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Abdominal aortic aneurysms (AAA) are progressive dilatations of infra-renal aorta causing structural
weakening rendering the aorta prone to rupture. AAA can be potentially stabilized by inhibiting inflam-
matory enzymes such as matrix metalloproteinases (MMP); however, active regression of AAA is not pos-
sible without new elastic fiber regeneration. Here we report the elastogenic benefit of direct delivery of

KeyWorfiS-' ] polyphenols such as pentagalloyl glucose (PGG), epigallocatechin gallate (EGCG), and catechin, to smooth
Abldorl?mall aortic aneurysm muscle cells obtained either from healthy or from aneurysmal rat aorta. Addition of 10 pg/ml PGG and
gfaz'gneno s ECGC induce elastin synthesis, organization, and crosslinking while catechin does not. Our results indi-

cate that polyphenols bind to monomeric tropoelastin and enhance coacervation, aid in crosslinking of
elastin by increasing lysyl oxidase (LOX) synthesis, and by blocking MMP-2 activity. Thus, polyphenol
treatments leads to increased mature elastin fibers synthesis without increasing the production of intra-
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cellular tropoelastin.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Abdominal aortic aneurysms (AAA) is a fatal disease of the ar-
tery characterized by accelerated inflammation mediated loss of
matrix proteins such as elastin and collagen leading to structural
weakening and eventual rupture of the artery [1]. There are
approximately 18,000 deaths each year due to aneurysms in the
United States making it the 13th largest cause of death [2]. Screen-
ing and early detection with elective surgical intervention is an
effective way to decrease mortality in abdominal aortic and iliac
arteries (AAA), where rupture is a great threat to the patient’s life.
Whether open or endovascular treatment is chosen, the interven-
tional procedure is not without complications, including mortality,
thus the benefit has to outweigh the risk of surgical repair. Most
importantly, none of these clinical interventions provide therapeu-
tic relief in preventing or reversing the pathology.

As high as 90% of detected AAAs are small without indications
for surgery, and the obvious and clinically relevant question is
whether expansion of those small aneurysms can be prevented.
AAA onset is associated with elastic lamina degradation by
metalloproteinases (MMPs), which are derived from activated

Abbreviations: AAA, abdominal aortic aaneurysm; MMP, matrix metallo-pro-
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smooth muscle cell.
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vascular cells and infiltrating inflammatory cells [3]. Once de-
graded, elastic lamina cannot be restored as adult cells have no
ability to remodel elastic fibers [4]. To revert aneurysmal aorta to
a healthy state, we must not only stop degradation; we also must
reduce inflammatory enzyme activity and facilitate regeneration of
elastic lamina.

In prior studies, we have demonstrated the ability of plant de-
rived polyphenols such as pentagalloyl glucose (PGG) to bind to
elastin and prevent it from elastolytic degradation [5]. We have
also shown, in a rat model, that a single time application of pentag-
alloyl glucose (PGG) prevents AAA expansion and reduces aortic
diameter [6]. That study showed a significant restoration of elastic
lamina after PGG treatment. Thus, we wanted to explore the ability
of polyphenols to not only prevent elastin degradation but increase
elastin synthesis by vascular smooth muscle cells at the disease
site. Here we tested ability of different polyphenols to bind to trop-
oelastin and to increase insoluble elastin production in healthy and
aneurysmal vascular smooth muscle cells in vitro.

2. Materials and methods
2.1. In vitro coacervation and maturation of tropoelastin

The kinetics of tropoelastin coacervation and maturation were
performed using UV-Vis plate reader (BioTek, Winooski, VT)
equipped with temperature, stir controllers and kinetic measure-
ment features. 1mg of human recombinant tropoelastin
(Advanced BioMatrix, Poway, CA) was dissolved in 100% glacial
acetic acid (Fisher Scientific, MA). Polypeptides were diluted in
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coacervation buffer (50 mM Tris, pH 7.5) to either 25 uM for one
set of experiments and 10 uM for another set of experiments.
The temperature of coacervation was 37 °C. Samples were stirred
at the rate of 1000 rpm and absorbance was measured at 440 nm
every minute throughout the reaction time. 100 pul polyphenols
at 10 pg/ml were added to 100 pl polypeptides (in ice) immedi-
ately before the absorbance measurement.

