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Modulation of Neutral Matrix Metalloproteinases
of Involuting Rat Mammary Gland by Different Cations
and Glycosaminoglycans

M. Ambili and P.R. Sudhakaran*
Department of Biochemistry, University of Kerala, Kariavattom, Trivandrum 695581, India

Abstract The synthesis and regulation of the matrix metalloproteinases (MMPs) are important factors contributing
to the involution of mammary gland. In order to understand the role of these MMPs in involution and in remodeling of
the mammary gland, the different MMPs (130K, 68K, and 60K gelatinases) were partially purified by gel filtration and
affinity chromatography over gelatin Sepharose and subjected to kinetic analysis. Comparative analysis of the different
gelatinases showed that the 130K that appears at the early involutary phase and the constitutive 68K enzyme are more
specific for Col IV of the basement membrane, while the inducible 60K that appeared at the later phase of involution
degraded Col I more efficiently. These neutral proteinases required Ca2*/Zn2* for their activity and the analysis of cation
dependence revealed that Ca?* at 10 mM concentration and above completely inhibited the enzyme. The 60K was
active at very low concentration of Zn2* (5 uM); but at higher concentration of Zn2* (2 mM), where the 68K and 130K
were active, the 60K gelatinase was inhibited, indicating a difference in the cation dependence of these enzymes.
Chondroitin sulfate A and chondroitin sulfate C caused inhibition of the 130K, 68K, and 60K, while hyaluronic acid and
heparin did not show any effect, suggesting that the chondroitin sulfate proteoglycan that decorates collagen in the ECM
can modulate the activity of the collagenases in vivo. These results suggest that the 130K gelatinase expressed during the
early phase of involution degraded Col IV of the basement membrane, making the 60K gelatinase formed at a later stage
of involution more accessible to its preferred substrate (Col | of the underlying stroma), highlighting the role of these
MMPs in mammary gland involution. J. Cell. Biochem. 73:218-226, 1999.  © 1999 Wiley-Liss, Inc.
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The interactions of cells with the extracellu- nents and their degradation in the mammary

lar matrix (ECM) molecules have important
regulatory and structural consequence for cells.
Studies have demonstrated the role of ECM in
embryonic development, growth regulation, and
the control of cellular phenotypes in specialised
tissues [Ekblom et al., 1986; Bissell and Aggeler,
1987; Hay, 1991, 1993; Carey et al., 1986; Lin
and Bissell, 1993]. Remodeling of the ECM
occurs during wound healing [Galit and Clark,
1994] and in tissues such as mammary gland
[Blum et al., 1987; Streuli et al., 1991], which
undergoes proliferation, differentiation, and in-
volution in adult life. The variation in topo-
graphical distribution of various ECM compo-
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gland during development probably play a key
role in modulating cell functions [Li et al., 1987].
The changes in the structure of ECM during
involution, which is accompanied by remodel-
ing of the mammary gland, includes the discon-
tinuation of the basement membrane around
the secretory alveoli and a localized degrada-
tion of the ECM macromolecules [Warburton et
al., 1982; Martinez-Hendez et al., 1976]. In
vitro studies [Li et al., 1987; Streuli and Bissell,
1990] also suggested that basement membrane
remodeling might be central to the regulation
of mammary epithelial cell growth and function
during mammary gland development. Reconsti-
tution of the basement membrane is brought
about by the degradation of the ECM macromol-
ecules (e.g., collagen, fibronectin, and laminin)
[Bernfield et al., 1984]. A group of metal-
dependent endoproteinases that act at neutral
pH termed as matrix metalloproteinases
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(MMPs) function in a coordinated fashion, bring-
ing about the degradation of the ECM macro-
molecules [Birkedal-Hansen et al., 1993; Mig-
natti et al., 1996]. These enzymes are subject to
transcriptional regulation as well as regulation
by tissue inhibitor of metalloproteinases (TIMP)
[Martisian, 1990] and hormones [Feng et al.,
1995]. An increase in the production of MMPs
during involution of mammary gland has been
demonstrated [Dickson and Warburton, 1992;
Strange et al., 1992]. Myoepithelial cells in
mammary gland synthesize and secrete certain
MMPs during involution [Andersson et al.,
1994] and correlation between the expression of
TIMP, MMP activity, and the loss of differenti-
ated function has been demonstrated [Talhouk
et al., 1992a]. Studies on mammary gland on
different days of involution showed the pres-
ence of three gelatinases of different relative
molecular weights [Talhouk et al., 1991; Ambili
etal., 1997] (130K, 68K, and 60K). These gelati-
nases are regulated throughout development
and are lowest during lactation. In order to
understand the role of these MMPs in involu-
tion and in remodeling of the mammary gland,
these enzymes were purified and characterized.
The results reported in this paper indicate that
130K and 68K are more specific for Col IV of the
basement membrane, while the inducible 60K
is more active against Col | and are subject to
inhibition by chondroitin sulfates, suggesting
that the MMPs are also regulated by proteogly-
cans, a major component of the ECM.

