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Abstract
BACKGROUND—It is hypothesized that activation of extracellular signal-related kinase (ERK)
is critical in activating matrix metalloproteinases (MMPs) during abdominal aortic aneurysm
(AAA) formation.

STUDY DESIGN—C57BL/6 male mice underwent either elastase or heat-inactivated elastase
aortic perfusion (n = 9 per group). Mouse aortic smooth muscle cells were transfected with ERK-1
and 2 siRNA along with or without elastase treatment. Mouse and human aortic tissue were
analyzed by Western blots, zymograms, and immunohistochemistry, and statistical analysis was
done using Graphpad and Image J softwares.

RESULTS—Western blot and immunohistochemistry documented increased phospho-mitogen-
activated protein kinase kinase-1/2 (pMEK-1/2; 153%, p = 0.270 by Western) and pERK (171%, p
= 0.004 by Western blot) in the elastase perfused aortas. Male ERK-1−/− mice underwent elastase
perfusion, and aortic diameter was determined at day 14. ERK-1−/− mice failed to develop AAA,
and histologic analysis depicted intact collagen and elastin fibers in the aortas. Zymography of
aortas of elastase-treated ERK-1−/− mice showed lower levels of proMMP2 (p < 0.005) and active
MMP2 (p < 0.0001), as well as proMMP9 (p = 0.037) compared with C57BL/6 mice. siRNA
transfection of ERK-1 and -2 significantly reduced formation of pro- and active MMP2 (p < 0.01
for both isoforms) in aortic smooth muscle cells treated with elastase in vitro. Human AAA tissue
had significantly elevated levels of pMEK-1/2 (150%, p = 0.014) and pERK (159%, p = 0.013)
compared with control tissues.

CONCLUSIONS—The MAPK (mitogen-activated protein kinase)/ERK pathway is an important
modulator of MMPs during AAA formation. Targeting the ERK pathway by reagents that inhibit
either the expression or phosphorylation of ERK isoforms could be a potential therapy to prevent
AAA formation.

Abdominal aortic aneurysm (AAA) formation is a multifactorial event with early
chemokine-driven leukocyte infiltration in the aortic wall followed by local destruction of
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elastin and collagen in the media and adventitia by matrix-degrading metalloproteinases
(MMPs), especially MMP2 and 9.1-7 However, the intracellular regulation of these MMPs is
not well understood.

Mitogen-activated protein kinase (MAPK) signaling pathways are critical regulators of
MMPs.8-12 The 4 fundamental MAPK signaling pathways, the ERK-1/2, JNK, ERK5, and
p38 pathways, mediate key intracellular signaling and cell-to-cell communications.13-16

Recent reports document that phospho-JNK (pJNK) is vital for the activation of MMP9 and
therefore is likely important for AAA formation.17-19 However, involvement of the other
molecules of the MAPK pathways in AAA development is not clearly defined.

Extracellular signal-related kinase (ERK) is an important modulator of MMPs, and helps
recruitment of neutrophils and release of cytokines at sites of inflammation.20-23 Previous in
vitro studies from our laboratory documented that male rat aorta smooth muscle cells
(RASMC), when treated with interleukin-1β or elastase at concentrations known to induce
AAA formation in rodent models, resulted in elevated levels of pERK and increased MMP2
activation.24

It is hypothesized that phosphorylation of ERK is an important upstream event in MMP
activation, and, in turn, AAA formation. In this study, the temporal role of ERK-1/2 during
AAA formation is defined in a mouse model of AAA. We used ERK-1−/− mice to confirm
the critical role of ERK in the regulation of MMP activity in vivo. In vitro studies
mechanistically showed that suppression of ERK-1 and ERK-2 greatly impaired MMP
production. Finally, we document that ERK is upregulated in human AAA samples
compared with control human aortic samples.