2.2. Cell culture

Primary rat aortic smooth muscle cells (RASMC) were freshly
isolated. Briefly, freshly harvested abdominal aorta from healthy
adult male Sprague Dawley rats were isolated and cleaned. Endo-
thelium was scraped off and the adventitia was removed with scalpel
blade. The medial layer was minced and digested in 125 U/ml Colla-
genase (Worthington, Biochemicals Lake-wood, NJ) and 3 U/mg
elastase (Elastin products company, Owensville, MO) in Dulbecco’s
modified Eagle’s Medium-F12 (Hyclone, Thermo Scientific, Rockford,
IL) with 10% fetal bovine serum. The RASMCs leave aorta and
zattach and grow in petri dishes. Routine characterization of RASMCs
was performed by staining cells for a-smooth muscle actin (SMA),
myosin heavy chain II (MHC), and smooth muscle-22a (SM22)
expression.

RASMCs isolated from rat aorta with advanced abdominal aortic
aneurysm were received from Dr. Ramamurthi at Cleveland Clinic,
the experimental procedure for which has been described in detail
earlier [7]. Briefly, the posterior lumbar aortic branches were li-
gated; infra-renal aorta was surgically exposed and injured via
catheter mediated intra-luminal elastase perfusion. The aortic
diameter was measured before aortotomy, after aortotomy and
after harvest. The aneurysms were allowed to develop for 14 days
before vascular smooth muscle cells were harvested with the same
procedure as described above for normal aorta (denoted Anu-
RASMCs).

Passage numbers 4-8 were used for all the experiments. Cells
were cultured in 12 well plates (200,000/well) in Dulbecco’s mod-
ified Eagle’s-F12 medium containing 10% fetal bovine serum (Hy-
Clone Laboratories, Inc., Novato, CA), 100 units/ml penicillin and
100 units/ml streptomycin (Cellgro-Mediatech, Herndon, VA) in a
humidifier incubator at 37 °C, with 5% CO,. Media was replenished
every 3 days.

2.3. Polyphenol treatment of cells

Healthy RASMCs | aneurysmal RASMCs (Anu-RASMC) were cul-
tured in medium containing polyphenolic additives (10 pg/ml;
n = 3/condition) for 14 days. Polyphenols were dissolved in di-
methyl sulfoxide (DMSO) (Sigma Aldrich, St. Louis, MO) to prepare
stock concentration of 10 mg/ml and filter sterilized using 0.2 um
membrane filters (Corning Incorporated, Corning, NY) prior to
addition. Control groups received only vehicle (DMSO). Cell culture
media was changed every 3 days and spent medium was collected
at each media change, frozen at —20 °C and biochemically assayed
for tropoelastin and lysyl oxidase. After 14 days, the cell layers and
soluble proteins were collected and analyzed.

2.4. Protein isolation

Cell monolayers were washed twice in PBS and cells were iso-
lated in a mammalian extraction buffer. To prepare the buffer, 1
tablet of protease inhibitor cocktail (Sigma, St. Louis, MO) was
added to 10 ml of Solulyze-M mammalian extraction buffer (Gen-
lantis, San Diego, CA). Cell layers were homogenized using Power-
Gen 125 homogenizer and centrifuged at 10,000 x g for 15 min.
The supernatant was collected and assayed for different proteins

of interest. Total soluble protein was quantified using Peirce BCA
protein assay (Thermo Scientific, Rockford, IL).

2.5. Fastin assay for elastin

Total insoluble elastin deposited in the cell layers and soluble
monomeric tropoelastin released in the media were quantified
using Fastin assay (Accurate Scientific and Chemical Corporation,
Westbury, NY). For each treatment group, tropoelastin was assayed
individually after each media change to generate a trend curve, and
also evaluated as cumulative tropoelastin released over 14 days. To
quantify the mature elastin deposited within the cell layers, the
cell pellet generated after the protein isolation procedure men-
tioned above, was lyophilized and digested in oxalic acid as per
manufacturer instruction manual. Since fastin assay quantifies
only soluble a-elastin, the dried insoluble pellet was subjected to
3 digestion cycles with 0.25 M oxalic acid (100 °C, 1 h in water
bath) and the pooled digests were assayed in the exact same pro-
cedure as tropoelastin in media. The total o-elastin was normal-
ized to the total soluble protein released by the cells which is
assumed to be directly proportional to the total cell count.