MATERIALS AND METHODS
Materials

Heparin, hyaluronic acid, chondroitin sulfate
A and chondroitin sulfate C were obtained from
Sigma Chemical Co. (St. Louis, MO) and gela-
tin from Serva (Heidelberg, Germany). Col |
from calf skin was kindly provided by J. Rauter-
berg (Munster, Germany) and Col IV was kindly
provided by R.C. Hughes (NIMR, London).
Sepharose 4B-CL and Sepharose 4B were from
Pharmacia (Uppsala, Sweden). 125[1]-Nal was a
product of BARC (Mumbai, India).

Methods

Processing of mammary tissue. The
gelatinases were purified and characterized
from the 2nd (48 h after weaning) and 6th
(144 h after weaning) involuting day mammary
tissues from female Sprague-Dawley rats. Tis-

sues were excised and extracted with phos-
phate buffer (1:4 w/v [0.1 M pH 7.5]). The super-
natant after precipitation with 70% ammonium
sulfate was dialyzed against phosphate buffer.

Fractionation of 130K and 68K gelatin-
ase. The dialyzed supernatant after ammo-
nium sulfate precipitation was concentrated
and applied over a Sepharose 4B-CL column
(1.5cm X 35cm), and the active fractions corre-
sponding to 130K and 68K were pooled. The
activity of the enzyme was checked at each step
by zymography.

The fractions corresponding to 68K activity
obtained from the Sepharose 4B-CL column
were pooled and subjected to gelatin Sepharose
affinity chromatography and eluted with, 1 M
NaCl. Purity was checked by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) [Laemmli, 1970], followed by sil-
ver staining [Ambili et al., 1997].

The 60K gelatinase was purified from the 6th
involuting day mammary tissue by gelatin
Sepharose affinity chromatography [Ambili et
al., 1997]. Protein was determined either by
measuring the absorbance at 280 nm or by the
method of Lowry et al. [1951].

Zymography. Collagenase activity was as-
sayed by preparing zymograms [Ambili et al.,
1997]. Zymogram gels consisted of 10% poly-
acrylamide impregnated with gelatin (2 mg/
ml). After electrophoresis, the gels were washed
twice for 30 min each in 2.5% Triton-X-100
solution at room temperature, then incubated
for 24 h in substrate buffer (50 mM Tris-HCI, 5
mM CaCl,, 0.02% NaN; pH 7.5) at 37°C. The
gels were stained with Coomassie blue R250 for
1 h and destained in water. Gelatinase activity
was seen as clear bands, indicating the degrada-
tion of gelatin.

Estimation of sugar. The glycoprotein na-
ture of the enzyme was studied by analyzing
the protein-bound carbohydrate by the phenol
sulfuric acid method. p-Glucose served as the
standard [Dubois et al., 1956].