METHODS
Experimental AAA formation

Male C57BL/6 (Jackson Laboratories) mice (20 to 27g) at 8 to 10 weeks of age were used in
this study following the guidelines of the University of Michigan Universal Committee on
the Use and Care of Animals (UCUCA #09679). Mice were anesthetized using 2%
isofluorane. A midline laparotomy was performed, and the abdominal aorta from just below
the left renal vein to the bifurcation was isolated.25,26 The aortic diameter was measured
with a Spot Insight Color Optical Camera (Diagnostic Instruments) attached to an operating
microscope (Nikon) using Image Pro Express software (Media Cybernetics). The aorta was
then perfused for 5 minutes with elastase (Sigma) at 0.332 U/mL in 1 mL isotonic saline
(experimental) or heat-inactivated elastase in isotonic saline (control).26 Perfused aortas
were measured and harvested at 3, 7, and 14 days (n = 9 per treatment group per day) for
analysis by Western blotting, histology, immunohistochemistry, and zymography. Aortic
diameter increases are reported as percent increases from baseline measurements, and an
AAA was defined as a 50% increase in aortic diameter compared with baseline. The aortas
of the ERK-1−/− mice (n = 9) were perfused with either elastase or heat-inactivated elastase
and their aortas were harvested 14 days postperfusion.27,28

Cell culture
Mouse aortic smooth muscle cells (ATCC) were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (Invitrogen) containing 10% fetal calf serum (Invitrogen) and a
1% penicillin, streptomycin, and glutamine mixture (Invitrogen) at 37°C in a humidified,
5% carbon dioxide atmosphere. Cells were treated with elastase at 5μg/mL for 24 hours in
serum-free Dulbecco’s modified Eagle’s medium containing the antibiotics and 1% bovine
serum albumin.
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siRNA transfection
Cells were transfected at 60% to 80% confluency with 200 pmols of siRNAs for ERK-1,
ERK-2, or a mixture of ERK-1 and -2 or control siRNA (Santa Cruz Biotechnology) in
siRNA transfection reagent and medium (Santa Cruz Biotechnology), according to the
manufacturer. Seventy-two hours after transfection, cells were washed with PBS, starved in
serum-free medium overnight, washed in PBS, and treated with elastase-containing media or
media alone for 24 hours. The media and cells were collected for zymography and Western
blot analysis, respectively.

Western blotting
Proteins were isolated from aortas using RIPA buffer (Thermo Scientific) containing 1%
sodium dodecyl sulfate. Protein concentration was measured by BCA kit (Thermo
Scientific), and equal amounts of proteins per lane were electrophoresed in 10% Bis-Tris
Nupage gel (Invitrogen) and transferred to polyvinylidene difluoride (PVDF) membrane
(Immobilon-P) by using semidry transfer apparatus (Bio-Rad Laboratories). The membrane
was incubated for 1 hour in StartBlock TBS (Thermo Scientific), and then placed in primary
antibodies in blocking buffer at 4°C overnight, washed with 25 mMTris, 150 mM NaCl,
0.05% Tween-20, pH 7.4 (TBST), incubated with horseradish peroxidase conjugated
secondary antibodies in blocking buffer for 1 hour, washed inTBST, and developed with the
West-Pico ECL kit (Thermo Scientific). The primary antibodies (1:500) used were rabbit
pMEK-1/2 and pERK (Cell Signaling Technology) and anti-actin (1: 2,000) and anti-rabbit
secondary antibodies (1:2,000) were from Santa Cruz Biotechnology. Actin and Ponceau
staining was used to check for equal loading of proteins. There were 9 animals per group for
mice and 3 for cell culture and human tissue Western blot experiments unless otherwise
stated.

Substrate gel zymography
Gelatin substrate zymograms were run with either equal volumes of media from equal
numbers of cells or amounts of proteins in 10% SDS-PAGE zymogram gels (Invitrogen)
under nonreducing conditions. Gels were treated for 30 minutes in Renaturing Buffer
(Invitrogen) and then incubated in Developing Buffer (Invitrogen) for 30 minutes,
reincubated in Developing Buffer overnight at 37°C, and stained in SimplyBlue SafeStain
(Invitrogen) to determine gelatinase activity.