2.6. Gelatin zymography

Active MMP-2 was analyzed in the cell lysates (intracellular sol-
uble proteins) by gelatin zymography [8]. The total protein was
quantified using BCA kit and 12 pg total protein was loaded per
well alongside with pre-stained molecular weight standards (Pre-
cision Plus Protein Standard, Bio-Rad, Hercules, CA). All lanes were
loaded in duplicates with equal amounts of protein in each well.
After development, coommasie staining and de-staining, the gels
were photographed and density of clear bands (MMP-2 at
68 kDa) was analyzed using Image] software and reported as rela-
tive density units.

In a separate set of experiments, proteins extracted from
RASMC cell-cultures were loaded in gelatin gels, electrophoresed,
and polyphenols were added to the development buffer. PGG,
EGCG (250 pg) dissolved in DMSO, was added in 10 ml develop-
ment buffer whereas control groups received volume matched
DMSO. Following incubation, gels were stained, de-stained, and
imaged.

2.7. Immunofluorescence for elastin, fibrillin-1

RASMCs/Anu-RASMCs were treated in similar conditions as
mentioned earlier. After 14 days, the cell layers were washed twice
with PBS and fixed in 4% formaldehyde for 15 min in room temper-
ature followed by incubation with a 5% bovine serum albumin
blocking serum. The primary antibody, rabbit anti-rat elastin anti-
body (United States Biological, Swampscott, MA) or a rabbit poly-
clonal anti-fibrillin I antibody (Abcam, Cambridge, MA) at 1:100
dilution was applied overnight at 4 °C. Alexafluor 488 chicken
anti-rabbit IgG secondary antibody (Molecular Probes, Eugene,
OR) was applied at a dilution of 8 pg/ml for 2 h at room tempera-
ture. Cell layers were mounted using aqueous mounting medium
with anti-fading agents (Biomedia Corp., Foster city, CA). The sam-
ples were examined by fluorescent microscopy. Importantly, all
samples were imaged under exactly similar conditions for impar-
tial analyses.

2.8. Transmission electron microscopy

The ultrastructure of extracellular matrix was studied using
transmission electron microscopy (TEM). After 14 days in culture,
Anu-RASMCs were fixed with 2% Electron Microscopy grade
glutaraldehyde for 1 h, rinsed in PBS, fixed in 1% aqueous osmium
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tetroxide (1 h), rinsed, dehydrated through 100% ethanol, embed-
ded in Epon 812 resin, sectioned, placed on copper grids, stained
with uranyl acetate and lead citrate, and examined directly with
transmission electron microscopy.

2.9. Statistical data analysis

Results are expressed as means + standard error of the mean
(SEM). Statistical analyses of the data were performed using sin-
gle-factor analysis of variance (ANOVA). Subsequently, differences
between means were determined using the least significant differ-
ence (LSD) with an alpha value of 0.05.

3. Results

3.1. Polyphenols bind to tropoelastin and accelerate rate of self-
assembly in vitro

Kinetics of tropoelastin coacervation was examined in vitro
using a UV-Vis spectrophotometer enabled with stir rate control-
lers and temperature monitoring device. In initial experiment (data
not shown), tropoelastin “coacervation phase” was marked by a ra-
pid increase in absorption at 440 nm. This initial rise in absorbance
is thereafter followed a steady decrease in absorbance; a stage
termed as “maturation phase” [9].

Addition of polyphenols dramatically increased the rate of coac-
ervation (Fig. 1A) (PGG by 4-fold, EGCG by 7.5-fold and catechin by
6-fold) and delayed the onset of maturation (20 min for pure poly-
peptides vs. ~200 min for polypeptides + polyphenols).

3.2. Tropoelastin and cross-linked elastin production

Addition of polyphenols to RASMCs did not change the total sol-
uble tropoelastin production by cells at 14 days (Fig. 1B). Interest-
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ingly, addition of polyphenols increased the production and
activity of LOX by RASMCs (Fig. 1C). As a result, all the polyphenols
significantly enhanced the deposition of insoluble cross-linked elas-
tin in healthy vascular cells after 14 days (Fig. 1D). At 10 pg/ml,
PGG induced ~8-fold greater mature elastin in healthy RASMCs.
EGCG at the same concentration, increased elastin fiber deposition
by ~ 4 times in RASMCs while catechin did not increase insoluble
elastin production. The quantity, kinetics, and dynamics of tropoe-
lastin released in the media were not changed by the addition of
polyphenols (data not shown). It seems that increase in insoluble
elastin was directly correlated with increased LOX production by
PGG and EGCG.