Binding to Con A-Sepharose. The glyco-
protein nature of these enzymes was also exam-
ined by studying the binding of the enzymes to
ConA-Sepharose in acetate buffer (0.1 M pH
6.0) containing 1 M NaCl, 1 mM CaCl,, 1 mM
MgCl,, and 1 mM MnClI,. The bound material
was eluted with increasing concentration of
methyl-a-p-mannoside in the same buffer [Bala-
subramanian et al., 1975].
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Substrate digestion. Gelatin, Col I, and
Col IV were radiolabeled with 200 uCi 125[1]-
Nal, using chloramine-T [Roth, 1975]. The radi-
olabeled substrates (spec. act. 52,500 cpm/mg,
protein) were incubated with the enzyme in
phosphate buffer (0.1 M pH 7.5) in a total vol-
ume of 260 pl at 37°C for the required time
interval. The enzyme action was stopped by the
addition of an equal volume of 10% trichloroace-
tic acid (TCA). The soluble radioactivity was
measured in a LKB-mini gamma counter. Differ-
ent concentration of different substrates were
used and the V,,, and K, of each enzyme for
each substrate were calculated from double re-
ciprocal plot.

Cation dependence. The cation depen-
dence of the enzyme was studied using radiola-
beled substrate as well as by zymography. The
enzymes (25—-30 ug/100 pl) in phosphate buffer
(0.1 M pH 7.5) were preincubated with the
cations (2 mM each of Ca?*, Zn?*, Mg?*, and
EDTA) and used for assay. Parallel controls
without cations were taken. Cation dependence
was also tested by incubating the zymograms in
the substrate buffer containing 2 mM each of
the cations.

Inhibition by glycosaminoglycans. The
purified enzymes (25-30 pg) were preincubated
with (6-8 ug) each of heparin, hyaluronic acid,
chondroitin sulfate A, and chondroitin sulfate C
in phosphate buffer (0.1 M pH 7.5). The samples
were assayed using radiolabeled substrates, as
well as by zymography. Parallel controls were
taken without glycosaminoglycans. In order to
assay the enzyme on substrate impregnated
gels, the zymograms were prepared by copoly-
merizing gelatin (2 mg/ml), acrylamide (10%),
and the enzyme (with or without GAG) in a
multiwell plate. After polymerization, the gels
were subjected to the same process as in zymo-
graphic analysis.

RESULTS
Fractionation of 130K and 68K Gelatinase

In order to examine the characteristics of the
different gelatinases, the 130K, 68K, and 60K
gelatinases were isolated. The 2nd involuting
day mammary tissue was processed and sub-
jected to gel filtration as described under Meth-
ods (Fig. 1). Fractionation by gel filtration over
Sepharose 4B-CL yielded about 462-fold purifi-
cation of 130K gelatinase, while the affinity
chromatography over gelatin-sepharose gave
about 240-250-fold purification for 68K and
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Fig. 1. Fractionation of 130K and 68K gelatinase by gel filtra-
tion. Mammary tissue from involuting gland (48 h after wean-
ing) was extracted with phosphate buffer (0.1 M, pH 7.5).
Proteins precipitated by 70% (NH,),SO,4 were removed and the
supernatant was dialysed, concentrated and subjected to gel
filtration over sepharose 4B-CL (3 X 35 cm) in phosphate buffer
(0.2 M, pH 7.5); 2-ml fractions were collected (bottom) Vpg and
Vpc represent the elution volumes of dextran blue and potas-
sium dichromate, respectively. Zymographic analysis using 100
pl from each fraction was carried out (top). Fractions correspond-
ing to 130K and 68K were pooled.

60K gelatinases. Analysis of the purified en-
zyme by SDS-PAGE showed that they were not
contaminated with any other protein (Fig. 2);
parallel zymographic assays showed that the
gelatin degrading activity corresponded to 130K,
68K, and 60K protein.

The glycoprotein nature of the three gelatin-
ases from mammary gland was studied by mea-
suring the carbohydrate associated with the
purified enzyme. All three enzymes contained
covalently bound carbohydrate. The 130K
gelatinase contained about 13% carbohydrate,
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while 68K contained only about 6%; the 60K
had about 59 M equivalent of glucose, while it
was only about 20 M equivalent in the case of
68K. The glycoprotein nature was further
checked by the ability of the enzyme to bind to
Con A. The 60K gelatinase bound to ConA-
Sepharose and could be eluted with 1 M methyl
a-D-mannoside.

