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Abstract
Background. Thoracic aortic aneurysm (TAA) formation is accompanied by degradation of extracellular 
matrix components (EMC). Numerous matrix metalloproteinases (MMPs) have been implicated in the process, 
but the involvement of MMP-3 remains unclear. Additionally, the changes in proteoglycan (PG) structure 
can alter the signal transduction pathways in TAA, though the enzymatic systems which originate them are 
not fully understood.

Objectives. To measure MMP-3 and sulfatase levels in aneurysmal tissue, comparing them with non-
aneurysmal vessels, and to investigate possible correlations with patients’ serum levels in order to evaluate 
their potential usefulness in aiding aneurysm detection and monitoring.

Material and methods. The study included 74 patients (TAA: n = 42; control group: n = 32). Sulfatase 
activity was measured colometrically and MMP-3 levels were measured immunoenzymatically.

Results. Sulfatase activities were higher (p = 0.03) and MMP-3 concentrations lower (p = 0.014) in aneu
rysmal tissue than in normal aortic tissue. Medium-sized dilatations were associated with lower tissue 
MMP-3 concentrations than small dilatations (p = 0.033). No differences in sulfatase activity or MMP-3 
concentration in the serum of TAA patients were observed in comparison with the controls. The serum and 
tissue levels of MMP-3 were correlated (r = 0.41; p < 0.001). The serum levels of MMP-3 were significantly 
lower in the female patients than in the male patients (p = 0.006).

Conclusions. Our studies confirmed the lower MMP-3 levels in aneurysmal tissue, but the lack of a sta-
tistically confirmed reduction of MMP-3 in the blood serum seems to preclude its usefulness for diagnostic 
purposes. Our study points to the differences in MMP-3 behavior between TAA and abdominal aortic aneu-
rysms. Significantly higher sulfatase activity in TAA tissue suggests a possible impact of sulfatase on signal 
transduction pathways involved in aneurysm formation.
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Introduction

Aortic aneurysms are localized dilatations of aorta ex-
ceeding 1.5 times its normal diameter, representing a loss 
of structural integrity of the vessels caused by changes 
in the composition of the extracellular matrix.1–3 Tunica 
media, a middle layer of the aortic artery, contains elastin, 
collagen and smooth muscle cells (SMCs), as well as pro-
teoglycans (PG) and glycoproteins; it  is responsible for 
the mechanical properties of the aorta.1 When thinning 
of the arterial wall occurs, the pressure of the flowing 
blood causes dilatations of the artery, ultimately leading 
to a rupture.2 The thinning of the arterial wall is caused 
by degradation of the components of the extracellular ma-
trix (ECM), mainly elastin, the degradation of which has 
been observed even in the early stages of aneurysm forma-
tion.3 The degradation of ECM components is primarily 
conducted by matrix metalloproteinases (MMPs).

Matrix metalloproteinases are a group of zinc-contain-
ing endopeptidases which exhibit similarities in structure 
and an ability to degrade the components of ECM, such 
as collagen and elastin.4 Numerous studies have been con-
ducted to establish the role of MMPs in aneurysm for-
mation.1,2 Upregulation of MMP-2 and MMP-9 has been 
confirmed by studies in animal models of aneurysm, in cell 
cultures and in humans.5–12 However, the data concerning 
MMP-3 is contradictory, and the role of this MMP in an-
eurysm formation remains unclear.

The MMP activity is under multilevel regulation involving, 
among other things, the presence of various growth factors. 
The availability of these growth factors depends on the com-
position of other elements of the ECM; i.e., PGs – and more 
precisely, on the state of their sulfation. By processing PG, 
sulfatases can enhance the level of certain growth factors, 
which in turn, through signal transduction, can enhance 
or inhibit the synthesis and activity of other enzymes, includ-
ing MMPs. However, so far only limited studies have focused 
on this enzyme in connection to aneurysm formation.13

The  prevalence of  thoracic aortic aneurysm (TAA) 
in humans is  increasing and is estimated to be around 
4%; however, the mortality rate due to ruptured aortas 
is around 80–95%.14,15 In cases of elective surgery, the mor-
tality rate decreases to 5–7%.15 Thus, there is a need for 
screening procedures which would allow for early, non-
invasive detection of the disease. A better understanding 
of the molecular background of TAA could aid in finding 
possible candidates for indicators of the disease. However, 
despite the breadth of research on TAA, not many studies 
to date have been undertaken to directly correlate tissue 
levels of enzymes with their systemic levels, which might 
be crucial in establishing such biomarkers.

