
Matrix metalloproteinases (MMPs), also known as

matrixins, are members of a family of Zn�dependent

endopeptidases that are responsible for degradation of

various protein components of the intercellular matrix

and basal membranes at neutral pH values. So far, 20

different human MMPs have been characterized [1�7]

including data on their primary structure. The present

work analyzes the biochemical properties of MMPs

with regard to specific features of this family of pro�

teins.

Based on primary structure, substrate specificity, and

cell localization, these enzymes may be divided into at

least four main subfamilies: collagenases, gelatinases,

stromelysins, and membrane�bound MMP (MB�MMP).

However, some recently described enzymes, such as

macrophagal metalloelastase MMP�12 [8], MMP�7 [9],

stromelysin 3 [10], MMP�18 [11], MMP�19 [12], MMP�

20 [13], and MMP�23 [4], cannot be assigned to any of

these subfamilies. Taking into account their specific

structural and/or functional properties, these seven

MMPs are combined into the group “other enzymes”

(table).

The table shows that genes of metalloproteinases 1,

3, 7, 8, 10, 12, 13, and 20, i.e., of nearly a half of the

known enzymes of this family, are located in the same

q22.3 region of chromosome 11. Consequently, they

probably represent a cluster of genes of the same family.

The common location of the MMP�2 and MMP�15

genes (16q13�21) and of the MMP�9 and MMP�24 genes

(20q11.2) also attracts attention. Thus, it is likely that

matrix metalloproteinases are products of expression of

the same superfamily of genes. Moreover, the MMP genes

were probably generated by the divergence of a single

gene cluster during evolution [5, 13].

The subfamily of collagenases includes the intersti�

tial collagenase (MMP�1), the collagenase of neutrophils

(MMP�8), and collagenase�3 (MMP�13). These

enzymes disintegrate native fibrillar interstitial collagens

by cleaving the single peptide bond in α�chains, and this

results in fragments of about 1/4 and 3/4 of the length of

an intact molecule [14�16]. Collagenases can also

hydrolyze other substrates (table), but fibrillar collagens

can be destroyed only by these enzymes. The collagenase

of neutrophils predominantly cleaves type I collagen,

while the interstitial collagenase cleaves type III collagen

[15].

The subfamily of gelatinases includes gelatinase A

(MMP�2, 72 kD) and gelatinase B (MMP�9, 92 kD).

Gelatinases cleave type IV and type V collagens and

elastin inside basal membranes and denatured collagen
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Enzyme subfamily

1

I. Collagenases 
(type I collagenases)

II. Gelatinases 
(type IV collagenases)

III. Stromelysin

References

7

[15, 45,
90�94, 

97]

[15, 95]

[96]

[93, 97,
98]

[93, 97,
99]

[93, 97]

[97, 100]

Family of matrix metalloproteinases (MMPs) of normal human tissues

Substrates and/or
functions

5

Collagens I, II, III,
VII, X; gelatins,
entactin, aggrican,
casein, α2�macro�
globulin, binding
protein

Collagens I, II, III;
aggrican, binding
protein

Collagens I, II, III;
aggrican, gelatins

Gelatins, collagens
I, IV, V, VII, X, XI;
fibronectin, lami�
nin, aggrican, elastin,
large tenascin – C�
protein, vitronectin,
β�amyloid protein
precursor

Gelatins, collagens
III, IV, V, XIV;
aggrican, elastin,
entactin, vitronectin

P r o t e o g l y c a n s ,
gelatins, fibronectin,
laminin, collagens
III, IV, V, IX, X;
large tenascin – C�
protein, vitronectin,
aggrican

P r o t e o g l y c a n s ,
gelatins, fibro�
nectin, laminin,
collagens III, IV, V,
IX; aggrican, entactin,
large tenascin – C�
protein

Symbol

3

MMP�1

MMP�8

MMP�13

MMP�2

MMP�9

MMP�3

MMP�10

Enzyme

2

Interstitial col�
lagenase 
(EC 3.4.24.7)

Collagenase of
neutrophils
(EC 3.4.24.34)