Substrate Specificity

The substrate specificity of the three MMPs
was studied using radiolabeled gelatin, Col I,
and Col 1V, as described under Materials and
Methods. All three enzymes degraded gelatin to
a greater extent than native collagens under
similar conditions. There was a progressive in-
crease in the amount of substrate degraded
over time, and the maximum degradation of the
substrates occurred in about 4 h. Substrate
specificity was further examined by studying
the effect of concentration of different sub-
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Fig. 2. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) pattern of the purified gelatinases. The active
fraction containing the 68K protein after gel filtration was
further purified by affinity chromatography over gelatin Sepha-
rose (0.5 X 5 cm) in phosphate buffer (0.1 M, pH 7.5). The
bound protein was eluted by 1 M NaCl and tested by electropho-
resis over 10% SDS-PAGE and located by silver staining (A) and
Zymogram (B). 130K (lane 1), 68K (lane 2) gelatinase. Lane 3,
purified 60K gelatinase.

strates on these enzymes. There was an in-
crease in the velocity of the reaction with in-
creased concentration of each substrate,
reaching a maximum velocity at high concentra-
tions. V. Was the highest for 130K, 68K, and
60K for gelatin, but for other substrates, a sig-
nificant difference in V. and K, was seen
(Table I). The V,,,, for 130K and 68K gelatinase
was higher for Col IV than for Col | (P = 0.05);
in the case of 60K, the V., was higher for Col |
than for Col IV (P = 0.05). All three enzymes
showed the lowest K, value for gelatin. The K,
value of 130K and 68K for Col 1V was lower
than that for Col I, while the 60K has a much
lower K, value for Col I than for Col IV
(P < 0.01). These results indicate that although
denatured collagen (gelatin) is efficiently hydro-
lyzed by all three enzymes, among the native
collagen, Col IV was the preferred substrate for
130K and 68K, while Col | was the preferred
substrate for 60K.

pH Dependence

Zymographic analysis at different pH values
(pH 4-9) showed that all three gelatinases have
maximum activity at neutral pH. This was fur-
ther examined by measuring the TCA soluble
activity, using iodinated gelatin at different pH
values. Maximum activity was found at pH 7.5
in all three cases (Fig. 3).

Cation Dependence

In order to study the metal ion dependence,
the enzymes were pretreated with 2 mM each of
Ca?*, Zn?*, Mg?", and EDTA and assayed by
following the degradation of radiolabeled gela-
tin. All three enzymes degraded gelatin in the
presence of Ca?* ions (Fig. 4). As the concentra-
tion of Ca?" ions increased, there was a loss in
activity, causing complete inhibition of the activ-

TABLE I. Kinetic Constants of 130K, 68K, and 60K Gelatinases for Different Substrates?

Vmax (SUbstrate degraded pg/mg protein)

Kmn (Mg X 1075 X ml~1)

Enzyme Gelatin Col | Col IV Gelatin Col | Col IV

130K 0.21 = 0.023* 0.10 = 0.021 0.14 + 0.020** 3.9=*1.2% 18 £ 2.3 6 * 1.6%**
68K 0.19 = 0.021* 0.09 = 0.019 0.13 = 0.018** 4.2 = 0.91¢ 42 +1.8 6 + 1.0%**
60K 0.23 = 0.020* 0.15 = 0.021 0.11 + 0.020** 4.5+ 0.013 8+ 148 25 + 2.0%**8

aValues given are the average of four to five experiments.

*P < 0.01 when gelatin was compared with Col | and Col IV.

**P < 0.05 when Col IV was compared with Col I.
***P < 0.005 when Col 1V was compared with Col I.

*P < 0.005 when gelatin was compared with Col I and Col 1V.

