
Journal of Clinical Laboratory Analysis 28: 374–380 (2014)

Reappraisal of Quantitative Gel Zymography for Matrix
Metalloproteinases

Tommaso Prescimone,1 Danika Tognotti,2 Chiara Caselli,1 Manuela Cabiati,1

Andrea D’Amico,3 Silvia Del Ry,1 and Daniela Giannessi1∗
1Consiglio Nazionale delle Ricerche (CNR), Institute of Clinical Physiology, Laboratory of Cardiovascular

Biochemistry, Pisa, Italy
2Consiglio Nazionale delle Ricerche (CNR), Institute of Biophysics, Pisa, Italy

3Scuola Superiore Sant’Anna, Pisa, Italy

Background: The determination of matrix
metalloproteases (MMPs) is relevant in
many pathophysiological conditions, espe-
cially if associated with extracellular matrix
remodeling; however, the results obtained
are closely linked to the method used and
are not directly comparable. The aim of
this study was to perform a reappraisal of
quantitative gel zymography technique for
MMPs in human plasma, to use for com-
parison with commercially available ELISA
and in those experimental conditions where
the MMP active form needs to be revealed.
Methods: The critical methodological pa-
rameters of zymography were checked and

a comparison with a routinely used ELISA
was performed. Results: Sensitivity and re-
producibility levels of zymography are suit-
able for detection of MMP-9 in human
plasma, providing results closely related
to those obtained by ELISA. Conclusions:
Analytical parameters of zymography were
suitable for detection of MMPs in human
plasma. Quantitative zymography for MMPs
is an alternative method for comparing the
results of ELISA widely employed for MMP
determination, thus reducing the discrepan-
cies between laboratories regarding gelati-
nase assay. J. Clin. Lab. Anal. 28:374–380,
2014. C© 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Matrix metalloproteinases (MMPs) are a family of
structurally related, zinc-dependent enzymes mainly in-
volved in the degradation of many components of the ex-
tracellular matrix (ECM) during both physiological and
pathological processes (1–3).

On the basis of substrate specificity, sequence similarity,
and domain organization, all MMPs can be divided into
six groups (4); among these, at the clinical level, a diag-
nostic and prognostic value has been attributed mainly to
gelatinases, MMP-2 and MMP-9, and increased expres-
sion and activity of these enzymes have been described to
play a critical role in a variety of pathological conditions
including neoplastic, cardiovascular, and respiratory dis-
eases (5–10).

MMPs generally consist of a signal peptide that directs
its secretion from the cell, a prodomain essential for main-
taining the pro-MMP in a latent form, a catalytic domain
containing the highly conserved Zn2+-binding site, and

a proline-rich hinge region links the catalytic domain to
the C-terminal hemopexin-like domain, which determines
the substrate specificity of the MMP and mediates the in-
teractions with endogenous inhibitors (11). MMPs are
initially inactive enzymes containing an autoinhibitory
hydrophobic propeptide domain; in fact, there is a cys-
teine thiol in the propeptide domain that binds to a Zn2+

ion the catalytic site, and this binding prevents MMPs
from activating (12). MMPs are activated by many dif-
ferent agents, including reactive oxygen species, such as
superoxide, released during inflammation (13). Although
the fine regulation of MMP activity is very complex, also
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due to post-translational modifications (14–16), their ac-
tivity is mainly regulated by natural tissue inhibitors of
MMP (TIMPs) found in the ECM and in the serum in the
α2-macroglobulin fraction, which bind tightly to active
MMPs in a 1:1 ratio (17).

MMPs contribute to a variety of physiological mecha-
nisms and imbalanced MMP activity is associated with
many clinical conditions, including cardiovascular dis-
eases (13, 18–20), where an excessive MMP activity and
ECM turnover contribute to cardiovascular remodeling
(20–22). In addition, MMPs degrade many intracellular
substrates that are not components of the ECM. Impor-
tantly, activated MMP-2 and MMP-9 may degrade many
components of cardiac cells and cause cardiac dysfunc-
tion (23). MMP-2 degrades cardiac Troponin I, Myosin
light chain 1, Titan, and other sarcomeric and cytoskeletal
proteins thus causing myocardial contractile dysfunction
(16, 24, 25). It has been demonstrated that during acute
pulmonary embolism, the increase in MMP proteolytic
activity was associated with increased cardiac Troponin
I in serum, suggesting a possible role for MMPs in car-
diomyocyte injury (26, 27).