The exact same trends were also observed in passage matched
aneurysmal cells, Anu-RASMCs (Fig. 2A-C). Polyphenols added at
1 pg/ml did not exert any elastogenic effects, after 14 days in
culture (data not shown). From Fig. 2C, at 10 pg/ml, PGG induced
~6-fold greater mature elastin in Anu-RASMCs. EGCG at the same
concentration, increased elastin fiber deposition by 2-fold in Anu-
RASMCs and Catechins showed ~ 1.7-fold greater insoluble elastin
deposition in Anu-RASMCs. Due to the lack in elastic matrix
enhancement at 1 pg/ml polyphenols, all further studies were car-
ried out using polyphenols at 10 pg/ml concentrations.

Fig. 2A is a comparative graph displaying the total tropoelastin
elastin production by RASMCs and Anu-RASMCs. None of the
polyphenols influenced the cellular tropoelastin production after
14 days by both RASMC and Anu-RASMCs. Counter-intuitively,
Anu-RASMC cells released ~ 1.6 times greater soluble tropoelas-
tin compared to healthy cells. Expectedly, LOX production was
2-fold lower in untreated aneurysmal cells than healthy cells
(Fig. 2B). However, addition of PGG, EGCG, and catechin showed
significant increase in LOX even in Anu-RASMCs (5-fold, 3-fold,
and 1.5-fold respectively). Both PGG and EGCG significantly
improved insoluble elastin production even in Anu-RASMCs
(Fig. 2C).
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Fig. 1. (A) Self-assembly and coacervation kinetics of tropoelastin after polyphenols addition as studied by UV spectroscopy. (B) Total tropoelastin released by RASMCs after
14 days. (C) Total LOX produced by RASMCs after 14 days (D) Total insoluble elastin deposited by RASMCs after 14 days of treatment with 10 pg/ml polyphenols. % —
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Fig. 2. (A) Comparison of total tropoelastin released by RASMCs and Anu-RASMCs after 14 days of polyphenol treatment. (B) Total LOX produced by RASMCs and Anu-
RASMCs after 14 days. * - significant difference compared to healthy control cells, # - significant difference compared to aneurysmal cells, (C) Comparison of total insoluble
elastin deposited by RASMCs and Anu-RASMCs after 14 days of treatment with 10 pg/ml polyphenols. * - significant difference compared to respective control groups.

3.3. ELN, Fib-1 immunofluorescence labeled for elastin and fibrillin-1. Immunofluorescence micrographs
of 14 day cultures of Anu-RASMCs showed higher amounts and

All cell cultures attained confluency and deposited sufficient well-oriented elastin fibers (green fluorescence) in the polyphenol
extracellular matrix (confirmed by routine phase contrast micros- groups (Fig. 3B-D) which were not present in the control groups
copy) by the end of 14 days. The cells were fixed and immune- (Fig. 3A), with PGG treatment showing the highest deposition of
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Fig. 3. Immunofluorescence for elastin by Anu-RASMC in control (A), PGG (B), EGCG (C), catechin (D) groups. Immunofluorescence for Fibrillin-1 by Anu-RASMC in control (E),
PGG (F), EGCG (G), catechin (H) groups. Representative TEM images of 14-days healthy RASMCs cultured without polyphenols (I), 10 pg/ml EGCG (J). Untreated Anu-RASMCs
show insignificant extra-cellular matrix (K) which is evidently greater with addition of EGCG (L). Triangles indicate insoluble clumps of amorphous elastin deposited between
cells.
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Fig. 4. (A) MMP-2 (68 kDa) clear bands, (B) relative MMP-2 cellular activity after treatment with polyphenols, » - significant difference compared to healthy control cells,
# - significant difference compared to aneurysmal cells. (C) MMP-2 clear bands, (D) relative MMP-2 cellular activity after extraneous addition of polyphenols in gel
development buffer. * - significant difference compared to control groups without polyphenol addition.

elastin corroborating quantitative insoluble elastin data. Nuclear
DAPI stain revealed relatively uniform cell layers in all the groups,
indicating comparable cell viability.