SP < 0.005 when 60K was compared with 130K and 68K.
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Fig. 3. pH dependence. Purified 130K (O), 68K (®), and 60K
(A) gelatinases were incubated with radioiodinated gelatin in
phosphate buffer (0.1 M) at varying pH values (pH 4-9) at 37°C
for 2 h. The trichloroacetic acid (TCA)-soluble radioactivity was
measured and expressed as a percentage of the total. The values
are the average of four assays *=SD.

ity of 130K and 68K at a concentration of 10
mM. 130K and 68K showed gelatin degrading
capacity in the presence of 2 mM Zn?* as well,
while at this concentration, Zn?* caused inhibi-
tion of 60K gelatinase, but when the concentra-
tion of Zn2* was reduced to 5 pM, the 60K
enzyme was active.

Zymographic analysis carried out by incubat-
ing the gels in buffer containing the correspond-
ing ions (2 mM) also indicated that 130K and
68K enzyme degraded gelatin in the presence of
both Ca?* and Zn?*. Significant activity was
shown by 60K gelatinase in the presence of 2
mM Ca?*. However, 2 mM Zn?" inhibited the
activity of the enzyme significantly. At a low
concentration of Zn2* (5 uM), zymography also
showed activity for 60K gelatinase, but at higher
concentration, Zn2* was inhibitory.

Inhibition of Gelatinases by Glycosaminoglycans

Proteoglycans are a major group of macromol-
ecules present in the ECM. The possibility of
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Fig. 4. The 130K, 68K, and 60K (30 pg each) gelatinases were
pretreated with 2 mM each of Ca?*, Zn?*, Mg?*, and EDTA for
20 min. Parallel controls were taken without ions. These en-
zymes were then incubated with radioiodinated gelatin (0.13
mg/ml) in a total volume of 200 pl for 2 h and the trichloroacetic
acid (TCA)-soluble activity analyzed and expressed as the
amount of gelatin degraded in 2 h. The values given are the
average of four assays. =SD (Zn?*, 5 pM*).

proteoglycans influencing MMP activity was
examined in vitro by measuring the activity of
the different gelatinases of mammary gland
after pretreatment with different glycosamino-
cycans (heparin, hyaluronic acid, chondroitin
sulfate A, and chondroitin sulfate C).

The addition of hyaluronic acid or heparin
did not affect the ability of 130K, 68K, and 60K
gelatinases to degrade gelatin, Col I, or Col 1V
both in radiolabeled substrate degradation as-
say (Fig. 5A) and in substrate-impregnated zy-
mographic assay in multiwell plates (Fig. 5B),
but both chondroitin sulfate A and chondroitin
sulfate C inhibited 130K, 68K, and 60K activ-
ity. The ability of the enzymes to degrade gela-
tin, Col I, and Col IV was reduced by about
40-60% by 6-8 pg of chondroitin sulfate A and
chondroitin sulfate C.

DISCUSSION

The production and regulation of MMPs in
mammary gland during involution have impor-
tant roles in the remodeling of the ECM
[Sakakura, 1991; Talhouk et al., 1992b]. The
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Fig. 5. Effect of glycosaminoglycans on 130K, 68K, and 60K
activity. A: Radioiodinated gelatin, Col |, and Col IV (0.1 mg/ml)
were incubated for 3 h at 37°C with 130K, 68K, and 60K
gelatinases (30 pg each) after pretreatment for 30 min with
heparin (7 pg), hyaluronic acid (6.0 pg), chondroitin sulfate A (7
ug), and chondroitin sulfate C (7.2 pg) in a total volume of 250
ul. Parallel controls were taken without GAG. The trichloroace-
tic acid (TCA)-soluble radioactivity was measured. The enzy-
matic activity was expressed as a percentage of control. The

