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Matrix metalloproteinases (MMPs) play roles in remodelling of the extracellular matrix that occurs during

morphogenesis, repair, and angiogenesis. Dysregulation of extracellular matrix remodelling can lead to

cell proliferation, invasion, and tissue fibrosis. Identification of a specific MMP(s) in a disease has been

challenging due to the presence of 24 closely-related human MMPs, each existing in three forms, of

which only one is active and capable of catalysis. This review focuses on methods for MMP profiling,

with particular emphasis on the batimastat affinity resin that binds only to the active forms of MMPs and

related ADAMs (a disintegrin and metalloproteinases), which are then identified by mass spectrometry.

Use of the batimastat affinity resin has identified targets for intervention in several human diseases.
1. Introduction

Matrix metalloproteinases (MMPs) are a family of enzymes
whose function is to degrade components of the extracellular
matrix (collagen, elastin, bronectin, laminin, proteoglycans).1

The extracellular matrix undergoes remodelling during
processes such as morphogenesis, bone remodelling, wound
repair, and angiogenesis. Conversely, dysregulated extracellular
matrix remodelling can lead to cell proliferation and invasion in
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16
cancer, as well as tissue brosis. There are 24 human MMPs,
which are summarized in Table 1. MMP-4, MMP-5, and MMP-6
not included in Table 1, as they were shown to be identical to
other MMPs, and MMP-22 is a chicken MMP. MMPs are clas-
sied as collagenases (MMP-1, MMP-8, MMP-13, and MMP-18),
gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3, MMP-
10, MMP-11, and MMP-19), matrilysins (MMP-7 and MMP-26),
membrane-type (MT)-MMPs (MMP-14, MMP-15, MMP-16,
MMP-17, MMP-24, and MMP-25), and others.

MMPs have similar structures, consisting of a propeptide
domain, a catalytic domain containing a zinc ion, and a hemo-
pexin domain (Fig. 1). The hemopexin domain is absent in the
matrilysins and MMP-23.

MMPs are made as inactive zymogens or proMMPs (Fig. 2).
Removal of the propeptide domain activates the proMMPs to
their active forms. Regulation of MMPs is controlled mainly by
tissue inhibitors of metalloproteinases (TIMPs). The TIMP-
complexed MMPs are inactive forms of MMPs. Only the active
forms of MMPs, and not the proMMPs or TIMP-MMP complexes
are capable of catalysis. Thus, only the active MMPs can play roles
in physiology or disease pathology. The challenge is identifying
which active MMP(s) is involved in a specic disease. Most
methods do not distinguish among the three forms of MMPs.
One of themost widely usedmethods is gene expression proling
by measuring mRNA levels of MMPs. However, changes inmRNA
levels do not necessarily correlate with protein abundance.2 This
article focuses onmethods for MMP proling at the protein level.
2. Methods for MMP profiling
2.1. Western blot

In western blot, proteins are separated by gel electrophoresis,
which are then incubated with MMP antibodies. Antibodies
bound to the MMP of interest are visible, with the thickness of
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra07005g&domain=pdf&date_stamp=2023-02-21
http://orcid.org/0000-0002-4333-3775
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07005g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013009


T
ab

le
1

M
M
P
s,
th
e
ir
su

b
st
ra
te
s,
an

d
ro
le

in
d
is
e
as
e

M
M
P

N
am

e
Pr
od

uc
ti
on

Su
bs

tr
at
e(
s)

