both MMP-2
and MMP-9 are important players in this process. In mouse experimental autoimmune
encephalomyelitis (EAE), a model for CNS inflammation, leukocytes were found to use
MMP-2 and MMP-9 to migrate through the parenchymal basement membrane, specifically
through the cleavage of dystroglycan, a transmembrane receptor that connects astrocyte
endfeet with parenchymal basement membrane BM [60]. For a detailed overview on the
roles of MMP-2 and MMP-9 in neuroinflammation, we refer the reader to a recent review
by Hannocks et al. [45].
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aggregates such as Aβ and tau, with MMP-9 being unique in its ability to cleave Aβ fibrils. (B) MMPs
can modify several cytokines and growth factors. This is exemplified by the cleavage of stromal
cell-derived factor-1 (SDF-1)/ C-X-C motif chemokine Ligand 12 (CXCL12) and either its inactivation
or its conversion into a neurotoxic peptide. (C) MMPs cleave several components of the extracellular
matrix (ECM) such as tight junction proteins and components of the basement membranes, thereby
allowing for immune cell migration and contributing to neuroinflammation.

Several models for neurodegeneration and neuroinflammation in animals deficient in
MMP-2 and/or MMP-9 have been used to show beneficial effects on disease progression
and outcome. Upon spinal cord injury, MMP-9-knockout (KO) mice have less disruption
of the blood–spinal cord barrier, reduced neutrophil infiltration, and improved locomotor
recovery [51]. The deletion of the MMP-9 gene protects nerve fibers from demyelination
and reduces neuropathic pain after injury [53]. While MMP-9 KO mice are protected in
traumatic brain injury [71], in ischemia, the knock-out of MMP-2 does not alter acute brain
injury [72]. The genetic ablation of both MMP-2 and MMP-9 in mice results in resistance to
EAE by inhibiting dystroglycan cleavage and preventing leukocyte infiltration [60]. Finally,
the beneficial effects of MMP inhibitors (minocycline, simvastatin, and GM6001) have been
described in a model for cerebral amyloid angiopathy [73]. Overall, these studies justify
the inhibition of MMP-2/-9 in neurodegenerative and neuroinflammatory diseases such as
AD and highlight the potential of new inhibitory compounds.

2. Natural Products from Marine Source That Modulate MMP-2 and/or MMP-9

Marine organisms such as sponges, macroalgae, microalgae, and bacteria are consid-
ered effective biological sources of new bioactive drugs. These organisms are usually rich
in nutraceuticals and pharmaceuticals that are secreted to survive in the hostile environ-
ment where they live. The bioactive molecules are metabolites such as small chemical
molecules, as well as short peptides and enzymes. One critical point associated with marine
compounds is that only limited amounts are produced by the natural source. In addition,
their chemical structures are often too complex to be synthetized in vitro. In recent years,
several products with anti-MMP activity have been identified from marine sources. Most
investigations have been focused on their effect on MMPs during inflammatory diseases
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and/or cancer. Due to the relevance of MMPs (especially MMP-2 and MMP-9) in neurode-
generative diseases, marine products could also be useful for the inhibition of MMPs in
AD [74].

In the following paragraphs, several natural MMP modulators of marine origin are
reported. For more detailed information regarding the literature prior to 2018, we refer the
reader to previous reviews cited below [75–77]. The active products are divided in two
groups: protein/peptides and small molecules (Figure 4).

Pharmaceuticals 2021, 14, x FOR PEER REVIEW 7 of 26 
 

 

and reduces neuropathic pain after injury [53]. While MMP-9 KO mice are protected in 
traumatic brain injury [71], in ischemia, the knock-out of MMP-2 does not alter acute brain 
injury [72]. The genetic ablation of both MMP-2 and MMP-9 in mice results in resistance 
to EAE by inhibiting dystroglycan cleavage and preventing leukocyte infiltration [60]. Fi-
nally, the beneficial effects of MMP inhibitors (minocycline, simvastatin, and GM6001) 
have been described in a model for cerebral amyloid angiopathy [73]. Overall, these stud-
ies justify the inhibition of MMP-2/-9 in neurodegenerative and neuroinflammatory dis-
eases such as AD and highlight the potential of new inhibitory compounds. 

2. Natural Products from Marine Source That Modulate MMP-2 and/or MMP-9 
Marine organisms such as sponges, macroalgae, microalgae, and bacteria are considered 

effective biological sources of new bioactive drugs. These organisms are usually rich in 
nutraceuticals and pharmaceuticals that are secreted to survive in the hostile environment 
where they live. The bioactive molecules are metabolites such as small chemical molecules, as 
well as short peptides and enzymes. One critical point associated with marine compounds is 
that only limited amounts are produced by the natural source. In addition, their chemical 
structures are often too complex to be synthetized in vitro. In recent years, several products 
with anti-MMP activity have been identified from marine sources. Most investigations have 
been focused on their effect on MMPs during inflammatory diseases and/or cancer. Due to the 
relevance of MMPs (especially MMP-2 and MMP-9) in neurodegenerative diseases, marine 
products could also be useful for the inhibition of MMPs in AD [74]. 

In the following paragraphs, several natural MMP modulators of marine origin are 
reported. For more detailed information regarding the literature prior to 2018, we refer 
the reader to previous reviews cited below [75–77]. The active products are divided in two 
groups: protein/peptides and small molecules (Figure 4). 

 
Figure 4. Overview of marine compounds able to modulate MMP-2 and MMP-9. AOP: abalone oligopeptide; AATP: aba-
lone anti-tumor peptide; ATPGDEG: Ala-Thr-Pro-Gly-Asp-Glu-Gly; BABP: boiled abalone byproduct peptide; LSGYGP: 
Leu-Ser-Gly-Tyr-Gly-Pro; Mere15: Mere Meretrix 15 kDa polypeptide. 

Of note, many manuscripts reporting on the analysis of MMPs (in particular MMP-2 
and MMP-9) miss a clear distinction between differences in mRNA levels, protein levels, 

Figure 4. Overview of marine compounds able to modulate MMP-2 and MMP-9. AOP: abalone oligopeptide; AATP:
abalone anti-tumor peptide; ATPGDEG: Ala-Thr-Pro-Gly-Asp-Glu-Gly; BABP: boiled abalone byproduct peptide; LSGYGP:
Leu-Ser-Gly-Tyr-Gly-Pro; Mere15: Mere Meretrix 15 kDa polypeptide.

Of note, many manuscripts reporting on the analysis of MMPs (in particular MMP-2
and MMP-9) miss a clear distinction between differences in mRNA levels, protein levels,
and proteolytic activity. This problem stems from the fact that several of the standard
methods to evaluate MMP-2 and MMP-9 levels and activity are prone to misinterpretation
(as discussed in more detail by Vandooren et al., 2013) [78]. In this review manuscript,
a clear distinction between these different levels of regulation was made based on the
methodology used in each of the discussed manuscripts.

2.1. Protein and Peptides

C-phycocyanin (C-PC) is a deep blue colored pigment protein that can be isolated
and purified from several seaweeds. C-PC is largely found in Spirulina, a microalgae used
in many countries as dietary supplement and whose nutritional benefits have been well-
described [79]. The structure of C-PC is characterized by a heterodimeric monomer (αβ)
formed by the α and β subunits. Usually, the αβ monomers of C-PC further polymerize
into higher order multimers; (αβ)n n = 1 ~ 6 [80]; see Figure 5.

C-PC has several biological activities such as improving wound healing, antioxidant
activity, pro-apoptotic effects, and antitumor activity [81]. The beneficial effects of C-PC
have also been observed in various models for degenerative diseases such as PD, MS and
ALS [82–84].

Recently, C-PC was reported as an inhibitor of MMP-2 and MMP-9. In a vasculogenic
mimicry assay with breast cancer cells (MDA-MB 231 cell line), treatment with C-PC
resulted in a drastic reduction in the number of vascular channels formed compared to
a control. A real-time quantitative reverse transcription-PCR (qPCR) analysis recorded
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a decrease in the mRNA levels of both vascular endothelial growth factor receptor-2
(VEGFR2) and MMP-9, two key regulators of cancer-associated angiogenesis [85].

In a 1,2-dimethylhydrazine-induced colon cancer rat model, treatment with piroxicam
and C-PC resulted in a lower tumor expression of MMP-2 and MMP-9 compared to a
control. Both pro- and activated forms of MMP-2 and MMP-9 were reduced [86]. In the
HepG2 cell line (hepatocellular carcinoma cell line), C-PC could also inhibit the mRNA and
protein expression of both investigated MMPs [87]. Moreover, it has been reported that
C-PC might cross the BBB in a model for tributyltin chloride (TBTC)-induced neurotoxicity,
adding to its neuroprotective effects and making C-PC a potential drug candidate in
neurodegenerative diseases [88].
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Abalone, Haliotis discus hannai, is a marine univalve gastropod that is predominantly
cultured on the southwestern coast of Korea and considered as a precious food at Asian
markets. Several studies have found that abalone is a source of nutraceuticals with anti-
microbial, anti-oxidant, anti-thrombotic, anti-inflammatory, and anti-cancer activities [89].

The digestion of abalone intestine with an in vitro gastrointestinal (GI) digestion
system resulted in the identification of two peptides with anti-MMP-2 and anti-MMP-9
activity in human fibrosarcoma cells (HT1080 cells) (Table 1), namely abalone oligopeptide
(AOP) and abalone anti-tumor peptide (AATP). AOP (Ala-Glu-Leu-Pro-Ser-Leu-Pro-Gly)
was first characterized in 2013 by Nguyen et al. [90], while AATP (Lys-Val-Asp-Ala-Gln-
Asp-Pro-Ser-Glu-Trp) was described in 2019 by Gong at al. [91]. In addition to inhibitory
activity against MMPs, the AATP peptide also reduces the level of mRNA expression of
both gelatinases.

Other peptides were also identified from boiled abalone such as ATPGDEG (Ala-
Thr-Pro-Gly-Asp-Glu-Gly) and BABP (Glu-Met-Asp-Glu-Ala-Gln-Asp-Gly-Asp-Pro-Lys)
(Table 1). In a human keratinocyte cell line (HaCaT cells), treatment with ATPGDEG
resulted in a reduction of MMP-9 secretion. Moreover, molecular docking analysis sug-
gested that ATPGDEG interacts with the MMP-9 active site, thereby blocking the catalytic
activity [92].

The treatment of HT1080 cells with BABP also resulted in reduced levels of MMP-9 but
not of MMP-2. BABP was able to suppress both MMP-9 protein levels (as determined by
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gelatin zymography and Western blot analysis) and mRNA expression in a dose-dependent
manner [93].

Despite several studies, it is still not fully known how these peptides interact with
MMPs. One hypothesis is that the amino acids Glu, Asp, Pro, and Lys could be in-
volved [91].

The LSGYGP (Leu-Ser-Gly-Tyr-Gly-Pro), a peptide isolated from tilapia fish skin
gelatin hydrolysates (TGHs) (Table 1), showed a high hydroxyl radical scavenging activity
in an in vivo study. It has been suggested that TGHs could protect mouse skin collagen
fibers against UV irradiation damage. In UVB-stimulated mouse embryonic fibroblasts
(MEFs), LSGYGP significantly decreased the levels of MMP-9 in a dose-dependent manner.
Furthermore, after using molecular modeling simulation, it was suggested that LSGYGP
can enter into the catalytic site of MMP-9, thereby inhibiting its proteolytic activity [94];
however, in vitro or in vivo evidence of its effect on MMP-9 proteolytic activity is not
yet available.

The Mere Meretrix 15 kDa polypeptide (Mere15) peptide was isolated from Meretrix
meretrix Linnaeus, a mollusk used in traditional Chinese medicine as an anticancer molecule
(Table 1). In human lung adenocarcinoma A549 cells, Mere15 downregulated the secretion
of proteins and the expression of the mRNA of MMP-2 and MMP-9. Moreover, MMP-9
expression was lower than that of MMP-2, suggesting that MMP-9 is more sensitive to
Mere15 inhibition [95].

Table 1. Peptides inhibitors of MMP-2 and MMP-9 from marine source.

Compound Source Sequence MMP-2 MMP-9 Model Ref.

AOP Haliotis discus
hannai

Ala-Glu-Leu-
Pro-Ser-Leu-

Pro-Gly
Inhibition 2 Inhibition 2 HT1080 cells [90]

AATP Haliotis discus
hannai

Lys-Val-Asp-
Ala-Gln-Asp-
Pro-Ser-Glu-

Trp

Inhibition 2,3 Inhibition 2,3 HT1080 cells [91]

ATPGDEG Haliotis discus
hannai

Ala-Thr-Pro-
Gly-Asp-Glu-

Gly
n.d. Inhibition 1,2 HaCaT cells [92]

BABP Haliotis discus
hannai

Glu-Met-Asp-
Glu-Ala-Gln-
Asp-Gly-Asp-

Pro-Lys

Inhibition 2,3 Inhibition 2,3 HT1080 cells [93]

LSGYGP
Tilapia fish skin

gelatin
hydrolysate

Leu-Ser-Gly-
Tyr-Gly-Pro n.d. Inhibition 1,2 mice [94]

Mere15
Meretrix
meretrix
Linnaeus

unknown Inhibition 2,3 Inhibition 2,3 A549 cells [95]

AOP: abalone oligopeptide; AATP: abalone anti-tumor peptide; ATPGDEG: Ala-Thr-Pro-Gly-Asp-Glu-Gly; BABP: boiled abalone byproduct
peptide; LSGYGP: Leu-Ser-Gly-Tyr-Gly-Pro; Mere15: Mere Meretrix 15 kDa polypeptide. 1 Inhibition of proteolytic activity (e.g., substrate
degradation assays and molecular docking); 2 inhibition of protein expression (e.g., in gel zymography, Western-blot, and ELISA); 3

inhibition of mRNA expression (e.g., reverse transcription polymerase chain reaction, RT-PCR). n.d.: not defined.

2.2. Compounds

Diazepinomicin (BU-4664L) is a terpenoid firstly identified in the extract of marine
Micromonospora sp. [96]. BU-4664L has mainly been studied for its anti-invasive and anti-
migratory effects on cancer cells. In murine colon 26-L5 carcinoma cells, BU-4664L inhibited
the proteolytic activities of MMP-2 and MMP-9 with IC50 values of 0.46 and 0.60 µg/mL,
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respectively (Table 2). Furthermore, it was confirmed that BU-4664L is able to influence
both extracellular matrix degradation and cell migration [97].

In 2008, a Phase II clinical trial with BU-4664L was started in patients affected by
glioblastoma. Unfortunately, due to a lack of efficacy, the trail failed. Nevertheless, BU-
4664L is a bioactive, farnesylated, dibenzodiazepinone alkaloid that is able to cross the BBB
and provide a potential scaffold for further optimization and for investigation in the study
of the relationship between AD and MMPs.

Ageladine A, isolated from the extract of the marine sponge Agelas nakamurai, pos-
sesses antiangiogenic activity. An in vitro study on isolated enzymes showed that ageladine
A inhibits both MMP-2 and MMP-9 proteolytic activity (Table 2), whereas the N-methylated
derivatives did not inhibit MMP-9 [98]. Since several MMP inhibitors exhibit their in-
hibitory activity by interaction with the Zn+2-ion of the catalytic domain (chelation), the
chelation power of ageladine A was investigated but could not be established. Therefore,
ageladine A is likely to inhibit through a yet-to-be-determined mechanism [98].

Aeroplysinin-1 is a brominated antibiotic secreted by Aplysina aerophoba sponges as a
chemical defense response triggered by tissue injury. Aeroplysinin-1 is thought to have
anti-tumor and anti-angiogenic actions. A study conducted in different human endothelial
cell lines reported a decrease of MMP-2 expression [99]; see Table 2. Interestingly, aqueous
extracts of Aplysina aerophoba were able to reduce the protein and mRNA expression of
both MMP-2 and MMP-9 in rat astrocyte cultures [101].

Lemnalol (Table 2), isolated from soft coral (Lemnalia cervicornis and Lemnalia tenuis
Verseveldt), has anti-inflammatory effects on mast cells (MCs) and osteoclasts activity in
rats with monosodium urate (MSU) crystal-induced gouty arthritis. Though immunohisto-
chemical analysis, it was shown that lemnalol decreases the infiltration and degranulation
of MCs, and it was suggested that this effect is partially related to reduced expression of
MMP-9 [100].

11-Epi-sinularoide acetate (11-epi-SA) was isolated from the soft coral Sinularia flexibilis
(Table 2). In hepatocellular carcinoma cells (HA22T cells), 11-epi-SA was found to inhibit cell
migration and invasion in a concentration-dependent manner. These activities remained at
low, non-toxic doses (<7.98 µM) and also reduced the expression and activity of MMP-2
and MMP-9, suggesting that the effect could be associated with the modulation of MMPs
or their endogenous inhibitors [102].

Recently, 11-epi-SA was also studied in a human bladder cancer cell line (TSGH-8301
cells), again showing a relevant effect against cell migration and invasion. Similarly, these
effects were associated with decreased levels of MMP-2 and MMP-9 protein secretion [103].
Considering the reported results in cancer models, 11-epi-SA might also be a promising
candidate for further development as a new modulator of MMPs in other pathologies such
as AD.

Dihydroaustrasulfone alcohol (DA), isolated from marine coral, has antioxidant and
anti-cancer activity (Table 2). Furthermore, DA has a concentration-dependent inhibitory
effect on the migration and motility of human non-small cell lung carcinoma cells (NSCLC
A549 cells), as determined by trans-well and wound healing assays. Gelatin zymography
analysis, a standard method to detect MMP-2 and MMP-9 levels and proteoforms, showed
that DA also significantly inhibited the presence of MMP-2 and MMP-9. These results
proved that the anti-metastatic effect of DA was associated with the suppression of enzymes
involved in cancer cell migration [104].

DA has also been proposed as an anti-restenosis molecule. Restenosis is characterized
by the abnormal proliferation and migration of vascular smooth muscle cells (VSMCs) and
the stimulation of platelet-derived growth factor (PDGF)-BB. Based on gelatin zymography
data, it was suggested that DA dose-dependently decreased the pro-forms of all gelatinases,
as well as the active form of MMP-9, in comparison with the control group (PDGF-BB
alone). These results showed that DA decreased the activation and expression levels of
both MMP-2 and MMP-9, which are involved in cell migration [105].

135



Pharmaceuticals 2021, 14, 86

Table 2. Compound inhibitors of MMP-2 and MMP-9 from marine sources.

Structure Source MMP-2 MMP-9 Model Ref
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3. Natural Products from Terrestrial Source That Modulate MMP-2 and/or MMP-9

Natural bioactive products, phytochemicals, and nutraceuticals extracted from plants,
minerals, animals, and microorganism have been the source of most of the bioactive molecules
used in traditional medicine. Several in vitro and in vivo studies have demonstrated the
therapeutic potential of natural products in various pathologies including degenerative and
neurodegenerative diseases such as AD, PD, HD, ALS, and MS [21,106–111].

Due to their multifunctional properties, natural products may interfere with AD
progression at all stages including the formation and clearance of pathological aggregates,
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the release of damaging reactive oxygen species, and even neuroinflammation. Recently,
Andrade et al. generated a detailed overview of the state of the art of natural molecules and
natural extracts currently studied in AD [21]. Interesting, the majority of natural molecules
reported as a potential drug candidate against AD also influence MMP-2 and MMP-9. In
Figure 6, an overview is given of flavonoids with MMP-2/-9 modulatory activity, including
their confirmed effects on pathological processes in AD. Below, we further discuss the
effects of these flavonoid on MMP-2 and MMP-9 mRNA expression, protein production,
and proteolytic activity, as reported in several different disease models, in vitro cell-based
assays, and biochemical assays.
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Flavonoids

Flavonoids are phenolic compounds that can be isolated from a wide range of plants.
Several of these compounds have been attributed beneficial actions in health and disease.
Their main effects include anti-carcinogenic, anti-inflammatory, antiviral, antioxidant, and
psychostimulant activities. In the following section, we report on flavonoids with known
positive effects in AD [21] and that have the ability to module MMP-2 and MMP-9; see
Table 3.

Quercetin (Que), Table 3, has been largely studied for its anti-inflammatory and
anti-cancer activity.

