
Matrix metalloproteinase-9 activity detected in body fluids is
the result of two different enzyme forms
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In vitro activation of matrix metalloproteinase-9
(MMP-9) (Gelatinase B) with MMP-3 shows the pres-
ence of two different forms: an 82 kDa, N-terminal
truncated form, and a 65 kDa, N- and C-terminal trun-
cated form. So far the presence of the 65 kDa form has
not been reported in vivo. Affinity chromatography was
performed to separate MMP-9 from MMP-2 and
immunoprecipitation to isolate �65 kDa MMP-9 from
82 kDa MMP-9 in sera of healthy donors. The pres-
ence of �65 kDa active MMP-9 was demonstrated
both with gelatin zymography and western blot ana-
lysis. The �65 kDa MMP-9 lacks the haemopexin
domain required for the high-affinity binding of the
tissue inhibitor TIMP-1, and can be evaluated by ac-
tivity assay in the presence of TIMP-1. This opens the
possibility to investigate the role of this form of
MMP-9 that escapes physiological regulation.

Keywords: activity assay/biological markers/
metalloproteinase/MMP-9/zymography.

Abbreviations: APMA, 4-aminophenylmercuric
acetate; ConA, concanavalin-A; CV, coefficient of
variation; ECM, extracellular matrix; MMP, matrix
metalloproteinase; OD, optical density; PBS,
phosphate buffered saline; PVDF, polyvinylidene
difluoride; SDS-PAGE, sodium dodecyl sulphate
polyacrylamide gel electrophoresis; TIMP, tissue
inhibitor of matrix metalloproteinase.

Extracellular matrix (ECM) composition and turnover
are regulated by a variety of enzymes among which
matrix metalloproteinases (MMPs) seem to be the
most important (1�3). The MMPs are zinc-containing
and calcium-requiring endopeptidases known for their
ability to cleave one or several ECM constituents, as
well as non-matrix proteins (1). MMPs are classified
into different families (4), one of which is the family of
gelatinases that includes MMP-9 (Gelatinase B) and
MMP-2 (Gelatinase A).

Gelatinase B has been associated with a large
number of pathological conditions, such as acute
respiratory distress syndrome, destructive lung
disease, Sjögren’s syndrome, peripheral nerve injury,
Guillain�Barré syndrome, blood�brain-barrier
damage, Multiple sclerosis, Alzheimer’s diseases, can-
cers and brain ischaemia (5). MMP-9 is synthesized as
a pre-proenzyme, and the signal peptide is removed
during translation producing a 92 kDa proenzyme
(5). Its structure is organized into three principal do-
mains: a propeptide domain that maintains the enzyme
in an inactive form, a catalytic domain that interacts
with substrate and a haemopexin-like domain, which
is important for interaction with substrate and its
inhibitor, the tissue inhibitor of metalloproteinase
(TIMP)-1 (5).

MMP-9 is released in the inactive form as pro-
enzyme and can be secreted in physical association
with its specific tissue inhibitor (TIMP-1) by mono-
cyte/macrophage cells as proMMP-9/TIMP-1 complex
(6) or as TIMP-1 free protein by tertiary granules of
neutrophil cells (5, 7). Activation of MMP-9 requires a
complex network of mechanisms involving other
MMPs (8). The most commonly used activator in
in vitro experiments is 4-aminophenylmercuric acetate
(APMA). APMA activation induces an autoproteoly-
tic activation causing the removal of the propeptide
followed by a further breakage and subsequent forma-
tion of a N- and C-truncated form of 67 kDa (9, 10).
The most likely physiological activator of MMP-9 is
thought to be MMP-3 since a catalytic amount of
MMP-3 is sufficient to activate proMMP-9 (9, 11).
The activation promoted by MMP-3 is initially char-
acterized by the removal of the amino-terminal pro-
peptide with the hydrolysis of the Glu40�Met41 and
Arg87�Phe88 bonds generating an N-truncated active
enzyme of 82 kDa (11) that can be regulated by
TIMP-1 (12) and by non-specific inhibitors, such as
a2-macroglobulin (13). A subsequent processing
by MMP-3 produces a 65 kDa active MMP-9 that
lacks both the N- and C-terminal domains (9).
Densitometric analysis showed that this MMP-9
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species was associated with the gelatinolytic activity
and this active enzyme was not recognized by mono-
clonal antibodies specific for both N- and C-terminal
domains by immunoblot analysis (9). Removal of the
MMP-9 C-terminal domain causes an increase of
TIMP-1 dissociation constant from picomolar to
nanomolar (10, 14) demonstrating the important role
of the C-terminus domain in the high-affinity inter-
action between TIMP-1 and MMP-9. For these rea-
sons, the 82 kDa form is still able to bind, and thus
could be inhibited by TIMP-1, while the 65 and the
67 kDa form, N- and C-truncated, should escape the
control of the specific inhibitor at physiological condi-
tions (10).