R
ol
e
in

di
se
as
e

O
th
er

R
ef
er
en

ce
s

M
M
P-
1

In
te
rs
ti
ti
al

co
lla

ge
n
as
e,

co
lla

ge
n
as
e
1

Se
cr
et
ed

:
br
ob

la
st
s,

ke
ra
ti
n
oc
yt
es
,

en
do

th
el
ia
l
ce
lls

,m
ac
ro
ph

ag
es
,h

ep
at
oc
yt
es

C
ol
la
ge
n
I,
II
,I
II
,V

II
,

V
II
I,
X
,g

el
at
in

A
rt
h
ri
ti
s,

id
io
pa

th
ic

pu
lm

on
ar
y

br
os
is
,

ca
n
ce
r

A
ct
iv
at
es

pr
oM

M
P-
2

an
d
pr
oM

M
P-
9

7

M
M
P-
2

G
el
at
in
as
e-
A

Se
cr
et
ed

:
br
ob

la
st
s,

ke
ra
ti
n
oc
yt
es
,

en
d
ot
h
el
ia
l
ce
lls

,c
h
on

dr
oc
yt
es
,o

st
eo

bl
as
ts
,

le
uk

oc
yt
es
,p

la
te
le
ts
,m

on
oc
yt
es

G
el
at
in
,c

ol
la
ge
n
I,
II
,

II
I,
IV
,V

II
,X

C
an

ce
r

A
ct
iv
at
es

pr
oM

M
P-
9

an
d
pr
oM

M
P-
13

8
an

d
9

M
M
P-
3

St
ro
m
el
ys
in

1
Se
cr
et
ed

:
br
ob

la
st
s,

pl
at
el
et
s

C
ol
la
ge
n
II
,I
V
,V

,I
X
,X

,
X
I,
ge
la
ti
n

A
lz
h
ei
m
er
's
di
se
as
e,

Pa
rk
in
so
n
's
di
se
as
e

A
ct
iv
at
es

pr
oM

M
P1

an
d

pr
oM

M
P-
13

10
an

d
11

M
M
P-
7

M
at
ri
ly
si
n

Se
cr
et
ed

:e
pi
th
el
ia
l
ce
lls

,l
iv
er
,p

an
cr
ea
s,

pr
os
ta
te
,s

ki
n

Fi
br
on

ec
ti
n
,l
am

in
in
,

co
lla

ge
n
IV
,g

el
at
in

Id
io
pa

th
ic

pu
lm

on
ar
y


br
os
is

A
ct
iv
at
es

os
te
op

on
ti
n

12

M
M
P-
8

N
eu

tr
op

h
il
co
lla

ge
n
as
e,

co
lla

ge
n
as
e
2

Se
cr
et
ed

:c
h
on

dr
oc
yt
es
,e

n
do

th
el
ia
l
ce
lls

,
m
ac
ro
ph

ag
es
,s

m
oo

th
m
us

cl
e
ce
lls

C
ol
la
ge
n
I,
II
,I
II
,V

II
,

V
II
I,
X
,a

gg
re
ca
n
,

ge
la
ti
n

B
en

e
ci
al
:w

ou
n
d

h
ea
li
n
g

13
an

d
14

M
M
P-
9

G
el
at
in
as
e-
B

Se
cr
et
ed

:n
eu

tr
op

h
il
s,

m
ac
ro
ph

ag
es
,

os
te
ob

la
st
s,

ep
it
h
el
ia
l
ce
lls

,
br
ob

la
st
s,

de
n
dr
it
ic

ce
lls

,k
er
at
in
oc
yt
es

G
el
at
in
,c

ol
la
ge
n
IV
,V

D
et
ri
m
en

ta
l:
di
ab

et
ic

fo
ot

ul
ce
rs
,c

er
eb

ra
l

is
ch

em
ia
,t
ra
um

at
ic

br
ai
n
in
ju
ry

13
–1
7

M
M
P-
10

St
ro
m
el
ys
in
-2

Se
cr
et
ed

:k
er
at
in
oc
yt
es
,m

ac
ro
ph

ag
es
,

ep
it
h
el
iu
m

C
ol
la
ge
n
IV
,l
am

in
in
,


br
on

ec
ti
n
,e

la
st
in

H
ea
d
an

d
n
ec
k
ca
n
ce
r

A
ct
iv
at
es

pr
oM

M
P-
1

18
an

d
19

M
M
P-
11

St
ro
m
el
ys
in
-3

Se
cr
et
ed

:
br
ob

la
st
s,

ut
er
us

,p
la
ce
n
ta
,

m
am

m
ar
y
gl
an

ds
D
oe

s
n
ot

cl
ea
ve

E
C
M

pr
ot
ei
n
s

C
an

ce
r

A
ct
iv
at
ed

by
fu
ri
n

20
an

d
21

M
M
P-
12

M
ac
ro
ph

ag
e
el
as
ta
se

Se
cr
et
ed

:c
h
on

dr
oc
yt
es
,m

ac
ro
ph

ag
es
,

os
te
ob

la
st
s,

pl
ac
en

ta
E
la
st
in
,

br
on

ec
ti
n
,

co
lla

ge
n
IV

C
O
PD

,p
ul
m
on

ar
y

em
ph

ys
em

a
A
ct
iv
at
es

pr
ot
ea
se
-

ac
ti
va
te
d
re
ce
pt
or
-1

22
–2
4

M
M
P-
13

C
ol
la
ge
n
as
e
3

Se
cr
et
ed

:e
pi
th
el
ia
l
ce
lls

,n
eu

ro
n
al

ce
lls

,
co
n
n
ec
ti
ve

ti
ss
ue

C
ol
la
ge
n
I,
II
,I
II
,I
V
,I
X
,

X
,X

IV
,g

el
at
in

B
en

e
ci
al
:w

ou
n
d

h
ea
li
n
g.

D
et
ri
m
en

ta
l:

os
te
oa

rt
h
ri
ti
s

A
ct
iv
at
es

pr
oM

M
P-
2

an
d
pr
oM

M
P-
9

5
an

d
25

M
M
P-
14

M
T
1-
M
M
P

M
em

br
an

e-
as
so
ci
at
ed

:
br
ob

la
st
,p

la
te
le
ts
,

os
te
ob

la
st
s

G
el
at
in
,

br
on

ec
ti
n
,

la
m
in
in
,c

ol
la
ge
n
I
II
,

II
I

D
et
ri
m
en

ta
l:
m
el
an

om
a

A
ct
iv
at
es

pr
oM

M
P-
2

pr
oM

M
P-
8,

pr
oM

M
P-
9,

an
d
pr
oM

M
P-
13

26
an

d
27

M
M
P-
15

M
T
2-
M
M
P

M
em

br
an

e-
as
so
ci
at
ed

:p
la
ce
n
ta
,h

ea
rt
,b

ra
in

G
el
at
in
,

br
on

ec
ti
n
,

la
m
in
in

O
va
ri
an

ca
n
ce
r

C
an

ac
ti
va
te

pr
oM

M
P-
2

an
d
pr
oM

M
P-
13

28

M
M
P-
16

M
T
3-
M
M
P

M
em

br
an

e-
as
so
ci
at
ed

:c
ar
di
om

yo
ci
te
s,

lu
n
gs
,p

la
ce
n
ta
,k

id
n
ey
,o

va
ri
es
,i
n
te
st
in
e,

pr
os
ta
te
,s

pl
ee
n
h
ea
rt
,s

ke
le
ta
l
m
us

cl
e

G
el
at
in
,

br
on

ec
ti
n
,

la
m
in
in

Pr
ol
if
er
at
io
n
,i
n
va
si
on

,
an

d
m
ig
ra
ti
on

of
ca
n
ce
r

ce
lls

C
an

ac
ti
va
te

pr
oM

M
P-
2

an
d
pr
oM

M
P-
9

29

M
M
P-
17

M
T
4-
M
M
P

G
ly
co
sy
lp
h
os
ph

at
id
yl
in
os
it
or
-a
n
ch

or
ed

m
em

br
an

e-
as
so
ci
at
ed

:l
eu

ko
cy
te
s,

br
ai
n
,

co
lo
n
,o

va
ri
es
,t
es
ti
cl
es

Fi
br
in
og

en
,

br
in

C
an

ce
r

A
ct
iv
at
es

A
D
A
M
T
S-
4

30
an

d
31

M
M
P-
18

C
ol
la
ge
n
as
e
4

M
am

m
ar
y
gl
an

d,
pl
ac
en

ta
,l
un

g,
pa

n
cr
ea
s,

ov
ar
y,

sm
al
l
in
te
st
in
e,

sp
le
en

,t
h
ym

us
,

pr
os
ta
te
,c

ol
on

,h
ea
rt

C
ol
la
ge
n
,g

el
at
in

M
ac
ro
ph

ag
e
m
ig
ra
ti
on

32

M
M
P-
19

St
ro
m
el
ys
in
-4

Le
uk

oc
yt
es
,c

ol
on

,i
n
te
st
in
e,

ov
ar
y,

te
st
is
,

pr
os
ta
te
,t
h
ym

us
,s

pl
ee
n
,p

an
cr
ea
s,

ki
dn

ey
,

sk
el
et
al

m
us

cl
e,

li
ve
r,
lu
n
g,

pl
ac
en

ta
,b

ra
in
,

h
ea
rt

A
gg

re
ca
n

T
is
su

e
h
om

eo
st
as
is
,

do
w
n
-r
eg
ul
at
ed

du
ri
n
g

m
al
ig
n
an

t
tr
an

sf
or
m
at
io
n
of

co
lo
n

C
an

ac
ti
va
te

pr
oM

M
P-
9

33

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 6304–6316 | 6305

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
de

 f
eb

re
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

7/
10

/2
02

5 
3:

56
:5

1.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07005g


T
ab

le
1

(C
o
n
td
.)

M
M
P

N
am

e
Pr
od

uc
ti
on

Su
bs

tr
at
e(
s)

R
ol
e
in

di
se
as
e

O
th
er

R
ef
er
en

ce
s

M
M
P-
20

E
n
am

el
ys
in

Se
cr
et
ed

:d
en

ta
l
ti
ss
ue

A
gg

re
ca
n

T
oo

th
de

ve
lo
pm

en
t

34
M
M
P-
21

Se
cr
et
ed

:l
eu

ko
cy
te
s,

m
ac
ro
ph

ag
es
,


br
ob

la
st
s,
ba

sa
la

n
d
sq

ua
m
ou

s
ce
lls

,o
va
ry
,

ki
d
n
ey
,l
u
n
g,

pl
ac
en

ta
,i
n
te
st
in
e,

n
eu

ro
ec
to
de

rm
,s
ki
n
,b

ra
in

U
n
kn

ow
n

E
m
br
yo
ge
n
es
is

an
d

tu
m
or

pr
og

re
ss
io
n

35
an

d
36

M
M
P-
22

(c
h
ic
ke

n
)