Collagenase 3
(EC 3.4.24.�)

Gelatinase A
(EC 3.4.24.24)

Gelatinase B
(EC 3.4.24.35)

Stromelysin 1
(EC 3.4.24.17)

Stromelysin 2
(EC 3.4.24.22)

Gene location
on the 

chromosome*

4

11q22.3

11q22.3

11q22.3

16q13�q21

20q11.2�q13.1

11q22.3

11q22.3

Expression and/or
tissue localization

6

Stroma cells of men�
strual and prolifera�
tive endometrium,
liver, fibroblasts, chon�
drocytes, epithelial
cells, macrophages

Neutrophilic leuko�
cytes, chondrocytes
of articular cartilage

Cartilaginous and
bone cells

Stroma cells of men�
strual, late secretory,
secretory, and prolif�
erative endometrium;
liver, aorta

Stroma cells of men�
strual endometrium,
liver, small blood ves�
sels of brain tissue

Stroma cells of men�
strual and prolifera�
tive endometrium,
liver

Stroma cells of men�
strual and late secre�
tory endometrium,
mature macrophages
( m o n o n u c l e a r
phagocytes)
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1

IV. Membrane�bound
MMP (MB�MMP)

V. Other MMPs

7

[34]

[34]

[101]

[102]

[5]

[103]

[97, 99,
104�106]

[93, 97]

[8]

Contd.

5

Laminin�1, der�
matan sulfate pro�
teoglycan, collagens
I, II, III; vitro�
nectin, fibronectin;
activates proMMP�
2 and proMMP�13

Activates 
proMMP�2

Activates 
proMMP�2

Unknown**

Activates 
proMMP�2

Gelatinolytic activi�
ty. This enzyme is
suggested to be a
component of the
proteolytic arsenal
of leukocytes during
inflammation

P r o t e o g l y c a n s ,
g e l a t i n s ,
fibronectin, lami�
nin, elastin, entactin,
collagen IV, small
tenascin – C�pro�
tein, vitronectin,
aggrican

F i b r o n e c t i n ,
laminin, gelatins,
collagen IV, aggri�
can, α1�proteinase
inhibitor, α2�macro�
globulin

Elastin

3

MMP�14

MMP�15

MMP�16

MMP�17

MMP�24

MMP�25

MMP�7

MMP�11

MMP�12

2

MB1�MMP
(EC 3.4.24.�)

MB2�MMP
(EC 3.4.24.�)

MB3�MMP
(EC 3.4.24.�)

MB4�MMP

MB5�MMP

MB6�MMP,
leukolysin

Matrilysin 
(EC 3.4.24.23)

Stromelysin 3
(EC 3.4.24.�)

Metalloelastase
(EC 3.4.24.65)

4

14q11�q12

16q13�q21

8q21

12q24

20q11

Not 
established

11q22.3

22q11.2

11q22.2�q22.3

6

Lung, placenta, kid�
ney, ovary, prostate,
spleen, thymus, testi�
cle, large intestine

Liver, placenta, testi�
cle, large intestine,
small intestine, pan�
creas, kidney, lung,
heart, skeletal muscle

Placenta, brain, lung

Brain, leukocytes,
large intestine, ovary,
testicle

Brain, kidney, pan�
creas, lung

Leukocytes

Epithelial cells of
menstrual, late secre�
tory, and proliferative
endometrium; pros�
tate, early promono�
cytes, microglia�like
cells of brain tissue,
articular cartilage

Stroma cells of men�
strual, late postsecre�
tory, and proliferative
endometrium; liver