At present, the N- and C-truncated active enzyme
have never been described in body fluids where
MMP-9 activity is measured as a whole, in absence
of discrimination between the two active forms
(15�17).

The aim of this study is to demonstrate the presence
of the N- and C-truncated active MMP-9 in serum
samples.

Materials and Methods

Blood specimen collection and storage
Serum samples from 25 healthy volunteers (12 females and 13 males;
mean age � SD: 32.4 � 8.2 years) were collected in VacutainerTM

tubes and centrifuged within 30�60min after venipuncture at
3,000 rpm for 12min at room temperature. After removal of the
supernatants, serum samples were aliquoted and stored at �70�C
until assay. Each sample was analysed in duplicate in the same ses-
sion. Serum specimens were chosen since active MMP-9 concentra-
tions are not altered by clotting phenomena that take place in
collector tubes (16, 17). Informed consent was given by all volunteers
before inclusion and the study design was approved by the Local
Committee for Medical Ethics in Research.

Enzymes, antibodies and reagents
In all experiments, recombinant human MMP-2 and MMP-9 pro-
enzymes used as standards as well as APMA and buffers, were
included in commercially available Activity Assay System kits
(Activity Assay System, Biotrak, Amersham Biosciences, UK, Cat.
No. RPN 2631 and Cat. No. RPN 2634). In preliminary experi-
ments, MMP-9 and MMP-2 proenzymes were tested for the presence
of MMP-2 and MMP-9, respectively, with MMP-2 and MMP-9
activity assays. No contamination was found in either experiment.
TIMP-1 (Cat. No. T8947), Concanavalin A (ConA) Sepharose (Cat.
No. C9017), Protein G Sepharose (Cat. No. P3296), sodium chloride,
calcium chloride, zinc chloride, BRIJTM 35 and Comassie Blue-R
were purchased from Sigma-Aldrich (Sigma-Aldrich, Milan, Italy).
Tris base was purchased from Merck (VWR International, Milan,
Italy). The assay buffer used for immunoprecipitation and activation
of MMP-9 was composed as follows: 50mM Tris�HCl buffer pH 7.6
containing 1.5mM sodium chloride, 0.5mM calcium chloride, 1 mM
zinc chloride and 0.01% (v/v) BRIJTM 35.

Gelatin zymography
Zymographic patterns of gelatinases were evaluated by using the
method described by Heussen and Dowdle (18) on gelatin-
copolymerized gel. Briefly, samples were applied without reduction
and boiling to a 10% polyacrylamide gel containing 0.1% gelatin.
Gel electrophoresis was performed with these settings: 30 mA, 35W
and 450V/h for about 45min. Then electrophoresis gels were incu-
bated with 2.5% (v/v) Triton for 20min three times and then in
50mM Tris, pH 7.6, containing 150mM NaCl, 5mM CaCl2 and
0.02% (v/v) Brij 35 for 22 h. The gels were then stained with 0.3%
Comassie Blue-R.

With this zymographic method, we were unable to discriminate
between 67 and 65 kDa active MMP-9 forms; for this reason, we

chose to define the average weight of the N- and C-truncated
active MMP-9 at about 65 kDa.

Densitometric analysis of the zymographic patterns
Gel was scanned using a Canon scanner (CanoScan D660U) inter-
faced with a Windows PC and acquired with Adobe Photoshop
(Adobe System Inc., Mountain View, CA, USA) in grey scale
mode at 600 dpi. The corresponding images were saved to disk in
TIFF format and then analysed using Quantity One� software
(Bio-Rad Laboratories). The bands were manually selected using
the volume tool within the program and their densitometric values
were adjusted for the background, giving an integrated density
reported in volume units of pixel intensity�square millimeter.