Se
cr
et
ed

C
as
ei
n
,g

el
at
in
,

co
lla

ge
n
I

37

M
M
P-
23

C
A
-M

M
P

M
em

br
an

e-
as
so
ci
at
ed

:o
va
ry
,t
es
ti
cl
es
,

pr
os
ta
te

G
el
at
in

M
el
an

om
a

38
an

d
39

M
M
P-
24

M
T
5-
M
M
P

M
em

br
an

e-
as
so
ci
at
ed

:b
ra
in
,k

id
n
ey
,

pa
n
cr
ea
s,

lu
n
g

G
el
at
in
,

br
on

ec
ti
n
,

la
m
in
in

T
um

or
pr
og

re
ss
io
n
an

d
an

gi
og

en
es
is

C
an

ac
ti
va
te

pr
oM

M
P-
2

40

M
M
P-
25

M
T
6-
M
M
P

M
em

br
an

e-
as
so
ci
at
ed

:l
eu

co
cy
te
s,

te
st
ic
le
s,

ki
dn

ey
,s

ke
le
ta
l
m
us

cl
e

G
el
at
in

C
an

ce
r

A
ct
iv
at
es

pr
oM

M
P-
2

41

M
M
P-
26

M
at
ri
ly
si
n
-2

C
ol
la
ge
n
IV
,


br
on

ec
ti
n
,

br
in
og

en
,

ge
la
ti
n
,v

it
ro
n
ec
ti
n

C
an

ce
r

A
ct
iv
at
es

pr
oM

M
P-
9

42

M
M
P-
27

B
-ly

m
ph

oc
yt
es
,m

ac
ro
ph

ag
es
,

en
d
om

et
ri
u
m
,t
es
ti
cl
es
,i
n
te
st
in
e,

lu
n
g,

sk
in

G
el
at
in

E
n
do

m
et
ri
um

le
si
on

s
43

M
M
P-
28

E
pi
ly
si
n

Se
cr
et
ed

:k
er
at
in
oc
yt
es
,e

pi
de

rm
is
,t
es
ti
s

C
as
ei
n

T
is
su

e
h
om

eo
st
as
is
an

d
re
pa

ir
44

6306 | RSC Adv., 2023, 13, 6304–6316

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
de

 f
eb

re
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

7/
10

/2
02

5 
3:

56
:5

1.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the protein band correlating to the amount of protein.3 Anti-
bodies are available for 60% of the 24 MMPs: MMP-1, -2, -3, -7,
-8, -9, -10, -11, -12, -13, -14, -21, -25, -26, and -28.

2.2. Gelatin zymography

In zymography, MMP activity is visualized by substrate conversion
and detection of the reaction product or disappearance of the
substrate.4 In this method, a substrate is polymerized with acryl-
amide in sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE), separating proteins by mass. Themost widely
usedmethod is gelatin zymography, which detects the gelatinases
MMP-2 and MMP-9. This method discriminates proMMPs,
however it does distinguish between active unregulated MMPs
and TIMP-complexed MMPs because under the denaturing
conditions, the TIMP-MMP non-covalent complexes dissociate
and appear as active MMP bands. For example, analyses of non-
diabetic mouse wounds by gelatin zymography showed the pres-
ence of proMMP-9, proMMP-2, and active MMP-2 on days 7 and
10 aer wound iniction (Fig. 3A).5 However, active MMP-2 was
not observed in these wounds by the batismastat affinity resin/
proteomics analysis, suggesting that the observed active MMP-2
band may be in complex with TIMP. To conrm the results,
western blot analysis with TIMP-1 and TIMP-2 antibodies showed
the presence of TIMP-1 and TIMP-2 in the samples (Fig. 3B and C),
suggesting that the active MMP-2 band in Fig. 3A may be MMP-2-
TIMP. Immunoprecipitation with TIMP-2 antibody, followed by
western blot found that MMP-2 was present together with TIMP-2,
indicating that indeed MMP-2 was in complex with TIMP (Fig. 3D
and E). Since the TIMP-MMP-2 complex is catalytically incompe-
tent, MMP-2 does not play a role in wound pathology or repair.

2.3. In situ zymography

In situ zymography detects and localizes MMP activity in tissue
sections. In this method, tissue is embedded and cryosectioned,
and the sections are placed on glass slides. The slides are
immersed in dye quenched (DQ)-collagen for collagenase
activity (MMP-1, MMP-8, MMP-13) or DQ-gelatin for gelatinase
activity (MMP-2 and MMP-9), and analysed by uorescence
microscopy, where activity appears as green uorescence. Fig. 4
shows the use of in situ zymography in diabetic wounds.

2.4. Activity-based proling

Activity-based protein proling (Fig. 5) uses protein engineering
to introduce a cysteine nucleophile in the active site proximity
that is irreversibly labelled by the affinity-based probe containing
a reactive hydroxamate.46 This method images and inhibits the
specic MMP. This approach has been demonstrated for MMP-
12 and MMP-14.47 While this strategy targets only the active
forms of MMPs, it requires protein engineering of MMPs and
synthesis of activity-based probes for the specic MMP.

In a related approach, the zinc-chelating hydroxamate is
coupled to a photocrosslinker that binds covalently only to the
active forms of MMPs. The affinity-based probe contains
a biotin group that allows for purication of the bound MMPs,
which are identied by mass spectrometry.48 Cells were incu-
bated with a cocktail library of affinity-based probes that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of MMPs. CA, cysteine array region; Cp, cytoplasmic domain; Fn, fibronectin; Fu, furin cleavage site; GPI, GPI anchor; (I) type I
transmembrane domain; (II) type II transmembrane domain, Ig, IgG-like domain; SP, signal peptide; Vn, vitronectin.

