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Abstract

Vascular inflammation plays a critical role in the pathogenesis of cerebral aneurysms. PPARy
protects against vascular inflammation and atherosclerosis, whereas dominant-negative mutations
in PPARy promote atherosclerosis and vascular dysfunction. We tested the role of PPARYy in
aneurysm formation and rupture. Aneurysms were induced with a combination of systemic
infusion of angiotensin-11 and local injection of elastase, in: 1) mice that received the PPARYy
antagonist GW9662 or the PPARY agonist pioglitazone, 2) mice carrying dominant-negative
PPARy mutations in endothelial or smooth muscle cells, and 3) mice that received the Cullin
inhibitor MLN4924. Incidence of aneurysm formation, rupture, and mortality were quantified.
Cerebral arteries were analyzed for expression of Cullin3, Keapl, Nrf2, NQO-1 and inflammatory
marker mRNAS. Neither pioglitazone nor GW9662 altered the incidence of aneurysm formation.
GW9662 significantly increased the incidence of aneurysm rupture, whereas pioglitazone tended
to decrease the incidence of rupture. Dominant-negative endothelial-specific PPARy did not alter
the incidence of aneurysm formation or rupture. In contrast, dominant-negative smooth muscle-
specific PPARYy resulted in an increase in aneurysm formation (p<0.05) and rupture (P=0.05).
Dominant-negative smooth muscle-specific PPARY, but not dominant-negative endothelial-
specific PPARYy, resulted in significant decreases in expression of genes encoding Cullin3, Keapl,
and Nrf2, along with significant increases in TNF-a, MCP-1, Cxcl1, CD68, MMP-3, -9, and -13.
MLN4924 did not alter incidence of aneurysm formation, but increased the incidence of rupture
(p<0.05). In summary, endogenous PPARY, specifically smooth muscle PPARY, plays an
important role in protecting from formation and rupture of experimental cerebral aneurysms in
mice.
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Introduction

Methods

Subarachnoid hemorrhage (SAH) from intracranial aneurysm rupture results in significant
morbidity and mortality.1:2 Microsurgical or endovascular interventions are among the
therapeutic options for intracranial aneurysms, but may also result in severe complications.
As such, observation without surgical intervention is a reasonable option for patients with
cerebral aneurysms that are associated with a low risk of rupture or a high risk of treatment-
induced morbidity. A significant number of these patients will still require intervention for
aneurysm progression or hemorrhage.23 Currently, there are no medical therapies to
stabilize aneurysm progression or rupture. Developing such therapies could be a beneficial
treatment option for a large number of these patients.

Local vascular inflammation is thought to be a critical element of intracranial aneurysm
formation and rupture.? The ligand-activated nuclear hormone receptor PPARY protects
against vascular inflammation and atherosclerosis.*-8 Both endothelial and smooth muscle
PPARY have been shown to play important roles in the cerebral vasculature.>”-8 The effect
of pharmacological or genetic manipulation of PPARy on intracranial aneurysm formation
and rupture in mice has not previously been assessed. Although PPARY is expressed in key
cells involved in aneurysm pathogenesis [endothelial cells, smooth muscle cells (SMC), and
macrophages], the cell-specific contributions of PPARY in cerebral aneurysm formation and
rupture remain unclear. The hypotheses of this study are that in mice: 1) endogenous PPARYy
plays a critical role in the formation and rupture of cerebral aneurysms, and 2) that
endothelial or SMC expression of dominant negative mutations in PPARYy increases cerebral
aneurysm formation and rupture.

Genotyping, pharmacological protocols, measurement of blood pressure, and gene
expression analysis are provided in the expanded methods section available in the online-
only data supplement.

Transgenic mouse models

Generation and characterization of transgenic mice expressing dominant negative PPARYy
specifically in endothelium (E-V290M) or SMC (S-P467L) was described previously.4>
Care of the mice used in the experiments met the standards set forth by the National
Institutes of Health (NIH) guidelines for the care and use of experimental animals. All
procedures were approved by the University of lowa Institutional Animal Care and Use
Committee.
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Intracranial aneurysm induction

Cerebral aneurysms were induced using previously published methods as described in
detail.>12 In brief, mice were anesthetized with ketamine (87.5 mg/kg) /xylazine (12.5
mg/kg) and a longitudinal incision was made in the scalp. A 1 mm hole was drilled in the
skull and a stereotactic injection of elastase (20 mU in 2.5 pl) was performed using the
following coordinates: 2.7 mm posterior to the bregma, 1 mm to the right of the midline,
depth of 6.3 mm from the skull. In the pioglitazone group and its control, we used elastase at
a higher concentration of 35 mU in 2.5 pl. This approach was used because we anticipated
that pioglitazone would exert protective effects in the model. Immediately after injection of
elastase, an osmotic mini-pump that delivered a pressor dose of Ang-11 (1000 ng/kg/min) for
three weeks was implanted subcutaneously.