In the human fibrosarcoma cells line (HT1080), Que was found to inhibit both MMP-2
and MMP-9 protein levels were in a dose-dependent manner [112]. In a human hepatocar-
cinoma cell line (HCCLM3 cells), Que inhibits cell migration and invasion in vitro, and it
has been suggested that these anti-migratory and anti-invasive effects are due to the ability
of Que to downregulate the protein expression of MMP-2 and MMP-9 [113]. Moreover,
the effect of Que was also studied in human oral cancer cell lines (HSC-6 and SCC-9 cells),
where Que also decreased the abundances of MMP-9 and MMP-2 [114].

In an asphyxia-based rat model for cardiopulmonary resuscitation (CPR), rats treated
with treated by intragastric injection of 50 mg/kg quercetin once a day for five days had
significantly less reactive oxygen species (ROS) generation, inflammation, and MMP-2
protein expression [147]. Que was also studied in the two-kidney one-clip rat model for
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hypertension. Animals treated with quercetin (10 mg/kg/day for three weeks by gavage)
had reduced aortic ROS levels and MMP-2 activity, as determined by situ zymography and
immunofluorescence [115].

Table 3. Flavonoid compounds able to modulate MMP-2 and MMP-9 levels.

Structure Source MMP-2 MMP-9 Model Ref
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Kaempferol (Kae), Table 3, is a bioactive substance that possesses several properties
such as anti-cancer, anti-diabetic, anti-inflammatory, anti-aging, anti-allergic, and cardio-
protective activities [148]. In human tongue squamous cell carcinoma cells (SCC4 cells), Kae
inhibited migration and invasion, reduced the protein expression of MMP-2, and decreased
the nuclear translocation of the transcription factor AP-1 to the MMP-2 promoter [116].

As a phytoestrogen, Kae is known to play a chemopreventive role inhibiting carcino-
genesis and cancer progression. In the MCF-7 breast cancer cell line, Kae inhibits the
protein expression of epithelial-mesenchymal transition-related markers and suppresses
metastasis-related markers such as MMP-2 and MMP-9 [117].

Naringenin (Nar), Table 3, is a bioactive compound found in several fruits that has
anti-inflammatory and antitumor effects. One study investigated the effect of Nar on the
migration of lung cancer cells (A549 cells) and found a significant alteration in A549 cell
proliferation in response to Nar treatment. Gelatin zymography revealed that Nar reduces
MMP-2 and MMP-9 levels in a concentration-dependent manner [118].

Epigallocatechin Gallate (EGCG), Table 3, is the most abundant catechin found in
green tea. EGCG has various biological effects such as antioxidant, radical scavenging,
antimicrobial, anti-inflammatory, anticarcinogenic, antiapoptotic, and metal-chelating activ-
ities [149]. Moreover, several studies have reported that EGCG offers potential protection
from neurodegeneration [150] or can be considered an inhibitor of cancer cell metastasis
via the inhibition of the expression and activity of several proteins such as MMP-2 and
MMP-9. MCF-7 cells treated with EGCG suppress the expression of pro-MMP-2 [119]. In a
human breast cancer cell line (MDA-MB-231) with high metastatic properties, treatment
with EGCG resulted in the inhibition of MMP-9 mRNA and protein expression [120]. Ad-
ditionally in human pancreatic cancer cells (AsPC-1 cells), EGCG inhibits the expression of
MMP-2 and MMP-9 [121]. Furthermore, in biochemical assays with recombinant MMP-9,
the direct inhibition of MMP-9 gelatinolytic activity by EGCG has also been established [32].

Luteolin (Lut), Table 3, is largely present in herbs, vegetables, and fruits, and it exhibits
anti-inflammatory and antioxidant activities. The effect of Lut on MMP-2 and MMP-9 in
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azoxymethane (AOM)-induced colon carcinogenesis in BALB/c mice was investigated.
The expression of MMP-2 and MMP-9 was increased during AOM induction, whereas
treatment with Lut (15 mg/kg, intraperitoneally, once a week for three weeks) reduced their
expressions reduced their expressions [122]. Recently, a study showed that Lut inhibits
the metastasis of ovarian cancer cells (A2780 cells) by downregulating the expression of
MMP-2 and MMP-9 both in vitro (A2780 cells) and in vivo in a tumor model comprising
subcutaneous injection of A2780 cells in nude mice [123]. Lut exhibited a similar behavior
in human melanoma cells (A375 cells), where it inhibits proliferation, induces apoptosis,
and reduces the expression of MMP-2 and MMP-9 (in vitro and in vivo) [124].

Morin (Mor), Table 3, is a flavonol with various bioactive properties including neu-
roprotection, the suppression of inflammation, and anticancer activity [151]. An in vivo
study was performed to evaluate the role of Mor in diethylnitrosamine (DEN)-induced
hepatocarcinogenesis in Wistar albino rats. Both MMP-2 and MMP-9 levels were increased
in DEN-induced animals when compared to a control. In animals treated with Mor, MMP-2,
and MMP-9 levels were decreased [125]. Next, Mor was also tested in cultured LX-2 cells
(hepatic stellate cells; HSCs) and diethylnitrosamine-induced fibrotic rats. Again, signifi-
cantly decreased levels of MMP-2 and MMP-9 were found upon Mor treatment (200 mg/kg
in drinking water) when compared to untreated cells and DEN-induced fibrotic rats [126].

Recently, Mor hydrate was studied in the metastasis of MCF-7 human breast can-
cer cells, where Mor hydrate suppressed 12-O-tetradecanoylphorbol-13-acetate (TPA)-
induced cell migration and invasion via the inhibition of MMP-9 mRNA and protein
expression [127].

Apigenin (Api), Table 3, a flavonoid present in vegetables, fruits, and herbs, pos-
sesses several bioactive properties, including anti-inflammatory, neuroprotective [152], and
anticancer activities [153].

In colorectal adenocarcinoma cell lines (SW480 cells), Api reduced MMP-9 protein
levels in a dose-dependent manner correlating with anti-metastasis and antitumor ef-
fects [128].

The positive action of Api was also evaluated in U87 glioma cells, where it was
found to reduce tumor cell metastasis and invasion, inhibit MMP-9 mRNA levels, and
downregulate nuclear factor-KB (NF-KB) [129], a known regulator of MMP-9 expression
under inflammatory conditions. The anti-metastatic action of Api was also found in
human melanoma cells (A375 cells), where Api reduces the MMP-2 and MMP-9 in a
dose-dependent manner [130].

Fisetin (Fis), Table 3, is a bioactive flavonol found in several fruits and vegetables, and it is
recognized for its anti-inflammatory, anti-proliferative, and neuroprotective effects [154,155].

Fis is able to dose-dependently inhibit MMP-9 protein and mRNA expression in a
pancreatic cancer cell line (AsPC-1 cells) [131]. Recently, the effect of Fis on MMP-2 and
MMP-9 expression in triple breast cancer cells (4T1 and JC cells) was investigated, with the
findings that Fis reduced cell motility and that this phenomenon was partially associated
with a reduction of MMP-2 and MMP-9 expressions [132].

Myricetin, (Myr), Table 3, is abundantly found in vegetables, fruits, teas, and some
medicinal plants. Several studies have illustrated that Mir can exert anti-oxidant, anti-
inflammatory, anti-cancer, and neuroprotective effects [156]. Myr acts as an anti-cancer
agent through different mechanisms including the modulation of MMP-2 and MMP-9. It
inhibits MMP-2 protein expression in colorectal carcinoma cells (COLO 205). Furthermore,
one study reported that purified MMP-2 incubated with Myr had reduced activity when
analyzed by gelatin gel zymography [133], which would suggest a direct and strong
Myr/MMP-2 interaction. Recently, it has been reported that Myr suppresses breast cancer
metastasis through the downregulation of the activity of MMP-2 and MMP-9 (MDA-Mb-
231Br cells) [134]. In another study, the effect of Myr on the migration and invasion of
radioresistant lung cancer cells (A549-IR cells) was investigated. Experimental evidence
showed that Myr can inhibit the invasion and migration of A549-IR cells by suppressing
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the expression of MMP-2 and MMP-9 through the inhibition of the focal adhesion kinase
FAK-ERK signaling pathway [135].

Recently, Myr has been studied in a pentylenetetrazole (PTZ)-induced mouse model of
epilepsy (C57BL/6 male mice). It is known that PTZ-induction increases the expression of
MMP-9 and that the selective inhibition of MMP-9 confers neuroprotection in patients with
epilepsy. Interestingly, treatment with Myr (100–200 mg/kg, orally for 26 days, 30 min prior
to each PTZ injection) reduced the mRNA and protein levels of MMP-9 in a dose-dependent
manner, thus confirming the neuroprotective role of Myr [136].

Baicalein (Bai), Table 3, is produced by the root of Chinese skullcap, Scutellaria
baicalensis Georgi (Lamiaceae), and it is a bioactive substance part of traditional Chinese
medicine. Bai has several beneficial effects conferred through its anti-oxidant, anti-viral,
anti-inflammatory, anti-angiogenic, and anti-cancer activities [157]. Moreover, studies have
shown that Bas exerts a neuroprotective role in AD [158].

Several studies have reported that Bai acts as an anticancer agent through several
pathways including the modulation of MMP-2 and MMP-9 expression. In a benzo(a)pyrene-
induced pulmonary carcinogenesis mouse model, animals treated with Bai (12 mg/kg) had
the significantly reduced mRNA and protein expression of MMP-2 and MMP-9 [137].

The anti-proliferative potential of Bai was also studied in melanoma cell lines (A375
and SK-MEL-28), where MMP-2 expression was significantly reduced in cells treated with
Bai [138]. Moreover, Bai was tested in a pancreatic neuroendocrine tumor cell line (BON1
cells), and the observed reduction of tumor migration and invasion related to the decreased
MMP-2 and MMP-9 [139]. Recently, it has been reported that Bai contributes to reduced
metastasis in osteosarcoma. Upon treatment with Bai, the invasive capacity of human
osteosarcoma cells (CRL-1427 cells) was reduced. This result was attributed to a series of
enzymes modulated by Bai, including the reduced production of MMP-9 and MMP-2 [140].

Puerarin (Pue), Table 3, is part of the isoflavone glycoside group, and it is extracted
from Pueraria lobate, Pueraria thomsonii, and Pueraria tuberosa. Pue was approved by the
Chinese Ministry of Health for clinical treatment in 1993. It was primarily used for the
treatment of cardiovascular diseases and later also reported to have anticancer activity [159].
Recently, studies have reported the ability of Pue to protect against AD [160]. Pue is known
for its properties including bone-sparing, anti-inflammatory, and anti-proteinase properties.
Rats with periodontitis that were treated with Pue showed a reduction of MMP-2 and
MMP-9 expression [141]. Pue also significantly inhibited lipopolysaccharide (LPS)-induced
MCF-7 and MDA-MB-231 cell migration, invasion, and adhesion. The mRNA and protein
levels showed that Pue treatment effectively negated the expression of several proteins
including MMP-2 and MMP-9 in LPS-activated cells [142].

Rutin, (Rut), Table 3, is a polyphenolic natural flavonoid known as quercetin-3-O-
rutinoside and vitamin P, that is found in vegetables, citrus fruits, and plant-derived
beverages. Rut has been largely studied for its several bioactive properties [161]. Rut was
studied in vivo in a rat photothrombotic cerebral ischemic model, and the administration of
Rut reduced BBB disruption via the downregulation of MMP-9 protein expression [143]. In
mice with LPS-induced heart injury, Rut mitigated fibrosis-related genes, reduced MMP-2
and MMP-9 levels in the heart, and prevented LPS-induced cardiac fibrosis [144].

Naringin (Nar), Table 3, is a bioflavonoid compound especially found in grapefruit and
is related to citrus herb species. It has an extensive spectrum of pharmacological activities
such as anti-inflammatory, anti-oxidant, antitumor, and neuroprotective effects [162].

In a glioma cell line (U251 cells), Nar inhibited invasion and migration at several con-
centrations. In addition, a decrease in the levels of MMP-2 and MMP-9 was measured [145].
Similar results were obtained in human glioblastoma cells (U87 cells), where Nar exhibited
inhibitory effects on the invasion and adhesion of U87 cells and reduced the protein levels
of both MMP-2 and MMP-9 [146].
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4. Conclusions and Future Prospective

AD is a chronic crippling disease for which the approved drugs are only palliative. In
this manuscript, we briefly discuss the complex role that MMPs, specifically the gelatinases
MMP-2 and MMP-9, have in neurodegeneration and neuroinflammation. It is clear that by
modifying structural proteins and altering the functions of cytokines, MMPs contribute to
the progression of neuropathology. In addition, in several in vivo studies, the beneficial
effects of targeting MMPs in neuroinflammation and neurodegeneration were confirmed.

Both in clinical and preclinical studies, it was shown that many natural products
from marine and terrestrial sources are promising bioactive substances for AD treatment.
Interestingly, many of these natural products also have the ability to modulate MMP-2 and
MMP-9. In this manuscript, we summarized the MMP-2 and MMP-9-modulatory activities
of marine and terrestrial compounds with known beneficial effects on processes involved in
AD pathology. Many natural compounds appear to regulate signal transduction pathways,
thus leading to the simultaneous downregulation of MMP-2 and MMP-9 gene and protein
expression. While such effects might correspond with general anti-oxidant and anti-
inflammatory properties, for some compounds, direct anti-proteolytic activity on MMP-2
and/or MMP-9 has been established (e.g., ATPGDEG, LSGYGP, BU-4664L, ageladine A,
quercetin and myricetin). In addition, several compounds require further research to
decipher their exact regulator mechanisms. For example, it is imperative to determine
whether their activity is due to the direct inhibition of the proteolytic mechanisms of
MMPs or due to the direct or indirect modulation of signaling pathways upstream of
MMP production.

In conclusion, natural compounds might represent a pipeline or ‘blueprint’ to develop
new molecules that can modulate MMPs. Furthermore, the inhibition of MMPs in combi-
nation with other properties such as anti-inflammatory and anti-oxidant activity, as well
as abilities such as diffusion across the blood–brain barrier, might provide valuable for
treatments against AD progression.
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Abstract: Matrix Metalloproteinases (MMPs) are a family of secreted and membrane-bound enzymes,
of which 24 isoforms are known in humans. These enzymes degrade the proteins of the extracellular
matrix and play a role of utmost importance in the physiological remodeling of all tissues. However,
certain MMPs, such as MMP-2, -9, and -13, can be overexpressed in pathological states, including
cancer and metastasis. Consequently, the development of MMP inhibitors (MMPIs) has been explored
for a long time as a strategy to prevent and hinder metastatic growth, but the important side effects
linked to promiscuous inhibition of MMPs prevented the clinical use of MMPIs. Therefore, several
strategies were proposed to improve the therapeutic profile of this pharmaceutical class, including
improved selectivity toward specific MMP isoforms and targeting of specific organs and tissues.
Combining both approaches, we conducted the synthesis and preliminary biological evaluation
of a series of (2-aminobenzothiazole)-methyl-1,1-bisphosphonic acids active as selective inhibitors
of MMP-13 via in vitro and in silico studies, which could prove useful for the treatment of bone
metastases thanks to the bone-targeting capabilities granted by the bisphosphonic acid group.

Keywords: Matrix Metalloproteinase inhibitors; bone targeting; bisphosphonates; antitumor agents;
skeletal malignancies

1. Introduction

The remodeling of the extracellular matrix (ECM) is an essential process for the devel-
opment and maintenance of numerous organs and tissues, such as bone. This process is
regulated by a variety of mediators and enzymes, among which Matrix Metalloproteinases
(MMPs) are widely considered to be the most important players [1–3]. Their expression
is finely regulated, and their activity is also modulated by tissue inhibitors of MMPs
(TIMPs) [3].

In bone, MMPs are physiologically involved in several processes, including cellular
differentiation of osteoblasts, bone formation, bone resorption, and osteoclast recruitment
and migration. During the metastatic process, MMPs are involved in the so-called “vicious
cycle” established by malignant cells. In order to carve out the metastatic niche, these cells
trigger RANK-Ligand (RANKL) production by osteoblasts, which promotes osteoclast
differentiation and bone matrix resorption; the degradation of the extracellular matrix
results in the release of growth factors, driving forward tumor growth and fueling the
vicious cycle [4–6].

Bone metastases are linked to so-called skeletal-related events, which include spinal
cord compression and bone fractures. Moreover, they cause chronic pain and bone marrow
aplasia and impair patient mobility, resulting in a severe reduction in quality of life. A
wide range of treatments is available for bone metastasis (e.g., radiotherapy, chemotherapy,
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endocrine treatments, and orthopedic intervention). In this context, bisphosphonates, such
as zoledronic acid, were standard-of-care for more than a decade and currently share
the spotlight with RANKL-targeted monoclonal antibodies, such as Denosumab, for the
treatment of this condition. Regrettably, although these therapeutic options significantly
reduce the morbidity related to bone metastases, they are generally palliative and do not
lead to tumor eradication [7–10].

Likewise, the ongoing research efforts toward the development of Matrix Metallopro-
teinase Inhibitors (MMPIs) have not yet resulted in satisfying clinical applications, mostly
due to a lack of selectivity caused by the hydroxamic zinc-binding group (ZBG), typical
of the first generation of MMPIs. Indeed, indiscriminate inhibition of MMPs and other
zinc proteases leads to severe adverse reactions, ranging from pain to musculoskeletal syn-
dromes, since zinc ions are essential to an enormous variety of biological processes [1,11].
Therefore, in the last decade, most research efforts focused on curbing the adverse effects
of these compounds by acting on their selectivity or by targeting them to specific tissues,
such as bone. This was achieved either by designing nonzinc-binding MMPIs, which target
allosteric sites, or by developing compounds containing novel, more selective ZBGs [1,3,12].

Bisphosphonic acids belong to the latter class of compounds due to the bone-seeking
nature of the bisphosphonic moiety itself. In the last few years, they proved to be a reliable
and versatile scaffold for the development of novel bone-seeking MMPIs [13–16]. Lead
compound ML115 showed high potency and was also endowed with antiosteoclastic
activity, which could reduce skeletal disease burden in patients with conditions involving
abnormal bone resorption [8,17]. Further developments along this line of research showed
that modifications on the arylbisphosphonic scaffold could afford compounds which
selectively inhibit MMP-2 [8,15,17] and MMP-9 [18], and that also exhibit significant
potential for bone malignancy therapy, being superior at promoting cancer apoptosis
than standard-of-care bisphosphonates, such as zoledronic acid [8,17]. Moreover, these
bisphosphonic MMPIs (BMMPIs) showed no particular side effects in vivo at therapeutic
dosages [8].

The significant inhibitory potency of ML115 toward MMP-2 and MMP-8 can be
explained by the increased hydrophobic interactions that the biphenyl group forms with
the deep S1′ sites of such MMP isoforms [19]. However, inhibition of MMP-13, an enzyme
with an equally deep S1′ pocket [20], has not yet been investigated as part of the activity
spectrum of bisphosphonic acids. This MMP isoform is strongly overexpressed in the
metastatic microenvironment, where it plays a central role by activating MMP-9 and
osteolysis, resulting in the release of growth factors that further stimulate cancer cell
proliferation. Indeed, in recent years, various studies validated MMP-13 as a therapeutic
target for the treatment of bone metastases [21–24]. Following this particular line of
research, we report the development of a series of (2-aminobenzothiazole)methyl-1,1-
bisphosphonic acids with particular attention to their activity as MMP-13 inhibitors, and
provide a rationalization of their activity profile via computational studies.