Macrophages, stroma
cells, placenta
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(gelatin). Due to the latter property, gelatinases comple�

ment collagenases during the degradation of fibrillar col�

lagens [17, 18]. Moreover, gelatinases hydrolyze other

types of collagens and certain proteins of the connective

tissue matrix (table). Stromelysin�1 (MMP�3),

stromelysin�2 (MMP�10), and matrilysin (MMP�7)

have low substrate specificity and are involved in the

degradation of many proteins of the intercellular matrix

including proteoglycans and glycoproteins, such as

laminin and fibronectin [9, 19�23]. Stromelysin�3

(MMP�11), elastase (MMP�12), and membrane�bound

MMP (MB�MMP) (MMP�14 and MMP�15) seem to

have higher substrate specificity [24]. Although, accord�

ing to the literature [25], recombinant MB1�MMP and

MB2�MMP cleaved fibronectin, tenascin, nidogen,

aggrican, and perlecan, MB2�MMP is also active toward

laminin. MB1�MMP was first characterized as an activa�

tor of progelatinase A [26], and only later it was shown to

destroy such components of the intercellular matrix as

collagens I, II, and III [27], fibronectin, laminin, vit�

ronectin, and dermatan sulfate proteoglycan [28]. In

some cases the substrate specificity of MMP is lower, for

instance, they can catalyze the splitting of interleukin 1β
[29] and of tumor necrosis factor precursor [30].

All MMPs are synthesized as proenzymes, and

many of them are secreted by cells in latent forms. The

proenzymes are activated in vivo by proteases [9, 31]. A

common feature of MMPs is the presence of Zn2+ in the

active site and the requirement for Ca2+ for stabilization

of the molecule [32]. The primary structures of MMPs

are very similar and have a common conserved sequence

[15]. Molecules of nearly all MMPs contain several vari�

ous domains, each of which is responsible for a certain

function: the maintenance of the latent form of the

enzyme, secretion, substrate recognition, and catalysis

[15, 26, 33�35]. The domain structure of MMP proen�

zymes is presented in the figure. The prodomain that

contains the conserved sequence PRCGXPD is neces�

sary for the maintenance of MMP in the latent form and

it is cleaved off during activation of the proenzyme. The

1 7

[11]

[12]

[13]

[4]

Contd.

5

Unknown

Unknown

Amelogenin, other
proteins of this fam�
ily, and synthetic
peptides

Unknown

3

MMP�18

MMP�19

MMP�20

MMP�23

2

Unnamed

Unnamed

Enamelysin

Unnamed

4

Not 
established

12q14

11q22.3

1p36.3

6

Mammary gland, pla�
centa, lung, pan�
creas, ovary, small
intestine, large intes�
tine, spleen, thymus,
testicle, heart

Placenta, lung, pan�
creas, ovary, spleen,
small intestine

Odontoblasts

Ovary, testicle, pros�
tate, heart, small
intestine, large intes�
tine, placenta, lung,
pancreas

Data on the mapping of metalloproteinase genes are given following Genbank (http:/www.ncbi.nlm.nih.gov/) (Benson, D. A., Boguski, M. S.,

Lipman, D. J., et al. (1999) Nucleic Acids Res., 27, 12�17). Search system Locus Link NCBI.

It has been recently found that MMP�17 is anchored in the cell membrane structure through glycosyl phosphatidylinositol and can be released

from the cell surface under the influence of endogenous metalloproteinases (Itoh, Y., Kajita, M., Kinoh, H., et al. (1999) J. Biol. Chem., 274,

34260�34266).

*

**
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adjacent catalytic domain includes a motif with three

conserved histidine residues that complex with Zn2+ [36].

The C�terminal region of the MMP molecule contains a

hemopexin�like domain that seems to determine the

substrate specificity or the interaction with the cell sur�

face receptor [26, 34, 35, 37]. Gelatinase molecules con�

tain an additional fibronectin�like domain that helps

during their binding to their substrate, gelatin [38, 39].

Moreover, molecules of gelatinase B contain a domain

with a sequence similar to α2�chain of the collagen V.

MB�MMP are characterized by a specific transmem�

brane domain in the C�terminal and by a sequence rec�

ognizable by a convertase furin that has been also found

in molecules of stromelysin 3 molecule [26, 34, 35].

MECHANISMS OF MMP ACTIVATION

Specific inhibitors control the activity of MMP in

tissues by regulating their synthesis, stimulation, and sup�

pression of activity. On the transcription level, the synthe�

sis of many MMP is regulated by cytokines, hormones,

growth factors, tumor promotors, and by the products of

matrix degradation [9, 15].