MMP-9 activity assays
As reported in our previous studies (15�17), active forms of MMP-9
were measured using a commercially available activity assay system
(Activity Assay System, Biotrak, Amersham Biosciences, UK, Cat.
No. RPN 2634) following the manufacturer’s instructions. Briefly,
each sample was analysed in duplicate into 96-microwell microtiter
plates precoated with anti-MMP-9 antibodies. Six serial dilutions of
standard were dispensed on each plate in duplicate in the range of
0.125�4 ng/ml. After an overnight incubation at 2�8�C and four
washing cycles, only the enzymes had bound to the wells. The stand-
ards, human proMMP-9, were activated by adding 50 ml/well of
APMA. In this way, total amounts of MMP-9 were measured.
Conversely, to detect only endogenous levels of active MMP-9,
50 ml/well of dilution buffer, instead of APMA, was dispensed into
each well. Fifty microlitres of detection reagent, a modified
pro-urokinase and urokinase substrate, were pipetted into each
well. The amount of active MMP-9 in all samples was determined
by interpolation from the standard curve. As reported in the manu-
facturer’s instructions, the lower limit of quantification was assumed
at 0.125 ng/ml, the range of intra-assay coefficient of variations (CV)
was 3.4�4.3%, whereas the range of inter-assay CV was
20.2�21.7%. The MMP-9 activity assay was not able to distinguish
between the two active MMP-9 forms, but only detected both
MMP-9 activities.

Inhibition of MMP-9 by TIMP-1 was measured by slight modifi-
cation of the above mentioned activity assay. Briefly, after an over-
night incubation of the samples in microtiter plates pre-coated with
anti-MMP-9 antibodies, 100ml/well of purified TIMP-1 (100 ng/ml)
were added to all samples in order to inhibit the 82 kDa MMP-9
active form. After 90min of incubation at 37�C and three cycles of
washing the detection reagent was applied, and the residual MMP-9
activity was assigned to �65 kDa active MMP-9. The optimal con-
centration of TIMP-1 used for these determinations was tested in
preliminary experiments which showed that increasing TIMP-1 con-
centration up to 200 ng/ml did not cause a further decrease in
MMP-9 activity (data not shown). To verify the reliability of both
the activity assays, we tested three serum samples at the dilution of
1:15, 1:20, 1:25, 1:30, 1:40 and we checked the linearity between the
concentrations of total active MMP-9 and of TIMP-1 resistant
MMP-9 and the respective optical density (OD) values. In all these
determinations, a strong correlation was found with an R2 never
50.96. Moreover, the differences between expected values and mea-
sured values were512% in all the determinations (data not shown).

MMP-2 activity assay
Active forms of MMP-2 were measured using a commercially avail-
able activity assay system (Activity Assay System, Biotrak,
Amersham Biosciences, UK, Cat. No. RPN 2631) as previously
reported (16, 17). The principle is the same as the MMP-9 activity
assay. According to the manufacturer’s instructions, the lower limit
of quantification of the assay was 0.19 ng/ml, the range of
intra-assay CV was 4.4�7.0%, whereas the range of inter-assay CV
was 16.9�18.5%.

Activation of proMMP-9
A sample of recombinant MMP-9 (8 ng/ml) was incubated with
1mM APMA (diluted in assay buffer) at 37�C up to 6 hr in order
to activate the enzyme. Samples were withdrawn from the incubation
mixture at baseline, 2, 4 and 6 hr. Then, the samples were incubated
overnight at 4�C in microtiter plates precoated with anti-MMP-9
antibodies to test by activity assay with and without TIMP-1, or
kept at 4�C overnight and assayed by gelatin zymography.
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Immunoprecipitation
To isolate the 65 kDa MMP-9 from a serum sample, a two-step
immunoprecipitation procedure was conducted by using monoclonal
antibody against MMP-9 (R&D Systems, Minneapolis, MN, USA,
Cat. No. MAB936). As indicated by the manufacturer’s instructions,
this antibody is able to bind pro (92 kDa) and active (82 kDa) forms
of recombinant human MMP-9, does not react with the C-terminal
truncated form (�65 kDa) of MMP-9 and does not show
cross-reactivity with recombinant human MMP-2. Diluted serum
sample (1:20 in assay buffer) was incubated overnight at 4�C on a
tube rotator with 4 mg/ml of anti-MMP-9 antibody and 1 ml of 2.5%
Triton. After this first step, Protein G Sepharose fast flow was added
to the sample in a ratio of 1:3 and incubated for 3 h at 4�C on a tube
rotator. After centrifugation, supernatant was removed and immu-
noprecipitation was repeated with the same antibody. The sample
was then treated with Protein G Sepharose fast flow, as previously
indicated, and finally centrifuged to obtain supernatant. The un-
treated serum and supernatant obtained after the two-step immuno-
precipitation were then tested for MMP-9 activity in presence and in
absence of TIMP-1.