Tissue collection and aneurysm analysis

Immediately after euthanasia, the chest and abdomen of each mouse was exposed and
examined for major bleeding or aneurysms of the aorta. Mice that were found to have aortic
aneurysms were not included in the analysis for survival or incidence of cerebral aneurysms
and SAH (see Supplemental Table S1). Mice were perfused transcardially at physiological
pressures with 10-15 ml of ice-cold physiologic saline solution containing papaverine (100
UM) to produce systemic vasodilation, followed by infusion of 2 mg/ml of bromophenol
blue dye and 8% in gelatin saline to facilitate visualization of arteries and small vessels. The
brain was then dissected and inspected for the presence of intracranial aneurysms and/or
subarachnoid hemorrhages.

Aneurysms were defined as a localized out pouch arising from any cerebral arteries whose
diameter was = 1.5 times the parent artery diameter by two independent observers blinded to
the animal cohort (Figure S1 A-D).10-12 Animal cohorts were not revealed until all
experimental groups had been sacrificed. A survival curve was made according to the time
of euthanasia or death. Due to the very small size of the aneurysms formed during these
experiments and the small number of mice available to perform dissections (mice that
survived), we were unable to dissect aneurysms and perform immunostaining.

Statistical analysis

Results

Analysis was performed using Sigma Plot 12.5 (Systat Software, Inc.) and Prism 6
(Graphpad, La Jolla, CA). Categorical data (incidence of aneurysms and subarachnoid
hemorrhage) was compared with two-tailed Fisher’s exact test. Kaplan Meier survival
analysis was carried out with comparison between cohorts with the log rank (Mantel-Cox)
test. Blood pressure and gene expression data were analyzed with one-way ANOVA
followed by Tukey post-hoc test. A P-value less than 0.05 was considered significant.

Role of PPARYy activation and inhibition

To test whether PPARY activation by thiazolidinedione treatment (in this case pioglitazone)
would decrease the incidence of cerebral aneurysm formation and/or rupture, and to test
whether global inhibition of endogenous PPARYy using GW9662 would increase cerebral
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aneurysm formation and/or rupture, cerebral aneurysms were induced in C57BL/6 mice
(pioglitazone: 15 experimental vs. 13 control mice; GW9662: 8 experimental mice vs. 12
control mice). By the end of the treatment, Ang-11 increased blood pressure in all groups.
There was a trend for pioglitazone treatment to reduce arterial pressure when compared to
controls, particularly 2 weeks after elastase injection. This effect was sustained until 21
days. In the control group, the increase in blood pressure was significant at weeks 1-3 when
compared to baseline. In the pioglitazone group, there was an increase in blood pressure but
this change was not significant at weeks 1 and 2 when compared to baseline. At week three
of Ang-Il infusion, the increase in blood pressure was significant when compared to
baseline.(Figure 1A). The incidence of cerebral aneurysm formation was similar in both the
pioglitazone group and its control (p=0.7, Figure 1B). However, there was a trend for
decreased SAH in the pioglitazone group (p=0.15, Figure 1C). No significant difference was
noted in Kaplan Meier analysis when comparing pioglitazone to its control (p=0.09, Figure
1D).

The incidence of cerebral aneurysm formation was not significantly different in mice that
received GW9662 when compared to controls (Figure 2A). However, the incidence of SAH
was significantly increased in the GW9662 group (Figure 2B). Kaplan Meier analysis
demonstrated a significant increase in aneurysm rupture in the GW9662 cohort (Figure 2C).

Specific Role of Endothelial and Smooth Muscle PPARy

Seeing that inhibition of PPARY increased the incidence of SAH and mortality caused by
CA, we next asked if this was the result of inhibition of PPARYy in endothelium or smooth
muscle. To test the role of endothelium-specific PPARy in formation of cerebral aneurysms,
aneurysms were induced in 13 E-V290M transgenic mice specifically expressing a dominant
negative PPARY in the endothelium and an equal number of non-transgenic littermates. Both
E-V290M transgenic mice and non-transgenic controls had significant and sustained
increases in SBP seven days after elastase injection and mini-pump implantation (Figure
3A). There were no significant differences between groups at any time point.