Therefore, the goals of our study were to determine 
the  levels of  MMP-3 and sulfatase in  aneurysmal tis-
sue, comparing them with non-aneurysmal vessels, and 
to correlate these values to those measured in the serum 
of the same patients in order to evaluate their possible 

usefulness in aiding aneurysm detection and monitoring. 
We found that the concentrations of MMP-3 were down-
regulated in aneurysmal tissue, especially in medium-sized 
aneurysms, while the tissue activity of sulfatase was up-
regulated. Downregulation of MMP-3 might be a charac-
teristic biochemical trait of TAA, distinguishing it from 
abdominal aneurysms in which MMP-3 upregulation has 
been observed. The differences in the serum levels of the 2 
enzymes were not statistically significant, which seems 
to preclude their measurements for diagnostic purposes.

The study protocol was approved by the Medical Ethics 
Committee of Wroclaw Medical University, Poland, and 
written informed consent was obtained from the patients.

Material and methods

Study population

A group of 42 patients admitted for surgery due to TAA was 
enrolled into the study. Patients with stenosis or vulvar insuf-
ficiency (n = 32) served as a control group. There were 13 wom-
en and 29 men in the TAA group, and 10 women and 22 men 
in the control group (p = 0.821). The mean age in the TAA 
group was 62 years (95% confidence intervals (95% CI) = 
58–66) and 58 years (54–62) in the control group (p = 0.167).

No patient in aneurysm group had a bicuspid aortic valve. 
The exclusion criteria also included the use of steroids 
or non-steroidal anti-inflammatory medication, or pres-
ence of malignancies of any type. Some of the patients were 
treated with angiotensin converting enzyme inhibitors 
(ACEIs) (n = 4), β-adrenalytics (n = 11) or both (n = 10).

For analytical purposes, the patients were divided into 
subgroups according to aorta diameter: small (≤3.9 cm), 
medium-sized (4.0–5.9 cm) and large (≥6.0 cm).

Material

Aneurysmal fragments were collected during open-heart 
surgery and immediately frozen in liquid nitrogen and 
stored at −80°C for further analysis. These aorta samples 
are usually dissected as a routine part of the operation and 
are discarded. Fragments from patients with normal-sized 
aortas were dissected into small strips (5–7 mm × 2 cm). 
These harvestings did not interfere with the surgical clo-
sure of the aortotomy. Intraoperative photos of normal and 
ruptured aortas are presented in Fig. 1.

The tissue fragments were homogenized in 5 mM of Tris-
HCl buffer (pH 7.0) using a FastPrep-24 homogenizer (MP 
Biomedicals, Solon, USA). Samples were subsequently cen-
trifuged at 14,000 × g for 15 min and the supernatants were 
used for analysis. Blood samples were drawn with venous 
puncture in a fasting state. The serum samples were taken 
from clotted (30 min, room temperature) and centrifuged 
(15 min, 1,500 × g) blood. The samples were then stored 
at −80°C until analysis.
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Analytical methods

MMP-3

The MMP-3 concentrations were estimated using an en-
zyme double-antibody indirect immunoassay with Quan-
tikine Human Total MMP-3 Immunoassay (R&D Systems, 
Minneapolis, USA) in accordance with the manufacturer’s 
protocol. The MMP-3 concentration in the serum samples 
is expressed as ng/mL and in the homogenates as ng/g 
of protein.

Sulfatase

Sulfatase activity was determined according to Singh 
et al.,16 as all sulfatases in question display arylsulfatase ac-
tivity.17 Briefly, equal aliquots of serum and substrate solution 
(20 mM of p-nitrocatechol sulfate (Sigma-Aldrich, St. Louis, 

USA)) were incubated for 4 h at 37°C and the reaction was 
stopped with 2.5 M of NaOH. The serum and control sam-
ples were run in duplicate. Sulfatase activity unit (U) was 
calculated as nmol of p-nitrocatechol liberated per 1 min 
with 1 L of serum (or 1 g of protein in case of homogenates).