Gelatinases separation by concanavalin-A chromatography
To identify the 65 kDa MMP-9 form, serum MMP-2 and MMP-9
were separated by using a concanavalin-A-Sepharose affinity chro-
matography following the method described earlier by Rantala-
Ryhänen (19) and adapted by us. Briefly, a microcolumn with
500ml of concanavalin-A-Sepharose was equilibrated with phos-
phate buffered saline (PBS). After serum sample application the
column was first washed with a 0.3M NaCl buffer and then with a
0.3M NaCl and 50mM methyl a-D-mannopyranoside buffer.
Fractions of the flow through and wash were kept. Finally, the
column was eluted with a buffer containing 0.5M methyl a-D-man-
nopyranoside. The fractions were analysed with gelatin zymography,
MMP-2 and MMP-9 activity assays and MMP-9 inhibition by
TIMP-1.

Gelatinases separation by gelatin agarose chromatography
To enrich a sample in gelatinases, 6ml of serum from healthy donors
was subjected to gelatin-agarose affinity chromatography. Briefly, a
column with 4ml of gelatin-agarose (Sigma-Aldrich, Cat. No.
G5384) was equilibrated with 50mM Tris, 150mM NaCl, 5mM
CaCl2, Brij35 0.02% pH 7.5 (equilibration buffer). After serum
sample application, the column was washed with equilibration
buffer and eluted with 7% dimethylsulfoxide in equilibration
buffer. The fractions with higher gelatinolytic activity evidenced by
gelatin zymography were pooled and concentrated by ultrafiltering
in centriplus filter devices (YM-30, Amicon-Millipore).

Western blot and analysis of MMP-9
For western blot analysis, samples electrophoresed by 10% sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
under reducing condition were transferred to polyvinylidene difluor-
ide (PVDF) membrane (GE Healthcare, Hybond-LFP) in
tris�glycine�SDS blotting buffer with 20% methanol. Non-specific
sites were then blocked and blots were incubated overnight with
rabbit polyclonal antibodies anti-human MMP-9 at 1.25 mg/ml,
which recognize a sequence in the catalytic domain of the enzyme
(Novus Biologicals, NBP1-57940). Blots were washed and then incu-
bated with Cy5 conjugated secondary anti-rabbit antibodies
(Amersham ECL Plex Western Blotting System) diluted 1:2,500 in
PBS. Finally, fluorescence band detection was performed using a
molecular imager scanner (Molecular Imager Pharos FX imaging
system, Bio-Rad). Band molecular weights were determined by
Quantity One� software (Bio-Rad Laboratories).

Results

Inhibition of MMP-9 by TIMP-1
To verify whether inhibition by TIMP-1 is useful to
distinguish between the two active forms of MMP-9,
we performed a time-dependent activation of MMP-9
by APMA.

As shown in Fig. 1A, an increasing incubation time
with APMA corresponded to a decreasing intensity of

the gelatinolytic bands at high-molecular weights
(proMMP-9 and 82 kDa MMP-9, respectively) and
an associated increasing intensity of the lower molecu-
lar weight band (�65 kDa MMP-9). It must be noted
that there was a band between 82 and �65 kDa forms,
most likely representing an intermediate form in the
process of activation (9). These findings confirmed

Fig. 1 Time course activation of proMMP-9. (A) Gelatin zymogra-
phy time course activation of proMMP-9 with APMA. An 8 ng/ml
of MMP-9 was incubated with 1mM APMA for a few minutes at
baseline (T0) and at 2 (T2), 4 (T4) and 6 h (T6) at 37�C before the
assay; (B) total active MMP-9 (circles) and TIMP-1-resistant active
MMP-9 (squares) values were measured at the same time points with
the different activity assays. Experiments were repeated three times;
values are indicated as mean� standard deviation; (C) Correlation
between temporal changes of TIMP-1-resistant active MMP-9 and
�65 kDa MMP-9 band density expressed as mean value� standard
of optical density and intensity�square millimetre, respectively.
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that in the presence of APMA, proMMP-9 was con-
verted into the 82 kDa form and then into the �65 kDa
form.