The posttranslational regulation includes, first, acti�

vation of the proenzyme, which is now believed to take

different pathways. These pathways include stepwise acti�

vation of the membrane�bound proenzyme by the so�

called cysteine�switch mechanism [9, 40], its activation

on the cell surface, and intracellular activation [9]. The

maintenance of MMP in its latent form is mainly provid�

ed by tissue inhibitors of metalloproteinases (TIMP).

Thus, it has been shown that TIMP 1 and TIMP 2 can

bind to thee C�terminal domains of progelatinases, and in

these complexes, MMPs are inactive [41�44].

Activation of the latent enzyme is one of the most

important steps in the regulation of MMP activity [45].

Conversion of the proenzyme into the active form can

occur under the influence of proteinases, denaturing

agents (urea, SDS, NaSCN), and modifiers (iodoac�

etate, 4�aminophenylmercuric acetate (APMA), HOCL,

oxidized glutathione), and heating [46]. The activation

of prostromelysin 1 (proMMP�3) induced by APMA

occurs in a stepwise manner with the involvement of

some intermediates [9, 47, 48]. The activation of

proMMP by proteinases occurs similarly, namely, the

proteinase initially attacks a bond in the middle of the

propeptide and thus promotes a subsequent proteolytic

The domain structure of proenzymes of certain matrix metalloproteinases (MMP) of human tissues (after [13]).

Matrilysin (MMP
7)

Collagenases (MMP
1, MMP
8, MMP
13, MMP
18)

Stromelysins (MMP
3, MMP
10, MMP
11)

Metalloelastase (MMP
12)

MMP
11

С

С

С

Zn2+

Zn2+

Zn2+

С С

С С

С

С

С С С

С

СС

Zn2+

Zn2+

Zn2+

Gelatinases (MMP
2, MMP
9)

MMP
2

MMP
9

Membrane
bound MMP (MMP
14, MMP
15, MMP
16, MMP
17)

С

С С

С

Zn2+

Signal peptide

Propeptide

Catalytic domain

C
Terminal domain

Fibronectin
like domain

Collagen
like domain

Transmembrane domain

A 10
14 amino acid sequence
containing RX[K/R]R

С
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reaction. The next stage can be catalyzed by a particular

MMP. Thus, MMP�3 converts a partially activated colla�

genase (MMP�1) into the completely activated form by

splitting the Gln80–Phe81 bond [49]. However,

proMMP�7 is immediately activated on the splitting of

the Glu79–Tyr78 bond under the influence of MMP�3

[50] and of proMMP�8 on splitting of the Glu78–Phe79

bond under the influence of MMP�3 or MMP�10 [16,

51]. It has been suggested [36, 40] that the SH�group of

Cys in the sequence PRCG[V/N]PD, which is common

for all proMMPs, interacts with Zn2+ in the active site

and thus prevents the binding of water to Zn2+. Thus, the

proenzyme remains inactive. The activation in the peri�

cellular and extracellular space of MMPs that have been

secreted in the inactive form starts by limited proteolysis

of the N�terminal domain of the propeptide, and this ini�

tiates conformational changes and destruction of the

Zn2+–Cys bond. Then the modified MMP autocatalyti�

cally splits the peptide bond after the PRCGVPD

sequence, and this produces a molecule of the activated

enzyme [40].

It has been reliably established that posttranslation�

al regulation of the activity of gelatinase A, i.e., the acti�

vation of the latent enzyme, involves MB1�MMP. MB1�

MMP, which not only activates progelatinase A, but also

its receptor [26, 35, 52], has been found on the surface

of invasive tumor cells. Strongin et al. [52] suggested

that MB1�MMP is also a cell surface receptor for

TIMP�2 that is also involved in the activation of

proMMP�2. There is much evidence that the activation

of progelatinase A in the pericellular space includes the

complexing of TIMP�2 and MB1�MMP [26, 52, 53].