Cerebral aneurysm formation was not significantly different in E-V290M mice versus their
non-transgenic controls (Figure 3B). Similarly, there was no significant difference in
incidence of subarachnoid hemorrhage or survival in either cohort (Figure 3C-D). Kaplan
Meier analysis demonstrated no significant difference in the timing of aneurysm rupture
between cohorts (Figure 3D).

To test the role of smooth muscle cell PPARYy in formation of cerebral aneurysms, cerebral
aneurysms were induced in 16 S-P467L transgenic mice expressing dominant negative
PPARYy specifically in SMC, and 10 of their non-transgenic littermate controls. S-P467L
transgenic mice and littermate controls had significant increases in systolic blood pressure
seven days after elastase injection that were sustained until 21 days, but were not
significantly different between cohorts at any time after injection (Figure 4A).

The incidence of cerebral aneurysm formation (p=0.046) and SAH (p=0.05) were
significantly greater in S-P467L mice compared to their non-transgenic controls (Figure 4
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B-C). Kaplan Meier analysis demonstrated a significant decrease in survival due to increase
in aneurysm rupture in the S-P467L cohort (Figure 4D).

Effect of PPARy on Expression of Cullin-3, Keap1, Nfr2, and NQO1

Dominant negative mutations in PPARy promote atherosclerosis and vascular dysfunction
through distinct effects in endothelium and vascular smooth muscle.#- Given the increase in
incidence, SAH, and mortality in the S-P467L group, we explored additional mechanisms
that might be involved. In vascular smooth muscle, PPARYy regulates the activity of RhoA/
Rho-kinase through its effects on the Cullin-3 pathway.4-® Therefore, we tested the effect of
inhibiting Cullin activity using MLN4924 on the incidence of formation and/or rupture of
cerebral aneurysms. For this subgroup, cerebral aneurysms were induced in 9 MLN4924-
treated and 12 control C57BL/6 mice. Whereas, the incidence of cerebral aneurysm
formation was not significantly affected (Figure 2D), the incidence of SAH was significantly
greater in mice that received MLN4924 when compared to controls (Figure 2E). This data
was similar to the effect of PPARYy inhibition (Figure 2 A-C). Kaplan Meier analysis
demonstrated a significant increase in aneurysm rupture in MLN4924 cohort (Figure 2F).

We also examined the effect of PPARY interference in endothelial or smooth muscle cells on
the expression of genes encoding Cullin-3, Kelch-Like ECH-associated protein 1(Keapl),
Nuclear factor [erythroid-derived 2]-like 2 (Nrf2), and NAD(P)H dehydrogenase [quinone]l
(NQOQ1) in cerebral arteries. Following the aneurysm induction surgery, E-V290M mice
showed no significant difference in expression of these mRNAs when compared to non-
transgenic littermates (Figure 5 A-D). In contrast, there was a significant decrease in
expression of Cullin-3, Keapl, and Nrf2 in cerebral arteries from S-P467L mice (Figure 5 E-
G). There was no change in expression of NQO1 (Figure 5 H).

Effect of PPARy on Expression of Inflammatory Mediators

Because alterations in inflammatory mediators are associated with formation and rupture of
cerebral aneurysms, we assessed the role of PPARY in upregulation of specific inflammatory
mediators during cerebral aneurysm formation and rupture.2 Following the aneurysm
induction, E-V290M mice showed no significant difference in expression of multiple
inflammatory mediators (CD68, Cxcl1, MCP-1, TNF-a, MMP-3, MMP-13 and MMP-9)
when compared to non-transgenic littermates (Figure 2S). In contrast, there was a significant
increase in the expression of genes encoding mediators of inflammation, including the
chemokines MCP-1 and Cxcl1, a cytokine (TNF-a), matrix remodeling enzymes (MMP-3,
-9, -13), and an inflammatory cell marker (CD68) in S-P467L mice (Figure 6).

Discussion

The major findings of this study are that 1) PPARY activation by pioglitazone did not alter
the incidence of aneurysm formation but had a tendency to decrease aneurysm rupture; 2)
inhibition of endogenous PPARY using the PPARy antagonist GW9662 increased the
incidence of aneurysm rupture and SAH; 3) endothelial-specific interference with PPARy
does not alter the incidence of aneurysm formation or rupture, whereas interference with
PPARYy function specifically in SMC increases both cerebral aneurysm formation and
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rupture; 4) the effect seen following interference of PPARy in SMC may have a Cullin E3
ring-ligase component as Cullin-inhibition increased risk of aneurysm rupture and SAH; and
5) there was a significant decrease in expression of Cullin-3, Keapl, and Nrf2 mRNAs, and
significant increases in expression of genes encoding inflammatory mediators (TNF-a,
CD68, MCP-1, Cxcl1, MMP-3, -9, and -13) in response to SMC-specific PPARy
interference. Thus, this study defines an important role for PPARYy, and more specifically
PPARYy in vascular smooth muscle, in protecting from formation and rupture of
experimental cerebral aneurysms in mice.