The same samples were assayed also for MMP-9
activities. As indicated in Fig. 1B, the total MMP-9 ac-
tivity (circles) increased with the incubation time, due
to the progressive conversion of the inactive 92kDa
form to the active 82kDa and �65kDa forms.
When TIMP-1 was added to the assay mixture, the
uninhibited activity (Fig. 1B, filled squares), which
was very low at time zero, showed a remarkable
time-dependent increase indicating that under the
assay conditions only a part of the active enzyme
was inhibited. Furthermore, the uninhibited activity
increased in parallel with the �65 kDa band intensity,
showing a strong positive correlation with the zymo-
graphic data (Fig. 1C) (P50.01; Pearson correlation
r¼ 0.9987). This suggested that the assay performed in
presence of TIMP-1 is a useful indicator of the pres-
ence of the �65 kDa form.

Identification of�65 kDa MMP-9 form in serum
A fresh serum sample was subjected to an affinity chro-
matography on ConA-Sepharose in order to verify
whether the �65 kDa MMP-9 form was present in bio-
logical fluids or whether it was an ‘in vitro’ artefact.
The obtained chromatographic fractions were analysed
by gelatin zymography, MMP-2 activity assay and
MMP-9 activity assays. Gelatin zymography (Fig. 2)
showed the presence of a single �65 kDa band in the
flow through (lane B) and wash (lane C) samples cor-
responding to the unbound MMP-2. This was sup-
ported by the MMP-2 activity assay data, which
showed the presence of the enzyme only in the flow
through and wash fractions (Fig. 2 and Table I). In
the eluate, three bands were present (lane D), which
migrated at 92, 82 and �65 kDa in accordance with the
three forms of MMP-9. In fact, MMP-2 activity assay
did not show the presence of the enzyme in the eluate,
ruling out the possibility that the �65 kDa band in the
eluate was residual MMP-2. Additionally, when
MMP-9 activity was assayed in the eluate, the addition
of TIMP-1 only partially inhibited its activity (Fig. 2
and Table I). This indicated that both MMP-9 active
forms, 82 and �65 kDa, were present in the serum
sample. To further demonstrate the presence of the
�65 kDa MMP-9 form in biological fluids, we per-
formed a two-step immunoprecipitation of a serum
sample with an anti-MMP-9 antibody, which recog-
nizes only the 92 and 82 kDa forms of the enzyme;
thus, only the �65 kDa form was expected to be pre-
sent in the supernatant. However, gelatin zymography
(data not shown) demonstrated that even a second
treatment with the antibody did not remove all 92
and 82 kDa forms of MMP-9. Nevertheless, as shown
in Fig. 3 when TIMP-1 was added to the MMP-9 assay
of a native serum sample, an inhibition in MMP-9 ac-
tivity of �54% was observed. Conversely, only a slight
inhibition was found in the supernatant obtained with
the two-step immunoprecipitation after the addition of
TIMP-1. These data indicate that an active form of
MMP-9, not inhibited by TIMP-1 and not recognized
by antibodies specific for the 92 kDa and 82 kDa forms

of the protease, occurs in serum. On the basis of the
results obtained also by ConA chromatography, this
MMP-9 should be the �65 kDa form.

Western blot analysis
Gelatinases-enriched serum sample was analysed by
western blot in non-denaturing (Fig. 4, lane A) and
denaturing (Fig. 4, lane B) conditions. In agreement
with the manufacturer’s instructions, antibody used
in this experiment recognized the catalytic domain
only in denatured enzyme. In fact, no bands were pre-
sent in lane A, whereas two bands were clearly identi-
fied in lane B, corresponding to proMMP-9 (92 kDa)
and to N- and C-truncated active MMP-9 (�65 kDa).
In lane C, fully activated purified MMP-9 was applied
after 6 h of incubation with APMA. Only one band
was present at �64 kDa. This experiment confirmed
that a �65 kDa active MMP-9 is present in serum
sample without chemical or enzyme activations of cir-
culating proMMP-9.