Fig. 2 The three forms of MMPs as exemplified by MMP-2. MMPs are made as inactive zymogens or proMMPs. They are activated by removal of
the propeptide domain. MMPs are regulated primarily by complexation with TIMPs. This figure has been reproduced from Nguyen et al.6 with
permission from IntechOpen, copyright 2016.
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included six MMPs.49 This approach requires a library of
selective MMP-directed probes.
2.5. Affinity resins

Affinity resins consisting of attachment of the broad-spectrum
inhibitors batimastat (Fig. 6A) and TAPI-2 (Fig. 6B) inhibitors
of MMPs have been covalently attached to sepharose resin.50,51

Only the active forms of MMPs bind to the affinity resins.52 In the
case of the TAPI-2 resin, the bound MMPs are eluted with buffer
containing EDTA, and following trypsin digestion the peptides
are identied by mass spectrometry. TAPI-2 inhibits the related
proteinases called ADAMs (a disintegrin and metalloproteinase):
ADAM8 (Ki 10 ± 1 mM), ADAM10 (Ki 3 ± 2 mM), ADAM12 (Ki >100
© 2023 The Author(s). Published by the Royal Society of Chemistry
mM), ADAM17 (Ki 120 ± 30 nM).53 TAPI-2 also inhibits MMP-12
with a Ki value of 12 mM.50 Given the Ki values, it appears that
TAPI-2 is more selective towards ADAM17.

For the batimastat resin, cysteines in MMPs are reduced and
alkylated, followed by trypsin digestion, and analysis of the
resulting peptides by tandemmass spectrometry.14,54 Batimastat
is a potent broad-spectrum MMP/ADAM inhibitor with IC50

values of 3 nM for MMP-1,55 4 nM for MMP-2,55 20 nM for MMP-
3,55 6 nM for MMP-7,56 10 nM for MMP-8,55 10 nM for MMP-9,55,
1 nM for MMP-13,56 2.8 nM for MMP-14,56 29 nM for MMP-16,57

50 nM for ADAM8,58 50 nM for ADAM9,59 and 230 nM for
ADAM17.60 The batimastat affinity resin has a limit of quanti-
cation of 6 femtomoles and recoveries for MMPs and ADAMs
are similar, ranging from 75% to 100%.61 Based on the
RSC Adv., 2023, 13, 6304–6316 | 6307
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Fig. 3 (A) Gelatin zymography of non-diabetic mouse wounds shows the presence of proMMP-9, proMMP-2, and active MMP-2. (B) Analyses (n=

3mice per time point) by western blot show the presence of TIMP-1 and TIMP-2. Actin was used as a loading control. (C) Quantification (n= 3mice
per time point) of TIMP-1 and TIMP-2 in (B). (D) Immunoprecipitation of wound homogenates (n = 3 mice per time point) with TIMP-2 antibody,
followed by western-blot analysis indicates that MMP-2 is in complex with TIMP-2. (E) Quantification (n = 3 mice per time point) of TIMP-2 and
MMP-2 in (D). This figure has been reproduced from Nguyen et al.5 with permission from the American Chemical Society, copyright 2020.

Fig. 4 Analyses of diabetic mouse wounds by in situ zymography with
DQ-gelatin and DQ-collagen show that the MMP-9 inhibitor (R)-ND-
336 inhibits MMP-9 activity (fluorescent green) and does not inhibit
MMP-8 activity (fluorescent green). Merged images with nuclear DNA
staining by DAPI (blue) as control for the number of nuclei. Images
were taken with a 40× lens (scale bars, 50 mm). This figure has been
reproduced from Nguyen et al.45 with permission from the American
Chemical Society, copyright 2018.
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inhibition data, the batimastat affinity resin should be more
sensitive than the TAPI-2 affinity resin. Both the TAPI-2 and
batimastat affinity resins are not commercially available.
3. MMP profiling of human diseases
and their roles

MMPs have been implicated in numerous diseases, including
cancer, neurological diseases (Alzheimer's, Parkinson's, stroke,
traumatic brain injury, spinal cord injury), pulmonary diseases
such as COPD, pulmonary emphysema, idiopathic pulmonary
brosis, and arthritis among others. Table 1 summarizes the
roles of MMPs in disease.
6308 | RSC Adv., 2023, 13, 6304–6316
Only the affinity-based protein proling, the TAPI-2 affinity
resin, and the batimastat affinity resin can “sh” out active
MMPs, which can then be identied by mass spectrometry. An
advantage of these methods is the ability to identify active
MMPs in diseased tissue, rather than analyzing for specic
MMPs by zymography and ELISA. The batimastat affinity resin
has been used recently to identify the related proteinases
ADAMs.62,63 Bioanalytical methods have been developed to
quantify the levels of active MMPs and ADAMs identied by the
batimastat affinity resin.14,54,62,63

Once the active MMPs and ADAMs are identied in human
diseased tissues and quantied relative to control tissues, the
roles of the identied MMPs/ADAMs can be ascertained by use of
selective inhibitors for that particular MMP/ADAM in in vitro or in
vivo models of the disease. A challenge is that the 24 human
MMPs and 25 human ADAMs are closely related, so selective
inhibitors may not be available. Adding to the complexity is that
MMPs/ADAMs can play benecial (such as repair) and detrimental
(such as pathology) roles in a disease. Conrmation of the MMP
role in disease can be ascertained with MMP gene knockouts.
However, gene ablation of a particular MMPmay be accompanied
by other effects. For example, MMP-2 knockout mice and gene
ablation of MMP-8 have a compensatory increase in MMP-9.64,65
3.1. Diabetic foot ulcers (DFUs)