2. Results and Discussion

Compounds 1–12 (reported in Table 1) were specifically developed to evaluate how
the substitution of the biphenylsulfonamide of ML115 with a 2-aminobenzothiazole moiety
could modify the MMP inhibition profile of these compounds, and whether substitutions
on the benzothiazole scaffold could be used to further modulate their activity.
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Table 1. Compounds 1–12.
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Treatment of the appropriate commercially available 2-aminobenzothiazole with tri-
ethyl orthoformate and diethyl phosphite afforded tetraethyl-1,1-bisphosphonates 1a–4a. 
These bisphosphonic esters were dealkylated with trimethylsilyl bromide (TMBS) in an-
hydrous acetonitrile, affording bisphosphonic acids 1–4. Intermediate 4a, bearing a nitro 
group, was also separately reduced to compound 5b, which was the key to the synthesis 
of compounds 5–11. For compounds 5–8, the precursor was acylated with the appropriate 
acyl chloride and subsequently dealkylated with TMBS. Compounds 9–11 were instead 
obtained via condensation with phenyl isocyanate, phthalic anhydride or Boc-L-Ala and 
subsequent dealkylation of the bisphosphonic ester intermediates with TMBS (Figure 1). 
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Treatment of the appropriate commercially available 2-aminobenzothiazole with
triethyl orthoformate and diethyl phosphite afforded tetraethyl-1,1-bisphosphonates 1a–
4a. These bisphosphonic esters were dealkylated with trimethylsilyl bromide (TMBS) in
anhydrous acetonitrile, affording bisphosphonic acids 1–4. Intermediate 4a, bearing a nitro
group, was also separately reduced to compound 5b, which was the key to the synthesis of
compounds 5–11. For compounds 5–8, the precursor was acylated with the appropriate
acyl chloride and subsequently dealkylated with TMBS. Compounds 9–11 were instead
obtained via condensation with phenyl isocyanate, phthalic anhydride or Boc-L-Ala and
subsequent dealkylation of the bisphosphonic ester intermediates with TMBS (Figure 1).

Compound 12 required a different synthetic route, involving the preparation of
a tetraethyl ethenyliden-bisphosphonate (12b), which was condensed with 2-amino-6-
chlorobenzothiazole, affording intermediate 12a, whose dealkylation in acidic conditions
resulted in the desired product 12 (Figure 2).
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Figure 1. Synthesis of compounds 1–11. Reagents and conditions: (a) HC(OEt)3, HP(OEt)2, 160◦C, 6 h (15–53%); (b) H2,
Pd/C 10%, EtOH, 3 bar, rt, 12 h (77%); (c) RCOOCl, NEt3, THF dry, 0 ◦C→ rt, 3–12 h (82%); (d) phenyl isocyanate, toluene
dry, reflux, 2 h (57%); (e) phthalic anhydride, glacial AcOH, reflux, 4 h (54%); (f) EDC, DMAP, Boc-L-Ala, CHCl3, rt, 12 h
(47%); (g) TMBS, CH2Cl2 dry, rt, 24–48 h (40–96%).
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Figure 2. Synthesis of compound 12. Reagents and conditions: (a) diethylamine, MeOH, reflux 24 h, (b) p-TsA, toluene,
reflux, 6 h (yield a, b 81%); (c) 2-amino-6-chlorobenzothiazole, CHCl3 dry, N2, 40 ◦C, 27 h (65%); (d) 3N HCl, reflux, 17 h
(96%).

Compounds 1–12 were evaluated in an enzyme inhibition assay against MMP-2, -8, -9,
and -13, whose results are reported in Table 2, with ML 115 as a reference compound.
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Table 2. In vitro inhibitory activity was evaluated by fluorometric assay using commercially available catalytic domains
of MMP-2, -8, -9, and -13. IC50 µM values are reported as the mean ± SEM (standard error of the mean) of at least 3
independent experiments, which were performed in triplicate.
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5 NHCOPh 0 1.16 ± 0.18 9.0 ± 0.3 6.3 ± 0.9 0.670 ± 0.025 
6 NHCOPh-4-Br 0 13.8 ± 0.9 60 ± 2.6 >100 6.7 ± 0.5 
7 NHCOPh-4-NO2 0 0.98 ± 0.16 6.7 ± 0.8 5.4 ± 1.1 0.50 ± 0.01 
8 NHCOCH2Ph 0 2.4 ± 0.5 10.8 ± 3.1 22 ± 8 9.3 ± 0.7 
9 NHCONHPh 0 3.0 ± 0.4 15 ± 5 13.6 ± 1.4 11.5 ± 1.9 
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11 (S)-NHCOCH(CH3)NH2 0 9.4 ± 2.0 54 ± 6 >100 61.9 ± 1.3 
12 Cl 1 4.7 ± 1.1 21.3 ± 1.7 36.6 ± 1.8 0.82 ± 0.06 

a Inhibition values from [19]. 
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Compound R n MMP-2 MMP-8 MMP-9 MMP-13

ML 115 0.14 ± 0.04 a 0.40 ± 0.03 a >100 a 0.6 ± 0.3
1 H 0 12.7 ± 0.8 84.3 ± 2.1 >100 6.5 ± 1.2
2 F 0 9.0 ± 0.9 32.1 ± 1.9 26.5 ± 2.7 4.25 ± 0.35
3 Cl 0 2.64 ± 0.04 14.6 ± 0.2 18.7 ± 2.9 1.23 ± 0.12
4 NO2 0 4.5 ± 0.5 9.0 ± 0.4 7.7 ± 1.1 2.25 ± 0.15
5 NHCOPh 0 1.16 ± 0.18 9.0 ± 0.3 6.3 ± 0.9 0.670 ± 0.025
6 NHCOPh-4-Br 0 13.8 ± 0.9 60 ± 2.6 >100 6.7 ± 0.5
7 NHCOPh-4-NO2 0 0.98 ± 0.16 6.7 ± 0.8 5.4 ± 1.1 0.50 ± 0.01
8 NHCOCH2Ph 0 2.4 ± 0.5 10.8 ± 3.1 22 ± 8 9.3 ± 0.7
9 NHCONHPh 0 3.0 ± 0.4 15 ± 5 13.6 ± 1.4 11.5 ± 1.9
10 N(CO)2Ph 0 1.69 ± 0.08 12.0 ± 0.4 5.4 ± 1.6 10.9 ± 2.4
11 (S)-NHCOCH(CH3)NH2 0 9.4 ± 2.0 54 ± 6 >100 61.9 ± 1.3
12 Cl 1 4.7 ± 1.1 21.3 ± 1.7 36.6 ± 1.8 0.82 ± 0.06

a Inhibition values from [19].

At a first glance, the most apparent characteristic of these compounds, when compared
to ML115, was reduced activity toward MMP-2 and MMP-8. Interestingly, such a decrease
occurred more markedly for MMP-8, which is a known antitarget in the treatment of metas-
tasis [1,3]. Our results show that adding a substituent in position 6 of the benzothiazole
ring offered the opportunity to improve inhibition of MMP-2. The most potent compounds
were 5 and 7, with IC50 values of 1.16 µM and 0.98 µM, respectively; these two showed to
be among the most selective toward MMP-8 (7.76 and 6.84, respectively).

Compared to ML-115, our novel benzothiazole derivatives gained activity against
MMP-9 influenced by the steric and electronic effects of the various substituents. Starting
from analogues 1–7, an increase in activity was observed as the substituents became bulkier
and more electron-withdrawing, with the notable exception of compound 6, whose potency
dropped sharply.

The most significant result of these compounds was, however, their activity as in-
hibitors of MMP-13. This was not surprising, seeing as, along with MMP-2 and MMP-8,
this enzyme isoform presents a deep S1′ specificity pocket [20]. Indeed, the length of the
substituent seems to be a crucial parameter for the activity of these compounds; shorter
compounds, such as 1–4, were two to ten times less potent than longer derivatives 5 and 7,
which instead showed the optimal length for MMP-13 inhibition. Compound 11, with an
(L)-Ala residue, showed a stark decrease in potency, probably due to the polarity of the
free amino group and the more flexible nature of this substituent. Even longer substituents,
as seen with compounds 6, 8, and 9, or more rigid ones (10), also led to a marked loss of
potency.

Compound 12 showed an interesting behavior. With respect to its homologue 3, the
longer spacer between the BP group and the aryl portion improved activity toward MMP-
13 while reducing potency toward MMP-2, -8, and -9 with optimal Ligand Efficiency (LE)
and selectivity (especially toward MMP-8, as seen in Table 3).
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Table 3. Selectivity and ligand efficiency calculated on the basis of the IC50 values of Table 2.

Compound
Selectivity Ligand Efficiency

MMP-2/13 MMP-8/13 MMP-9/13 MMP-2 MMP-8 MMP-9 MMP-13

ML115 0.23 0.67 >166.67 0.38 0.35 - 0.34
1 1.95 12.97 >15.4 0.36 0.30 - 0.38
2 2.12 7.55 6.24 0.35 0.31 0.31 0.37
3 2.15 11.87 15.20 0.38 0.33 0.32 0.41
4 2.00 4.00 3.42 0.33 0.31 0.32 0.35
5 1.73 13.43 9.40 0.29 0.25 0.25 0.30
6 2.06 8.96 >14.92 0.22 0.19 - 0.24
7 1.96 13.40 10.80 0.27 0.23 0.23 0.28
8 0.26 1.16 2.37 0.27 0.23 0.22 0.24
9 0.26 1.30 1.18 0.26 0.23 0.23 0.23
10 0.16 1.10 0.50 0.26 0.23 0.24 0.23
11 0.15 0.87 >1.62 0.28 0.23 - 0.23
12 5.73 25.98 44.63 0.35 0.31 0.29 0.40

The higher selectivity of these compounds toward MMP-13 is not unwelcome for the
development of novel BMMPIs. Indeed, MMP-13 favors the formation of metastasis by
modeling the premetastatic niche and stimulating the processes of angiogenesis, thereby re-
sulting in enhanced survival and growth of cancer cells in their metastatic environment [22].
Furthermore, MMP-13 is highly expressed in lung and prostate malignancies [1,3], is a
validated therapeutic target for a variety of pathologies that imply abnormal tissue degra-
dation [21], and is not involved in the adverse effects of broad-spectrum MMPIs. Selective
inhibitors of MMP-13 were developed over the years that, instead of binding the zinc
ion, exploit the interaction with an accessory pocket named S1′* [3,25]. Although the
latest research efforts in the field of MMP-13 inhibitors focused on the development of
nonzinc-binding ligands, a recent approach, involving the introduction of a zinc-binding
group to an otherwise nonzinc-binding class of compounds, yielded compounds capable
of selectively inhibiting this enzyme in the submicromolar range [26].

Docking studies confirmed that these compounds inhibit MMPs thanks to both their
ZBG (the bisphosphonic function) and their aromatic moiety that interacts with the S1′ site,
a hydrophobic pocket that influences ligand selectivity of MMP inhibitors.

The main difference between ML115 and the benzothiazole series is the lack of the
sulfonamide function. This group is known to be a key H-bond acceptor that, by binding
to NH of Leu164 and Ala165 (MMP-13 numbering), addresses the aromatic portion in the
S1′ site of MMPs [27].

The absence of the sulfonamide moiety causes the linker between the bisphosphonate
and the aromatic portion to be one atom shorter, making the contemporary binding of both
functions more difficult and accounting for the lower potency measured for this class of
ligand with respect to sulfonamide bisphosphonates.

For this reason, moreover, the binding mode obtained for these ligands in all MMPs is
not well conserved; one phosphonic group coordinates the zinc ion following the crystallo-
graphic tetrahedral geometry, while the other can line up to the binding mode observed in
the X-ray complex [18] for some ligands. At the same time, for other ligands, the second
phosphonic group reaches Leu164 and Ala165 NHs, providing key H-bonds and allowing
the aromatic group to reach deeper in the S1′ site, as observed for arylamino-derivatives
that possess the same structural frame [15]. The alpha NH often forms a H-bond with the
Ala165 CO.

The better activity observed for these molecules toward MMP-13 can be attributed to
the larger flexibility of the S1′ loop of this isoform with respect to other MMPs [28], giving
relief to the conformational strain paid by ligands to adapt to the binding site, even if the
observed interactions in the docked poses were almost the same.
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The binding of compound 7, the most active inhibitor of MMP-13 in the series, to the
binding site of this enzyme is reported as an example (Figure 3).
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In order to further validate the obtained binding geometries, additional docking
calculations were carried out for the studied ligands using Autodock 4.2 [29]. Applied
methods and results are reported in the Supplementary Material, and the similarity of the
poses obtained with both programs is shown, once again using compound 7 as an example,
in Figure S1.

3. Materials and Methods
3.1. MMP Inhibition Assays

Catalytic domains of MMP-2, -8, -9, and -13 were obtained from Enzo Life Sciences.
96-well white microtiter plates (Corning, NBS) were used to carry out the assays (in
triplicate). The assay measurements were performed by preparing dilutions to six different
concentrations (1 nM–100 µM) of each inhibitor in a fluorometric assay buffer (50 mM
Tris·HCl pH 7.5, 200 mM NaCl, 1 mM CaCl2, 1 µM ZnCl2, 0.05% Brij-35, and 1% DMSO).
Incubation of the enzyme and inhibitor solutions occurred for 15 min at room temperature;
fluorogenic substrate solution (OmniMMP® = Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2,
Enzo Life Sciences, 2.5 µM final concentration or OmniMMP®RED = TQ3-GABA-Pro-
Cha-Abu-Smc-His-Ala-Dab (6′-TAMRA)-Ala-Lys-NH2, Enzo Life Sciences, and 1 µM final
concentration) was subsequently added. The assay was incubated for 2–4 h at 37 ◦C,
after which a Perkin–Elmer Victor V3 plate reader was used to measure fluorescence
(λex = 340 nm, λem = 405 nm or λex = 545 nm, λem = 572 nm). Included in the assay were
control wells lacking any inhibitor. MMP activity was thus determined and expressed in
relative fluorescence units (RFU). Percent inhibition was calculated from control wells and
IC50 values were determined using GraphPad Prism 5.0 and are shown as mean ± SEM of
at least three independent measurements, which were performed in triplicate.

3.2. Chemical Methods

All reagents were purchased from Sigma Aldrich Chemicals (Milan, Italy) and were
used without purification. The reactions were monitored by TLC (silica gel, UV254) with
UV light (short wave ultraviolet 254 nm and long wave ultraviolet 365 nm). All an-
hydrous reactions were performed under argon or nitrogen atmosphere. The column

157



Pharmaceuticals 2021, 14, 85

chromatography was performed using Fluka silica gel 60 Ȧ (63–200 µm) or silica gel Si
60 (40–63 µm). Mass spectra were recorded on an HP MS 6890-5973 MDS spectrometer,
electron impact 70 eV, equipped with an HP ChemStation or with an Agilent 6530 Se-
ries Accurate-Mass Quadrupole Time-of-FLIGHT (Q-TOF) LC/MS. High-resolution mass
spectrometry (HRMS) analyses were performed using a Bruker microTOF QII mass spec-
trometer equipped with an electrospray ion source (ESI). 1H NMR was recorded using the
suitable deuterated solvent on a Varian Mercury 300 or 500 NMR Spectrometer. Chemical
shift (δ) was expressed as parts per million (ppm) and the coupling constant (J) in Hertz
(Hz). Melting points were determined in open capillaries on a Gallenkamp electrothermal
apparatus and were uncorrected.

3.2.1. General Procedure for the Preparation of Tetraethyl Bisphosphonates (1a–4a)

Triethyl orthoformate, diethyl phosphite and the opportune 2-aminobenzothiazole
were added to a round-bottom flask fitted with a distillation apparatus in a 1.2:3:1 stoichio-
metric ratio. The resulting mixture was then heated to 160 ◦C until all EtOH was distilled
away; the residue was dissolved in ethyl acetate, and evaporated away under vacuum,
affording a crude yellow oil, which was further purified via column chromatography over
silica gel (eluent EtOAc/MeOH 9:1). The desired compounds were obtained as white solids
in 15–53% yields.

Tetraethyl [(benzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate (1a): White solid, 42%
yield. 1H NMR (500 MHz, CDCl3): δ = 1.26–1.32 (m, 12H, CH3), 4.17–4.30 (m, 8H, CH2),
5.26 (t, JHP = 21.52, 1H, PCHP), 6.17 (bs, 1H, NH), 7.12 (t, J = 7.83,1H, aromatic), 7.30 (t,
J = 7.83,1H, aromatic), 7.55–7.59 (m, 2H, aromatics). MS (ESI): m/z: 437[M+H]+; MS2 m/z
(%): 299(46), 271 (88), 243(100), 225(66), 161 (39).

Tetraethyl [(6-fluorobenzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate (2a): White
solid, 53% yield. 1H NMR (500 MHz, CDCl3): δ = 1.26–1.31 (m, 12H, CH3), 4.18–4.27
(m, 8H, CH2), 5.19 (t, 1H, PCHP), 5.95 (bs, 1H, NH), 7.00–7.03 (m, 1H, aromatic), 7.26–7.29
(m, 1H, aromatic), 7.45–7.48 (m, 1H, aromatic). MS(ESI): m/z: 455 [M+H]+; MS2: m/z (%):
317(38), 289(89), 261(100), 243 (75), 179(39).

Tetraethyl [(6-chlorobenzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate (3a): White
solid, 15% yield. 1H NMR(500 MHz, CDCl3): δ = 1.26–1.31 (m, 12 H, CH3), 4.16–4.29
(m, 8H, CH2), 5.19 (t, JHP = 21.53, 1H, PCHP), 5.80 (bs, 1H, NH), 7.24–7.27 (dd, J1 = 8.81,
J2 = 2.45, 1H, aromatic), 7.44 (d, J = 8.81, 1H, aromatic), 7.54 (d, J = 2.45, 1H, aromatic).
MS(ESI): m/z: 495 [M+2+Na]+, 493[M+Na]+, 473[M+2+H]+, 471[M+H]+; MS2(471): m/z
(%): 335 (27), 333(43), 307(49), 305(86), 279 (45), 277(100), 197 (18), 195 (41).

Tetraethyl [(6-nitrobenzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate (4a): Yellow solid,
40% yield. 1H NMR(500 MHz, CDCl3): δ = 1.26 (t, J = 7.095, 6H, CH3), 1.33 (t, J = 7.095,
6H, CH3), 1.7(bs, 1H, NH), 4.18–4.32 (m, 8H, CH2), 5.29 (t, JHP = 21.53, 1H, PCHP), 7.55 (d,
J = 8.81, 1H, aromatic), 8.19–8.21(dd, J1 = 8.81, J2 = 2.45, 1H, aromatic), 8.48 (d, J = 2.45, 1H,
aromatic). MS(ESI): m/z: 482[M+H]+; MS2: m/z (%): 344(18), 316.01(69), 288 (100), 272 (12),
206 (25), 139 (16).

Tetraethyl [(6-aminobenzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate (5b): Ten per-
cent Pd/C (0.20 mmol) was added to the solution of the nitro compound (0.532 mmol) in
8.5 mL EtOH, and the mixture was hydrogenated at room temperature at a pressure of 3
bar for 12 h. The reaction mixture was filtered through a pad of celite and the filtrate was
evaporated in vacuo to give an oil. The residue was purified by chromatography on silica
gel (eluent: CHCl3/ MeOH 9.5: 0.5 v/v) to give the desired amino derivate. White solid,
77% yield. 1H NMR (CDCl3, 500 MHz): δ = 1.25–1.30 (m, 12H, CH3), 3.64 (b, 2H, NH2),
4.09–4.27 (m, 8H, CH2), 5.15 (t, JHP = 21.53, 1H, PCHP), 5.52 (bs, 1H, NH), 6.67 (dd, J1 = 8.32,
J2 = 2.45, 1H, aromatic), 6.91 (d, J = 2.45, 1H, aromatic), 7.35 (d, J = 8.32, 1H, aromatic).
MS(ESI): m/z: 474[M+Na]+; MS2: m/z (%): 336 (100), 308 (73), 262 (32), 174 (24), 146 (22).
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3.2.2. General Procedure for N-Acylation of Compound 5b

The appropriate acyl chloride (1.1–2 mmol) and triethylamine (2 mmol) were added to
the solution of amino derivate (5b) (1 mmol) in anhydrous THF and the mixture was stirred
at room temperature on nitrogen or argon for 3–12 h. After the given time, the eluent was
evaporated in vacuo and the residue was partitioned between EtOAc and NaHCO3 and the
layers were separated. The organic phase was washed with HCl 1N, NH4Cl ss, brine, dried
over anhydrous Na2SO4, filtered and the filtrate was evaporated in vacuo. The residue
was purified by chromatography on silica gel (eluent: CHCl3/MeOH 98:2 v/v or AcOEt
/MeOH 9:1 v/v) or crystalized with AcOEt to give the desired product.