Histology and immunohistochemistry
Harvested aortas were fixed in 4% paraformaldehyde followed by 70% ethanol and then
paraffin embedded, and 5-μm sections were mounted onto slides. The sections were
deparaffinized and rehydrated according to standard protocols. Sections used for
immunohistochemistry were treated for 10 minutes with 3% hydrogen peroxide, then
blocked and incubated with the primary antibodies over-night at a dilution of 1:100 in
blocking solution and stained according to the instructions in the Vectastain ABC Elite and
Novared Kits (Vector Laboratories). For histology the sections were stained with hematoxlin
and eosin (H &E; for aortic wall structure), Masson’s Trichrome (Trichrome; for collagen
staining) and Verhoff’s von Gieson (VG; for elastin) and visualized using Nikon Eclipse Ti
microscope.

Human tissue preparation
Aortic tissues from patients undergoing treatment for AAA (n = 6) and cadavers (n = 4)
were used following the IRB guidelines of the University of Michigan (HUM1999-0413).
Proteins were isolated from aortas using RIPA buffer (Thermo Scientific) containing 1%
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sodium dodecyl sulfate. Protein concentration was measured by BCA kit (Thermo
Scientific).

Densitometric analysis
Densitometric analyses of protein bands in the Western blots and zymograms were done
using Image J software from NIH. Relative band intensities were derived by using Image J
to calculate integrated optical density for each band, and then each band was normalized
with the integrated optical density of the corresponding actin band. Zymograms were
normalized by loading equal amounts of protein for in vivo studies or equal volume of
culture medium from equal number of cells for in vitro experiments.

Statistical analysis
Data are expressed as means ± SE. Means of 2 groups were compared using Student’s t-test;
p values < 0.05 were considered statistically significant.

RESULTS
Aortas of male elastase infused mice (ME) formed AAA and were, on average, 60% greater
in size than those of the control mice (MC) at day 14 (Fig. 1A). Hematoxylin and eosin
staining showed considerable breakdown of the aortic walls in the ME aortas (Fig. 1B-i) at
day 14. Further-more, in agreement with AAA phenotype, there was substantial disruption
of collagen (Fig. 1B-ii) and elastin fibers (Fig. 1B-iii) in the aortas of the ME mice; the
aortic wall was intact in MC mice. Hematoxylin and eosin staining at day 1 for elastase
perfused mice did not show any deterioration of the aortic wall (data not shown), suggesting
that the dose of elastase used did not by itself cause the disintegration of the aortic walls.

Activation of the ERK pathway and MMPs in the elastase treated aortas
Western analysis of proteins from the aortas on day 14 document a substantial increase
(153%) in phosphorylation of MEK-1/2, an important upstream regulator of ERK in ME
compared with MC mice (Fig. 1C-i, ii).28 Total pERK (pERK-1 + pERK-2) was
significantly (p = 0.004) elevated in ME compared with MC mice (Fig. 1C-i, iii) and was
almost 10-fold higher in ME compared with pERK-2 in ERK-E (elastase) mice (1,722% vs
172%). The pERK and total ERK (T-ERK) that was observed in Western blots for ERK-E
mice was for the ERK-2 isoform because these mice lack the ERK-1 isoform. The ratio
pERK/ T-ERK was greatly elevated (819%) in ME over MC mice (Fig. 1C-i, v). Western
blot data were corroborated by immunohistochemical analysis, in which we documented
increased pMEK-1/2 and pERK in ME compared with MC mice (Fig. 1D). Sections treated
with only the second antibody showed negligible background staining (Fig. 1D-iii).

We next used zymography to examine the levels of pro and active MMP2 and 9, the 2 most
critical enzymes in AAA formation.4,26,29 The activities of both MMP2 and 9 were
significantly upregulated in the aortas from the ME mice at day 14 compared with MC mice
(Fig. 2 i, ii), demonstrating that activation of MMPs is important for the formation of AAA,
as has been previously demonstrated in other studies.