Most studies in human DFUs have used wound uid analyzed
for specic MMPs. Wound uid from healed (n = 7) and non-
healed (n = 9) DFUs were analyzed for MMP-2 and MMP-9 by
zymography, and for MMP-1, MMP-8, and TIMP-1 by ELISA.66

Active MMP-9 was not observed in the healed DFUs at inclusion,
increasing to 20.85 pg mg−1 protein in non-healed ulcers, indi-
cating that elevated levels of MMP-9 were detrimental to wound
healing. Likewise, analysis of wound uid from 23 healed and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Modified MMP binds to affinity based probe (APB). The modified MMP contains a cysteine. The modified active MMP binds to the ABP
irreversibly. The proMMP or TIMP-MMP cannot bind to the ABP as the active site is not accessible as the prodomain and TIMP block it. The
labelled active MMP can be treated with biotin for protein purification, and subsequent identification.

Fig. 6 Affinity resin for binding of active MMPs based on the broad-spectrum MMP inhibitor (A) batimastat or (B) TAPI-2. (C) Only the active
MMPs bind to the affinity resin, as proMMPs and TIMP-MMPs do not have accessible the active site for complexation of the hydroxamate with
zinc ion. (C) Analysis of the active MMPs by reduction of cysteines, alkylation of the resulting thiols, trypsin digestion, and mass spectrometry
identification and quantification. Panel C is reproduced from Peng et al.54 with permission from the American Chemical Society, copyright 2022.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 6304–6316 | 6309
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Fig. 7 Identification and quantification of (A) active MMP-8 and (B) active MMP-9 in patients with DFUs WG1–4 (n = 25) and in dermal samples
from non-diabetic (control) patients (n = 23) using the batimastat affinity resin coupled with proteomics. Higher levels of active MMP-9 are
observed in WG3–4 (n= 13) when compared to WG1–2 (n= 12). Mean ± SEM; **p < 0.01 using Mann–Whitney U two-tailed test. This figure has
been reproduced from Nguyen et al.45 with permission from the American Chemical Society, copyright 2018.
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39 non-healed DFUs by zymography found higher levels of
active MMP-9 in non-healers (2.90 ± 1.64, p < 0.05) compared to
non-healers (1.18 ± 1.21 mg mL−1),67 indicating that higher
levels of MMP-9 can predict poor wound healing.
Fig. 8 Identification and quantification of active MMPs in patients with
MMP-8, MMP-9, andMMP-14 were identified in wound tissue of patients
Mean± SEM, *p < 0.05, ***p < 0.001 by Mann–Whitney U two-tails. This
American Chemical Society, copyright 2022.

6310 | RSC Adv., 2023, 13, 6304–6316
Wound tissue from patients with DFUs (n = 25) and non-
diabetic controls (n = 23) were analyzed with the batimastat
affinity resin. Only two MMPs in their active forms were identi-
ed: MMP-8 and MMP-9.45 The analysis was stratied by wound
PUs using the batimastat affinity resin with proteomics. Active MMP-1,
at ulcer stage 3–4 PUs (n= 15) and in control (healthy) patients (n= 23).
figure has been reproduced from Peng et al.54 with permission from the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Identification and quantification of active MMPs and ADAMs in lungs of patients with IPF using the batimastat affinity resin and proteomics.
Higher levels of MMP-1, ADAM9, ADAM10, and ADAM17 were observed in IPF lungs. Concentrations of (A) active MMP-1, (B) active MMP-8, (C)
active MMP-14, (D) active ADAM9, (E) active ADAM10, and (F) active ADAM17. IPF lung tissue (n = 26 patients) and healthy control lungs (n = 4);
mean± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 relative to control by Student's t-test with two-tail distribution and unequal variance. This figure
has been reproduced from Peng et al.63 with permission from the American Chemical Society, copyright 2022.
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severity and infection, with Wagner grade (WG) 1 as a supercial
ulcer, 2 as a deeper full-thickness ulcer, 3 as deep abscess or
osteomyelitis, and 4 as partial gangrene of the foot. MMP-8 was
present at 10-fold higher levels in DFUs compared to controls;
similar levels were observed regardless of wound severity and
infection (Fig. 7A). In contrast, active MMP-9 concentrations
increased with DFU severity and infection: 7-fold higher in WG1-
2, and 34-fold higher in WG3-4 (Fig. 7B). The role of MMP-9 was
found to be detrimental to wound healing using selective MMP-9
inhibitors and MMP-9 knockout mice made diabetic.13,14 On the
other hand, MMP-8 was shown to be benecial in wound repair
by the use of a selective MMP-8 inhibitor and application of
exogenous recombinant MMP-8.13,14
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2. Pressure ulcers (PUs)