Protein concentration

The protein concentration of the tissue homogenates was 
estimated using the Bradford method (Pierce Coomassie 
Protein Assay Kit; Thermo Fisher Scientific, Rockford, 
USA).18

Statistical analysis

Data distribution was tested using Kolmogorov–Smirnov 
test and the  homogeneity of  variances was tested us-
ing Levene’s test. The data is presented as means with 

Fig. 1. A – normal-sized ascending aorta (black arrow), slightly elevated using surgical forceps; B – aortic dissection – intraoperative photo during the repair 
with cardiopulmonary bypass. Arrows indicate: 1 – false lumen of ruptured aortic aneurysm; 2 – true lumen of ruptured aortic aneurysm; 3 – foley catheter 
in true lumen of aortic aneurysm

A B
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95% confidence intervals (95% CI) and analyzed using 
the t-test for independent samples, with Welch correc-
tion for unequal variances if necessary or one-way analy-
sis of variance (ANOVA) with Student–Neuman–Keuls’s 
post hoc test. Correlation analysis was conducted using 
Pearson (r) and Spearman (ρ) correlation tests. Frequency 
analysis was conducted using χ2 statistics. All calculated 
probabilities were two-tailed, and p-values ≤0.05 were 
considered statistically significant. The  analyses were 
performed using MedCalc® v. 12.1.1.0 statistical software 
(MedCalc Software, Mariakerke, Belgium).

Results

Sulfatase activity was significantly higher in the aneurys-
mal tissue than in the normal aortas (Fig. 2), with no differ-
ence between emergency and elective surgery (p = 0.423). 
Enzyme activity tended to be higher in the medium-sized 
aneurysms than in the small and large aneurysms (Table 1). 
Tissue activity did not correlate with gender (p = 0.736).

In the case of serum sulfatase activity, the differences 
between the TAA patients and the controls were not sta-
tistically significant (89.9 nmol/L (95% CI = 76–103) vs 
79.9 nmol/L (95% CI = 69–91), respectively; p = 0.240). 
Sulfatase activity in the serum tended to be higher among 

women than men (97.8  nmol/L (95% CI  =  80–115) vs 
80 nmol/L (95% CI = 70–90); p = 0.06). There was no cor-
relation between the enzyme tissue and serum activity 
(r = 0.11; p = 0.368).

The concentrations of MMP-3 were significantly lower 
in aneurysmal tissue than in tissue from normal aortas 
(Fig. 3), but did not differ with respect to urgency of surgery 
(p = 0.436). Medium-sized aneurysms had lower concen-
trations of the enzyme than small aneurysms (Table 1). 
The differences in enzyme level in the serum between 
TAA patients and controls did not reach statistical signifi-
cance (6.6 ng/mL (95% CI = 5.4–7.8) vs 7.33 ng/mL (95% 
CI = 6.3–8.4); p = 0.381). The MMP-3 serum levels were 
significantly lower in women than in men (5.28 ng/mL (95% 
CI = 3.9–6.7) vs 7.65 ng/mL (95% CI = 6.7–8.6); p = 0.006), 
while the tissue level of the enzyme did not correlate with 
gender (p = 0.627). The serum and tissue levels of the en-
zyme were correlated (r = 0.41; p < 0.001; Fig. 4).

Serum MMP-3 and sulfatase levels tended to negatively 
correlate, particularly in  the male subjects (r = −0.33; 
p = 0.026) or the control subjects (r = −0.41; p = 0.025). 
Tissue enzyme levels did not show any correlation.

Since some of our patients received treatment, we eval-
uated the effect of ACEIs and β-adrenalytics on the en-
zymes in question. Neither of the drugs had any influence 
on the levels of sulfatase or MMP-3 in the tissue. In the case 

Fig. 3. MMP-3 concentration in aneurysmal tissue (n = 42) and normal 
aorta (n = 32). Data is expressed as mean values with standard deviations 
(SD)

Fig. 2. Sulfatase activity in aneurysmal tissue (n = 42) and normal 
aorta (n = 32). Data is expressed as mean values with standard deviations 
(SD)

Table 1. Sulfatase activity and MMP-3 concentration in relation to aorta diameter