ERK-1 −/− mice fail to form AAAs
Immunohistochemical and Western blot data suggested that activation of ERK was
important for AAA formation in wild type mice. Therefore, ERK-1−/− mice were elastase
perfused and their aortas were analyzed after 14 days. As seen in Figure 3A, ERK-1−/−ME
mice failed to form AAAs. Moreover, histologic analysis showed no disintegration of the
aortic wall collagen and elastin fibers in the elastase infused ERK-1−/−ME mice (Fig. 3B).
Zymography showed a significant decrease in proMMP9 and 2 activities in the aortas of the

Ghosh et al. Page 4

J Am Coll Surg. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ERK-1−/− ME mice compared with the wild-type ME (Fig. 3C-i, ii, iii). Importantly, there
was a significant decrease in MMP2 activity (p < 0.0001) in ERK-1−/− ME mice (Fig. 3C-i,
iv). Western blot data showed that although elastase perfused aortas from ERK 1−/− mice
(ERK-E) showed increased pMEK-1/2 and pERK over the heat-inactivated elastase perfused
control aortas from ERK-1−/− mice (ERK-C; 29% and 85%, respectively), the elastase
perfused aortas of the wild type mice had much greater amounts of pMEK-1/2 and pERK
than the same from ERK-1−/− mice (486% and 1,722%, respectively), (Fig. 1-C-i, ii, iii). We
also observed that both pro- and active MMP2 were lower in control wild type (MC) and
ERK-1 knockout (ERK-C) mice (Supplementary Figure 1, online only). These results
suggest that ERK-1 plays an important role in triggering the activation of MMPs during
AAA formation.

Inhibition of ERK-1 and -2 leads to decreased activation of MMP2 and 9: Mechanistic
approach in vitro

Because the ERK-1−/− mice failed to develop AAA, and previous studies have linked ERK
to matrix remodeling by MMPs, we sought to investigate the effects of elastase, the reagent
used for the rodent model of AAA, on MMPs under in vitro conditions. For this, we
modified our previously published model of rat smooth muscle cells and used mouse smooth
muscle cells because this investigation was performed in mice.24 In that study, we
documented that elastase treatment of rat smooth muscle cells induces the phosphorylation
of ERK in male cells. Furthermore, although the ERK proteins ERK-1 and ERK-2 are
ubiquitously expressed and are abundant in almost all tissues, very little is known about their
individual contribution to MMP regulation during AAA formation.24,30 Although ERK-1−/−

mice are viable, their ERK-2−/− counterparts die early in embryonic development.31 So,
there is no in vivo model to study the role of ERK-2 in complete isolation of ERK-1, as well
as that of the total knockout of the 2 ERK isoforms toward MMP regulation. Therefore,
siRNA was used to inhibit the expression of either ERK-1 or ERK-2 or both in mouse aortic
smooth muscle cells under in vitro conditions. The cells were then challenged with elastase
at a dose known to induce AAA formation in mice. For control experiments the cells were
treated with serumfree media without elastase, as reported in previous publications.24, 32-34

As seen in Fig. 4A, siRNA for ERK-1 and ERK-2 diminished the expression of the ERK
isoforms in these cells. In addition, suppression of both ERK-1 and ERK-2 by their
respective siRNAs led to a dramatic decrease in pro- and active MMP2 activity from these
cells compared with control cells treated with elastase under the same conditions (p < 0.01
for both; Fig. 4B–D). Matrix metalloproteinase 9 could not be detected at 24 hours from the
media of any of these cells after transfection with siRNA for both ERK-1 and -2.

Human AAAs have increased levels of pMEK-1/2 and pERK
Having established a critical role for the ERK pathway in the formation of AAAs in a rodent
model, we next analyzed aortic tissues from human AAA patients (n = 6) for the presence of
pMEK-1/2, pERK, and T-ERK. Western blot demonstrated that human AAA tissues had
significantly increased levels of pMEK-1/2, as well as its downstream pERK (Fig. 5; p =
0.014 and 0.013, and 150% and 159%, respectively) compared with control aortic tissue (n =
4). Ponceau staining was used for normalization of protein bands because actin and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used as loading controls for Western
blots were inconclusive (data not shown).