Analysis of wound uid from 56 patients with PUs for MMP-2,
MMP-9, TIMP-1, and TIMP-2 found that the ratio of MMP-9 to
TIMP-1 signicantly decreased in healing PUs, supporting that
high levels of MM-9 activity and low levels of TIMP-1 are detri-
mental to wound healing.68

Analyses of wound tissue from patients with PUs ulcer stage
3–4 (where stage 3 is full-thickness deep open ulcer and stage 4 is
full-thickness with muscle or bone exposure) using the batima-
stat affinity resin and proteomics, revealed the presence of active
MMP-8 and MMP-9.54 MMP-8 was present at 16-fold higher levels
in PUs relative to controls, while MMP-9 was 14-fold higher
(Fig. 8).54 The amounts ofMMP-9 decreased with improvement of
RSC Adv., 2023, 13, 6304–6316 | 6311
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Fig. 10 Identification and quantification of active MMPs and ADAMs in
pterygium tissue by the batimastat affinity resin and proteomics.
Primary pterygium tissue (n = 28 patients); mean ± SEM, ND = not
detectable, ***p < 0.001 by Student's t-test. This figure has been
reproduced from Masitas et al.62 with permission from the American
Chemical Society, copyright 2022.

Fig. 11 Identification and quantification of active MMP-14 in brain
tissue by the batimastat affinity resin and proteomics. Glioblastoma
multiforme patients (n= 15), healthy controls (n= 4); mean± SEM, **p
< 0.001 by Student's t-test. This figure has been graphed from data in
Thakur et al.81
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PUs, indicating that MMP-9 played a detrimental role in PUs. The
higher levels of MMP-8 and MMP-9 in PUs were not surprising,
given that PUs share similar pathology with DFUs; in both
diseases wound repair is stalled with persistent inammation,
and development of both wounds are due to neuropathy and
trauma. The likelihood of developing PUs is twice as high for
patients with diabetes.69 In addition, MMP-1 and MMP-14 in
their active forms were present in PUs (Fig. 8). The levels ofMMP-
1 in PUs were similar to those in the controls, while MMP-14
concentrations were 46-fold higher in PUs compared to the
controls. Inhibition of MMP-9 and MMP-14 accelerated wound
healing and improved ulcer stage in a mouse model of PUs.54

3.3. Idiopathic pulmonary brosis (IPF)

MMP-9 has been found in lungs and bronchoalveolar lavage
uid from patients with IPF.70 MMP-9 expression increased in
airway basal cells from patients with IPF relative to those from
6312 | RSC Adv., 2023, 13, 6304–6316
normal lungs.71 In a mouse model of IPF, mice treated with
andecaliximab, a monoclonal antibody that inhibits MMP-9,
showed improved outcomes.71,72

Lung tissue from patients with IPF were analyzed with the
batimastat affinity resin coupled with proteomics. Six proteinases
MMP-1, MMP-8, MMP-14, ADAM9, ADAM10, and ADAM17 were
identied.63 Levels of MMP-1 were 1.5-fold higher in IPF
compared to control (Fig. 9A), while MMP-8 levels were lower in
IPF than control (Fig. 9B) and those of MMP-14 were similar in
IPF and control (Fig. 9C). ADAM9 (Fig. 9D), ADAM10 (Fig. 9E), and
ADAM17 (Fig. 9F) levels increased in IPF compared to controls.
Inhibition of MMP-1 and ADAM10 decreased brosis in an in
vitro assay,63 indicating the potential for therapeutic intervention.
Bleomycin induced lung-injuredmice administered the ADAM-10
inhibitor GI254023X showed signicantly reduced mortality.73

3.4. Pterygium

MMP-1 andMMP-3 were reported in cultured human pterygium
broblasts by mRNA, ELISA, and western blot.74 MMP-2 and
MMP-9 were observed in pterygium tissues from 15 patients by
mRNA and gelatin zymography.75 Elevated levels of MMP-7 were
reported in cultured pterygia using monoclonal antibodies.76

MMP-1, MMP-2, and MMP-9 were found in pterygium cells by
immunohistochemistry using antibodies.77

The batimastat affinity resin and mass spectrometry was used
to identify active MMP-14, ADAM9, ADAM10, and ADAM17 in
pterygium (benign ocular tumor) tissue (Fig. 10).62 Normal
human conjunctiva broblasts were used as control due to the
unavailability of control human eye tissue for ethical reasons.
Active MMP-14 and ADAM10 were about 70 times higher in
patients with pterygia than controls. Inhibition of MMP-14
decreased broblast migration and collagen contraction in in
vitro assays,62 indicating a potential therapeutic approach to treat
pterygium. Current treatment of pterygium is recurrent surgery.