And the N�terminal domain of TIMP�2 actively binds to

the catalytic domain of MB1�MMP resulting in a com�

plex on the cell surface [54]. And then the C�terminal

domain of progelatinase A seems to interact with the

available C�terminal domain of TIMP�2, and thus a

complex of three molecules is produced [52]. According

to this hypothesis, a free (not bound with TIMP�2) mol�

ecule of MB1�MMP attacks a single bond in the proge�

latinase A molecule, and autocatalytic breaking of a

peptide bond results in activation of the proenzyme [55,

56]. However, this hypothesis is contradicted by findings

[57] that the C�terminal domain of proMMP�2 is not

involved in the splitting of the Asn37–Leu38 bond in the

progelatinase A molecule under the influence of the cat�

alytic domain of MB1�MMP. It has recently been shown

that the prodomain of MB1�MMP plays the main role in

the binding of TIMP�2 and the subsequent activation of

the progelatinase A [58].

Progelatinase A can also be activated in vitro by the

soluble form of MB2�MMP, but it should be noted that

this reaction is suppressed in the presence of TIMP�2 and

TIMP�3 and only partially in the presence of TIMP�1. It

is likely that progelatinase A can be activated by various

MB�MMPs depending on tissue localization [56].

MB1�MMP is also involved in activation of other

MMPs; thus, it activates procollagenase 3 (proMMP�13)

on the cell surface. Gelatinase A somehow influences this

activation, this being indicated by an increase in the acti�

vation rate in its presence [16]. MMP�3 is also involved in

the activation of proMMP�9, which is inactive inside the

complex with TIMP�1 [44]. The generation of a complex

that includes proMMP�9, TIMP�1, and MMP�3 results

in a decreased interaction between proMMP�9 and

TIMP�1. The leukocyte elastase that selectively splits

TIMP�1 and thus promotes the activation of proMMP�9

by MMP�3 is also suggested to be involved in the activa�

tion [59].

Immediate activation of progelatinase B under the

influence of collagenase 3 has been shown in vitro [60].

The reaction proceeded in two steps and resulted in the

complete cleavage of the propeptide, and the rate of the

reaction did not depend on the interaction between the

C�domains of progelatinase B and of the activating

enzyme.

Thus, the activation of proMMP on the cell surface

is a complicated multi�step process, and its molecular

mechanism is not yet clear. The activation of MMP on

the cell surface is very important for degradation of the

matrix in the pericellular space that is necessary for the

migration and proliferation of cells. The special role of

MB�MMP should be emphasized because these pro�

teinases are not only involved in matrix degradation in

regions of their location on the cell surface but, through

the activation of collagenase�3 and gelatinase A, can

also trigger a cascade of MMP�catalyzed proteolytic

reactions by initiating and increasing matrix degrada�

tion.

The intracellular activation of stromelysin 3 (MMP�

11) under the influence of the Golgi apparatus�associated

subtilisin�like proteinase furin was shown in [61]. The

sequence recognizable by furin is also found in the MB�

MMP molecule [61]. Intracellular activation of a mutant

type MB1�MMP under the influence of furin has been

shown [28], but it is not clear whether such activation

occurs in the case of the full�size MB1�MMP molecule

[62].

It should be emphasized that the main fraction of

MMP is converted into the active form by a complicated

multi�step process, and many steps seem to occur outside

the cell.

TISSUE INHIBITORS OF MATRIX 

METALLOPROTEINASES

To elucidate the role of MMP in the normal metab�

olism of basal membranes and of the intercellular matrix

and especially in the development of various diseases,

available data should be considered concerning features

of TIMP that regulate both the enzymatic activity of
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MMPs and their in vivo activation [63�65]. To provide

normal physiological processes, balance should be

maintained between the activities of MMPs and of their

inhibitors [65]. Disorders in this balance can severely

influence the composition of the intercellular matrix

and various functions of cells including adhesion,

migration, and differentiation [63�65]. Studies on the

structure and functions of TIMPs are reviewed in detail

in [65]. Consider in brief some features of TIMPs that

are important for understanding the mechanism of inhi�

bition of the enzymatic activity of MMPs and of their

activation.