DISCUSSION
The pathophysiology of AAAs is accompanied by chronic inflammation in the wall of the
aorta associated with activation of the MMPs.6,35 Although many data have been published
to understand the role of MMPs in AAA formation, little is known about the upstream
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regulators of MMPs. Toward that end, the findings of this study demonstrate that ERK, an
upstream regulator of MMP2 and 9, is important for the induction of AAA in a mouse
model. We further demonstrate, through in vivo experiments, that deficiency of ERK-1 leads
to abolishment of AAA formation associated with decreased MMP2 and 9 activities. In vitro
experiments using siRNA-mediated inhibition of ERK isoforms resulted in decreased
release of pro- and active MMPs by mice aortic smooth muscle cells. Finally, in human
AAA samples, we document increased levels of pMEK and pERK compared with normal
controls.

During AAA formation, inflammatory stimuli activate macrophages, and intracellular
signaling pathways result in the release of proinflammatory molecules.36-38 One of the
major signaling pathways that mediate the release of proinflammatory molecules is the
MAPK cascade.22,39,40 There are 4 major MAPK pathways: ERK-1/2, JNK, p38 MAPK,
and the ERK5 cascades. 41,42 Activation of MAPK leads to the phosphorylation and
therefore, increased regulation of cellular processes like proliferation, differentiation,
response to stress, and apoptosis.43 Some of the MAPK pathways and their functions are
cell-type and cell-condition specific.14 Mitogen-activated protein kinases, like JNK, have
been shown to be necessary for aneurysm formation.44

The ERK pathway, the first MAPK cascade to be identified, is activated by agents such as
growth factors, hormones, and neurotransmitters.40,45 ERK-mediated cell signals are
necessary for cellular proliferation, differentiation, and survival, and its improper activation
is associated with diseases including cancer.42,43 The ERK isoforms, ERK-1 and ERK-2, are
44- and 42-kDa Ser/Thr kinases, respectively, and share 90% sequence homology in
mammals.46 Both ERK isoforms are ubiquitously expressed in almost all mammalian
tissues, with ERK-2 levels generally greater than ERK-1 levels. Knock-out studies in mice
suggest that either ERK isoform may at least partially compensate for the lack of the other
and that ERK-1 is important for thymocyte maturation, while ERK-2 is involved in
mesoderm differentiation and placental development.27,31,47 An interesting observation was
the fact that wild type ME mice had a downregulation of total ERK but had higher levels of
pERK and formed aneurysm (Fig. 1C-i). There have been studies that suggest that the ratio
of pERK/T-ERK would probably be more important than the absolute amounts of pERK and
T-ERK in determining the disease status. It was observed that chronic administration of
brain-derived neurotrophic factor into the dopaminergic neurons in the ventral tegmental
area in rats led to a decrease in total ERK levels without changing the ERK activity, which
suggested that more of the ERK molecules got converted to the phosphorylated-activated
form.48 In dogs, congestive heart failure increases MAPK activation that contributes to
arrhythmogenic atrial structural remodeling and increases in pERK were much higher than
those of total ERK, implying that increased pERK was the primary mechanism for atrial
ERK activation.49 Based on these studies, we think that the ratio of pERK/T-ERK is
probably more important in our elastase perfusion mice model to study AAA formation. So,
as seen in Figure 1C (v), the ratio of pERK/T-ERK for ME/MC was 819% and was the
highest compared with ERK-E/ERK-C (415%) and ME/ERK-E (296%). Moreover, the
pERK/T-ERK ratio was very close to approaching significance (p = 0.060) compared with
the other treatment groups, so we think that the absolute amounts of total ERK may not be
as important as the ratio of pERK/T-ERK in AAA formation. In one of our recent studies we
observed that p38 might play an important role in AAA formation and in this study the
downregulation of total ERK may be partially compensated by upregulation of p38, leading
to AAA formation.50