Evidences of�65 kDa MMP-9 form in serum of
healthy donors
In order to measure the levels of �65 kDa form in
biological samples, we assayed the MMP-9 activity
and TIMP-1 inhibition on the sera of 25 healthy
donors.

Fig. 2 MMP-9 and MMP-2 activity before and after

concanavalin-A-Sepharose chromatography. Gelatin zymography
profiles of native serum (A), flow through (B), wash (C) and elution
(D) obtained after concanavalin-A-Sepharose chromatography.
Table I describes absorbance values in flow through, wash and
elution samples of MMP-2 and MMP-9 activity assay in the
presence or absence of TIMP-1.

Table I. Serum concentrations of total active MMP-9 and of

TIMP-1-resistant active MMP-9 in 25 healthy donors

(mean� standard deviation; range).

Samples

Total active

MMP-9 (ng/ml)

TIMP-1-resistant

active MMP-9

(ng/ml)

Healthy donors
(n¼ 25)

0.57� 0.25 (0.15�1.18) 0.36� 0.21 (0.06�0.77)
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Table I depicts serum levels of total active (82 and
�65 kDa) and �65 kDa active MMP-9. Detectable
levels of active MMP-9 were measured in all the sam-
ples with both methods. Comparison between the
results obtained by MMP-9 activity assay and
MMP-9 inhibition by TIMP-1 in each serum sample
showed that the percentage of �65 kDa MMP-9 had a
great individual variability fluctuating from 10.6% to
92.8% with respect to the total activity.

Discussion and Conclusions

In this study, we demonstrated for the first time the
presence of �65 kDa active MMP-9 in serum samples.

It is known that activation of MMP-9 with organo-
mercurial compounds, as well as with other proteases
like MMP-3, can produce two different active enzyme
forms: a 82 and a 65 kDa form (9, 11, 20). The differ-
ence between these two active MMP-9 is that the latter
lacks the haemopexin-like domain, giving a lower
affinity for TIMP-1, which can no longer inhibit the
65 kDa MMP-9 at physiological concentration (10).

In fact, we have shown that there is a direct correl-
ation between the appearance of the �65 kDa form
and the loss of TIMP-1 inhibition, and it has been
reported that activation of human plasma MMP-9 by
APMA strongly reduces the inhibition by TIMP-1
(21). Nevertheless, also untreated MMP-9 from
serum samples showed a residual activity resistant to

TIMP-1, suggesting that a MMP-9 form, similar to
that obtained by APMA activation, is physiologically
present in human blood.

So far, most attention has focused on the 82 kDa
active form which can easily be detected in biological
samples by gelatin zymography and commercially
available activity assay systems, but little attention
has been devoted to the minor form. This lack of inter-
est is mainly due to the fact that the most common
method used to reveal gelatinases is zymography,
in which the �65 kDa MMP-9 form is shielded
by the more abundant 66 kDa form of MMP-2.
Furthermore, to the best of our knowledge, commer-
cial ELISA kits cannot distinguish between inactive
and active forms. Also, activity assay systems can evi-
dence only 82 and �65 kDa activities together (22).
Thus, until now the presence of �65 kDa MMP-9
has never been reported in vivo.

Using ConA-Sepharose affinity chromatography, we
separated serum MMP-9 from MMP-2: since glycosy-
lation sites of MMP-9 are found in the catalytic
domain all forms were expected to bind to ConA,
while MMP-2, which is not glycosylated, should not
bind to the resin (19). The sample eluted from the
column, despite the total absence of MMP-2, showed
a �65 kDa band in zymography that can only be as-
signed to the �65 kDa form of MMP-9. In fact, ex-
ploiting the differential TIMP-1 binding ability of the
two active forms, we saw that the addition of TIMP-1
to the sample caused only a moderate inhibition in
MMP-9 activity. The immunoprecipitation were con-
sistent with our hypothesis. In fact, when a serum
sample was depleted from 92 kDa proMMP-9 and
82 kDa active MMP-9 by immunoprecipitation with
specific monoclonal antibodies, the whole MMP-9
activity strongly decreased, whereas the MMP-9 activ-
ity insensitive to TIMP-1 did not change. In addition, a
�65 kDa MMP-9 was also detected in serum sample
by western blot analysis using a specific antibody that
recognizes denatured enzyme forms. With this method,
we clearly identified two major circulating MMP-9
components: 92 kDa proMMP-9 and �65 kDa active
MMP-9. The absence of the 82 kDa active MMP-9
could be attributable to a difference in sensitivity be-
tween zymography and western blot. Collectively
taken, our data confirm the presence of circulating
�65 kDa MMP-9 in serum samples.