The currently known four members of the TIMP

family have in common a number of specific structural

features [64�69]. Thus, the conserved region of a TIMP

molecule has twelve cysteine residues that form six disul�

fide bridges. The NH2�terminal domain of all TIMPs,

which is responsible for the inhibitory activity, contains

the consensus sequence VIRAK. During the processing of

a TIMP, a leader sequence of 29 amino acid residues is

cleaved from the propeptide molecule. The complete

amino acid sequence of TIMP�1 was determined by

Carmichael et al. [70]. Later the structures of other

TIMPs were studied, and the conserved sequences were

determined, as well as differences in amino acid

sequences of various members of the family [65].

It has been shown that TIMPs can interact with the

conserved sequence of MMPs; however, during the reac�

tion with MMP�2 and MMP�9 they also seem to interact

with other sequences [67, 71, 72]. TIMPs complex with

MMPs via noncovalent bonds; during the dissociation of

the complex the intact enzyme and inhibitor are liberated

[73]. It has been recently shown that, during inhibition,

TIMP�1 initially binds reversibly with the C�terminal

sequence of MMP�1, and then a tight complex of the

inhibitor with MMP slowly forms [74]. Based on studies

of the recombinant TIMP�1 molecule, the sequence for

the N�terminal domain of TIMP�1 was suggested [69] to

determine its ability to inhibit enzymatic reactions with

the involvement of MMPs. Later, by directed mutagene�

sis, a sequence located between Cys3 and Cys13 of the N�

terminal domain was shown to be essential for the

inhibitory activity of TIMP�1 [75]. The inhibitory activi�

ty of TIMP�2 is also associated with its N�terminal

sequence [76]. Then it was shown that the region GCEEC

surrounding two disulfide bonds (Cys13–Cys124,

Cys127–Cys174) in the TIMP�1 molecule was involved

in the inhibition of the enzymatic activity of fibroblast

collagenase [66].

As mentioned above, TIMP�1 maintains proMMP�9

in its latent form via the formation of a bimolecular com�

plex. The interaction of this complex with MMP can

inhibit the activity of the latter due to formation of a more

stable complex proMMP�9/TIMP�1/MMP [77]. TIMP�

2 was shown to activate proMMP�2 along with MB1�

MMP, but no such activity was found for TIMP�1 [78�

80]. These findings indicate that TIMPs play various roles

in the regulation of MMP activity.

Many cell types express TIMPs. TIMP�1 and

TIMP�2 exist in soluble forms, while TIMP�3 is insoluble

and occurs only bound with the extracellular matrix (EM)

[81, 82]. The synthesis of TIMP�1 is influenced by vari�

ous external stimuli, such as phorbol esters, growth fac�

tors, and cytokines, whereas the expression of TIMP�2 is

mainly constitutive [83]. The inhibitory activity of

TIMP�3 appears to increase in the presence of certain

heparin sulfate proteoglycans [84].

TIMP�1 and TIMP�2 can function as growth factors

and stimulate the growth of erythroid cells, fibroblasts,

and keratinocytes [85�87]. To explain this finding, it was

suggested that specific TIMP receptors should exist on

the cell surface. Another mechanism that seems to

deserve attention suggests that intercellular signals gener�

ated in response to changes in the state of the EM and

transmitted through integrin receptors should be changed

when the activity of MMP is modified [88]. The stimula�

tion of secretion of TIMP�3 by hepatocyte growth factor

(HGF) seems to be the first stage in the rearrangement of

the extracellular matrix under the influence of external

stimuli during various physiological and pathological

processes [89].

THE INVOLVEMENT OF MMP AND TIMP

IN PHYSIOLOGICAL REARRANGEMENT 

OF TISSUES

The great bulk of studies on MMPs are designed to

elucidate their role during various pathological processes

and especially in carcinogenesis. However, these enzymes

are also actively involved in many processes associated

with the maintenance of homeostasis and with histogene�

sis that is convincingly shown by specific features of

expression and/or location of MMPs in human normal

tissues [90�106] (table).