The use of MMP-2 and MMP-9 plasma levels as
biomarkers in different clinical settings is increasing due
to their diagnostic and prognostic value (28, 29). Many
different methods have been developed to assess the levels
of active and latent forms of proteolitic enzymes, includ-
ing MMP-2 and MMP-9 in peripheral circulation as well
as in tissue or cellular extracts. Western blotting and gel
zymography are the gold standard for detection of total
and active MMP levels, respectively (30). The main limi-
tation of these techniques is the small number of samples
that can be processed at once and the poor feasibility
for blood and culture medium assays. Immunometric and
enzymatic assays for MMP measurement have been de-
veloped in the last few decades and are now widely used in
experimental and clinical studies; these assays are easier to
perform and are generally more sensitive compared to gel
zymography and Western blotting, allowing a greater dif-
fusion of MMP determination throughout laboratories.
At present, besides the important effect of the biologi-
cal matrix, the reliability of MMP quantification is af-
fected by further problems, due to the different analytical
systems based on MMPs’ different properties (immuno-
metric or enzymatic), as well as the ability to recognize
the different forms, pro- and active MMPs. Moreover,
MMPs bound to their tissue inhibitors (TIMPs) and the
MMPs/TIMPs complexes can be found in high concen-
trations in peripheral circulation (31,32). These complexes
are recognized to different extents by different immuno-
metric and enzymatic assays for MMPs (33); thus, differ-
ent analytical methods could lead to different results and
these methodological differences have to be taken care-
fully into account when clinical/experimental data are

compared. While immunometric systems recognize pro-
and active MMPs together, the enzymatic assays, exploit-
ing the biological properties of the active form of MMPs,
are able to independently evaluate both the pro- and the
active form of MMPs, after a preanalytical treatment of a
biological sample (33). It is noteworthy that zymography
is the technique of choice to directly and reliably measure
the active form of MMPs (34). The aim of this study was
to perform a reappraisal of quantitative gel zymography
technique for gelatinases, considering MMP-9 as a repre-
sentative example. A comparison was made between the
results obtained with zymography and those obtained by
a widely used ELISA, whose analytical features had been
previously evaluated by us (33).

MATERIALS AND METHODS

Blood Samples

Venous blood samples were obtained in presence of
lithium-heparin (31) from 25 volunteers recruited from
the laboratory staff of our institute; blood was centrifuged
at 1,000 × g for 15 min and stored in aliquots at −80◦C.
All determinations were performed within 1 month from
blood collection. All subjects gave their written informed
consent to be involved in the study, which was approved
by the local ethics review committee.

Gel Zymography

Gel zymography is based on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and on
the use of gelatin 0.5% (Sigma-Aldrich, St. Louis, MO)
as substrate for detection of MMP enzymatic activity.
Three different acrylamide/bisacrylamide ratios (12%,
10%, 7.5%), as well as the incubation time of the enzy-
matic reaction, were checked. Both recombinant MMP-9
(R&D Systems, Minneapolis, MN) and molecular weight
standards (Broad range marker, Bio-Rad Laboratories,
Hercules, CA) were used to identify the bands obtained
by electrophoresed plasma samples. The specificity of
MMP determination was checked by incubating the gel
at 37◦C in Tris-HCl buffer, 100 mM pH 7.4, containing
EDTA (Sigma-Aldrich) 100 mM, a specific inhibitor of all
the MMPs. The use of phenylmethanesulfonyl-fluoride
(PMSF; Sigma-Aldrich) 100 mM, a serine-protease in-
hibitor, allowed us to rule out possible nonspecific in-
terference due to serine-protease ability to digest gelatin.
Within-assay variability was also obtained by repeated
measures of a plasma pool. Sensitivity was achieved
by submitting serial dilutions (20 μl/well) of a known
amount of a standard MMP-9 solution (R&D Systems;
1.0 ng/ml) to gel zymography analysis in order to check
the smaller detectable activity. The influence of repeated
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Fig. 1. A representative separation of MMPs on a 7.5% polyacrylamide gel. St. 1–3 lanes correspond to standard MMP-9; MW Marker lane is
also depicted.

“freeze and thaw” cycles of plasma samples, known to
affect MMP activity, was also checked in a small num-
ber of plasma samples in order to confirm the stability of
MMP-9 over time (2 and 4 months at −80◦C after the first
thawing cycle).