When activated by endogenous or pharmacological ligands, the nuclear hormone receptor
PPARYy protects against elements of metabolic syndrome, hypertension, obesity, diabetes,
and abdominal aortic aneurysms.#13-18 One mechanism by which PPARy and its ligands
exert these protective effects is by decreasing vascular inflammation and
atherosclerosis.1920 Although atherosclerosis is likely a key aspect of cerebral aneurysm
pathophysiology, our murine model does not reflect this process in aneurysm formation or
rupture.2 The current approach does model the effects of hypertension and inflammation.
With that in mind, the role of PPARY activation in cerebral aneurysm formation and rupture
in mice has not been investigated previously to our knowledge. In addition, although PPARYy
is expressed in a wide variety of cells, cell-specific contributions of PPARy in SMC and
endothelium in the formation and rupture of cerebral aneurysms were not known prior to the
current study.

Extrapolating from the literature on abdominal aortic aneurysm (AAA), where treatment
with PPARYy ligands (pioglitazone and rosiglitazone) reduce the incidence of AAAs and
rupture using a murine model,17 and deletion of SMC PPARY promoted AAA,14 we tested
the hypothesis that PPARy plays a critical role in formation and rupture of cerebral
aneurysms in mice. These findings and others provided rationale for a role of altered SMC
function within cerebral aneurysms leading to local inflammation, infiltration of
macrophages, and matrix remodeling, contributing to SMC apoptosis, thinning of the
vascular wall, and aneurysm rupture. In our study, treatment with pioglitazone did not affect
the incidence of aneurysm formation but tended to decrease the risk of aneurysm rupture.
This result could be potentially explained by the reduction in blood pressure produced by
pioglitazone when compared to controls. In this murine model of cerebral aneurysm,
elastase injection in the basal cistern leads to fragmentation of the internal elastic membrane
and formation of cerebral aneurysms. Based on previous studies using the same model,
increases in arterial pressure will increase the risk of aneurysm rupture and SAH.%12 It is
notable that inhibition of PPARY either globally (with GW9662) or cell-specifically did not
further augment the increased blood pressure induced by Ang-Il, suggesting the increase
incidence of aneurysms or aneurysm rupture was not due to a worsening of hypertension in
the model.

In SMC-specific PPARy dominant negative (S-P467L) mice, expression of Cullin-3, Keapl,
and Nrf2 was significantly decreased, an effect not observed in endothelial-specific PPARy
dominant negative (E-V290M) mice. This observation is novel and suggests that PPARYy
may play a role in the regulation of expression of these molecules in SMCs, but perhaps not
endothelial cells. Of course, we cannot rule out the possibility that the decrease in
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expression of these genes is due to direct effects of Ang-II, or the resultant hypertension, and
not the consequences of dominant negative PPARYy. Because Cullin-3, Keap1, and Nrf2
regulate many inflammatory cytokines and oxidative stress related molecules,?! we then
tested for changes in expression of several inflammatory mediators (TNF-a, CD68, MCP-1,
Cxcl1, and MMP-3, -9 and -13) which were significantly increased in SMC-specific PPARy
dominant negative mice, but not in endothelial-specific PPARy dominant negative mice. In a
separate study, we showed that Rho-kinase activity was increased in mice expressing
dominant negative PPARy in SMC.22 The increase in Rho kinase activity was due to the loss
of a specific PPARY target gene, RhoBTB1, proposed to be a component of the Cullin-3
RING E3 ubiquitin ligase (CRL3) complex. We proposed a mechanism by which
interference with PPARY in vascular SMC led to decreased expression of RhoBTB1,
subsequent loss of Cullin-3 CRL3 activity leading to increased levels of the Cullin-3
substrate RhoA, which could be activated in response to contractile agonists. Thus, one
could hypothesize that in our model, increased RhoA could increase the risk of cerebral
aneurysm formation and rupture. In this regard, it is interesting that fasudil (a Rho-kinase
inhibitor) attenuates induction and progression of experimental cerebral aneurysms.23 These
findings suggest that interference with PPARYy in smooth muscle cells leads to aneurysm
formation and rupture by 1) decreasing Cullin-3 which in turn leads to increased Rho kinase
activity and 2) decreased Keapl and Nrf2 through an unclear mechanism (Figure 3S). The
finding of decreased expression of Cullin-3, Keapl and Nrf2 in the aneurysm could be
viewed as counterintuitive as it might be expected that decreased Cullin-3 activity would
lead to accumulation of Nrf2. Under conditions of oxidative stress, Nrf2 is stabilized by
inhibition of Keapl-dependent CRL3 complex. This normal regulatory impairment of the
CRL3 complex results from oxidant-dependent modification of multiple cysteine residues in
Keapl, which can prevent Keapl interaction with Cul3 or disrupt the interaction between
Keapl and Nrf2.2224 A potential limitation of this study is that we examined expression of
Cullin-3, Keapl and Nrf2 mRNA, and neither protein nor CRL3 activity. However, that
inhibiting all members of the Cullin family with MLN4924 increased the incidence of
aneurysm rupture and SAH, combined with decreased expression of Cullin-3 in the aorta of
S-P467L mice and in the aneurysm is consistent with an effect mediated by inhibition of
Cullin-3.22 Inhibition of PPARYy and the lack of Nrf2 activation may both independently lead
to increased inflammatory markers and oxidative stress.21:23