results presented above indicate certain impor-
tant characteristics of these enzymes which
provide some insight into their action in mam-
mary gland involution. The 68K gelatinase
seems to be a constitutive enzyme present
throughout all phases of development of mam-
mary gland, whereas the 130K, which appears
at the earlier phase of involution, and the 60K,
which appears at the later phase of involution,
are inducible. The three enzymes that are pre-
sent during different phases of involution exhib-
ited maximum activity at neutral pH, and deg-
radation of the substrate by these enzymes took
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values given are the average of four assays. B: 130K, 68K, and
60K gelatinases were pretreated with heparin (H), hyaluronic
acid (HA), chondroitin sulfate A (CSA), and chondroitin sulfate
C (CSC), as in A. The enzymes were then copolymerized with
gelatin (2 mg/ml)-impregnated polyacrylamide in multiwell
plates. After polymerization, the gels were incubated in sub-
strate buffer, stained with Coomassie Blue, and destained with
distilled water.

place only in presence of divalent cations par-
ticularly Ca?* and Zn?*, indicating that these
are neutral matrix metalloproteinases.
Significant gelatin degrading activity was ex-
hibited by 130K, 68K, and 60K in the presence
of 2-5 mM Ca?" but as the concentration of
Ca?" increased, there was considerable loss in
enzymatic activity. 130K and 68K are active in
the presence of 2 mM Zn2* as well. But the 60K
gelatinase required only a very low concentra-
tion of Zn2* (5 uM) for its activity and was
inhibited at 1-2 mM Zn?* concentration. These
results indicate a difference in cation depen-
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dence, particularly that of Zn2*, among the
different MMPs of mammary gland. The differ-
ence in the requirement of the cations, particu-
larly zinc, may also contribute to the differen-
tial modulation of the activity of the three
enzymes in the mammary gland.

Myoepithelial cells have been reported to be
the source of gelatinase A and gelatinase B in
mammary gland [Andersson et al., 1994]. We
have found that mammary epithelial cells in
culture produce 130K, 68K, and 60K enzymes
under appropriate conditions. These enzymes
can act on basement membrane components
and the underlying stroma. Having Col IV as
the preferred substrate for 130K gelatinase
highlights the importance of the enzyme in
remodeling the basement membrane in the
mammary gland. Degradation of the basement
membrane by 130K gelatinase during the early
phase of involution makes the 60K gelatinase
that appears during the later phase of involu-
tion more accessible to the stroma and de-
grades Col I, which seems to be the preferred
substrate for 60K. The two interstitial collage-
nases MMP-1 and MMP-8 [Goldberg et al., 1986]
have been reported to cleave collagen molecule
to 3/4- and 1/4-length fragments. This dena-
tured collagen is then acted on by MMP-2 and
MMP-9 [Collier et al., 1988]. These metallopro-
teinases are found both in normal as well as in
malignant cells [Carey et al., 1986; Collier et
al., 1988]. Further, MMP-2 is also capable of
cleaving Col IV [Birkedal-Hansen et al., 1993].
Other important members of the MMP family
include a 92K gelatinase B, which is produced
by monocytes and macrophages, and a 72K
gelatinase A of the fibroblast, which degrades
Col 1V, Col V, fibronectin, entactin, and in-
soluble elastin [Murphy et al., 1991; Wilhelm et
al., 1989]. The 60K gelatinase reported in this
paper is a Ca?"-dependent enzyme that has a
preferential ability to degrade Col I. 130K and
68K gelatinase prefers Col IV as its substrate.
Inhibition by iodoacetate and zinc dependence
suggests that, like other MMPs, histidine may
be one of the active site residues in 130K gelati-
nase as well. But a higher molecular size of the
active enzyme indicates the possibility of a dif-
ferent domain structure [Mignatti and Rifkin,
1993] with additional domain inserts. The con-
stitutive 68K gelatinase appears to belong to
the gelatinase A type. This is indicated by the
cation dependence, substrate specificity, and
expression pattern, and it appears to be the

same as the 72K [Talhouk et al., 1991] and
characterized as gelatinase A, using riboprobes
[Lund et al., 1996].