Source Enzyme
Aorta diameter

p-value≤3.9 mm
(n = 32)

4.0–5.9 mm
(n = 38)

≥6.0 mm
(n = 4)

Tissue
sulfatase [U] 222 (181–262) 294 (239–349) 216 (130–302) 0.086

MMP-3 [ng/g] 63.13 (55.03–81.24) 47.29 (39.61–54.96)a 51.5 (25.37–77.63) 0.033*

Serum
sulfatase [U] 79.9 (69.3–90.5) 87.7 (74.1–101.3) 115.7 (0–260) 0.232

MMP-3 [ng/mL] 7.33 (6.27–8.38) 6.69 (5.39–8.00) 5.53 (0–12.66) 0.581

Data is presented as means with 95% confidence intervals (95% CI) and was analyzed with one-way analysis of variance (ANOVA). * p-values ≤0.05 were 
considered statistically significant; astatistically different from normal-sized aorta (≤3.9 mm); MMP-3 – matrix metalloproteinase-3.
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of serum, neither ACEIs nor β-adrenalytics had an influ-
ence on MMP-3 levels. However, serum sulfatase activity 
was significantly higher among patients who were treated 
with ACEIs than among the untreated group (p = 0.015). 
When only patients without treatment were taken into 
consideration, there were no differences in serum sulfatase 
activity between the TAA and control groups (p = 0.878).

Discussion

The role of MMPs in the formation of aneurysms has 
been well documented. Conclusions have been drawn 
on the possible application of the findings of these stud-
ies in therapy and monitoring. However, it is impossible 
to directly measure the changes from the expression or ac-
tivity of these enzymes in the affected tissue of a patient. 
Most of the studies on applying measurements of MMPs 
in the serum assume that tissue levels would be reflect-
ed on the systemic level, but there have been no studies 
to confirm this correlation so far. Therefore, our study 
was designed to measure the concentrations of one MMP 
– MMP-3 – in tissue fragments from aneurysmal and non-
aneurysmal thoracic aortas and to correlate them with 
the serum levels of the same patients. To the best of our 
knowledge, our study is the first to demonstrate a direct 
correlation between tissue and serum levels of MMP-3. 
However, we also noted that despite the fact that MMP-3 
was significantly lower in aneurysmal tissue, the differ-
ences in serum levels of the enzyme were not statistically 
significant.

The MMP-3, a stromelysin, is an enzyme whose role 
in aneurysm formation remains unclear. Apart from its 
direct role in the degradation of ECM elements, it also 
participates in  the  activation of  other MMPs.4 Little 
is known about signal transduction pathways which might 
lie at the onset and development of aneurysm formation, 

but MMP-3  has been shown to  cleave matrix compo-
nents to release or activate various growth factors such 
as fibroblast growth factor (FGF), transforming growth 
factor-β (TGF-β), heparin-binding epidermal growth factor 
(HB-EGF), or interleukin (IL)-1β.19–21 Johnson et al. have 
recently demonstrated in their studies on MMP-3-knock-
out mice that MMP-3 is responsible for vascular SMC 
migration through MMP-9 activation and neointima 
formation.6 Earlier studies also implicated this MMP 
in the cleavage of E-cadherin, and thus in the promotion 
of cellular aggregation.22