3.5. Glioblastoma multiforme

MMP-14 (also known as membrane-type 1-matrix metal-
loproteinase (MT1-MMP)), has been implicated in the pathology
of gliomas.78 MMP-14 expression has been correlated to glioma
cell invasiveness, with higher levels of MMP-14 expression in
the most invasive U251 glioma cells compared to other cell
lines.79 In addition, MMP-14 plays a role in tumor angiogenesis
through activation of MMP-2 and MMP-9.80

Brain tissue from patients with glioblastoma multiforme were
analyzed by the batimastat affinity resin, followed by proteomics.
Only MMP-14 in its active form was identied and quantied.81

Levels of activeMMP-14 were non-quatiable in control brains and
were 4.0 ± 0.8 fmol mg−1 tissue in brains of patients with glio-
blastoma multiforme (Fig. 11). Inhibition of MMP-14 with a selec-
tive inhibitor prolonged survival in mice with glioblastoma.81

4. MMP inhibitors in development

Recent reviews describe new strategies for targeting MMPs,82–84

including integration of computational design and yeast
surface display to engineer a TIMP-mutant that is a potent and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Structures of MMP inhibitors.

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
de

 f
eb

re
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

7/
10

/2
02

5 
3:

56
:5

1.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
specic inhibitor of MMP-14 (ref. 85) and MMP-responsive drug
delivery and tumor targeting.86 This section reviews MMP
inhibitors in development.

The role of MMPs in promoting cancer progression promp-
ted the development of small-molecule MMP inhibitors. At the
time it was thought that all MMPs were involved in cancer
progression. Thus, the initial inhibitors were broad-spectrum
hydroxamate derivatives that inhibited all MMPs by chelating
to zinc. Numerous MMP inhibitors were studied in clinical
trials for cancer, but all failed. The reasons for failure were
numerous,87 including poor clinical trial design, broad-
spectrum inhibition of MMPs and ADAMs, lack of knowledge
of which MMP(s) should be targeted, undesirable side effects,
poor pharmacokinetic properties, poor knowledge of MMP
biology, animal models not paralleling the human disease.

To date, Periostat® (doxycycline hyclate, Fig. 12) is the only
MMP-inhibitor on the market; it is approved for treatment of
periodontitis. Doxycycline is a weak broad-spectrum MMP
inhibitor, with IC50s of >400 mM for MMP-1, 56 mM for MMP-2,
32 mM for MMP-3, 28 mM for MMP-7, 26–50 mM for MMP-8, and
2–50 mM for and MMP-13.87

A clinical trial was completed (NTC 02744703) in 10 patients
receiving caffeic acid phenethyl ester (Fig. 12) as an MMP
inhibitor for bonding of resin material and tooth substrate. Pre-
treatment improved the bond strength of resin restoration to
dentin. Caffeic acid phenethyl ester inhibits MMP-1 (IC50 187
mM), MMP-2 (IC50 5 mM), MMP-3 (IC50 224 mM), MMP-7 (IC50 335
mM), and MMP-9 (IC50 2 mM).88 Additional clinical trials with
caffeic acid phenethyl ester have been started.89 Two clinical
trials, a phase 1 study assessing the safety and tolerability of
multiple oral doses in 21 subjects with amyotrophic lateral
sclerosis (NTC 03049046), and a phase 3 clinical trial in 300
patients with esophageal cancer receiving oral caffeic acid
phenethyl ester (NTC 03070262) are listed in https://
clinicaltrials.gov; no results are reported.

Andecaliximab (GS-5745) is a monoclonal antibody from
Gilead Sciences, Inc. that inhibits MMP-9. In a phase 1b study,
andecaliximab was evaluated alone and in combination with
mFOLFOX6 (uoracil). Encouraging results were observed in
patients with gastric or gastroesophageal junction adenocarci-
noma.90 However, a phase 3 clinical trial in 432 patients with
gastric or gastroesophageal junction adenocarcinoma did not
improve overall survival.91 In 2019, Gilead terminated clinical
development of andecaliximab for oncology.

(R)-ND-336 (Fig. 12) is a thiirane mechanism-based inhibitor
selective for MMP-2 (Ki 127 nM), MMP-9 (Ki 19 nM), and MMP-
14 (Ki 119 nM); it inhibits other MMPs poorly (KiMMP-8 8590 nM,
all other MMPs Ki > 100 000 nM).45 (R)-ND-336 accelerates
© 2023 The Author(s). Published by the Royal Society of Chemistry
wound healing in diabetic mice,45 including in an infected
model,92 as well as in a mouse model of pressure ulcers.54 As
MMP-9 is detrimental to diabetic wound healing, an MMP-9
siRNA hydrogel has shown efficacy in diabetic rats. Targeting
MMP-14 sensitized glioblastoma to radiation; inhibition of
MMP-14 with (R)-ND-336 signicantly increased survival in
a mouse model of glioblastoma multiforme93 (survival of 77
days aer irradiation compared to 148 days with combination of
irradiation plus (R)-ND-336, p = 0.02).81 (R)-ND-336 has
completed Investigational New Drug-enabling studies.
5. Conclusions

MMP proling is challenging due to the presence of 24 closely-
related human MMPs and 25 human ADAMs, each existing in
three forms, of which only one is active and capable of catalysis.
This challenge has been overcome with development of affinity
resins that incorporate a broad-spectrum MMP/ADAM inhib-
itor. In particular, the batimastat affinity resin is a potent and
broad-spectrum chemical tool that captures MMPs and ADAMs
in their active forms, which are subsequently identied by mass
spectrometry. The batimastat affinity resin has proven useful in
identifying targets for intervention in several human diseases.
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