Tetraethyl [(6-(benzamido)benzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate: White
solid, 61% yield (chromatography, eluent: CHCl3/MeOH 98: 2 v/v). 1H NMR (500 MHz,
[D6] DMSO): δ = 1.13–1.97 (m, 12H, CH3), 4.06–4.12 (m, 8H, CH2), 5.09–5.21 (td, JHP = 22.5,
JHH = 9.79, 1H, PCHP), 7.40 (d, J = 8.81, 1H, aromatic), 7.50–7.53 (m, 4H, aromatics), 7.92–
7.94 (m, 2H, aromatics), 8.16 (d, J = 1.96, 1H, aromatic), 8.73 (d, J = 9.78, 1H, NH), 10.25 (s,
1H, NH). MS (ESI): m/z: 578 [M+Na]+, 556 [M+H]+; MS2(556): m/z (%): 418 (100), 390 (92),
372 (33), 381 (33), 362 (57), 344 (73), 280 (29). 554 [M-H]−.

Tetraethyl [(6-(4-bromobenzamido)benzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate:
White solid, 82% yield, (AcOEt). 1H NMR(500 MHz, [D6] DMSO): δ = 1.13–1.21 (m, 12H,
CH3), 4.07–4.10 (m, 8H, CH2), 5.15 (td, JHP = 22.5, JHH = 9.30, 1H, PCHP), 7.40 (d, J = 8.81,
1H, aromatic), 7.51 (d, J = 8.81, 1H, aromatic), 7.73 (d, J = 8.32, 2H, aromatics), 7.91(d,
J = 8.32, 2H, aromatics), 8.16 (s, 1H, aromatic), 8.75 (d, J = 9.30, NH), 10.37 (s, 1H, NH).
MS(ESI): m/z: 658[M+2+Na]+, 656[M+Na]+, 636[M+2+H]+, 634 [M+H]+; MS2(634): m/z
(%): 498(100), 496 (70), 470 (55), 468 (62), 452 (40), 450 (32), 424 (55), 422 (47).

Tetraethyl [(6-(4-nitrobenzamido)benzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate:
Yellow solid, 64% yield, (AcOEt). 1H NMR (500 MHz, [D6] DMSO): δ = 1.15–1.20 (m, 12H,
CH3), 4.07–4.12 (m, 8H, CH2), 5.15 (t, JHP = 22.5, 1H, PCHP), 7.43 (d, J = 8.81, 1H, aromatic),
7.51–7.53 (dd, J1 = 8.32, J2 = 1.96, 1H, aromatic), 8.16–8.18 (m, 3H, aromatics), 8.68 (m, 2H,
aromatics), 8.8 (bs, 1H, NH), 10.59 (s, 1H, NH). MS(ESI): m/z: 623[M+Na]+, 601[M+H]+;
MS2: m/z (%): 555(24), 463 (100), 436(18.25), 389 (69), 325 (25).

Tetraethyl [(6-(2-phenylacetamido)benzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate:
White solid, 56% yield, (AcOEt). 1H NMR (500 MHz, [D6] DMSO): δ = 1.12–1.18 (m, 12H,
CH3), 3.60 (s, 2H, CH2), 3.97–4.17 (m, 8H, CH2), 5.13 (td, JHP = 22.25, JHH = 9.78, 1H, PCHP),
7.22–7.36 (m, 7H, aromatics), 8.03 (s, 1H, aromatic), 8.67 (d, J = 9.78, 1H, NH), 10.15 (s, 1H,
NH). MS (ESI): m/z: 592[M+Na]+, 570[M+H]+; MS2 (570): m/z (%): 432(100), 404 (81), 386
(30), 358(61), 294(24). 568[M-H]−; MS2: m/z (%): 430(89), 339 (90), 310 (100), 287 (49), 259
(27), 190 (42), 185 (16), 137 (97), 107 (33).

Tetraethyl [(6-(3-phenylureido)benzo[d]thiazol-2-amino)methyl]-1,1-bisphosphonate: A so-
lution of phenyl isothiocyanate (1.2 mmol) in anhydrous toluene (2 mL) was added to the
suspension of 5b (1 mmol) in anhydrous toluene (2 mL) and the mixture was heated to
reflux for 2 h. After the given time, the eluent was evaporated in vacuo and the residue was
triturated with AcOEt and filtered to afford the desired product: white solid, 57% yield. 1H
NMR(300 MHz, [D6]DMSO): δ = 1.12–1.20 (m, 12H, CH3), 4.06–4.13 (m, 8H, CH2), 5.05–5.13
(td, JHP = 22.26, JHH = 9.96, 1H, PCHP), 6.91–9.95 (t, J = 7.02, 1H, aromatic), 7.12–7.28 (m,
3H, aromatics), 7.34 (d, J = 8.787, 1H, aromatic), 7.43 (d, J = 8.20, 2H, aromatics), 7.88 (d,
J = 2.34, 1H, aromatic), 8.62 (d, J = 9.96, 1H, NH), 8.72 (s, 1H, NH), 8.75 (s, 1H, NH). MS(ESI):
m/z: 593[M+Na]+, 571[M+H]+; MS2: m/z (%): 525 (17), 433 (100), 405 (77), 378 (32), 359
(58).

Tetraethyl [(6-(1,3-dioxoisoindolin-2-yl)benzothiazol-2-amino)methyl]-1,1-bisphosphonate: A
mixture of 5b (1 mmol) and phthalic anhydride (1.07 mmol) in 6 mL of glacial acetic acid
(AcOH) was refluxed for 4 h. Then, the eluent was evaporated in vacuo; the residue
was diluted with EtOAc and a solution of 6 M NaOH was added until pH = 6, and the
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layers were separated. The organic phase was washed with brine, dried over anhydrous
Na2SO4, filtered, and the filtrate was evaporated in vacuo. The residue was purified by
chromatography on silica gel (eluent: CHCl3/MeOH 9: 1 v/v) to give the desired product:
green solid, 54% yield. 1H NMR(500 MHz, [D6]DMSO): δ = 1.15–1.21 (m, 12H, CH3),
4.07- 4.13 (m, 8H, CH2), 5.14–5.25 (td, 1H, JHP = 22.25, JHH = 8.07, 1H, PCHP), 7.28–7.30
(dd, J1 = 8.33, J2 = 1.96, 1H, aromatic), 7.54(d, J = 8.33, 1H, aromatic), 7.76 (d, J = 1.96,
1H, aromatic), 7.88–7.97 (m, 4H, aromatics), 8.95 (d, J = 8.07, 1H, NH). MS (ESI): m/z:
604[M+Na]+, 582[M+H]+; MS2(582): m/z (%): 536 (23), 444 (100), 417 (23), 416 (80), 398
(30), 388 (57), 370 (72), 306 (24), 297 (11). 580[M-H]−; MS2: m/z (%): 137 (100), 108 (32).

Tetraethyl [(6-((L) N-Boc 2 aminopropanamido)benzothiazol-2-amino)methyl]-1,1-bisph
osphonate: Boc-L-Ala (1 mmol), EDC (1 mmol) and DMAP (2 mmol) were added to the
solution of 5b (1 mmol) in CHCl3 (4 mL) and the mixture was stirred at room temperature
on nitrogen for 12 h. After the given time, the eluent was evaporated in vacuo, the residue
was diluted with EtOAc, the organic phase was washed with brine, dried over anhydrous
Na2SO4, and filtered, and the filtrate was evaporated in vacuo. The residue was triturated
with AcOEt and filtered to afford the final compound: white solid, 47% yield. 1H NMR(500
MHz, [D6]DMSO): δ = 1.12–1.20 (m, 12H, CH3), 1.23(d, J = 6.85, 3H, CH3), 1.36 (s, 9H,
-(CH3)3), 4.07–4.13 (m, 9H, CH2, CH), 5.07–5.19 (td, 1H, JHP = 22.25, JHH = 9.78, 1H, PCHP),
7.02 (d, J = 6.85, 1H, CH), 7.32 (dd, J1 = 8.32, J2 = 1.47, 1H, aromatic), 7.35 (d, J = 8.32,
1H, aromatic), 8.03 (d, J = 1.47, 1H, aromatic), 8.67 (d, J = 9.78, 1H, NH), 9.88 (s, 1H, NH).
MS(ESI): m/z: 645[M+Na]+, 623[M+H]+; MS2 (623): m/z (%): 521(62), 430(18), 401 (19), 385
(21), 383 (25), 355 (18), 286 (12).

3.2.3. General Procedure for the Preparation of 1,1-Bisphosphonic Acids (1–12)

Method A: A solution of the appropriate tetraethyl bisphosphonate (1 mmol) in 4 mL
2N HCl solution was kept at reflux for 12–24 h. After removal of the aqueous phase
under reduced pressure, the crude bisphosphonic acids were triturated with the opportune
solvent and filtered to afford the final compounds as white solids in 20–96% yield.

Method B: Anhydrous trimethylsilylbromide (17–32 mmol) was carefully added to a
solution of the corresponding tetraethyl bisphosphonate (1 mmol) in anhydrous acetonitrile
(6 mL) at 0 ◦C under argon and the resulting mixture was stirred at room temperature for
24–48 h. After the given time, 2 mL of MeOH was added and the mixture was stirred for
5 min. The solvent was distilled off and the crude bisphosphonic acids were triturated
with the opportune solvent and filtered to afford the desired compounds as white solids in
40–100% yield.

(Benzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (1): Method A; white solid, 72%
yield; mp: >250 ◦C (Et2O). 1H NMR (500 MHz, NaOD): δ = 2.8–4.00 (br, 6H, NH, OH,
PCHP), 6.95 (t, 1H, J = 7.58, aromatic), 7.16 (t, J = 7.58, 1H, aromatic), 7.23 (d, J = 7.83, 1H,
aromatic), 7.51 (d, J = 7.83, 1H, aromatic). MS(ESI): m/z: 323[M-H]−; MS2: m/z (%): 287(26),
241 (100), 177 (33), 149 (10).

(6-fluorobenzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (2): Method A; white
solid, 26% yield; mp: >250 ◦C (EtOAc and Acetone). 1H NMR (500 MHz, [D6] DMSO):
δ = 3.67–5.45 (br, 4H, OH), 4.77 (t, JHP = 21.28, 1H, PCHP), 7.06 (m, 1H, aromatic), 7.33–7.36
(m, 1H, aromatic), 7.59 (m, 1H, aromatic), 8.26–9.17 (b, 1H, NH). 31P NMR(500 MHz, [D6]
DMSO): δ = 14.04 (d, JPH= 16.79, 2P, PCHP). MS (ESI): m/z: 341 [M-H]−; MS2: m/z (%):
305(32), 259 (100), 195 (40), 167 (13).

(6-chlorobenzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (3): Method A; white
solid, 68% yield; mp: > 250◦C (Acetone/AcOEt). 1H NMR (500 MHz, [D6] DMSO): δ = 4.00–
6.00 (br, 4H, OH), 4.80 (t, JHP = 20.79, 1H, PCHP), 7.23 (dd, J1 = 8.81, J2 = 1.46, 1H, aromatic),
7.34 (d, J = 8.81, 1H, aromatic), 7.77 (d, J = 1.46, 1H, aromatic), 7.86–8.26 (bs, 1H, NH). 31P
NMR (500 MHz, [D6] DMSO): δ = 14.074 (d, 2P, PCHP). MS(ESI): m/z: 359[M+2-H]−, 357
[M-H]−; MS2: m/z (%): 323(24), 321 (41), 277 (43), 275 (100), 213 (21), 211 (44).
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(6-chlorobenzo[d]thiazol-2-amino)ethyl-1,1-bisphosphonic acid (12): Method A; white
solid, 96% yield; mp: > 250 ◦C (AcOEt). 1H NMR (500 MHz, [D6] DMSO): δ = 3.6–4.00 (br,
8H, OH, PCHP, NH, CH2), 7.22 (d, J = 8.56, 1H, aromatic), 7.34 (d, J = 8.56, 1H, aromatic),
7.79 (s, 1H, aromatic). 31P NMR (500 MHz, [D6] DMSO): δ = 17.40 (d, JPH= 22.86, 2P,
PCHP). MS (ESI): m/z: 373[M+2-H]−, 371[M-H]−; MS2 m/z (%): 337(13), 335(26), 247(40),
245(100).

(6-nitrobenzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (4): Method B; white solid,
76% yield; mp: >250 ◦C (MeOH). 1H NMR (500 MHz, [D6] DMSO): δ = 4.1–5.5 (br, 5H, OH,
PCHP), 7.44 (d, J = 8.81, 1H, aromatic), 8.08 (d, J = 8.81, 1H, aromatic), 8.65 (s, 1H, aromatic),
8.65 (bs, 1H, NH). 31P NMR (500 MHz, [D6] DMSO): δ = 13.64 (d, J = 21.45, PCHP). MS
(ESI): m/z: 368[M-H]−; MS2: m/z (%): 332 (45), 305 (25), 286 (58), 222 (100).

(6-benzamidobenzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (5): Method B; white
solid, 40% yield; mp: >250 ◦C(Acetone/ MeOH 3:1 v/v). 1H NMR (500 MHz, [D6] DMSO):
δ = 4.80 (t, JHP = 20.5, 1H, PCHP), 5.00–6.4 (br, 4H, OH), 7.38 (d, J = 8.32, 1H, aromatic),
7.49–7.58 (m, 4H, aromatics), 7.93 (dd, J1 = 7.34, J2 = 1.46, 1H, aromatics), 8.16 (d, J = 1.46,
1H, aromatic), 8.95 (bs, 1H, NH), 10.24 (s, 1H, NH). 31P NMR (500 MHz, [D6] DMSO):
δ = 13.69 (d, J = 16.78, PCHP). MS (ESI): m/z: 442 [M-H]−; MS2: m/z (%): 407 (15), 406 (62),
361 (22), 360 (100), 343 (18), 342 (69), 296 (25).

(6-(4-bromobenzamido)benzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (6): Method
B; white solid, 78% yield; mp: >250 ◦C ISO). 1H NMR(500 MHz, [D6] DMSO): 2.00–3.5 (br,
6H, OH, NH, PCHP), 7.22–7.88 (m, 6H, aromatics), 8.11 (s, 1H, aromatic), 10.24 (s, 1H, NH).
31P NMR (500 MHz, [D6] DMSO): δ = 14.40 (d, 2P, PCHP). MS (ESI): m/z: 522[M+2-H]−,
520 [M-H]−; MS2: m/z (%): 486 (91), 484 (16), 440 (10), 438 (66), 422 (95.5), 420 (72).

(6-(4-nitrobenzamido)benzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (7): Method
B; white solid, 96% yield; mp: > 250 ◦C (MeOH). 1H NMR (300 MHz, [D6] DMSO): δ = 4.73
(t, JHP = 20.33, 1H, PCHP), 4.86- 6.09 (br, 5H, OH, NH), 7.45 (d, J = 7.91, 1H, aromatic), 7.63
(d, J = 7.91, 1H, aromatic), 8.17 (d, J = 8.79, 2H, aromatic), 8.29 (s, 1H, aromatic), 8.36 (d,
J = 8.79, 2H, aromatics), 10.89 (s, 1H, NH). 31P NMR (500 MHz, [D6] DMSO): δ = 12.76 (d,
JPH = 21.24, 2P, PCHP). MS (ESI): m/z: 487[M-H]−; MS2: m/z (%): 452 (13), 451 (53), 406
(17), 405 (78), 388 (24), 387 (100), 341 (25), 339 (20), 233 (14).

(6-(2-phenylacetamido)benzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (8): Method
B; white solid, 69% yield; mp: >250 ◦C (ISO). 1H NMR (500 MHz, [D6] DMSO): δ = 4.43 (s,
2H, CH2), 3.90–5.10 (br, 5H, OH, PCHP), 8.01–8.14 (m, 8H, aromatics), 8.81 (s, 1H, NH),
10.17 (s, 1H, NH). MS (ESI): m/z: 456[M-H]−; MS2: m/z (%): 420 (55), 375 (24), 374 (100),
357 (12), 356 (49), 310 (19.5).

(6-(3-phenylureido)benzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (9): Method B;
white solid, 69% yield; mp:> 250 ◦C (ISO). 1H NMR (300 MHz, [D6] DMSO): δ = 4.76 (t,
JHP = 19.62, 1H, PCHP), 5.00–6.00 (br, 5H, OH, NH), 6.94 (t, J = 7.03, 1H, aromatic), 7.22–7.44
(m, 6H, aromatics), 7.92 (s, 1H, aromatic), 8.66 (s, 1H, NH), 8.74 (s, 1H, NH). 31P NMR (500
MHz, [D6] DMSO): 13.02 (d, 2P, PCHP). MS (ESI): m/z: 457[M-H]−; MS2: m/z (%): 421
(58), 376 (24), 375 (100), 357 (20), 311 (24), 238 (94).

(6-(1,3-dioxoisoindolin-2-yl)benzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (10):
Method B; white solid, 58% yield; mp: >250 ◦C (ISO). 1H NMR(500 MHz, [D6] DMSO):
δ = 4.20–6.00 (br, 5H, OH, PCHP), 6.97–7.25 (m, 1H, aromatic), 7.33–7.47 (m, 3H, aromatics),
7.71 (s, 1H, aromatic), 7.83–7.95 (m, 2H, aromatics), 8.7 (br, 1H, NH). 31P NMR (500 MHz,
[D6] DMSO): δ = 13.02 (d, 2P, PCHP). MS (ESI): m/z: 468[M-H]−; MS2: m/z (%): 432 (69),
386 (100), 322 (20), 197 (18).

6-((L) 2-aminopropanamido)benzo[d]thiazol-2-amino)methyl-1,1-bisphosphonic acid (11):
Method B; white solid, 94% yield; mp: >250 ◦C (ISO). 1H NMR (500 MHz, NaOD): δ = 1.19
(d, J = 6.85, 3H, CH3), 3.43–3.47 (q, J = 6.85, 1H, CH), 4.49–4.88 (br, 9H, OH, PCHP, NH,
NH, NH2), 7.08 (dd, J1 = 8.80, J2 = 1.96, 1H, aromatic), 7.20 (d, J = 8.8, 1H, aromatic), 7.54 (d,
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J = 1.96, 1H, aromatic). 31P (500 MHz, NaOD): δ = 14.84 (d, J = 18.31, 2P, PCHP). MS (ESI):
m/z: 409 [M-H]−; MS2: m/z (%): 373 (41), 327 (100), 309 (51), 263 (27). Procedure for the

preparation of Tetraethyl (2-methoxyethane-1,1-diyl)bisphosphonate (12c): Diethylamine (1
mmol) was added to the suspension of paraformaldehyde (1 mmol) in 13 mL of methanol.
The system was left under reflux until complete solubilization of the suspension. Subse-
quently, the solution obtained was stirred at room temperature and a solution of tetraethyl
methylenebisphosphonate (1.6 mmol) in 2 mL of methanol was added. The system was
kept at reflux for 24 h. After the given time, the solvent was evaporated in vacuo and 3 mL
of toluene was added and subsequently evaporated away three times, obtaining a yellow
oil which was used in the next reaction without further purification. 1H NMR(500 MHz
CDCl3): δ = 1.2 (t, J = 7.1, 12H, OCH2CH3), 2.52 (t, JHP = 24.00, JHH = 6.00, 1H, PCHP), 3.2
(s, 3H, OCH3), 3.63 (m, 2H, CH3OCH2), 4.02 (m, J = 7.30, 8H, OCH2CH3). GC-MS: m/z (%):
332 (0.3), 195 (100).

Procedure for the preparation of tetraethyl ethenylidenebisphosphonate (12b): p-TsA
monohydrate (0.26 mmol) was added to the solution of tetraethyl (2-methoxyethyl)bisphosphonate
12c (5 mmol) in 7 mL of anhydrous toluene and the mixture was refluxed for 6 h. After the
given time, the solvent was evaporated in vacuo. The residue was partitioned between
CHCl3 and NaHCO3 and the layers were separated. The organic layer was washed with
brine, dried over anhydrous Na2SO4, filtered, and the filtrate was evaporated in vacuo,
obtaining a brown oil which was used in the next reaction without further purification:
81% yield. 1H NMR (500 MHz, CDCl3): δ = 1.34 (t, J = 7.1, 12H, CH3), 4.02 (m, 8H, CH2),
6.98 (d, 2H, C=CH2). GC-MS: m/z (%): 301 (3.5), 171 (100), 163 (96).