MEK is the immediate upstream regulator of ERK.51 Because our results demonstrated that
ERK is involved in AAA formation in the mouse model, we examined the activation status
of MEK and ERK in both the mouse model and samples obtained from human AAAs.
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Immunohistochemistry of elastase treated mice aorta and Western blot data from human
AAA tissue lysates confirmed increased levels of pMEK-1/2 in the AAA phenotype.
Although the increase in pMEK-1/2 in ME compared with MC was not statistically
significant (p = 0.270), it was still 153% more than in MC mice. Our data showed that the
standard error of pMEK-1/2 for ME mice was 1.53, so it contributed to the fact that there
was not a significant difference between ME and MC mice. However, we think that a 153%
increase in the level of pMEK-1/2 would have biologic significance because in cellular
signaling even the slightest change in the level of a molecule in a signaling cascade could
have a profound effect on other molecules. There was a statistically significant increase of
about 172% (p = 0.004) in pERK in ME vs MC mice. When compared with elastase
perfused aortas from ME and ERK-1 knockout mice aorta perfused with elastase mice,
pMEK-1/2 and pERK levels were greatly elevated in ME than ERK-E mice (486% and
1,722%, respectively). In human AAA aortas, Western blot data revealed that the increase in
pMEK-1/2 and pERK was significant when compared with control aortas (p = 0.014 and
0.013, respectively), and this was reflected in their levels being increased by about 150%
and 159%, respectively. These findings are consistent with our original hypothesis that
activation of the ERK pathway is crucial in the development of AAA not only in mice, but
also in humans.

Matrix-derived metalloproteinases are important for tissue remodeling and ERK plays a vital
function in modulating MMPs.52 In cultured smooth muscle cells, inhibition of ERK led to
the blockage of arterialization-induced activation of MMP2, MMP9, and MT1-MMP.52 In
cerebral ischemia, there is ERK-mediated elevated vascular expression of MMP9.53 ERK
also mediates tumor necrosis factor-α and interleukin-1β–induced MMP9 expression in
human vascular smooth muscle cells.54,55 ERK is reportedly involved in the angiotensin II-
induced model of AAA formation in apolipoprotein-E knockout mice.30 However, given the
inherent metabolic complexities of the apolipoprotein-E knockout mice, we sought a more
direct approach to study the functional importance of ERK in AAA formation by using an
ERK-1−/− mice. We observed that 14 days postelastase infusion, wild type mice had
degenerated aortic walls, along with broken down elastin and collagen fibers in their aortas.
These aortas were significantly larger, and immunohistochemistry and Western blot data
showed that they had increased MEK-1/2 and ERK phosphorylation compared with the mice
receiving heat inactivated elastase infusion. On the contrary, ERK-1−/− mice infused with
elastase had intact aortic walls and exhibited minimal enlargement of the aorta and much
lower levels of pERK and pMEK-1/2 compared with their wild type counterparts. Moreover,
the zymograms in Figure 3C and their densitometric analysis clearly show that ERK-1
knockout mice produced much less MMP2 and MMP9 in their aortas after elastase perfusion
than their wild type male counterparts (ME). Based on these in vivo observations, we think
that downregulation of MMP2 and MMP9 in ERK-1 knockout mice was critical in
ameliorating aneurysm formation and therefore, ERK-1 plays a central role in AAA
formation.

Given that ERK-1−/− mice failed to develop AAA phenotype, we hypothesized that this
could be due to decreased activation of the MMPs, which plays a vital role in tissue
remodeling. Indeed, zymography of the tissue lysate of the ERK-1−/− mice showed that
these tissues had reduced activity levels of MMP2 and 9, suggesting that lower levels of
MMP2 and 9 were important in conferring resistance in ERK-1−/− mice toward AAA
formation.