Fibrillin-1 immunofluorescence also showed greater staining in
the PGG treated groups (Fig. 3F) compared to control cell layers
(Fig. 3E). EGCG and catechin groups failed to show fibrillin staining
(Fig. 3G and H), suggesting only PGG was able to deposit this
microfibrillar protein associated with elastin, after 14 days.

3.4. Ultra-structure of elastin

Representative TEM images of RASMCs and those treated with
EGCG are shown in Fig. 3. Insoluble elastin is visualized as amor-
phous clumps in between cell layers which is minimally present
in control group (Fig. 31). Treatment with EGCG enhanced extracel-
lular matrix deposition as indicated by the triangles (Fig. 3]). It is
interesting to note that untreated aneurysmal cells were unable
to deposit any elastin (Fig. 3K). However, the deposition of insolu-
ble elastin is enhanced by the addition of EGCG even to aneurysmal
cells (Fig. 3L).

3.5. Activity of proteolytic enzymes

Gelatin zymography revealed that the total MMP-2 (66 kDa)
activity was ~ 2-fold greater in the EaRASMCs when compared
to healthy RASMCs, which was reduced by ~ 24% by PGG, 17% by
EGCG and 34% by catechin. Healthy cells did not display any differ-
ence in their MMP-2 activity under the influence of polyphenols
(Fig. 4A). Additionally, when polyphenols were added extraneously
to development buffer of cellular protein lysates, PGG inhibited
MMP-2 activity by ~97% and EGCG by ~82% (Fig. 4B).

4. Discussion

Abdominal aortic aneurysm (AAA) is a life threatening vascular
disease with no available pharmacological therapy. AAA is a multi-
factorial pathology involving several biological, physical, bio-
mechanical and hemodynamic factors that eventually lead to the
pathological thinning of the artery wall leading to ballooning and

eventual rupture. Current clinical repair options include surgical
repair and deployment of endovascular stent grafts. Both these op-
tions are surgically invasive, and have their own limitations. MMP
mediated elastin degradation is a characteristic feature of AAA
leading to progressive degeneration of elastin and expansion of
aorta [3,10]. Matrix metalloproteinase (MMP-9, -2, and -12) have
shown to play a critical role in development and expansion of
AAA [11,12]. Loss of elastin continues as it is not recouped due to
poor remodeling of elastin fibers by adult vascular cells. The ideal
treatment option for AAA would be a combination of strategies
that work synergistically towards preventing elastolytic degrada-
tion, thus stabilizing existing matrix and improving regeneration
of arterial proteins such as elastin by vascular smooth muscle cells.

In a series of prior publications we have shown that polyphe-
nols such as tannic acid and PGG bind to elastic lamina and prevent
further elastin degradation by elastolytic enzymes [6,13-15]. Oth-
ers have also shown that plant derived polyphenols like tannins
and flavonols inhibit human leukocyte elastase activity [16] and
prevent MMP-2/-9 activity in cancer cells [17]. Catechin deriva-
tives have also displayed MMP inhibition therefore preventing
elastin degradation [18]. Stabilizing aneurysmal elastin and protec-
tion against proteolytic damage resolves only one half of the path-
ological complication of AAA. A larger challenge in treating AAA is
the inherently poor elastin turn-over by adult cells that prohibits
the repair and regeneration of degraded elastin [19,20]. Knowing
polyphenols bind to hydrophobic amino acid residues with strong
affinity [21], we hypothesized that tropoelastin secreted by cells
will interact rapidly with polyphenols helping the process of coac-
ervation and self-assembly. In present cell culture study, we dem-
onstrate that addition of polyphenols at 10 pig/ml concentration to
healthy vascular cells enhances mature cross-linked elastin fiber
deposition. This occurs primarily due to coacervation of secreted
tropoelastin and increased production of LOX by the cells in pres-
ence of polyphenols.

During development, microfibrillar scaffolding proteins such as
MAGP-1, fibulin-5 are known to interact with tropoelastin coacer-
vates and also recruit LOX for the oxidation of lysine residues lead-
ing to formation of intermolecular crosslinks [22,23]. The presence
of microfibrillar proteins have also shown to increase tropoelastin
coacervation and retard maturation in vitro that aids in better
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alignment of coacervates and systematic oxidation of lysine resi-
dues [9,22]. The importance of increased coacervation lies in great-
er and more specific increase in the intermolecular structure of
individual tropoelastin molecules facilitating downstream elasto-
genic events. Adult vascular cells lack this mechanism for in-
creased elastic fiber deposition, resulting in defunct tropoelastin
assembly, fiber formation, and increased susceptibility to enzy-
matic degradation.