Talhouk et al. [1992] suggested that 60K
gelatinase is an activated form of 68K/72K
gelatinase. Our results indicate that the three
enzymes are different. This was further proved
by immunodiffusion and Western blot analysis
using antibody against 60K gelatinase. 68K
and 130K gelatinases did not cross-react with
antibodies against 60K gelatinase. We have
also found that the 60K gelatinase is subject to
regulation by hormones, particularly p-estra-
diol, which promotes mammary gland involu-
tion, whereas the 68K and 130K were not af-
fected by B-estradiol treatment [Ambili et al.,
1998].

One of the suggested mechanisms for the
regulation of MMPs in vivo is through TIMP
[Talhouk et al., 1992a]. As a constitutive en-
zyme, 68K gelatinase is supposed to take an
active part in degrading the collagen, even dur-
ing the lactating phase. It was suggested that
the regulation of this enzyme is through TIMP
[Talhouk et al., 1992a]. The expression of TIMP
was highest during lactation and early involu-
tion, where MMP activity was suppressed. The
130K enzyme is high during the early involu-
tary phase, when TIMP expression is also high.
In vitro studies [Talhouk et al., 1991] with
added TIMP showed that the 130K gelatinase
is not inhibited by TIMP, indicating that 130K
is not regulated by TIMP. 60K appears during
the later phase of involution, when TIMP is
downregulated. The observation that gly-
cosaminoglycans, particularly chondroitin sul-
fate A and chondroitin sulfate C, inhibited the
130K, 68K, and 60K gelatinases suggests the
possibility of another regulatory mechanism for
the control of the activity of collagenases in vivo
through proteoglycans. In the ECM, proteogly-
cans are present in association with other com-
ponents, particularly collagen. Decorin is a ma-
jor chondroitin sulfate proteoglycan that is
bound extensively to collagen [Fleischmajer et
al., 1991]. Glycosaminoglycans have been shown
to affect the production of MMPs under certain
conditions. Heparin caused an increase in the
MMP activity in fibroblast [Tyagi et al., 1997]
and mesangial cells [Kitamura et al., 1994],
whereas it suppressed the interleukin-18 (IL-
1B)-mediated expression of stromelysin, gelati-
nase B, and collagenase in primate arterial
smooth muscle cells [Kenagy et al., 1994]. The
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cellular effects of proteoglycans and gly-
cosaminoglycans, particularly heparin, have
been suggested to occur at the level of transcrip-
tion of the MMPs. But our results indicate that
the proteoglycan can also regulate the activity
of MMPs at the extracellular sites, where sub-
strate degradation and matrix remodeling oc-
cur. Of the different GAGs, heparin has the
maximum negative charge and hyaluronic acid
the minimum. Heparin possesses the maxi-
mum capacity to bind to cations and hyaluronic
acid the minimum. Since HA and H did not
inhibit MMP activity, it is unlikely that re-
moval of cations by GAG is the reason for the
inhibitory effect of GAG. This also suggests
that the inhibition caused by chondroitin sul-
fate is specific and may not be due to their
polyanionic nature alone. Although the precise
mechanism of inhibition of MMPs by chondroi-
tin sulfates is not clearly understood, it is pos-
sible that the ability of the chondroitin sulfate
proteoglycans to bind to collagen may exert a
masking effect on the cleavage sites of the sub-
strate, making it unavailable for enzyme diges-
tion. Investigations from our laboratory showed
qualitative and quantitative changes in the
GAGs as the mammary gland undergoes devel-
opmental changes [S. Philip and P.R. Sudhak-
aran, unpublished data]. The amount of chon-
droitin sulfate was reduced during involution of
mammary gland. It may therefore facilitate the
collagen degradation by MMP during involu-
tion.

The differential expression of these matrix-
degrading metalloproteinases during mam-
mary gland ontogeny [Talhouk et al., 1991]
regulation of their activity by TIMP [Talhouk et
al., 1992a] and B-estradiol [Ambili et al., 1998]
and inhibition by proteoglycans, particularly
chondroitin sulfate A and chondroitin sulfate C
highlight the importance of these enzymes in
matrix remodeling of the mammary gland.
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