Local degradation of the intercellular matrix is nec�

essary for the migration and proliferation of cells during

the remodeling of tissues. Changes in MMP expression

are especially pronounced in tissues where intense cyclic

rearrangements occur, e.g., in human endometrium and

in the mouse post�delivery uterus. In epithelial cells of

the human endometrium, the activity of matrilysin is

high during the proliferative, late secretory, and menstru�

al phases of the cycle when the endometrium structure is

changing and the level of estrogen is increased relative to

the level of progesterone [107]. During this period,

fibroblasts are found to contain mRNA for stromelysin�

1 and collagenase [97]. Expression of matrilysin in glan�

dular epithelial cells of the mouse uterus is highest with�

in 6 h to 1.5 days after delivery, when the shape and size

of the uterus are especially changing [108]. Thus, the

induction of transcription of various MMPs changes
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similarly, but their expression depends on cell type. The

expression of MMP�1 in endometrium cells depends on

the levels of estradiol and progesterone, whereas MMP�

2 and TIMP�1 seem to be synthesized constitutively

[109]. The different regulation of expression of MMP�1

and MMP�2 is suggested to be due to the presence of

regulatory elements AP�1 and PEA�3 in the gene promo�

tor of MMP�1; such elements were not found in the gene

promotor of MMP�2.

Morphogenesis and remodeling of mammary gland

during lactation and involution were studied, and MMP

and TIMP were shown to influence interactions between

epithelial cells and basal membranes [110, 111]. MMP

and TIMP were expressed at different times during mam�

mary gland involution. The inhibitory activity of TIMP�1

helped to maintain the structural integrity of the basal

membranes and to prevent their degradation [110].

Collagenase synthesized by osteoblasts is important

during bone resorption that is associated with bone

growth [112]. The production of TIMP�1 by osteoblasts is

controlled by such mediators of bone remodeling as

parathyroid hormone [113], trans�retinoic acid, and

TGFβ�1 [83].

Basal keratinocytes at the edges of wounds were

found to contain mRNA for collagenase, and mRNA for

stromelysin was found near the basal keratinocytes and

fibroblasts of the derma [114]. It is likely that

stromelysin�1 is involved in the remodeling of derma dur�

ing the elimination of granular tissue and resorption of

scar tissue, similar to its involvement in restructuring of

basal membranes around basal keratinocytes.

Collagenase is suggested to destroy matrix collagen,

which prevents migration of basal keratinocytes involved

in the formation of epithelium. During wound healing,

increased expression of MB1�MMP is also observed

[115].

MMPs play an important role in embryogenesis, in

particular in nephrogenesis. Increased expression of

MB1�MMP was recorded in embryonal mouse kidney

[116] and human kidney [35]. An in vitro model of devel�

opment of renal tubules using the MDCK cells (dog renal

epithelium cells) grown on a collagen gel support was

studied, and HGF was shown to induce the expression of

mRNA for MB1�MMP, which is immediately involved in

tubulogenesis [117]. During metanephrogenesis, mRNAs

for MB1�MMP and for MMP�2 are expressed in both

epithelial and mesenchymal tissues, while corresponding

proteins were found in epithelial tissue [118]. The authors

conclude that these enzymes together with their inhibitor

TIMP�2 are involved in paracrine/juxtacrine interaction

of these tissues during embryogenesis. MMP�2 and

TIMP play important roles in the remodeling of basal

membranes associated with epithelial structures of the

kidney during its development. Using immunohisto�

chemistry, the location of MMP�2 was found in structures

of immature nephrons during epithelial differentiation,

and MMP�9 was found only in vascular structures of

immature glomerules [119]. However, in situ hybridiza�

tion revealed transcripts for MMP�2 in undifferentiated

mesenchyme, but they were absent in structures at the

stage of epithelial differentiation. Transcripts for MB1�

MMP were found in epithelial structures during their

development. The expression of TIMP�2 and TIMP�3

was similar to that of MMP�2. Thus, MMP�2 and TIMP

are involved in the remodeling of the basal membranes

associated with epithelial structures in the kidney during

its development. MB1�MMP is suggested to be a receptor

and/or a modifier of the activity of the MMP�2/TIMP

complex.