Our results suggest that addition of polyphenols dramatically al-
ter the self-assembly kinetics of tropoelastin. The interaction of
polyphenols with tropoelastin is evident in the coacervation phase
which is significantly enhanced compared to pure tropoelastin in
solution (Fig. 1A). While control tropoelastin molecules enter mat-
uration by ~ 20 min, PGG, EGCG take ~ 180, ~200 min respectively
to start maturing. In addition, polyphenols also increase the rate of
coacervation as evident from the sharp increase initial turbidity. It
is thus a safe conclusion that polyphenols dramatically aid in the
process of tropoelastin self-assembly; partly by increasing the rate
of coacervation and partly by inhibiting maturation, thereby pro-
viding greater inter-molecular interaction for lysine oxidation.

We further tested if polyphenols would increase LOX mediated
elastic fiber assembly for coacervated tropoelastin. LOX is a vital
enzyme required in the process of elastin crosslinking [24]. Indeed,
we found greater LOX activity in presence of polyphenols further
confirming that polyphenols increase insoluble cross-linked elastin
deposition by first coacervating tropoelastin molecules and provid-
ing increased LOX to crosslink this tropoelastin. The mechanism of
increased LOX activity by polyphenols is still unknown. Specula-
tively, increase in tropoelastin coacervate in extracellular matrix
signal cells to produce LOX.

We further tested cross-linked elastin deposition by Anu-RAS-
MCs. The total tropoelastin production was higher in aneurysmal
cells compared to healthy cells, possibly due to compensatory
feedback mechanism to replenish degraded elastin. This observa-
tion is similar to the past studies showing that AAA tissues produce
greater tropoelastin compared to healthy tissues [25,26]. However,
this increase in tropoelastin production by aneurysmal cells did
not translate to increase in insoluble cross-linked elastin in our cul-
ture conditions in absence of polyphenols. Aneurysmal cells depos-
ited significantly higher quantities of matured elastin in presence
of polyphenols compared to untreated control groups without di-
rectly increasing cellular tropoelastin production. LOX is strongly
suppressed in aneurysmal tissues [26]. Our results indicate that
aneurysmal cells have significantly lower LOX activity when com-
pared to healthy cells, which is increased in the presence of poly-
phenols. This increase in LOX by polyphenols may be the other
major reason for notably higher insoluble elastin in presence of
polyphenols comparable to elstin in healthy cells. Interestingly,
polyphenol treatments also decreased cellular MMP-2 activity as
detected by zymography. Polyphenols strongly suppressed MMPs
when added to the development buffer suggesting that polyphe-
nols block activation of MMPs rather than decreasing MMP secre-
tion. Thus, this can further aid in assembly of tropoelastin as
degradative mechanisms are prevented.

5. Limitations

There are certain limitations to this study. This study was per-
formed in vitro in 2 dimensional cell cultures. Elastin synthesis
and fiber assembly is a well-orchestrated, complex and relatively
poorly understood process in vivo. We have not studied the effect
of polyphenols on critical assembly proteins like fibulin-4, 5, latent
TGF-B binding protein, fibrillin-2, and matrix associated gla pro-
tein-1. It is clear that polyphenols accelerate coacervation and
LOX production; however, maturation phase is a complex interplay

of all the above mentioned proteins. In arteries, elastic fibers pro-
vide elastic recoil and it is unclear if newly produced insoluble
elastin in polyphenol group has any functional characteristics. Fur-
ther in vivo experiments are needed to understand the elastogen-
esis process in presence of polyphenols and how they affect
mechanical properties of the artery.

6. Conclusion

We show that use of polyphenols work multiple ways to regen-
erate cross-linked elastin. First, polyphenols directly interact with
monomeric tropoelastin secreted by cells accelerating the elastin
coacervation. Second, polyphenols increase LOX production by
SMCs thus allowing crosslinking of coacervated elastin. Third, they
inhibit matrix metalloproteinases such as MMP-2, thereby reduc-
ing enzyme mediated elastin degradation. Such treatments could
be applied to treat and repair elastic fiber degradative diseases
such as aortic aneurysms.
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