Unlike MMP-2 and MMP-9, the upregulation of which 
has been almost unanimously demonstrated in numerous 
studies,5–12 the results coming from studies on MMP-3 
are conflicting. Our study demonstrated decreased con-
centrations of MMP-3 in tissue homogenates from TAA, 
which is in agreement with a study by Ikonomidis et al.11 
Using immunoblotting and zymography, they noted lower 
levels of MMP-3 in tissue homogenates from patients with 
TAA. At the same time, they did not observe the same 
phenomenon in tissues from patients with Marfan syn-
drome – an inherited autosomal disorder characterized by 
a higher susceptibility to aneurysm formation. In their sub-
sequent studies, the researchers also confirmed the lower 
MMP-3 concentrations in aneurysmal tissues, but only 
in the case of medium-sized TAAs (4.0–5.9 cm).23 These 
results have been further supported by the in vitro studies 
on primary murine fibroblasts from normal and induced 
TAA.24 The authors found not only different gene expres-
sions in these 2 types of cells, but also phenotypic changes 
of fibroblasts during transformation from normal to an-
eurysmal tissue. However, these results are contradictory 
to data from a study on MMP-3-knockout mice, which 
exhibited reduced ascending and abdominal aortic aneu-
rysm formation.25 Similarly, the only study so far to assess 
the serum concentration of MMP-3, conducted by Karap-
anagiotidis et al., has reported increased concentrations 
of this MMP in TAA in comparison to healthy subjects.26 
Our research did not confirm their results – we observed 
a tendency towards lower MMP-3 serum concentrations 
in TAA patients. However, both studies indicated lower 
MMP-3 concentrations in women than in men. This fact 
may have influenced the results to a certain degree because 
Karapanagiotidis et al. included only 18 TAA patients – 14 
of which were men – and their control group consisted 
of 12 women and only 3 men, while in our study the pro-
portions of men and women in the study groups were more 
balanced. In the literature, abdominal aortic aneurysms 
demonstrate more uniform upregulation of MMP-3,27,28 

with the exception of a study by Patel et al., where MMP-3 
was not detected in the SMCs from aneurysmal vessels.7 
It  is possible that the profiles of MMP-3 concentration 
during the formation of ascending and abdominal aortic 
aneurysms differ, since the molecular composition var-
ies between ascending, descending and abdominal aortas 
– as it has already been established – and the mechanisms 

Fig. 4. The association between serum and tissue levels of matrix 
metalloproteinase-3 (MMP-3). Dashed regression line – 95% confidence 
interval (95% CI); solid regression line – 95% prediction interval
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underlying aneurysm formation in  these arteries can 
therefore involve different pathways1; this may explain 
the seemingly contradictory results in the studies on an-
eurysm. As has been recently reported, there are even 
differences in the patterns of MMP expression between 
TAA with and without a bicuspid valve.12 Our study group 
was uniform in this respect, since none of the patients had 
a bicuspid aortic valve.

The SMCs seem to play a central role in the degenerative 
processes of blood vessels. They change their phenotype 
depending on the surrounding environment, and these 
changes influence their synthetic and migratory proper-
ties.2,24 Aneurysmal tissue is characterized by fewer SMCs 
in the tunica media.3,29,30 Therefore, it can be hypothesized 
that even if SMC expression of MMP-3 stays at the same 
level, a smaller number of these cells in aneurysmal tis-
sue would result in an overall decrease in the protein level 
of the enzyme. The reduction of MMP-3 activity might 
be explained by inhibition from the overexpressed tis-
sue inhibitors of metalloproteinases (TIMP). However, 
in our studies we measured the protein level of MMP-3, 
not its activity; therefore, the reduction cannot be ex-
plained by increased inhibition from TIMPs, especially 
since the method we used in the study measures both free 
MMP-3 and MMP-3/TIMP complexes.

Another possible explanation for the  discrepancies 
in the reported MMP-3 levels might be the stage of an-
eurysm formation. It has been demonstrated that medi-
um-sized aneurysms (4.0–5.9 cm) exhibited lower levels 
of MMP-3, while small (≤3.9 cm) and large (≥6 cm) aneu-
rysms did not differ from non-aneurysmal tissues in re-
spect to the concentration of this enzyme.23 Our results 
partially corroborate these data – medium-sized aneu-
rysms exhibited lower MMP-3 concentrations than small 
aneurysms. There was no statistical difference in MMP-3 
concentration between large aneurysms and small or me-
dium-sized aneurysms, which might be due to the small 
sample of  large aneurysms in our study group. Further 
research monitoring the changes in aneurysm size, mea-
sured by ultrasound studies and MMP-3 concentration, 
might shed light on this problem. The positive correlation 
between tissue and serum levels which was established 
in this study indicates that measurements of serum MMP-3 
concentration would reflect the changes of  this MMP 
at the tissue level, but the lack of statistically confirmed 
differences between normal and TAA serum levels of this 
enzyme seems to imply that it is not suitable as a marker 
for diagnostic purposes. Nonetheless, this should be con-
firmed in larger-scale studies. Still, the downregulation 
of MMP-3 demonstrated by our and other studies seems 
to emerge as a characteristic molecular trait that distin-
guishes TAA from abdominal aortic aneurysm, in which 
upregulation of MMP-3 seems to be uniformly observed.