Tetraethyl (((2-(6-chlorobenzo[d]thiazol-2-yl)amino)ethane-1,1-diyl)bisphosphonate)
(12a): Tetraethyl ethenylidenebisphosphonate 12b (1.2 mmol) was added to the solution of
2-amino-6-chlorobenzothiazole (1.62 mmol) in 8 mL of anhydrous CHCl3 and the system
was stirred, under nitrogen atmosphere, at 40 ◦C for 27 h. After the given time, the solvent
was evaporated in vacuo and the residue was purified by chromatography on silica gel
(eluent: EtOAc) to give the desired product: white solid, 65% yield. 1H NMR (500 MHz,
CDCl3): δ = 1.24–1.76 (m, 12H, CH3), 2.84 (tt, JHP = 23, JHH = 6.36, 1H, CH), 3.99–4.07 (td,
J1 = 16.00, J2 = 6.36, 2H, CH2), 4.08–4.26 (m, 8H, CH2), 6.38 (bs, 1H, NH), 7.22–7.24 (dd,
J1 = 8.81, J2 = 1.96, 1H, aromatic), 7.41 (d, J = 8.81, 1H, aromatic), 7.55 (d, J = 1.96, 1H,
aromatic).

3.3. Docking Studies

All calculations were carried out using the Schrodinger Suite 2019-3 (Schrodinger, New
York, NY, USA) [30]. Ligand structures were built using Maestro in a fully deprotonated
form, minimized with MacroModel using the OPLS2005 force field, the PRCG algorithm,
at a convergence gradient of 0.05. A Monte Carlo Multiple Minimum/Low Mode Con-
formational Search (MCMM/LMCS) protocol was applied for the conformational search
using the automatic setup, performing 200 steps per rotatable bond. The global minimum
geometry was used to follow the docking studies carried out on the four studied MMPs
following the previously described procedure [13].

4. Conclusions

Over the years, inhibition of MMPs has been a much sought-after target for the
treatment of bone metastases, showing promise in stopping the vicious cycle of metastatic
cell growth and bone matrix degradation. Although this therapeutic strategy is plagued
by numerous and severe side effects, such as musculoskeletal syndromes, recent research
showed that targeting to a specific tissue, such as bone, and targeting specific MMPs
which are overexpressed in the metastatic microenvironment, such as MMP-13, are viable
strategies to minimize them.

Following both of these approaches, we demonstrated that a benzothiazole scaffold
coupled with a bisphosphonic moiety is a versatile starting point for the development of
bone-targeted MMP-13 inhibitors, with the possibility of tailoring their activity profile in
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order to also target other validated MMPs, mainly MMP-2, allowing for a mostly favorable
therapeutic profile for the treatment of bone malignancies.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-8
247/14/2/85/s1: Figure S1. Docked pose of compound 7 (stick) in the MMP-13 binding site (grey
cartoon) obtained with Glide (green C atoms) and Autodock (cyan C atoms).
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Abstract: Dipeptidyl peptidase III (DPP III), a zinc-dependent exopeptidase, is a member of the
metalloproteinase family M49 with distribution detected in almost all forms of life. Although
the physiological role of human DPP III (hDPP III) is not yet fully elucidated, its involvement in
pathophysiological processes such as mammalian pain modulation, blood pressure regulation, and
cancer processes, underscores the need to find new hDPP III inhibitors. In this research, five series
of structurally different coumarin derivatives were studied to provide a relationship between their
inhibitory profile toward hDPP III combining an in vitro assay with an in silico molecular modeling
study. The experimental results showed that 26 of the 40 tested compounds exhibited hDPP III
inhibitory activity at a concentration of 10 µM. Compound 12 (3-benzoyl-7-hydroxy-2H-chromen-2-
one) proved to be the most potent inhibitor with IC50 value of 1.10 µM. QSAR modeling indicates
that the presence of larger substituents with double and triple bonds and aromatic hydroxyl groups
on coumarin derivatives increases their inhibitory activity. Docking predicts that 12 binds to the
region of inter-domain cleft of hDPP III while binding mode analysis obtained by MD simulations
revealed the importance of 7-OH group on the coumarin core as well as enzyme residues Ile315,
Ser317, Glu329, Phe381, Pro387, and Ile390 for the mechanism of the binding pattern and compound
12 stabilization. The present investigation, for the first time, provides an insight into the inhibitory
effect of coumarin derivatives on this human metalloproteinase.

Keywords: dipeptidyl peptidase III; coumarin derivatives; inhibitor; molecular modeling; metallo-
proteinase

1. Introduction

Dipeptidyl peptidase III (DPP III) is a zinc-hydrolase that cleaves dipeptides se-
quentially from the N-terminal of different bioactive peptides [1]. As a member of the
metalloproteinase family M49, DPP III distribution is detected in almost all forms of life [2].
Human DPP III is a very well-characterized member of this family in terms of biochemistry,
structural biology and computational chemistry [3–10]. Due to the relative non-specificity
of the peptide substrates as well as the lack of selective inhibitors of the metallopeptidases
of the M49 family, the physiological substrates of DPP III have not been accurately identi-
fied, and its fundamental physiological role has not been precisely determined. However,
it is assumed that it is involved in post-proteasomal intracellular protein catabolism [3],
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defense against oxidative stress [11,12] mammalian pain modulatory system [4,13], malig-
nant processes [14–17] and blood pressure regulation [18–20]. Because of its involvement
in biological processes, hDPP III has become interesting to investigate as a potential drug
target. To obtain information on the mechanism of action of hDPP III, the influence of
selected mutations on the enzyme activity was tested, and research was conducted to
find potential inhibitors of this mammalian metalloproteinase [21–23]. It has recently
been shown that newly synthesized guanidiniocarbonylpyrrole–fluorophore conjugates
could be used for enzyme sensing and bio-activity inhibiting (theragnostic) studies of DPP
III [24]. In search of new inhibitors from natural sources, we previously reported that
luteolin has the best inhibitory effect against hDPP III (IC50 = 22 µM) of the 17 flavonoids
tested, and that the number and exact distribution of –OH groups on the flavonoid core is
important for their inhibitory properties [25]. The latest study of the biological activity of
cornelian cherry fruit extracts showed inhibitory activity against hDPP III with bioactive
constituent pelargonidin 3-robinobioside with the best binding energy [26]. Coumarin or
2H-chromen-2-one and its derivatives represent an important group of oxygen-containing
heterocycles with benzopyrone skeleton [27]. They can be isolated from plant material [28]
or synthesized [29]. Coumarin derivatives possess various beneficial biological activities,
for example, anticoagulant, anticancer, analgesic, anti-inflammatory, bactericidal, antifun-
gal, anticonvulsant, anti-hypertensive, muscle relaxant, antioxidant, etc. [28]. It is known
that coumarins exhibit an inhibitory effect on the enzymes such as acetylcholinesterase,
β-secretase, and monoamine oxidase [30]. Studies have also shown that simple coumarin
derivatives influence the activity of some zinc-dependent metalloproteinases [31–33].

Because of all mentioned above as well as our efforts to find new hDPP III inhibitors,
we report the investigation of 40 structurally different coumarin compounds and provide
a relationship between their inhibitory profile toward hDPP III combining in vitro assay
with Quantitative Structure–Activity Relationship (QSAR) analysis. Additionally, docking
and MD simulations were conducted to explore the mechanism of the most potent inhibitor
binding into the active site of hDPP III.

2. Results and Discussion
2.1. DPP III Inhibitory Activity

In the current study, we evaluated forty various coumarin compounds for their
inhibitory potential towards hDPP III. Results in Table 1 showed that substituted 3-acetyl-
2H-chromen-2-ones with a bromo group at the C6 position (compound 1) was the most
active with the inhibition rate of 28.5%, while the presence of a hydroxyl group at the same
position on compound 2 reduced (12.8%) the inhibitory potential. Shifting a hydroxyl
group to C7 in 4 resulted in a slightly increased inhibitory potential (16.2%) as compared
to 2 while the presence of diethylamino group at this position in compound 3 was found
to be inactive. Additionally, compounds 5 and 6 which possess a hydroxyl and ethoxy
group at C8 were completely inactive at the concentration of 10 µM. Compound 7 bearing
unsubstituted 3-acetyl-2H-chromen-2-one showed a weak (7.8%) inhibitory activity.

The most potent inhibitory potential of substituted 3-benzoyl-2H-chromen-2-ones
was obtained with compound 12 (100.0%) where the hydroxyl group is present at C7.
However, the substitution of C7 with the benzoyl (11) and methoxy (13) group caused a
decrease in hDPP III inhibitory (22.8% and 16.5%, respectively) activity. Moderate (67.5%)
to weak (4.4%) enzyme inhibition was observed with compounds 10 and 8 which possess
a hydroxyl and chloro group at the C6 position, respectively. Compound 9 with a bromo
group at the C6 and C8 as well as compound 14 with an ethoxy group on C8 did not exhibit
inhibition effects on enzyme activities. Unsubstituted 3-benzoyl-2H-chromen-2-one (15)
showed only a weak inhibitory activity (9.6%) as compared to 12.

Of the seven substituted 2-oxo-2H-chromene-3-carbonitriles tested, only compounds
21 and 18 which only differ with hydroxyl group positions (C8 and C6, respectively)
moderately inhibited enzyme with an inhibition rate of 62.6% and 44.6%, respectively.
In the case where the ethoxy group is at the C8 position (22), no inhibitory activity was
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observed. Furthermore, the methoxy substituent at the C6 position (17) gave an inhibition
rate of 19.8% while its presence at the C7 position (20) was found to be inactive. Substitution
of bromo group at C6 in 16 and benzoyl group at C7 in 19 showed almost similar inhibitory
potential (7.9% and 7.1%, respectively). Unsubstituted 2-oxo-2H-chromene-3-carbonitrile
(23) was not effective in inhibiting hDPP III.

Table 1. Structures of analysed compounds, values of experimentally determined inhibition of hDPP III (at 10 µM
concentration of compounds) and calculated logarithmic values of the % inhibition of hDPP III.
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Compound No. Substituents DPP III Inh. (%) Log (% hDPP III
Inh.) exp.

Log (% DPP III
Inh.) Calc. *

1 3-acetyl; 6-bromo 28.5 1.45 1.29
2 3-acetyl; 6-hydroxy 12.8 1.11 Excl.
3 3-acetyl; 7-diethylamino NA 0.00 -
4 3-acetyl; 7-hydroxy 16.2 1.21 1.70
5 3-acetyl; 8-ethoxy NA 0.00 0.35
6 3-acetyl; 8-hydroxy NA 0.00 -
7 3-acetyl 7.8 0.89 1.01
8 3-benzoyl; 6-chloro 4.4 0.64 1.01
9 3-benzoyl; 6,8-dibromo NA 0.00 -
10 3-benzoyl; 6-hydroxy 67.5 1.83 1.95
11 3-benzoyl; 7-benzoyl 22.8 1.36 1.18
12 3-benzoyl; 7-hydroxy 100.0 (1.10 ± 0.05 µM) 2.00 1.89
13 3-benzoyl; 7-methoxy 16.5 1.22 0.78
14 3-benzoyl; 8-ethoxy NA 0.00 -
15 3-benzoyl 9.6 0.98 0.65
16 3-cyano; 6-bromo 7.9 0.90 0.98
17 3-cyano; 6-methoxy 19.8 1.30 0.83
18 3-cyano; 6-hydroxy 44.6 1.65 1.81
19 3- cyano; 7-benzoyl 7.1 0.85 1.04
20 3-cyano; 7-methoxy NA 0.00 -
21 3- cyano; 8-hydroxy 62.6 1.80 1.67
22 3-cyano; 8-ethoxy NA 0.00 0.17
23 3-cyano NA 0.00 -
24 3-ethoxycarbonyl; 6-bromo NA 0.00 -
25 3-ethoxycarbonyl; 6-chloro 20.1 1.30 0.93
26 3-ethoxycarbonyl; 6-dihydroxyamino 59.7 1.78 1.49
27 3-ethoxycarbonyl; 6-hydroxy 66.0 1.82 1.76
28 3- ethoxycarbonyl; 6,8-dibromo 29.4 1.47 1.82
29 3-ethoxycarbonyl; 7-methoxy NA 0.00 0.26
30 3-ethoxycarbonyl; 8-ethoxy NA 0.00 0.37
31 3- ethoxycarbonyl NA 0.00 -
32 3- methoxycarbonyl; 6-bromo 6.5 0.81 0.78
33 3-methoxycarbonyl; 6-dihydroxyamino 21.2 1.33 1.46
34 3-methoxycarbonyl; 6-hydroxy 23.5 1.37 1.35
35 3-methoxycarbonyl; 6-methoxy 9.9 1.00 0.64
36 3-methoxycarbonyl; 7-hydroxy 100.0 (2.14 ± 0.06 µM) 2.00 1.50
37 3-methoxycarbonyl; 7-methoxy NA 0.00 0.56
38 3-methoxycarbonyl 2.3 0.35 0.59
39 coumarin NA 0.00 −0.37
40 7-hydroxycoumarin 2.1 0.33 0.49

NA, no activity; Excl.; excluded as outlier; -, excluded from initial dataset; * Calculated by quantitative structure-activity relationship (QSAR)
equation: log % hDPP III inh. = −4.07 + 1.85 (0.59) EEig05x + 1.60 (0.52) Mor10u + 0.56 (0.39) nArOH; numbers in brackets represent IC50 values.
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Four of seven substituted 3-acetyl-2H-chromen-2-ones: 24–27 possess different groups
but in the same C6 position. Compound 27 with hydroxyl group and 26 with dihy-
droxyamino group were found to be more active (66.0% and 59.7% respectively) than
the compounds 25 (20.1%) and 24 (not active) with the chloro and bromo group, respec-
tively. Interestingly, dibromo substituents at C6 and C8 (28) increased inhibitory potential
(29.4%) as compared to mono substituted analog (24). Compounds 29 and 30 which pos-
sess methoxy group at C7 and ethoxy group at C8, respectively as well as unsubstituted
3-acetyl-2H-chromen-2-one (31) did not exhibit inhibitory potential.

Among the substituted methyl 2-oxo-2H-chromene-3-carboxylates, only 36 containing
a hydroxyl group at C7 completely inhibited enzymatic activity. Changing the methoxy
group at the same position (37) completely reduced inhibitory potential. The compound 34
with dihydroxyamino and compound 33 with hydroxyl group at C6 position were found to
be more efficient in the inhibitory potential (23.5% and 21.2%, respectively) as compared to
the methoxy (9.9%) and bromo (6.5%) substituted analogs 35 and 32, respectively. A very
weak inhibitory potential (2.3%) was found for unsubstituted methyl 2-oxo-2H-chromene-
3-carboxylate (38). Similarly, 7-hydroxycoumarin (39) and coumarin (40) exhibited a strong
decrease (2.1% and not active, respectively) in the inhibitory potential towards hDPP III.

From the above analysis, it can be concluded that the best inhibitory potential had
substituted 3-benzoyl-2H-chromen-2-one (12) and methyl 7-hydroxy-2-oxo-2H-chromene-
3-carboxylate (36) containing a hydroxyl group at position C7, where they completely
inhibited the enzyme at the concentration of 10 µM with IC50 values of 1.10 ± 0.05 µM and
2.14 ± 0.06 µM, respectively (Table 1 and Figure 1). Additionally, comparing the structures
of derivatives 12 and 36 with compounds 39 and 40 suggests that in addition to the presence
of the hydroxyl group at the C7 position, the exact presence of particular substituents at the
C3 position is important for increasing the inhibitory activity of tested coumarin derivatives.
Furthermore, when the hydroxyl group is at the C6 and C8 positions, the compounds mostly
show moderate inhibitory activity. Coumarin derivatives with a substituted bromo, chloro,
and benzoyl group showed lower inhibitory potential compared to C6 hydroxy analogs.
Finally, compounds with a dihydroxyamino group at the C7 position had moderate enzyme
inhibition while most coumarin derivatives with a substituted methoxy and diethylamino
group showed no inhibitory activity against hDPP III.
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Figure 1. IC50 value determination of compounds 12 and 36 against hDPP III. Data points represent
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2.2. Results of the QSAR Analysis

The best QSAR model obtained for hDPP III inhibition is:

log % hDPP III inh. = −4.03 + 1.82 (0.58) EEig05x + 1.46 (0.49) Mor10u + 0.49 (0.36) nArOH (1)

where EEig05x is an edge-adjacency index descriptor weighted by edge degrees, Mor10u
is a 3D-MoRSE descriptor (unweighted) and nArOH is the number of aromatic hydroxyl
groups.

The model satisfied the threshold for the fitting and internal validation criteria [34],
but Williams plot revealed one outlier, compound 2 (MolID in QSARINS: 24) as shown in
Figure 2. After the exclusion of this compound from the dataset, the subsequent analysis
produced the improved QSAR model:

log % hDPP III inh. = −4.07 + 1.85 (0.59) EEig05x + 1.60 (0.52) Mor10u + 0.56 (0.39) nArOH (2)
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applicability domain of the QSAR model for hDPP III inhibition calculated by model 1. The warning
leverage (h* = 0.444) is defined as 3p′/n (n is the number of training compounds, and p′ the number
of model adjustable parameters).

The variables in Equations (1) and (2) are listed in order of relative importance by
their standardized regression coefficient (β, written in brackets). The statistical parameters
for both models are given in Table 2. The values of the descriptors included in the models
are given in the Supplementary Materials (Table S1). The values of log % hDPP III inh.;
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both experimentally obtained and calculated by Equation (2) are presented in Table 1 and
Table S1.

Table 2. The statistical parameters for QSAR models.

Statistical Parameters Model 1 Model 2

Ntr 27 26

Nex 5 5

R2 0.746 0.796

R2
adj 0.713 0.768

s 0.352 0.323

F 22.565 28.572

Kxx 0.210 0.190

∆K 0.201 0.215

RMSEtr 0.325 0.297

MAEtr 0.276 0.253

CCCtr 0.855 0.886

Q2
LOO 0.650 0.710

RMSEcv 0.381 0.354

MAEcv 0.326 0.302

PRESScv 3.923 3.258

CCCcv 0.807 0.844

R2
Yscr 0.115 0.121

Q2
Yscr −0.236 −0.244

RMSEext 0.292 0.295

MAEext 0.255 0.275

R2
ext 0.795 0.785

CCCext 0.868 0.873

Q2
F1 0.783 0.778

Q2
F2 0.780 0.776

Q2
F3 0.794 0.798

r2
m average 0.614 0.653

r2
m difference 0.186 0.174

Applicability domain

N outliers 1 (2) -

N out of app. domain - -

Ntr (number of compounds in training set); Nex (number of compounds in test set); LOO (leave-one-out); R2

(coefficient of determination); R2
adj (adjusted coefficient of determination); s (standard deviation of regression);

F (Fisher ratio); Kxx (global correlation among descriptors); ∆K (global correlation among descriptors); RMSEtr
(root-mean-square error of the training set); MAEtr (mean absolute error of the training set); CCCtr (concordance
correlation coefficient of the training set); Q2

LOO (cross-validated explained variance); RMSEcv (root-mean-square
error of the training set determined through the cross validated method); MAEcv (mean absolute error of the
internal validation set); PRESScv (cross-validated predictive residual sum of squares); CCCcv (concordance
correlation coefficient test set using cross validation); R2

Yscr (Y-scramble correlation coefficients); Q2
Yscr (Y-

scramble cross-validation coefficients); RMSEext (root-mean-square error of the external validation set); MAEext
(mean absolute error of the external validation set); R2

ext (coefficient of determination of external validation
set); CCCext (concordance correlation coefficient of the test set); Q2

F1, Q2
F2, Q2

F3 (predictive squared correlation
coefficients); r2

m average (average value of squared correlation coefficients between the observed and leave-one-
out predicted values of the compounds with and without intercept); r2

m difference (absolute difference between
the observed and leave-one-out predicted values of the compounds with and without intercept).
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The collinearity of the descriptors in the model was evaluated with a correlation
matrix (Table 3) to exclude the possibility that the improved model is overfitted (correlation
coefficient R ≤ 0.7). Furthermore, low collinearity was verified with the low value of Kxx
and ∆K being ≥0.05. The model satisfied fitting and internal validation criteria: R2 and
R2

adj ≥ 0.60; CCCtr ≥ 0.85; RMSE and MAE close to zero; RMSEtr < RMSEcv; Q2
LOO ≥ 0.50

(with R2 − Q2 being low); high value of F (Table 2). The value of the cross-validated
correlation coefficient (Q2

LOO = 0.710) shows that model 2 has a good internal prediction
power. The robustness of the improved model was confirmed with both R2

Yscr and Q2
Yscr

values < 0.2, and R2
Yscr > Q2

Yscr [34]. Model 2 also satisfied the following external validation
criteria: R2

ext ≥ 0.60; low differences between RMSEtr and RMSEext as well as between
MAEtr and MAEext and between CCCtr and CCCext; Q2

F1, Q2
F2, and Q2

F3 ≥ 0.60; r2
m

average ≥ 0.60 and r2
m difference ≤ 0.20 indicating that this model could be used for

external prediction

Table 3. Correlation matrix (with correlation coefficient values R) for descriptors used in Equation (2).