ERK is expressed ubiquitously in all tissues, so the ERK-1−/− mice model that we used to
investigate the role of ERK in AAA formation cannot differentiate the importance of ERK
in the mesenchymal cells of the aorta vs those in circulation (ie, bone marrow-derived cells).
Again, although ERK-1−/− mice are viable, ERK-2−/− mice are embryonically lethal.27,31
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Although we tried to associate the importance of ERK-1 in AAA formation via modulation
of MMP2 and 9, we precisely cannot define the role of ERK-2 using in vivo studies.
Therefore, we examined siRNA-mediated ERK-1 and ERK-2 inhibition experiments with
mouse aortic smooth cells under in vitro conditions to delineate the roles of the ERK
isoforms in the regulation of MMPs. We initially considered isolating aortic smooth muscle
cells from the ERK-1 knockout mice and then transfecting them with ERK-2 siRNA to
investigate the role of ERK-2 beside ERK-1 in the regulation of MMP2 and MMP9.
However, this proved technically too difficult. So instead, we bought commercially
available mouse aortic smooth muscle cells from ATCC and used them for our in vitro
siRNA transfection studies. For these in vitro studies we treated the cells with elastase to
study the importance of ERK in mouse aortic smooth muscle cells in the context of AAA
formation. In our earlier studies we showed that transient treatment of smooth muscle cells
with elastase leads to the production of monocyte chemotactic protein-1 (MCP-1) and
regulated upon activation, normal T cell expressed, and secreted (RANTES) and the same
result was seen in the aortic walls from the elastase perfused mouse model of AAA.56 The
production of MCP-1 and RANTES provides a link between leukocyte recruitment
degeneration of the aortic wall. In another similar in vivo and in vitro study with elastase,
we showed that aneurysm formation is accompanied by upregulation of membrane type–1
MMP2 in both AAA tissues as well as in smooth muscle cells.57 More recently, we showed
through in vitro studies that smooth muscle cells from aortas of male rats produced more
pERK and proMMP2 than those from female rats when treated with elastase under identical
conditions and could be a potential explanation for sex-related discrepancies in AAA
formation.24 Based on the preceding studies, we think it is justified to use elastase not only
in an in vivo mouse model of AAA but also in in vitro studies with smooth muscle cells to
elucidate the mechanisms of AAA formation.

In agreement with previous studies, our siRNA experiments showed that suppression of 1
ERK isoform results in overactivation of the other isoform.31 To rule out this compensatory
property of the ERK isoforms, we inhibited both isoforms simultaneously by cotransfecting
the cells with siRNA for the 2 isoforms. Zymography data showed that mouse aortic smooth
muscle cells double transfected with siRNAs for ERK-1 and ERK-2 secreted significantly
less pro- and active MMP2 and no MMP9 when incubated with elastase compared with the
control cells. The formation of proMMP2 by cells transfected with siRNA for ERK-1 was
almost similar to the control cells when treated with elastase and this could arise from the
fact that ERK-2 is less involved in proMMP2 maturation in smooth muscle cells. On the
other hand, inhibition of ERK-2 significantly (Fig. 4) increased the production of proMMP2
from those cells when treated with elastase compared with the control cells, which could be
due to the fact that ERK-1 is more important than ERK-2 for the formation of proMMP2.

One limitation in this study is in using nonpurified elastase in our in vitro and in vivo
studies, there could be a multitude of factors that could be responsible for AAA formation,
therefore reinstating the complex nature of this disease. Several cytokines, interferons,
immunomodulators, immune cells, signaling molecules, transcription factors, etc, have been
studied, but no consensus has been achieved so far as to the single cause of AAA other than
the fact that smokers and male patients are more likely to suffer from this disease. Moreover,
there are several different animal models of AAA.

CONCLUSIONS
In this study, the elastase perfusion AAA model was used to demonstrate that ERK can
modulate MMP2 and 9 and is essential for the induction of AAA. These findings suggest
that inhibitors of the ERK pathway may be used to slow AAA growth.15,58
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations and Acronyms