Plasma (20 μl/well) diluted (1:30) in Tris-HCl 100 mM,
pH 6.8, SDS 2%, glycerol 10% in presence of bromophenol
blue was loaded on gel 7.5% for 1 hr at 20 mA (chosen ex-
perimental conditions). After electrophoresis, the gel was
incubated for 1 hr at room temperature in Triton X-100 2%
on a rotary shaker. The Triton X-100 was decanted and an
incubation of 16–24 hr at 37◦C with Tris-HCl buffer 100
mM, pH 7.4 containing CaCl2 10 mM was performed. The
gel was stained in Coomassie Brilliant Blue R-250 0.5%
(Bio-Rad Laboratories) in methanol 40%, acetic acid 10%
for 2 hr and then destained in methanol/acetic acid two
times. Gelatinolytic activities were detected as unstained
bands against the background of Coomassie Blue stained
gelatin. In order to quantify the concentrations of the an-
alyzed protein in the unknown samples, a dose–response
curve was built in each run, by adding 20 μl/well of scalar
solutions of MMP standards (R&D Systems) to the gel
(20, 15, 10, and 5 pg/well, corresponding to 1.0–0.125
ng/ml). The degree of MMP digestion was quantified us-
ing a backlit scanner (scanner Epson expression 1680 pro)
and the image density was determined by a specific image
program (BioRad QuantityOne Software).

MMP-9 Immunometric Assay

Total MMP-9 was measured in 1:40 diluted plasma by
specific immunometric assay (R&D Systems), previously
standardized in our laboratory (33). In our conditions,
the working range (analyte measured with a imprecision
of less than 10%) was 0.19–16 ng/ml, the sensitivity was

0.05 ± 0.01 ng/ml, the within-assay variability resulted
414.3 ± 23.5 ng/ml (5.7%) while the between-assay vari-
ability was < 15%. The concentration of total MMP-9 was
measured in parallel using the zymography and ELISA for
comparison purposes.

Statistical Analysis

All values of sample concentrations and the quality con-
trol parameters for the immunometric assay were calcu-
lated using a four-parameter logistic function to interpo-
late the dose–response curve. The results of the two assay
systems were compared by Pearson regression and paired
t-test. In the method comparison, because a high corre-
lation between two methods does not mean that these
methods have high degree of agreement, Bland–Altman
analysis (MedCalc software) was also performed, where
the differences of two competing measurements on the
vertical axis were plotted against the mean of both on the
horizontal axis (35). The mean difference is a measure for
constant bias.

RESULTS

The results obtained by gel zymography analysis of hu-
man blood samples using different acrylamide/bis acry-
lamide ratios indicated that 7.5% gels are the more suitable
for visualizing MMP-9 forms (Fig. 1). In all conditions,
four bands with gelatinolytic activity are found: MMP-9
dimers, MMP-9–TIMP-1 complex, MMP-9, and MMP-
2, respectively, as expected (31, 32, 36). The time course
of the proteolytic activity of MMPs (Fig. 2A) indicated
16–24 hr as optimal incubation time (37). A 7.5% gel and
an incubation time of 16–24 hr were used for routine as-
say. The complete inhibition of gelatinolytic activity by
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Fig. 2. Time course of the proteolytic activity of MMPs (A); zymography specificity checked by EDTA and PMSF treatment (B); effects of freeze
and thaw cycles on MMP-9 activity (C).

EDTA, 100 mM, confirmed that intensity of the bands
was due only to MMP activity and no serine proteases
are present in the samples, as demonstrated by the PMSF
treatment (Fig. 2B). Figure 2C shows that repeated freeze
and thaw cycles, during −80◦C sample storage, induce a
significant progressive decrease in MMP-9 activity; a 50%
decrease in the MMP-9 activity was observed after the
first freeze and thaw cycle while subsequent freeze and
thaw cycles affected the activity value to a lesser extent.
Figure 3 reports a representative example of within-assay
variability (22.1 ± 1.1 ng/ml, mean ± SEM, CV = 11.7%)
(a) and dose–response curve (b).

As to detection limit evaluation, gel band intensity ob-
tained by serial dilutions of MMP-9 standard protein are
reported in Figure 4, allowing us to determine the detec-
tion limit of zymography of MMP-9, which resulted about
2.5 pg/well, corresponding to 0.12 ng/ml.