Descriptor EEig05x Mor10u nArOH

EEig05x 1.000

Mor10u −0.264 1.000

nArOH −0.129 0.489 1.000

The Williams plot for model (2) showed no compounds outside the applicability
domain of the model.

The descriptors from the best model were more closely observed to gain insight into
the factors that contribute to the inhibitory activity of tested compounds. The first variable
in Equation (2) with a high positive contribution is descriptor EEig05x, 5th eigenvalue from
edge adjacency matrix weighted by edge degrees (the bond order of the various edges). It
belongs to the edge-adjacency topological indices derived from the edge adjacency matrix,
which encodes the connectivity between graph edges, and is derived from an H-depleted
molecular graph of molecules. These descriptors are sensitive to the size, shape, branching,
and cyclicity of molecules [35,36]. It is shown that compounds with relatively higher
values of this descriptor tend to exhibit higher inhibition of hDPP III. This indicates that
compounds with larger, aromatic, and substituents with a higher number of double or
triple bonds may exhibit enhanced inhibition. Similar conclusions were also drawn in
previous work [37].

The second variable, Mor10u, belongs to the 3D-MoRSE (Molecule Representation of
Structures based on Electron diffraction) group of descriptors. It has a scattering parameter
s = 9 Å−1 and since it is unweighted, treats all atoms equally [38]. The positive coefficient
of Mor10u in Equation (2) indicates the importance of the three-dimensional arrangement
of all atoms in a molecule and their pairwise distances. Compounds with higher inhibitory
activity tend to have more positive values of this descriptor. Since larger molecules, with
larger interatomic distances, have higher MoRSE descriptor values, this confirms the above
conclusion about the EEig05x descriptor that larger molecules are more active.

The third variable in the equation is nArOH, a descriptor from the functional group
counts that represents the number of aromatic hydroxyls [38]. The positive coefficient in
Equation (2) indicates that the presence of aromatic hydroxyl groups contributes to the
inhibition of hDPP III. This is in accordance with an earlier study, where the presence of
hydrophilic regions (i.e., hydroxyl groups) in flavonoids increased their inhibitory activity
against hDPP III [25]. Williams plot revealed compound 2 as an outlier since it had a
high predicted residual (predicted value in model (1) was significantly higher than the
experimentally obtained). The presence of the hydroxyl group at position 6 might be the
reason for the increase in the estimated value according to Equation (1), as well as the
high value of Mor10u (Table S1). However, this model equation does not consider the
presence of substituents at position 3, such as the -COCH3 group in this case, that may have
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a negative effect on inhibition since compounds with this substituent exhibited relatively
low inhibition values (Table 1).

Based on the conclusions given in the QSAR analysis, structures of two modified
compounds (41, 42) with possible improved activity are proposed, log (% inh. hDPP III)
3.08 and 3.01, respectively (Figure 3). Values of their calculated descriptors, as well as
predicted inhibitory activities of the proposed compounds calculated using Equation (2) are
given in the Supplementary Materials (Table S1). Since their calculated values exceed 100%
of inhibition, these compounds could be potent inhibitors at concentrations lower than
10 µM. Both compounds possess a benzoyl group at the position C-3, and two hydroxyl
groups at the position C-5 and C-7 (41), and at the position C-6 and C-8 (42). Improved
calculated inhibition can be attributed to the introduction of an aromatic substituent and
additional hydroxyl groups, as indicated by QSAR analysis.
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2.3. Docking

In order to obtain further information on the possible interactions of the most active
compound (12) with a semi-closed form of hDPP III, we combined docking with MD
simulations. The best results regarding AutoDock Vina binding energy (−8.6 kcal mol−1)
of enzyme–ligand complex predict that compound 12 binds to the inter-domain cleft, near
the lower β sheet (residues 389–393) (Figure 4A) and enzyme active site, with the minimum
distance between the catalytic Zn cation and 12 (oxygen atom at C2 of coumarin core) being
~7 Å. In this complex, the position of compound 12 closely resembles the substrate position
in the hDPP III active site [9] which is accommodated similarly to the opioid peptides
in the enzyme binding pocket [5]. Namely, binding of 12 into the inter-domain cleft is
accompanied by its interactions mostly with amino acid residues of the hDPP III S1, S1′, S2,
S2′ and S3′ substrate binding subsite (Figures S1 and 4B).
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representation, the lower β sheet is colored yellow, and zinc cation is represented as a green sphere. (B) Potential interactions
of compound 12 with amino acid residues of hDPP III as presented in the 2D scheme (Figure S1). Substrate binding subsites
S1, S1′, S2, S2′ and S3′ are indicated.

2.4. MD Simulations

To prove the reliability of the best docking result, the binding mode of compound
12 in complex with hDPP III was investigated by productive MD simulations using the
AMBER16 software package. Simulations of complex were performed in three replicates,
each 300 ns long, and used for comparison. Dynamic behavior, protein, and ligand stability
during simulations were analyzed by root mean square deviation (RMSD), while the
analysis of the intermolecular interactions during MD simulations included hydrogen
bonding (H-bond), native contacts, and Gibbs free energy. Representative structures of the
complex were used to describe intermolecular interactions in more detail.

2.4.1. RMSD Profile

The RMSD profiles (Figure 5) calculated during the simulations for the protein back-
bone atoms show similar protein stability in all three runs, with only slightly higher protein
stability in run 1 (average RMSD ± SD of 1.48 ± 0.18 Å, 1.76 ± 0.23 Å, and 1.96 ± 0.34 Å
for run 1, 2, and 3, respectively). According to the RMSD values for the heavy atoms of
compound 12 between replicates, it can be seen (Figure 6) that the stability of 12 is better in
run 1 compared to the other two replicates. The average RMSD ± SD were 0.37 ± 0.15 Å,
0.46 ± 0.12 Å and 0.54 ± 0.15 Å, for run 1, run 2 and run 3, respectively.
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2.4.2. Hydrogen Bond Analysis

Hydrogen bond analysis was undertaken to investigate the stability and occupancy of
hydrogen bonds between compound 12 and the key residues of the binding site of hDPP
III. The results of trajectory H-bonds analysis for all three replicates are listed in Table S2.

In run 1, there were two H-bonds formed during the MD process with the occupation
time >10% (Figure 7). The first H-bond is formed by the OE2 atom of Glu329 and the H-O4
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of 12 with an occupation time of 99%, and the second one is formed by the H-NE2 of Gln566
and the O3 of 12 with an occupation time of 23%. Additionally, atom O2 of compound 12
forms H-bond with H-NE2 of Gln566 and H-OH of Tyr318 with the occupation time of 5%
and 4%, respectively.
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green dashed lines.

Three hydrogen bonds were formed during the simulations in run 2 with the occupa-
tion time >10% (Figure 7). The first one is formed by the OE1 atom of Glu329 and the H-O4
of 12 with an occupation time of 85%. The second and third H-bond was formed between
the H-N and H-NH2 of Asn391 and the O2 and O3 of 12 with the occupation time of 17%
and 13%, respectively. One H-bond with an occupation time of 6% is formed by the H-ND2
of Asn391 and the O2 of compound 12.

Only one hydrogen bond (with the occupation time > 10%) was formed during the
simulations in run 3 by the OE2 atom of Glu329 and the H–O4 of 12 with an occupation
time of 99% (Figure 7). Moreover, atom O3 of 12 forms H-bond with H–OH of Tyr417
and H-NE2 of His568, both with the occupation time of 4%, while atom O2 of 12 forms
H-bond with H-NE2 of His568 with the occupation time of 3%. It is worthwhile to note that
Glu329 and Gln568 are found to be constituents of hDPP III S1, S1′and S2′ substrate-binding
subsites [5]. Besides this, His568 and Asn491 are highly conserved residues among known
DPP IIIs [39].

2.4.3. Native Contacts

To further investigate the interactions of hDPP III and compound 12, we calculated
the relative occupancy of native contacts during the MD simulations. Relative occupancy
of native contacts is defined as the sum of fractions of native contacts during the trajectory
for each residue pair relative to the total number of native contacts involved with that pair.
Native contacts were defined as a distance between the atoms of enzyme residues and
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atoms of compound 12 within a distance cutoff of 5 Å. The fractions of native contacts were
calculated using the nativecontacts command in the CPPTRAJ module.

Figures 8 and 9 depict the protein residues that were involved in forming native
contacts with a relative occupancy of more than 30% in the run 1, 2, and 3 of the complex
throughout the simulation time. In all three replicates, the protein forms native contacts
with 12 through residues Ile315, Glu316, Glu329, Phe381, and Pro387, which indicates that
these residues could be quite important for the stabilization of the complex. In runs 1 and
3, protein additionally forms native contacts with compound 12 through Phe 109, Ser317,
and Ile386. The remaining contacts are formed in runs 2 and 3 through residues Gly389
and Ile390, and Gly385 and Tyr417, respectively. Some of the listed amino acid residues
such as Glu316, Ser317, Glu329, Ile386, Pro387 and Tyr417 were found to contribute to the
binding of synthetic inhibitors into the active site of hDPP III [22,24,39].
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2.4.4. Types of Intermolecular Interactions

A detailed analysis of different types of intermolecular interactions between replicates
was performed using the Discovery Studio Visualizer. For this purpose, the extracted
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complex structures obtained from trajectory after 300 ns of MD simulations were optimized
and used as representative. According to Figures S2–S4 representing 2D schemes of
the intermolecular interaction types, compound 12 forms almost the same number of
interactions with amino acid residues in all three replicates. However, in run 1, the largest
number of interactions is formed between the coumarin core of 12 and the hDPP III, which
is not the case in the other two replicates, where the benzoyl group of compound 12
also interacts with the amino acid residues. The above differences in the distributions of
intermolecular interactions of 12 and amino acid residues relate mainly to the van der
Waals interactions as shown in Figures S2–S4.

Comparing the other types of intermolecular interactions between replicates, the
2D schemes show that Glu329 and Pro387 form H-bonds and π-alkyl interactions with
coumarin core in all three replicates, while additional H-bond and π-alkyl are formed with
Asn391 and Ile390 in run 2, respectively. Additionally, in run 1, coumarin core forms π–π
stacked interaction with Phe109 and amide π stacked interaction with Ile386. The benzoyl
group of compound 12 forms one π-donor H-bond with Ile386, one π-alkyl with Ala567,
and one π–π shaped interaction in run 1, run 2 and run 3, respectively.

2.4.5. MM-GBSA Free Energy Calculations

MM-GBSA calculations were used to obtain quantitative estimates of the free binding
energies of compound 12 in the complex with the hDPP III for all three replicates. According
to the results given in Table 4, the electrostatic contribution (∆Eele) is the most important
to the ∆Gbind for complex in run 1 and run 2. This is in accordance with the results of
MD simulations because in run 1 and run 2, compound 12 formed two and three H-bonds
(with the occupation time > 10%), respectively, relative to run 3 where only one H-bond
is formed. Another important contribution to the ∆Gbind of the complexes is the van der
Waals interactions (Evdw) with values similar in all three replicates. These results are in
line with the observed similarities of the native contacts formed during the simulations,
especially with residues Ile315, Phe381, and Pro387 in all three replicates. The unfavorable
polar solvation contribution (EGB) was slightly higher for complex in run 2 compared to
runs 1 and 3, while the favorable nonpolar contribution (ESA) had similar values for all
three replicates.

Table 4. Binding free energy (kcal mol−1) of the complexes obtained during the last 5 ns of MD
simulations for all three replicates.

Energy Component Run 1 Run 2 Run 3

Evdw −28.33 −27.44 −26.16
Eele −30.55 −30.76 −23.34
EGB 35.94 41.26 34.69
ESA −3.44 −4.06 −3.41

∆Ggas −58.88 −58.20 −49.50
∆Gsolv 32.50 37.20 31.28
∆Gbind −26.36 −20.98 −18.22

Evdw—van der Waals potential energy; Eele—electrostatic energy; EGB—polar solvation energy; ESA—nonpolar
solvation energy; ∆Ggas—gas phase free energy; ∆Gsolv—solvation free energy; ∆Gbind—binding free energy.

From the estimated values of ∆Gbind between replicates, it can be concluded that the
reason for the highest free binding energy in run 1 (−26.36 kcal mol−1) is in the more
favored EGB and Eele contribution compared to those in run 2 and run 3, respectively.

3. Material and Methods
3.1. Synthesis of Coumarin Derivatives

Synthesis and characterization of the coumarin derivatives were performed as de-
scribed previously [40]. Briefly, series of coumarin derivatives were synthesized via Kno-
evenagel condensation starting from various substituted salicylaldehydes and ethyl ace-
toacetate (series 1; compounds 1–7), ethyl benzoylacetate (series 2; compounds 8–15), ethyl
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cyanoacetate (series 3; compounds 16–23), diethyl malonate (series 4; compounds 24–31),
and dimethyl malonate (series 5, compounds 32–38). 7-hydroxycoumarin and coumarin
(compounds 39 and 40 respectively) were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). The structures of the tested compounds are presented in Table 1.

3.2. Heterologous Expression and Purification of Human DPP III

C-terminally truncated human DPP III was expressed and purified as described by
Kumar et al. [7]. Briefly, C-terminally truncated hDPP III gene on a pET28-MHL plasmid,
with an N-terminal His-tag and a TEV protease cleavage site fusion, was expressed in
BL21-CodonPlus (DE3) RIL E. coli strain using 0.25 mM IPTG for induction of expression
at 18 ◦C and 130 rpm shaking. After 20 h, cells were centrifuged and frozen at −20 ◦C until
purification. Bacterial cells were lysed by a combination of lysozyme lysis and sonication,
and the lysate was centrifuged to precipitate the cell debris. A brief DNase I treatment was
performed before centrifugation to reduce the viscosity caused by DNA released by lysis.
The lysate was purified on a Ni-NTA column (5 mL prepacked His-trap FF, GE Healthcare)
using a buffer system with 50 mM Tris HCl, pH = 8.0, 300 mM NaCl, and increasing
imidazole concentrations: 10 mM for lysis, 20 mM for wash and 300 mM for elution buffer.
Fractions with hDPP III were pooled and incubated with TEV protease to remove the His-
tag. hDPP III was recovered using flow-through affinity chromatography (TEV protease is
His-tagged), and additionally purified on a 16/60 Superdex-200 gel-filtration column (GE
Healthcare). Main fractions were pooled and desalted. Aliquots of protein in 20 mM Tris
HCl buffer pH = 7.4 were stored at −80 ◦C until use. SDS PAGE of the purified enzyme
was presented in Figure S5.

3.3. Assay of Human DPP III Activity

Purified hDPP III (1.5 nM) was preincubated with coumarin derivatives (10 µM) first
for 5 min at 25 ◦C and then for 10 min at 37 ◦C in 50 mM Tris-HCl buffer, pH 7.4. The
enzymatic reaction was started with Arg2-2NA (40 µM) as a substrate, and after the 15 min
incubation at 37 ◦C the reaction was stopped and the absorbance was measured using the
spectrophotometric method described before [41]. Percentage enzyme inhibition (% inh.)
was calculated by comparing the enzymatic activity without (control activity), and with
inhibitor (inhibited activity) using the following formula:

% inh. = [(control activity−inhibited activity)/(control activity)] × 100%

The IC50 values of selected compounds (12 and 36) were determined by the linear
regression of the percentage of enzyme inhibition against the increasing concentrations
(0.5–3.5 µM) of coumarin derivatives. The IC50 value is defined as the concentration of an
inhibitor that caused a 50% reduction in the enzyme activity under assay conditions. The
stock solutions (8 mM) of coumarin derivatives were freshly prepared in dimethyl sulfoxide
and diluted with 50 mM Tris-HCl buffer, pH 7.4 buffer before assay of enzymatic activity.

3.4. Molecular Modeling
3.4.1. QSAR Analysis

Randomly ordered structures of 38 coumarin derivatives, coumarin, and 7-hydroxyco-
umarin (40 compounds in total) were drawn and optimized using the MM+ molecular
mechanics force field [42]. Afterward, the structures were also subjected to geometry
optimization using the PM3 semi-empirical method [43], using the Polak–Ribiere algorithm,
until the root-mean-square gradient (RMS) was 0.1 kcal/(Åmol). Drawing and optimization
of structures were performed in Avogadro 1.2.0. (University of Pittsburgh, Pittsburgh, PA,
USA) [44].

Descriptor calculation for the resulted minimum energy conformations of compounds
was performed with Parameter Client (Virtual Computational Chemistry Laboratory, an
electronic remote version of the Dragon program) [45]. Logarithmic values of experi-
mentally obtained hDPP III inhibition percentages were taken as response values. The
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generation and validation of QSAR models were performed using QSARINS 2.2.4 (Univer-
sity of Insubria, Varese, Italy) [46].

In order to reduce a large number of calculated descriptors, constant and semi-constant
descriptors, i.e., those with a constant value for more than 85% of compounds, and descrip-
tors that were too intercorrelated (>95%) were rejected by QSARINS. The final number
of remaining descriptors was 514. Due to the high number of inactive compounds (14), 8
of them were randomly chosen and excluded from the dataset. A genetic algorithm (GA)
was used to generate the best model. The number of descriptors in the multiple linear
regression equation was limited to three. The splitting of compounds into the training set
(n = 27 molecules) and test set (n = 5 molecules) was performed by activity sampling [47].
Compounds were ranked by their activities (from the most active to the least active com-
pound) and then divided into five groups of the approximately same size. One compound
was selected randomly from each group and assigned to the test set. The models were
validated by the internal cross-validation performed using the “leave-one-out” (LOO)
and Yscrambling method [46]. The following evaluation criteria were included: coeffi-
cient of determination (R2), adjusted coefficient of determination (R2

adj), cross-validated
correlation coefficient (Q2

LOO), inter-correlation among descriptors (Kxx), the difference
of the correlation among the descriptors and the descriptors plus the responses (∆K),
the standard deviation of regression (s), Fisher ratio (F), root-mean-square error (RMSE);
LOO cross-validated root-mean-square error (RMSEcv), concordance correlation coefficient
(CCC), LOO cross-validation concordance correlation coefficient (CCCcv), mean absolute
error of the training set (MAE), mean absolute error of the internal validation set (MAEcv),
and LOO cross-validated predictive residual sum of squares (PRESScv). QSAR model
robustness was tested using the Y-randomization test, giving R2

Yscr and Q2
Yscr values [34].

External validation parameters included the coefficient of determination of the test set
(R2

ext), external validation set root-mean-square error (RMSEext), external validation set
concordance correlation coefficient (CCCext), external validation set mean absolute error
(MAEext), predictive squared correlation coefficients (Q2

F1, Q2
F2, Q2

F3) and the average
value of squared correlation coefficients between the observed and LOO predicted values
of the compounds with and without intercept (r2

m) [48].
To identify the possible outliers and compounds out of the warning leverage (h*) in

a model, a leverage plot (plot of standardized residuals vs. leverages (h); the Williams
plot) was used. The warning leverage is generally defined as 3p′/n (n being the number of
training compounds, and p′ the number of model adjustable parameters [49]. Outliers in
the Williams plot are compounds that have values of standardized residuals higher than
two standard deviation units.