AAA abdominal aortic aneurysm

ERK extracellular signal-related kinase

MAPK mitogen-activated protein kinase

MC control mice

MCP-1 monocyte chemotactic protein-1

ME male elastase infused mice

MEK mitogen-activated protein kinase kinase

MMP matrix-degrading metalloproteinases

pMEK phospho-mitogen-activated protein kinase kinase

RANTES regulated upon activation, normal T cell expressed, and secreted
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Figure 1.
(A) Abdominal aortic aneurysm phenotype. Increase in aortic diameter in ME vs MC mice,
p < 0.001 at day 14. Black line, ME mice; gray line, MC mice. (B) (i-iii) Histology of ME
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and MC mice. Arrows indicate aortic wall structure (hematoxylin and eosin), collagen
(Trichrome), and elastin staining (Verhoff’s van Gieson, VG), magnification ×400. (C) (i-v)
Western blot and densitometric analysis showing phosphorylation of MEK-1/2 (pMEK-1/2),
and ERK (pERK) (ii, iii) and total ERK (T-ERK) (iv) in ME, MC, ERK-1−/− aorta perfused
with elastase (ERK-E) and ERK-1−/− aorta perfused with heat-inactivated elastase (ERK-C)
mice. The p values and percent change are given below the respective graphs. Each lane is a
pool of 3 mice. Lane 3 was omitted for statistical calculations because it did not show any
band. Densitometric analysis of the Western blot, p values, and percent change are tabulated
below each graph. (D) (i-iii) Immunohistochemistry showing increased pMEK-1/2 and
pERK in ME vs MC mice at day 14, magnification ×400. ERK, extracellular signal-related
kinase; MC, male control mice; ME, male elastase infused mice; MEK, mitogen-activated
protein kinase kinase.
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Figure 2.
Zymogram and densitometric analysis showing increased Matrix metalloproteinase (MMP)
(i) MMP2 and (ii) MMP9 activity levels in elastase infused (ME) compared with control
(MC) mice, *p < 0.05. Gray bar, MC mice; black bar, ME mice.
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Figure 3.
(A) Percent aortic diameter increase showing that ERK-1−/− mice treated with elastase
(ERK-1−/−ME) do not form abdominal aortic aneurysms compared to ME mice, *p <
0.0001. Black bar, ME mice; gray bar, ERK-1−/− ME. (B) (i-iii), Histology of ERK-1−/−

mice treated with elastase (ERK-1−/−ME) or heat inactivated elastase (ERK-1−/−MC) at day
14. Arrows indicate aortic wall structure (hematoxylin and eosin), collagen (Trichrome), and
elastin staining (Verhoff’s van Gieson, VG)), magnification ×400. (C) Zymography (i) and
densitometric analysis (ii-iv) showing elastase treated ERK-1−/−ME had decreased
proMMP9, proMMP2 and active MMP2 activity compared with ME mice, *p = 0.037, **p
< 0.005 and ***p < 0.0001, respectively. ERK, extracellular signal-related kinase; MC,
control mice; ME, elastase infused mice; MMP, matrix metalloproteinase.
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Figure 4.
(A) Western blot showing inhibition of ERK isoform expression in ERK siRNA transfected
mouse smooth muscle cells (SMCs). Mouse SMCs were transfected with siRNA for either
ERK-1, ERK-2, a combination of ERK-1 and 2 or control siRNA (Cont-siRNA) and the
transfection efficiency was checked by Western blotting with total ERK antibody. Actin
probing was used to check for equal loading of proteins in lanes. (B) Zymogram and its
densitometric analysis (C, D) for cell culture media from mouse SMCs transfected with
control siRNA (Cont siRNA) or siRNAs for ERK-1, ERK-2 or ERK-1 and ERK-2
combination and then treated with elastase for 24 h. For proMMP2 of (C) and for active
MMP2 of (D), *p < 0.01 compared with cont-si+E. E, elastase; ERK, extracellular signal-
related kinase; MMP, matrix metalloproteinase.
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Figure 5.
(A) Western blot showing levels for pMEK-1/2, pERK, and T-ERK in human AAA samples
compared with control tissues. Ponceau staining was used for normalization of bands with
respect to proteins. B. (i-iv) Densitometric analysis of the Western blot in (A), p values and
percent change are tabulated below each graph. AAA, abdominal aortic aneurysm; ERK,
extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase kinase.
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