Finally, Figure 5 depicts the Pearson correlation and
the Bland–Altman plot obtained for the blood MMP-9
assay with the two procedures; a linear positive correlation
was found between the MMP-9 values of zymography
and ELISA with the ELISA values significantly lower
than those obtained with zymography (P = 0.0028). The

Bland–Altman plot suggests the presence of an absolute
systematic error (mean bias 6.3 ng/ml), probably due to
intrinsic differences in assay methods.

DISCUSSION

In this study, the main analytical features of gel zymog-
raphy for gelatinases have been reported. Accuracy, re-
producibility, and sensitivity have been checked and com-
pared with an ELISA method routinely used in our lab-
oratory (33). In our conditions, gel zymography allowed
us to identify four bands with gelatinolytic activity, corre-
sponding to MMP-9 dimers, MMP-9-TIMP-1 complex,
MMP-9, and MMP-2 monomer forms, as derived by re-
spective molecular weights (about 225, 130, 92 kDa for
MMP-9) (36). The specificity of the bands was verified
first by addition of EDTA, known to specifically inhibit
gelatinolytic activity; moreover, the presence of protease
inhibitor PMSF ruled out any possible interference due
to serine proteases. As to the preanalytical treatment, the
time of sample storage at −80◦C and the freeze and thaw
cycles remain critical points (32,37); for this, our samples
were analyzed within 1 month from collection.
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Fig. 3. Within-assay variability of a pool plasma sample (r1–r6) and
MMP-9 calibration curve (St. 1–St. 4) (A); a representative example of
dose–response curve for MMP-9 and the respective gel (B).

Fig. 4. Detection limit determined by serial dilutions of a known
amount of MMP-9 standard. Lane density values and the corresponding
gel zymography are depicted.

Due to calibration curve built in each run using MMP-
9 standard, the amount of monomer was quantified in
the unknown samples. Variability and sensitivity levels
resulted comparable to those of ELISA, as previously
determined in our laboratory (33).

A positive relationship was found between the plasma
concentrations of MMP-9, measured by gel zymography,

Fig. 5. Comparison between ELISA and gel zymography for MMP-9 (n = 25): Pearson correlation (A); Bland–Altman plot (B).
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and those obtained by ELISA, although a small abso-
lute systematic error (probably due to intrinsic differences
in assay methods) has been revealed by Bland–Altman
analysis.

Gel zymography, by the preliminary electrophoretic
separation, is able to minimize possible interference such
as that of TIMP/MMP complexes, known to be present
in human blood and measured to different extents by
ELISAs, although the use of diluted samples contributes
to reducing preanalytical misinterpretations in immuno-
metric assays. The preanalytical phase of the MMP as-
say is an issue of pivotal importance, strongly influencing
the experimental values (37). Specially, the effect of the
specimen collection in preanalytical variation of MMP in
blood has been widely investigated: since 1996 Jung (38),
for the assay of MMP-1 by ELISA, already suggested us-
ing plasma heparin samples instead of serum or EDTA
plasma in order to avoid nonspecific effects, probably due
to interfering substances released during platelet aggre-
gation. Jung also concluded in 1998 that “the clinician
should be aware that the commutability of MMP values
measured by ELISAs are impossible if different kinds of
specimens are used” (39). This is true as confirmed again
by Gerlach (40). At present, many studies on the role of
MMPs in different clinical settings are performed using
both plasma or serum samples (41–43), thus introducing a
possible bias in MMP determination in blood, although a
positive correlation between the results obtained in serum
and plasma was described (44).

The main advantage of gel zymography is that it allows
visualization of both the latent and active forms of gelati-
nases; thus, it is preferred in those experimental conditions
that evaluate the activity of MMPs (34,45). It is notewor-
thy that the presence of MMP dimers and MMP/TIMP
complexes in the plasma samples, revealed by gel zymog-
raphy, could thoroughly characterize the role of MMP in
associated diseases, with important implications for fu-
ture drug design (46). Moreover, gel zymography allows
separation and visualization of MMP-2 bands, so both
MMP-2 and MMP-9 can be determined in the same run
from a single biological sample. Due to its analytical fea-
tures, gel zymography could be dedicated first to specific
research studies targeting MMP function or as a refer-
ence method for evaluating the reliability of ELISA, as it
is easy to use (less time-consuming and able to measure a
larger number of samples).
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