Taking advantage of the different affinity that 82
and �65 kDa MMP-9 have for TIMP-1, we were
also able to measure the levels of �65 kDa active
form in sera of a small group of healthy donors. Our
analysis showed a high individual variability in its
levels ranging from 10.6% to 92.8% in relation to
total endogenous active MMP-9 concentrations. This
was likely due to the different health conditions of the
controls, since several factors can alter MMP-9 levels
(6, 23), but nothing is known about the �65 kDa form.
However, the fact that this form was detectable in all
samples indicated that it is normally present in serum.
The mean extent of inhibition observed is lower than
the inhibition reported by Grierson et al. (21), who
found an 80% inhibition. However, these data are ob-
tained in lithium-heparin plasma, while our data are

Fig. 3 MMP-9 activity before and after two-step immunoprecipita-

tion. Total MMP-9 activity (black) and TIMP-1 resistant MMP-9
activity (grey) in native serum sample and supernatant obtained after
two-step immunoprecipitation.

Fig. 4 Western blot analysis. Gelatinases enriched serum sample and
APMA-activated purified MMP-9 were analysed. Lane A:
non-denatured serum sample; Lane B: denatured serum sample;
Lane C: fully activated purified MMP-9. Molecular weights are
indicated on the left (Rainbow fluorescent marker, GE Healthcare).
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from sera. We have already shown that heparin inter-
feres with MMP-9 assay (17), but we cannot exclude
that in serum higher levels of �65 kDa MMP-9 could
be formed.

The low extent of TIMP-1 inhibition (37%) might
suggest that �65 kDa MMP-9 is the main active form
present in serum. However, it must be taken into ac-
count that TIMP-1 is present in normal sera at con-
centrations similar to that used in the inhibition
experiments, and at least part of the active MMP-9
could have already bound TIMP-1. Thus, despite the
activity assay’s usefulness for estimating the total en-
zymatic activity, it could underestimate the 82 kDa
form. The presence of tightly bound TIMP-1 could
also explain the discrepancy between activity assay,
where the �65 kDa form appears higher than the
82 kDa form, and zymography, where the 82 kDa
form is more abundant than the �65 kDa.

In fact while in the activity assay TIMP-1 could be
still bound to the 82 kDa MMP-9, during electrophor-
esis TIMP-1 is displaced and the gelatinolytic activity
of the 82 kDa MMP-9 is fully displayed.

Moreover, a possible limitation of our study could
be due to the presence in serum of MMP-9 dimers (24)
or circulating 82 kDa complexed to other molecules via
its haemopexin domain, which would escape pM affin-
ity TIMP-1 inhibition leading to an overestimation of
the TIMP-1-resistant activity.

At present, it is still not clear whether the balance
between 82 and �65 kDa MMP-9 has a physiological
significance and whether these two enzymatic forms
should have a different activity. Although it has been
demonstrated that both N-truncated and N- and
C-truncated active MMP-9 share the same cataly-
tical activity (14) a limitation of our study is the
lack of a kinetic study of the two enzymatic forms
purified from human sera to confirm previously
reported data.

In conclusion, the lack of regulation of �65 kDa
MMP-9 by its specific inhibitor suggests that the role
of this form deserves more attention. This could be
relevant in order to define the degradative potential
of active MMP-9 in some body compartments, such
as cerebrospinal or synovial fluids (15, 22) or, more
generally, in other inflammation sites. In addition, in
an in vitro 3D co-culture system for the study of cancer
invasion, it has been demonstrated that the �65 kDa
active MMP-9 may play a crucial role in the mechan-
isms controlling cell invasion (25).

Therefore, further studies, including a large number
of healthy volunteers and patients with different in-
flammatory diseases, are required to clarify the signifi-
cance of this �65 kDa MMP-9 form in both
physiological and pathological conditions.
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