3.4.2. Preparation of the Complex Structure

The complex between the enzyme and compound 12 was built using the semi-closed
conformation of hDPP III obtained earlier [8] by MD simulations of the structure avail-
able in the Protein Data Bank (PDB code: 3FVY), since it has been proved that this is
the most preferable enzyme form in water solution [50]. Before the docking procedure,
the protonation of histidines was checked according to their ability to form hydrogen
bonds with neighboring amino acid residues. All Glu and Asp residues are negatively
charged (−1) and all Arg and Lys residues are positively charged (+1), as expected at
physiological conditions. AutoDock Vina 1.1.2 [51] was used to search for the best pose of
the ligand to the enzyme active site. The docking site was defined as a cubical grid box
with dimensions 75 × 75 × 75 Å3 and the center placed on the Zn2+. Docking simulation
was done with the standard 0.375 Å resolution and 20 conformations were generated. The
complex with the best AutoDock Vina docking score was chosen for the productive MD
simulations. Parameterization of the complex structure was performed by the AMBER-
Tools16 modules antechamber and tleap using General Amber Force Field (GAFF) [52] and
ff14SB [53] force fields to parameterize the ligand and the protein, respectively. For the zinc
cation, Zn2+, new hybrid bonded-nonbonded parameters were used from our previous

179



Pharmaceuticals 2021, 14, 540

work [54]. The complex was dipped into the truncated octahedral box filled with TIP3P
water molecules with a margin distance of 11 Å. Besides water molecules, 24 sodium ions
were added to neutralize the system and placed in the vicinity of charged amino acids at
the protein surface.

3.4.3. Molecular Dynamics Simulations

Before the productive MD simulations, the complex was energy-minimized in three
cycles to eliminate or reduce the energy constraints. Firstly, 1500 steps of minimization
were performed, where the first 450 steps were of the steepest descent method, and the rest
was the conjugate gradient. Both the protein atoms and the metal were constrained using
a harmonic potential of force constant 32 kcal/(mol Å2), to equilibrate water molecules.
Secondly, 2500 steps were performed and only the first 470 steps of steepest descent were
used. The metal and protein backbone were constrained with 32 kcal/(mol Å2). Finally, in
the third cycle, the same number of minimization steps was as in the first cycle, and both
protein backbone and metal were constrained with 10 and 32 kcal/(mol Å2), respectively.
Next, the minimized system was heated from 0 to 300 K during 30 ps using a canonical
ensemble (NVT), and then equilibrated 80 ps during which the initial constraints on the
protein and the metal ion were used. This was followed by another equilibration stage of
100 ps, during which the initial constraints on the protein and the metal ion were removed
and the water density was adjusted. The time step during the periods of heating and the
water density adjustment was 1 fs. The equilibrated system was then subjected to 300 ns of
the productive MD simulations (in three replicates) at constant temperature and pressure
(300 K and 1 atm) using the NPT ensemble, without any constraints. The temperature
was held constant using Langevin dynamics with a collision frequency of 1 ps−1. Bonds
involving hydrogen atoms were constrained using the SHAKE algorithm [55]. Simulations
of the complex were performed within the AMBER16 software package [56]. The time
step used for the productive MD simulations was set to 2 fs and the trajectory files were
collected every 10 ps for the subsequent analysis. Trajectory analysis and the binding free
energies (∆Gbind) evaluation was performed by the CPPTRAJ module and MMPBSA.py
script, respectively, from the AmberTools16 program package and examined visually using
VMD 1.9.3 [57] and Discovery Studio Visualizer, version 20.1.0.19295 (BIOVIA, San Diego,
CA, USA) software [58].

4. Conclusions

In summary, the potential hDPP III inhibitory activity of a series of coumarin deriva-
tives was investigated for the first time by combining in vitro and in silico approaches.
Compound 12 (3-benzoyl-7-hydroxy-2H-chromen-2-one) was found to be the most potent
inhibitory molecule with IC50 value of 1.10 µM. The productive MD simulations indicate
that H-bonds between the 7-OH group of compound 12 and the carboxyl group of Glu329
as well as van der Waals interactions with Ile315, Ser317, Phe381, Pro387, and Ile390 are
important for the mechanism of binding. According to the results of QSAR and binding
mode analyses, two new compounds with possible improved activity were proposed.
The discovery of coumarin derivatives as hDPP III inhibitors may provide new clues to
the relationship between the chemical structure and biological activity of these naturally
occurring compounds and their derivatives, and provide guidelines for the development
of novel coumarin scaffolds as potent inhibitors of this mammalian metalloproteinase.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14060540/s1. Table S1: The values of the descriptors included in QSAR model equation (2):
log % hDPP III inh. = −4.07 + 1.85 (0.59) EEig05x + 1.60 (0.52) Mor10u + 0.56 (0.39) nArOH; Table S2:
Detailed analysis of hydrogen bonds between compound 12 (LIG) and hDPP III residues during
MD simulations for run 1, 2 and 3 obtained by hbond command in CPPTRAJ module; Figure S1:
2D diagram of compound 12 interactions with the hDPP III residues for the best docking pose;
Figure S2: 2D diagram of compound 12 interactions with the hDPP III residues for run 1; Figure S3:
2D diagram of compound 12 interactions with the hDPP III residues for run 2; Figure S4: 2D diagram
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of compound 12 interactions with the hDPP III residues for run 3; Figure S5: SDS-PAGE demostrating
purity of hDPP III sample on a 10% gel: M. PageRuler Prestained protein marker. with 72 kDa band
in red; lane 1. hDPP III sample after affinity chromatography; lanes 2–5. fractions of the main hDPP
III peak after gel-filtration.
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Abstract: Osteoarthritis is a common, degenerative joint disease with significant socio-economic
impact worldwide. There are currently no disease-modifying drugs available to treat the disease,
making this an important area of pharmaceutical research. In this review, we assessed approaches
being explored to directly inhibit metalloproteinase-mediated cartilage degradation and to counteract
cartilage damage by promoting growth factor-driven repair. Metalloproteinase-blocking antibodies
are discussed, along with recent clinical trials on FGF18 and Wnt pathway inhibitors. We also
considered dendrimer-based approaches being developed to deliver and retain such therapeutics in
the joint environment. These may reduce systemic side effects while improving local half-life and
concentration. Development of such targeted anabolic therapies would be of great benefit in the
osteoarthritis field.

Keywords: osteoarthritis; cartilage; metalloproteinase; targeting

1. Introduction

Osteoarthritis (OA) is a degenerative joint disorder that affects over 250 million people
worldwide [1,2], causing pain, stiffness, and impaired movement. OA most commonly
occurs in the knee, hip, and hand joints [2,3], but can also affect other articulating joints.
The disease is characterized by progressive loss of cartilage, which impairs smooth artic-
ulation of opposing bones in the joint, with remodeling of subchondral bone (including
sclerosis and osteophyte formation) and other joint tissues (such as the meniscus, ligaments,
synovium, and intrapatellar fat pad) also contributing to joint degeneration [4–6].

There are currently no disease-modifying OA drugs (DMOADs) available, with treat-
ment limited to analgesia for early-stage disease and surgical joint replacement for late-
stage disease. The development of effective drugs to treat OA is thus of utmost importance.
Much research in this area is focused on cartilage, and aims to identify approaches for
either stopping cartilage breakdown or promoting cartilage repair [2,7].

Cartilage consists of a single cell type, the chondrocytes, which synthesize and are
embedded in a relatively large volume of extracellular matrix (ECM) that is critical for the
tissue’s mechanical properties [8]. The two most abundant components of the cartilage
ECM are type II collagen and aggrecan, which confer tensile strength and resistance to
compression, respectively. In healthy cartilage, anabolic synthesis of ECM components is
balanced with their catabolic turnover to maintain joint homeostasis. In OA, changes in the
mechanical environment of the joint (e.g., by injury or ageing) shift this balance towards
degradation, with breakdown of type II collagen and aggrecan by metalloproteinases lead-
ing to progressive joint damage [9,10]. Expression of several of these metalloproteinases,
as well as pro-inflammatory mediators, is induced by mechanical destabilization of the
joint [9]. Additional factors including chondrocyte senescence [11], oxidative stress [12–15],
and/or inflammation can also increase metalloproteinase expression and tip the balance
towards cartilage breakdown.

Collagenases such as matrix metalloproteinase 13 (MMP-13) are thought to be im-
portant for degradation of type II collagen in OA [16–18], while aggrecanases such as
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adamalysin with thrombospondin motifs 5 (ADAMTS-5) drive aggrecan loss [19,20]. Activ-
ity of these metalloproteinases is increased in OA through a variety of molecular mecha-
nisms, including increased expression [16,21], decreased endocytic clearance [22,23], and
a reduction in levels of their endogenous inhibitor, tissue inhibitor of metalloproteinases
3 (TIMP-3) [24]. These enzymes have been the target of multiple academic and industry
DMOAD programs, but this approach has been challenging, due to high homology with
several homologous metalloproteinases that have important homeostatic roles in processes
such as wound healing and cell migration.

An alternative approach to OA therapy is to boost the intrinsic repair capacity of
cartilage, through delivery of growth factors that can promote ECM synthesis and cartilage
repair. For example, growth factors in the fibroblast growth factor (FGF), transforming
growth factor β (TGF-β), and Wnt families are known to have important roles in carti-
lage development, and can also promote repair of damaged adult cartilage. However,
development of growth factor-based DMOADs has also been challenging, due to complexi-
ties in their signaling pathways and unexpected effects including fibrosis and osteophyte
formation [25].

Here we provided an update on recent developments and clinical trials in the search
for metalloproteinase- and growth factor-focused DMOADs, as well as approaches being
explored for delivery and retention of potential OA therapeutics in the joint. Such delivery
strategies are increasingly seen as a promising way to limit effects of potential DMOADs to
the joint and thus to reduce adverse systemic effects.

2. Novel Strategies for Inhibiting Cartilage Breakdown

2.1. Inhibiting ADAMTS Activity

The role of MMPs and ADAMTSs in OA cartilage degradation is well appreciated,
making these enzymes attractive targets for DMOAD development [26–30]. ADAMTS-5
has received particular attention [26–28], because reversible degradation of aggrecan is
thought to precede irreversible collagen loss [31,32], and ADAMTS-5 is thought to be the
critical “aggrecanase” in both murine and human OA [19,20,33].

As with MMP inhibitors before them [34,35], design of ADAMTS-5 inhibitors has
been challenging, with high homology between metalloproteinase active sites leading to
off-target inhibition of metalloproteinases with homeostatic functions in processes such as
angiogenesis, cell migration, and wound healing [26–28]. Strategies to improve selectivity
include development of bi-specific, cross-domain antibody scaffolds. This approach has
been utilized by Merck Serono, whose bi-specific nanobody against ADAMTS-5 (M6495)
has been shown to protect against surgically-induced murine OA in vivo [36]. M6495 was
recently out-licensed to Novartis, and phase II trials are expected. Targeting exosites outside
of the metalloproteinase active site is another promising approach, recently shown to enable
development of an inhibitor with high selectivity for ADAMTS-5 over ADAMTS-4 [37].

In addition to adverse off-target effects, metalloproteinase inhibitors can also poten-
tially have unwanted on-target effects, arising from expression of target aggrecanases and
collagenases outside of the joint. For example, expression of ADAMTS-5 in the vascu-
lature and heart valves is thought to underlie cardiovascular side-effects observed with
the anti-ADAMTS-5 inhibitory antibody GSK2394002 [38]. Potential roles of ADAMTS-5
in wound healing, glucose metabolism, inflammation, and neural plasticity (reviewed
in [28]) warrant further investigation. Similarly, MMP-13 has physiological roles in wound
healing [39], muscle regeneration [40], and fracture healing [41,42] that should be kept in
mind when designing MMP-13 inhibitors for OA therapy.

Strategies other than direct inhibition of metalloproteinase activity are also being
explored. For example, siRNAs against Adamts5 [43] and Mmp13 [43,44] have both been
successfully used to reduce cartilage degradation in rodent OA models. ADAMTS-5 and
MMP-13 are also post-translationally regulated by endocytosis and lysosomal degrada-
tion, mediated by the low-density lipoprotein receptor-related protein 1 (LRP1) scav-
enger receptor [22,23,45], and this protective endocytic process is impaired in OA carti-
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lage [22,23,46]. Antibodies inhibiting shedding of LRP1 were found to inhibit cartilage
degradation in vitro [46].

2.2. Augmenting Levels of Endogenous TIMPs

Another potential approach is to enhance levels of the endogenous inhibitors of
MMPs and ADAMTSs in cartilage. Among the 4 mammalian tissue inhibitors of metal-
loproteinases (TIMPs), TIMP-3 is the only one that effectively inhibits both MMPs and
ADAMTSs [47], with TIMP-1, TIMP-2, and TIMP-4 having more restricted inhibitory
profiles and largely targeting MMPs (reviewed in [48]). Although there is no significant
change in mRNA expression of TIMP-3 in OA cartilage [24,49], levels of the protein itself
are reduced [24]. Subsequent studies in our group showed that, as with ADAMTS-5 and
MMP-13, TIMP-3 levels are also post-translationally regulated by LRP1-mediated endo-
cytosis [50]. It is not currently clear how endocytosis of metalloproteinases and TIMP-3
is coordinated in cartilage, although factors such as their differential affinity for extra-
cellular matrix glycosaminoglycans and localization in tissue are likely to be key [51],
seeing as their affinity for LRP1 is not markedly different [52]. Mutants of TIMP-3 with
reduced affinity for LRP1 were found to have longer half-lives in cartilage and improved
chondroprotective activity [53]. Sulfated glycans and glycan mimetics that block TIMP-3
binding to LRP1 were found to be similarly protective in cartilage explant assays [54,55]
and murine OA models [56], raising the possibility that small molecule inhibitors of TIMP-3
binding to LRP1 may inhibit cartilage matrix degradation. TIMP-3-directed approaches
would have to overcome the same issues of specificity and joint targeting as discussed for
metalloproteinase-directed approaches.

3. Promoting Cartilage Repair with Anabolic Growth Factors

An alternative approach to directly targeting metalloproteinases is to stimulate car-
tilage repair through delivery of growth factors that inhibit metalloproteinase-mediated
cartilage degradation while promoting anabolic repair pathways (reviewed by [57]). Here
we discuss progress and recent or current clinical trials in this area.

3.1. Platelet-Rich Plasma Therapy

Platelet-rich plasma (PRP) therapy for OA involves intra-articular injection with a
preparation of autologous plasma containing high platelet levels. Once in the joint, platelets
are activated by abundant cartilage ECM proteins, leading to release of their cytoplasmic
components, including several anabolic growth factors such as TGF-β1, platelet-derived
growth factor (PDGF), insulin-like growth factor (IGF), and FGF2, which promote aggrecan
and collagen synthesis, while reducing expression and activity of catabolic metallopro-
teases [58].

In vitro studies on the effects of PRP on chondrocyte gene expression have yielded
mixed results. For example, PRP prepared from porcine blood was found to have anabolic
effects on porcine chondrocytes cultured in alginate beads, stimulating an increase in
DNA, glycosaminoglycan, and type II collagen content relative to cells cultured with
platelet-poor plasma or 10% fetal bovine serum [59]. Similarly, PRP has been shown to
increase expression of COL2A1 [60,61] and ACAN [60,61] in human OA chondrocytes,
while decreasing interleukin-1β (IL-1β)-induced ADAMTS4 expression [60]. However,
other studies have found PRP to have no beneficial effects on COL2A1 expression in
human OA chondrocytes [62], or have reported adverse effects such as dedifferentiation
of chondrocytes to a fibroblast-like phenotype [63]. The reason for these discrepancies is
not clear, but may result from differences in the method of PRP preparation. For example,
comparison of two commercially available kits showed that white blood cell levels were
higher in some preparations than others, with increased neutrophil levels correlating
with higher concentrations of pro-inflammatory cytokines such as IL-1β [64], which may
promote MMP activation and cartilage breakdown rather than repair.
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Clinical trials of PRP therapy have also shown mixed results, although comparison
between randomized control trials (RCT) trials of PRP are complicated by variation in
their control arms, with some comparing PRP to saline [65], and others comparing it with
hyaluronan (HA) [66–68]. Among studies that compared PRP with HA, both positive
and negative results have been reported. For example, PRP has been shown to reduce
Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) scores more
significantly than HA for up to 6 months [66] and to improve self-reported pain more
effectively than HA for up to 12 months [67], while other studies have found PRP to be no
more effective than HA at improving various patient-reported outcome measures at 2, 6,
and 12 months after treatment [68]. As with in vitro studies of PRP, these different RCT
outcomes may reflect differences in PRP preparation, with double filtration of plasma more
likely to remove leukocytes than centrifugation [69].

RCTs of PRP have largely assessed patient-reported outcome measures, and there is
relatively little information on whether PRP can alter structural joint outcomes. A recently
completed but as yet unpublished RCT (NCT03491761) compared the effects of PRP and
HA on knee OA by measuring objective changes such as cartilage thickness in addition
to subjective measures such as WOMAC scoring. Such studies are likely to shed light on
whether PRP can directly promote cartilage repair and regeneration in vivo. An additional
challenge in this area is the requirement for cheap and efficient methods of producing PRP
fractions with low leukocyte levels.

3.2. FGF18 Promotes Cartilage Anabolism

While FGF2 has been shown to have both anabolic and catabolic effects on chon-
drocytes (see Section 3.5, Considerations around Receptor Expression and Downstream
Signaling), the current literature supports a chondroprotective, anabolic role for FGF18.
For example, in vitro studies showed that FGF18 increased proliferation and proteogly-
can production by primary human and porcine chondrocytes [70], and in vivo studies
have demonstrated that intra-articular injection of FGF18 significantly reduced cartilage
degeneration in rat pre-clinical OA models [71,72].

Following on from these promising studies, pharmaceutical interest in FGF18 has
grown. Nordic Biosciences and Merck/EMD Serano developed a truncated form of FGF18,
named sprifermin, which lacks the signal peptide and 11 C-terminal amino acids [73].
This modified form of FGF18 retains biological activity, with sprifermin shown to dose-
dependently stimulate proliferation of cultured human and porcine chondrocytes, and to in-
crease glycosaminoglycan and type II collagen accumulation, while decreasing ADAMTS5
expression [73].

A number of human clinical trials on sprifermin have now been completed, with
intra-articular injection of 3–300 µg of the growth factor followed by evaluation of joint
structural parameters and patient-reported outcome measures for up to 2 years [74–76].

Dahlberg et al. conducted a first-in-human double-blind RCT with dose escalation
that established safety in humans [74]. Overall, treatment-emergent adverse events were
not increased in the sprifermin-treated cohort compared to placebo. Twice as many acute
inflammatory reactions were seen in the sprifermin-treated cohort (12.7%) as in the placebo
group (5.5%), but overall sprifermin was deemed tolerable. The study found no difference
in Mankin scores, joint space width or semi-quantitative MRI parameters between the
cohorts, although the study was not sufficiently powered for such comparisons with only
55 participants [74].

A second dose-escalating RCT failed to meet its primary endpoint, with no signifi-
cant change in the thickness of cartilage in the central medial femorotibial compartment
detected by quantitative magnetic resonance imaging (MRI) at 6 and 12 months [75].
However, sprifermin did cause a statistically significant reduction in the loss of total and
lateral femorotibial cartilage thickness and in joint space width narrowing in the lateral
femorotibial compartment compared with the placebo group. WOMAC pain scores im-
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proved significantly in both the treatment and control arms, although the improvement
was significantly less in the sprifermin-treated cohort than in the placebo group [75].

Finally, the FORWARD phase II RCT completed in 2019 reported statistically signifi-
cant and dose-dependent increases in total femorotibial cartilage thickness after 2 years in
cohorts treated with 100 µg of sprifermin every 6 or 12 months compared to placebo [76].
Furthermore, significant increases in cartilage thickness were observed in both the medial
and lateral femorotibial compartments, along with significant dose-dependent effects on
joint space width in the lateral, but not medial, compartment in cohorts treated with 100 µg
of sprifermin. Lower doses of sprifermin did not cause significant improvements. As in the
previous sprifermin RCT [75], there was no statistically significant change in WOMAC pain
scores between treatment cohorts, with analgesia use similar across treatment groups [76].
There was also no significant improvement in function or stiffness sub-scores.

Taken together, these RCTs support sprifermin having a chondroprotective effect,
with positive effects on cartilage thickness and joint space narrowing. Effects on pain and
stiffness have not been demonstrated, reflecting the broader question of whether OA pain
correlates with structural joint changes (see Section 5, Broader Challenges in DMOAD
Development).