Proteolytic fragments of fibronectin can be involved

in regulatory processes in the cell [120]. They have been

shown to be involved in the induction of specific genes,

particularly, of those of proteases implicated in the degra�

dation of EM [121]. On the other hand, fibronectin frag�

ments are known to direct the migration of fibroblasts

[121] and monocytes [122] towards wounds.

Consequently, because MB�MMP can destroy

fibronectin, they can be involved in wound healing. The

insoluble fibrillar fibronectin can also be destroyed by

matrilysin [120]. It is suggested that a 58�kD fragment

resulting from the matrilysin�induced degradation of

fibronectin should function as a signal molecule [120].

Nidogen is suggested to provide stability of basal

membranes by forming bridges between laminin and type

IV collagen and by anchoring various macromolecules

such as collagen and perlecan [123]. Therefore, the

degradation of nidogen under the influence of MB�MMP

affects the stability of membranes. MB�MMP cleaves

perlecan molecules at certain points [25]. Because per�

lecan is involved in the binding of growth factor, MB�

MMP and other MMPs [124] play a special role in HGF

release and, consequently, are mediators of regulatory

reactions that occur under the influence of the latter.

MMPs are key enzymes of metabolism of connective

tissue constituents and are involved in various physiolog�

ical and pathological processes associated with the prolif�

eration and migration of cells and, thus, with rearrange�

ments in EM. Although very variable, MMPs have in

common many structural and functional features that

allow us to distinguish them as a separate family of

endopeptidases. Under physiological conditions, the syn�

thesis, activity, and inhibition of MMPs are strictly con�

trolled on both autocrine/paracrine and hormonal levels.

The proteolytic activity of MMPs is a result of the inter�

action of many factors regulating the expression of

mRNA for the proenzyme, activation of the latent

enzyme form, inhibition of the active enzyme, and inac�

tivation and degradation of the enzyme and its inhibitors.

A very low level of MMP activity in tissues under their

balanced state can increase during normal rearrange�

ments of tissues and under various pathological condi�

tions.
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The degradation of EM is a result of a complicated

cascade of reactions with various MMPs acting as syner�

gists. Gelatinases seem to play the main role in the final

stages of this process due to their ability to digest denatured

collagen. In the pericellular space these MMPs can inter�

act with various matrix proteins through their fibronectin�

like fragment. This results in a feedback between the matrix

conditions and the potential activation of MMPs and, pos�

sibly, determines their in vivo mechanism.

It should be emphasized that MB�MMPs play a spe�

cific role in the metabolism of EM because they not only

catalyze the proteolysis of EM proteins, but also can indi�

rectly affect their degradation due to the activation of

MMPs.

The interaction between activities of MMPs and of

their inhibitors can be followed in various physiological

and pathological situations in tissues. The ability of the

inhibitors to complex with the inactive enzymes suggests

that the function of TIMPs is more complicated than the

simple suppression of MMP activity. Disorders in the

expression of TIMPs that regulate not only the proteolyt�

ic activity of MMP but also their activation are significant

during the development of various diseases associated

with disorders in connective tissue metabolism.

The majority of data available about the properties of

MMPs, especially data on the mechanisms of activation

and inhibition of these enzymes, have been obtained in

vitro or using recombinant MMP and TIMP molecules.

To develop these studies further, efforts will be required to

use these data to understand processes in the living organ�

ism. Studies on changes in MMP gene expression and on

the activity of MMPs in models of various diseases are

especially important. No doubt, such studies are very

important because they are promising for the elucidation

of molecular mechanisms of development of many dis�

eases that in one way or another are associated with dis�

orders in the metabolism of EM and for elaboration of

approaches for their correction.

The authors are very grateful to E. V. Gerasimov for

his valuable help in the getting from the Internet the

materials that were required to write this paper.
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