Collagen and elastin are responsible for the strength 
and elasticity of  blood vessels, while the  3rd element 
of ECM – PGs – maintain the  integrity of the arterial 

wall, allow it to properly resist compressive forces, and 
serve as an anchor for a number of growth factors and 
regulators.31,32 The PGs are composed of a core protein 
to which glycosaminoglycan (GAG) chains are attached. 
Changes in the composition of GAGs have been observed 
in the degenerative processes of the cardiovascular sys-
tem, including aneurysm. Theocharis et al.33 observed 
lower levels of heparan sulfate and chondroitin sulfate 
in abdominal aortic aneurysms in comparison to normal 
aortas. Their later studies indicated that aneurysmal tissue 
contains a reduced ratio of 6-sulfate to 4-sulfate disaccha-
rides.34 Moreover, while no changes in dermatan sulfate 
content have been noted, a decrease of oversulfated disac-
charides – which are mainly present in this GAG – has 
been observed in aneurysmal tissue. The changes in com-
position and sulfation of PGs within the ECM has the po-
tential to highly impact the structure and functioning 
of blood vessels. It has been documented that modulation 
of the fine structure of GAGs, including their sulfation, can 
influence signaling pathways.35,36 Three groups of enzymes 
have been implicated in the remodeling of heparan sul-
fate PGs. Cell surface PGs can be cleaved by MMPs, their 
heparan sulfate chains can be further cut by heparanase, 
and endosulfatases can remove 6-O sulfate groups from 
trisulfated disaccharides.36 The endosulfatases in question 
are a group of recently discovered extracellular enzymes 
which are able to remove sulfate groups from sulfate es-
ters in ECM components. Since aneurysm formation is ac-
companied by a reduction in 6-sulfate GAGs, elevated 
levels of the enzymes responsible for sulfate group removal 
should be expected. We evaluated the activity of sulfatase 
and found that it was indeed significantly higher in the an-
eurysmal tissue as compared to normal tissue. To date, 
there has been only 1 other study indicating elevated sul-
fatase activity, though not in TAA but in abdominal aor-
tic aneurysm.13 The elevation of sulfatase in aneurysmal 
tissue, reducing the sulfation of PGs, may cause impaired 
binding of growth factors stored by the ECM and may 
initiate signaling pathways other than those active in nor-
mal aortas. It has been demonstrated that heparan sulfate 
PGs mediate the binding between latent TGF-β-binding 
proteins (LTBP) and fibronectin.37 It is now believed that 
dysregulated TGF-β signaling lies at the bottom of aneu-
rysm formation.38 Alterations of TGF-β signaling pathways 
have been demonstrated in a murine model for TAA.39 
It has been further suggested that the altered TGF-β sig-
naling might stimulate TAA development by the induction 
of myofibroblast differentiation from the fibroblasts which 
are replacing SMCs undergoing apoptosis, and might thus 
contribute to the changes in ECM composition.3 The emer-
gence of myofibroblasts has coincided with PG degrada-
tion.3 It can therefore be hypothesized that the decreased 
sulfation of PGs can lead, via disrupted binding of LTBP 
to the ECM elements, to the excessive production of ac-
tive TGF-β, which in turn enters an alternative signaling 
pathway. However, it must also be noted that at this point 
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it is unclear whether the differentiation of myofibroblasts 
is a  factor which contributes to aneurysm progression 
or as a repair process,3 especially since it has also been 
suggested that the enhanced production of TGF-β may play 
a protective role against aneurysm formation.40 Cheung 
et al. also proposed that alterations in the TGF-β signal-
ing pathway and activation of MMPs may be an option 
in the management of congenitally related aortopathy.10

Our studies demonstrated that sulfatase activity 
in the tissue was not reflected in serum levels. Moreover, 
we noted that administration of ACEIs might influence 
serum levels of this enzyme. These 2 factors seem to pre-
clude the application of systemic sulfatase in diagnostic 
procedures. However, the observed differences in sulfatase 
activity between normal and aneurysmal aortas indicate 
the need for further studies, which might shed further light 
on the molecular basis of aneurysm formation.
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