3.3. Wnt Pathway Inhibition

Wnt signaling is required for cartilage and bone development and homeostasis, but
sustained or elevated Wnt signaling in chondrocytes promotes their proliferation and
hypertrophic differentiation, with deleterious effects on cartilage homeostasis (reviewed
in [77–79]). Inhibition of Wnt signaling is thus being explored as a potential therapy for
OA. This approach could have the added benefit of inducing differentiation of mesenchy-
mal stem cells (MSCs) into chondrocytes, since Wnt signaling in MSCs promotes their
differentiation into osteoblasts rather than chondrocytes [80]. MSCs are present in elevated
numbers in the synovial fluid of OA patients [81], suggesting that while OA joints have
the potential to repair, the osteoarthritic environment does not support differentiation of
resident MSCs into cartilage-forming chondrocytes. Inhibitors of Wnt signaling may thus
both inhibit cartilage degradation and harness its potential for repair.

SM04690 (Lorecivivint, Samumed), a small molecule inhibitor of Wnt signaling, has
progressed from in vitro assessment to human clinical trials. In vitro, SM04690 inhibited
Wnt pathway activation and induced differentiation of human MSCs into chondrocytes
while inhibiting expression of catabolic metalloproteinases [82,83]. In a rat anterior cruciate
ligament transection (ACLT) model of OA, intra-articular injection of SM04690 a week after
surgery significantly reduced cartilage degradation 12 weeks later [83]. The mechanism
of action is proposed to be through inhibition of the intranuclear kinases CDC-like kinase
2 (CLK2) and dual-specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A),
without affecting β-catenin [84].

A subsequent phase I RCT showed that SM04690 is well tolerated and safe in hu-
mans [85]. Participants with moderate to severe OA received a single intra-articular dose of
SM04690 (n = 48 treated with 0.03 to 0.23 mg SM04690, compared with n = 11 in the placebo
arm), with safety and efficacy evaluated 24 weeks later. Adverse effects potentially related
to treatment were observed primarily in those receiving the highest dose of SM04690
(0.23 mg), and included arthralgia, joint swelling and stiffness (in 5 subjects), as well as
gastrointestinal effects (in 4 subjects) [85].

In a phase IIa clinical trial of SM04960 completed in 2018, clinically meaningful
improvements in WOMAC pain and function scores were seen in all groups, including the
placebo group who received an intra-articular injection of PBS [86]. The trial thus did not
meet its primary endpoint of a significant reduction in the WOMAC pain score compared
with placebo 13 weeks after a single intra-articular dose of SM04960. However, WOMAC
pain scores were significantly lower at the 52-week time point in the group treated with
0.07 mg of SM0496 than in the placebo group [86]. Medial joint space width was also
significantly improved at 52 weeks in this treatment group compared with placebo [86].
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The Wnt inhibitors SAH-Bcl9 and StAx-35R are also currently under early investigation
in OA [87]. These compounds have been shown to inhibit Wnt signaling in cancers, and
also inhibited Wnt3a-induced downregulation of chondrogenic markers such as COL2A1
and SOX9 in human OA cartilage explants in vitro [87].

Effective and sustained therapeutic targeting of this pathway is likely to be challeng-
ing, with multiple ligands and antagonists influencing both canonical and non-canonical
Wnt signaling (reviewed in [78,79]), and potential reciprocal antagonism between these
pathways shaping the effect on the chondrocyte phenotype [88]. Further investigation of
these complexities is required to understand the consequences of Wnt modulation in vivo.

3.4. TGF-β1 Supplementation

TGF-β1 is the most extensively studied growth factor in cartilage, with in vivo evalua-
tion of its anabolic effects stretching back 3 decades (reviewed in [25]). Genetic evidence for
a chondroprotective role for TGF-β1 is strong, with a number of mutations in its signaling
cascade associated with increased OA risk [25]. For example, the D-14 polymorphism in
asporin, which reduces TGF-β signaling, has been found to increase OA susceptibility
in some populations [89,90], and a SMAD3 single nucleotide polymorphism (SNP) has
been linked to increased hip and knee OA in a European 527-strong cohort [91]. These
findings are supported by in vivo studies, which showed, for example, accelerated OA in
mice that overexpress a dominant negative form of TGF-β receptor II (Tgfbr2) [92] or that
lack Tgfbr2 [93] or Smad3 [94]. However, in addition to its beneficial effects on cartilage, the
anabolic effects of TGF-β1 are undesirable in other joint tissues, leading to the synovial
fibrosis and osteophyte formation reported in a number of studies (reviewed in [25]).

Mont and colleagues have conducted a number of clinical trials to assess treatment
of knee OA by intra-articular injection of allogeneic chondrocytes transduced to express
TGF-β1. A small phase I trial in 12 patients concluded the treatment was safe, and reported
improved range of motion and pain scores after 6 and 12 months [95]. Subsequent phase IIa
and II RCTs indicated improvements in function and pain [96,97]. Fibrosis and osteophyte
formation were not observed, which the authors ascribed to the localized and controlled
expression of TGF-β1 achieved by the cell-mediated delivery procedure [97]. Adverse
effects such as itching, warm sensations, and knee effusion were limited to the injection
site and resolved within a few days [96]. A rat model of allogenic chondrocyte implanta-
tion detected infiltrating immune cells in deep but not superficial zones of cartilage [98],
suggesting that further studies are warranted to investigate immune responses to allogenic
chondrocytes injected into late-stage OA joints.

A more recent double-blinded, placebo-controlled randomized phase II clinical trial in
102 patients (n = 67 in treatment arm, with n = 35 receiving placebo) found significantly less
progression of cartilage damage by 3T MRI at 52 weeks, along with significant improve-
ments in function and pain scores compared with placebo at 12, 52, and 72 weeks, using
the International Knee Documentation Committee (IKDC) and visual analogue scale (VAS)
scoring systems [99]. The improvement in IKDC scores was maintained at 104 weeks [99].
These results were supported by an independent phase II RCT in 86 patients, which also
found reduced OA progression by MRI at 12 months [100]. Further trials in larger cohorts
are required to ascertain whether these improvements in function and pain are maintained,
or whether repeat administration of TGF-β1-expressing cells is required, with potential
increased risk of fibrosis and osteophyte formation. A phase III trial is currently underway
(NCT03203330). Strategies such as co-administration of SMAD7, which has been shown to
block synovial fibrosis while enabling anabolic TGF-β1 signaling in chondrocytes [101],
may be beneficial.

3.5. Considerations around Receptor Expression and Downstream Signaling

Many of the growth factors discussed here can signal through more than one cell
surface receptor, leading to potentially disparate downstream biological effects. It is thus
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essential to understand receptor expression patterns and signaling pathways if growth
factors are to be used therapeutically.

For example, there are 4 FGF receptors (FGFRs), of which FGFR1 and FGFR3 are
thought to be most important in cartilage. Some studies have concluded that FGF2 has
catabolic effects on chondrocytes, inhibiting proteoglycan accumulation and aggrecan
expression in vitro and ex vivo and inducing MMP-13 expression [102–104]. Other studies
have ascribed a protective role to FGF2, with Fgf2−/− mice developing accelerated spon-
taneous and surgically-induced OA, which could be reversed by addition of exogenous
FGF2 [105]. Subsequent studies in human cartilage explants indicated that FGF2 could
suppress IL-1-induced aggrecanase activity [106]. An elegant explanation for this disparity
was put forward by Yan et al., who showed that the effects of FGF2 on the joint depended
on which FGFR was activated, with the catabolic effects of FGF2 resulting from signaling
through FGFR1 and not FGFR3 [107]. In OA, FGF2 is thought to shift towards catabolic
signaling, with increased activation of FGFR1 relative to FGFR3. The molecular mechanism
for this is yet to be elucidated, but may involve changes in relative FGFR expression or
alteration in sulfation of heparan sulfate (HS) [108,109] that could alter formation and/or
stability of trimolecular FGF2:FGFR:HS signaling complexes. FGF18 preferentially signals
through FGFR3 [107], favoring anabolic rather than catabolic signaling.

Similarly, TGF-β1 signaling through its type 1 receptor activin receptor-like kinase 5
(ALK5) leads to phosphorylation of SMAD3, inducing transcription of SMAD3-target genes
such as COL2 and ACAN [110], while signaling through ALK1 leads to phosphorylation
of SMAD1/5/8 and transcription of catabolic genes such as COLX and MMP13 [111].
ALK5 expression levels decrease with age, and the ALK1/ALK5 ratio is elevated in both
OA and healthy aged cartilage [111,112], potentially favoring catabolic gene expression
upon ageing.

4. Targeting Therapies to Cartilage

4.1. Strategies for Delivery to the Cartilage Matrix or to Chondrocytes

In addition to inhibiting cartilage loss and stimulating cartilage repair, a successful
DMOAD must be able to reach its molecular target in cartilage and be retained at effective
levels in the tissue. The negatively-charged cartilage extracellular matrix acts as a barrier
to entry of many molecules, especially those with lipophilic properties. Several groups
have identified the potential of cartilage ECM to act as a reservoir rather than as a barrier
to entry, and are developing targeting strategies that exploit the composition and high
negative fixed charge density of the matrix to deliver and retain DMOADs in cartilage.

Here, we discuss some of these strategies, with particular focus on peptide-based
moieties that bind to abundant and selectively expressed cartilage ECM molecules such as
type II collagen and aggrecan (Table 1). These can be combined with protein therapeutics by
standard protein engineering techniques and/or dendrimers to improve cartilage targeting
and half-life at the desired site of action (Table 2), while reducing systemic and off-target
effects and toxicity. These approaches may also be of use in rheumatoid arthritis, where the
significant levels of inflammation and angiogenesis further promote delivery of potential
therapies to the inflamed joint [113].

4.1.1. Targeting Type II Collagen

Type II collagen is selectively expressed in cartilage and has a low rate of turnover in
adult cartilage, making it attractive for targeting potential DMOADs to cartilage.
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Rothenfluh et al. [114] used phage display of peptide libraries to select a peptide (with
the sequence WYRGRL) that selectively binds to type II collagen. While cross-reactivity
with type I collagen was not directly evaluated in this study, strong cartilage targeting
was observed in mice in vivo after intra-articular injection [114]. For example, the signal
from WYRGRL-targeted fluorescent nanoparticles was 72-fold higher after 48 h than the
signal from nanoparticles bearing a scrambled peptide [114]. The WYRGRL peptide has
subsequently been used to deliver other cargo to cartilage, including dexamethasone [115],
pepstatin A [116], and an HA-binding peptide [117,118] (Table 1).

A recently-reported collagen-targeting strategy utilizes avimers, which are artificial
binding proteins that can be engineered to bind with high affinity to target molecules [125].
The avimer scaffold is based on protein A domains found in various cell surface receptors,
and in vitro exon shuffling and phage display of these sequences generates binding moieties
with high affinity and in vivo stability [125]. Hulme et al. used an avimer phage display
library to generate avimers which bind to type II collagen with high affinity, enabling
retention in rat knees for a month after intra-articular injection [126]. Fusion of the avimer
with IL-1Ra generated a construct that was able to block IL-1 activity in rat knee joints
in vivo, even when administered a week before the IL-1 challenge [126].

Phage display has also been utilized to generate single-chain variable fragments (scFv)
that bind to type II collagen which has been post-translationally modified by reactive oxy-
gen species (ROS) [127]. These antibodies selectively bound to damaged rheumatoid and
osteoarthritic but not normal murine cartilage [127], indicating they can selectively target
areas of joint damage. Cartilage binding was retained after coupling to payloads such as an
MMP-cleavable form of viral IL-10 [128] and soluble TNF receptor II [127]. The fragments
also enabled in vivo imaging of murine OA cartilage damage, with significant increases in
signal 8 weeks after surgical destabilization of the medial meniscus (DMM) [129]. However,
the relatively large size of scFv fragments (~27 kDa) makes avimers (~4 kDa) and peptides
(850 Da for WYRGRL) more attractive for construction of targeted DMOADs.

4.1.2. Targeting Aggrecan

Aggrecan is another abundant cartilage ECM molecule, with a high fixed charge
density due its many chondroitin and keratan sulfate moieties. This property has been
exploited for cartilage targeting, through strategies that use electrostatic interactions to in-
crease binding and retention of positively charged molecules in the cartilage ECM [130–133]
(Table 2). Cationic carriers that have been evaluated for cartilage delivery include pep-
tides such as RRRR(AARRR)3R [131] and proteins such as avidin [130]. Avidin-conjugated
dexamethasone was found to inhibit IL-1-driven aggrecan breakdown in cartilage explant
cultures more effectively than soluble dexamethasone [134], illustrating the potential of
this approach. Heparin-binding domains, such as those found in growth factors including
FGF18, are cationic at neutral pH, and are thus also well-suited for cartilage delivery.
For example, the heparin-binding domain of heparin-binding epidermal growth factor
(HB-EGF) has been used to increase retention of IGF-1 in cartilage in vivo, with increased
therapeutic efficacy in a rat medial meniscal tear model of OA [124]. One caveat of cationic
delivery strategies is that they must be designed to support weak, reversible interactions
with the cartilage matrix, as a high net positive charge can favor tight binding that limits
penetrability [131].
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4.1.3. Targeting Chondrocytes

While some potential DMOADs are designed to act on targets found in the cartilage
ECM (e.g., secreted enzymes), others may have intracellular targets that require targeting
to chondrocytes rather than to the cartilage matrix. A chondrocyte-binding peptide with
the sequence DWRVIIPPRPSA was identified by screening phage display peptide libraries
against rabbit cartilage pieces [121]. The exact molecular target of this peptide has not
been reported, but it was found to bind more than a scrambled peptide to human and
rabbit chondrocytes, and also bound more to chondrocytes than to synovial cells [121].
Confocal analysis indicated cellular uptake of the peptide, enabling successful delivery of
a DNA vector to chondrocytes in vivo, driving expression of green fluorescent protein and
luciferase [121].

4.2. Increasing Sophistication to Tailor Avidity and Enable DMOAD Latency

Polymers and dendrimers have several advantages for cartilage targeting, including
potential for increased avidity (e.g., through substitution with multiple copies of a tar-
geting moiety [116]) and in vivo imaging (e.g., through inclusion of a fluorphor [116,140]
or gadolinium MRI contrast agent [141]). Here we discuss recent progress with multiva-
lent dendrimer scaffolds such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
amide (DOTAM) and polyamidoamine (PAMAM), with nanoparticles and polymers (e.g.,
poly(lactic-co-glycolic acid)(PLGA) recently reviewed elsewhere [57,142,143].

The DOTAM scaffold contains a multivalent tetrapodal core with flexible polyethy-
lene linkers that can be decorated with targeting peptides and/or cationic groups to
promote cartilage retention [116]. For example, the scaffold has been coupled to the type II
collagen-targeting peptide WYRGRL to deliver the cathepsin D inhibitor pepstatin A to
cartilage [116]. In vivo retention of this conjugate increased as the number of WYRGRL
peptides attached was increased from 1 to 3 [116]. WYRGRL-derivatized DOTAM has
also been combined with gadolinium and Cy5.5 to enable in vivo dual MRI/near-infrared
imaging of OA cartilage in a pre-clinical rat meniscal tear model [141]. Clinical translation
for human imaging would require further safety profiling.

PANAM dendrimers are similarly multivalent, enabling a combination of desirable
targeting and imaging moieties. They are additionally positively charged, favoring electro-
static binding to the negatively charged cartilage ECM. Derivatization with PEG can be
used to shield this positive charge in a tuneable manner, enabling tight control of matrix
binding affinity. Such PEG-PANAM dendrimers have been used to deliver IGF-1 in vivo,
achieving a 10-fold increase in residence times in rat knee joints and improved chondropro-
tection after surgical induction of OA [144]. Derivatization of PANAM dendrimers with
targeting peptides such as the DWRVIIPPRPSA chondrocyte affinity peptide [121,145] may
further improve their targeting efficacy.

Another approach to cartilage targeting has been to create prodrugs that should only
be activated in areas of the body where metalloproteinase activity is high, such as in OA
joints. For example, IFNβ has been linked to the latency-associated peptide (LAP) of
TGF-β1 via the MMP-cleavage sequence PLGLWA [137]. Intramuscular gene delivery of
this construct reduced joint swelling in the collagen-induced arthritis model [137]. Linking
IFNβ and LAP via the ADAMTS-cleavable sequence DVQEFRGVTAVIR improved in vivo
targeting and therapeutic efficacy in this model [138]. Similar constructs may also be useful
for delivery of cargo in OA. For example, a LAP-TIMP-3 construct can be activated by
protease activity in the synovial fluid of OA patients [139], and may be useful for blocking
metalloproteinase-mediated OA cartilage degradation.

5. Broader Challenges in DMOAD Development

In addition to target identification, there are a number of additional factors to consider
for the development of a successful disease-modifying OA drug.

A successful DMOAD must be able to penetrate the highly-charged cartilage matrix
to reach its target site. The pore size of the collagen network is ~100 nm, with glycosamino-
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glycan chains on aggrecan spaced 2–4 nm apart. Molecules up to 16 nm in diameter and
500 kDa in size have been shown to penetrate the cartilage matrix (reviewed in [133,146]),
but entry is highly dependent on molecular charge, as discussed in Section 4.1 (Strategies
for delivery to the cartilage matrix or to chondrocytes). As OA worsens, the charge and
porosity of the cartilage matrix changes progressively, with consequent effects on DMOAD
delivery and retention [119,147]. Targeting can be lost when matrix molecules are degraded,
or, conversely, entry and retention can increase when cartilage is damaged. For example,
cationic, collagen type II-targeted PLGA nanoparticles were found to accumulate more
in OA than in normal cartilage in a rat collagenase-induced OA model, at a stage when
proteoglycan loss was observed in 25–50% of the cartilage matrix [119]. Cartilage damage
in early and mid-stage OA may thus promote DMOAD entry and retention, although the
window of therapeutic opportunity is likely to close as cartilage damage progresses.

The route of DMOAD administration is also a critical consideration. While many, but
not all, molecules can pass from the blood stream into synovial fluid, the avascular nature
of cartilage makes delivery and pharmacokinetics difficult to predict. DMOAD RCTs thus
generally utilize intra-articular injection, although this has associated clinical risks and
does not substantially increase the half-life of non-targeted DMOADs, as solutes are cleared
from the joint space within 1–5 h of intra-articular injection [148]. Administration routes
may have to alter if targeting strategies are introduced, depending on their molecular
properties and mechanism of action.

Molecular mechanisms driving cartilage degradation and repair appear to be largely
conserved in human and murine OA [149], but the substantial difference between cartilage
thickness in the two species means that mice are unlikely to be a good model for evaluating
targeting strategies such as those discussed here. For example, the half-life of fluorescently
labeled avidin is 5–6-times shorter in rat than in rabbit cartilage [135].

One of the greatest obstacles in DMOAD development is the lack of a robust and
rapid outcome measure for therapeutic efficacy, with joint space width measurements
lacking sensitivity and specificity. Improved measures of OA progression, such as accu-
rate biomarkers [150] and novel imaging modalities [151], will greatly assist in DMOAD
development and are the focus of considerable attention in the field.

Another key issue is whether OA pain correlates with structural joint changes [152].
For example, in a recent longitudinal study of 600 participants, Felson and colleagues [153]
demonstrated that cartilage loss over 24 months correlated significantly with worsening
of WOMAC knee pain over 24 and 36 months, but found that the effect size was small.
This not only presents a challenge for RCT design, but calls into question whether suc-
cessful DMOADs can be developed based on chondroprotection alone. Clinical trials of
sprifermin, for example, have shown a significant effect on cartilage thickness, but not
on pain [75,76]. Analysis is complicated by the strong placebo effect of intra-articular
injection on patient-reported pain outcome measures [154,155], which has been observed
in trials for sprifermin [75] and SM04690 [86], and by variations in scoring systems used to
measure pain and in their practical application [156,157]. Promisingly, preclinical studies
indicate that ADAMTS-5 inhibitors may have an analgesic effect [158], as aggrecan degra-
dation by ADAMTS-5 generates a peptide that promotes OA pain via toll-like receptor 2
activation [159].

6. Conclusions

DMOAD development remains an important and challenging area, with substantial
research effort focused on inhibiting metalloproteinase-mediated cartilage degradation and
on promoting cartilage repair. A number of potential therapies have recently progressed to
clinical trial, indicating that investments in fundamental research in the area are bearing
fruit and delivering strong targets for drug development. Strategies that target these
potential DMOADs to cartilage may help overcome the challenges of OA drug delivery, by
utilizing the cartilage matrix as a drug reservoir while reducing potential systemic toxicity.
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This is of particular importance given the chronic nature of OA and the high prevalence
of co-morbidities.
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