Several lines of evidence suggest that increased oxidative stress may contribute to the
pathogenesis of aneurysms in both humans and some experimental models.22-27 In relation
to other vascular disease endpoints, previous studies of E-V290M and S-P467L mice
suggest that genetic interference with PPARYy in endothelium promotes oxidative stress,
while the same intervention in vascular muscle produced vascular abnormalities that are
independent of oxidative stress.>8 Thus, while is it possible that oxidative stress was present
in the vasculature in the current experiments, E-V290M mice did not exhibit increased
aneurysm formation or rupture. In contrast, formation and rupture of aneurysms was altered
in S-P467L mice, a model in which previous studies implicated non-oxidant-dependent
mechanisms, at least in relation to other vascular endpoints. Collectively, these findings
make it difficult predict whether there is a causal relationship between PPARYy and oxidative
stress in the current models of cerebral aneurysm formation and progression.
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Recent studies in cultured SMC’s, in vivo models of cerebral aneurysm formation, and
human cerebral aneurysms have demonstrated that TNF-a can induce alterations in SMC
function, which may contribute to cerebral aneurysm pathophysiology through epigenetic
alterations in inflammatory genes.28-30 Genetic or pharmacological inhibition of TNF-a has
been found to decrease the incidence of experimental cerebral aneurysm formation,
progression, and rupture.®:18:29.30 Through activation of chemoattractants (MCP-1 and
Cxcll), there is further influx of CD68 lineage macrophages which also secrete TNF-q.21:28
Specifically, MCP-1 is increased in aneurysm walls and MCP-1 knockout mice have
decreased expression of MMPs, and a lower incidence of aneurysm formation.1® TNF-a
activates inflammatory SMC and macrophages to release additional matrix remodeling
genes and enzymes including MMP-3, -9 & -13. MMPs degrade vascular extracellular
matrix and are upregulated in human cerebral aneurysms.31:32 Inhibition of MMPs also
decreases the incidence of aneurysm formation and progression in animals.11:12 Although
there are likely multiple mediators of formation and rupture of cerebral aneurysms, altered
SMC-specific PPARY represents a potential pathway to protect against local vascular injury,
inflammation, and apoptosis within aneurysms. These findings present a potential
mechanistic pathway by which altered SMC-specific PPARYy increases the risk of formation
and rupture of cerebral aneurysms in mice (Figure 3S).

Limitations

The model of intra-cranial aneurysm formation used in these experiments (including the use
of hypertension and elastase) has both merits and limitations when compared to other
models: A) side-wall aneurysms with elastase injection,33 and B) ligation of left common
carotid arteries and posterior branches of bilateral renal arteries with high salt diet.34 The
elastase model facilitates aneurysm formation and rupture over a relatively short-time
interval with the formation of large aneurysms that can be detected and isolated. One
possible limitation of this approach is that elastase chemically alters and fragments the
internal elastic membrane and thus may induce inflammation, which may alter the natural
course of aneurysm formation. Therefore, the rapidity of aneurysm formation and the use of
exogenous elastase to induce aneurysms may activate different mechanisms than those
underlying the natural progression of aneurysm formation in humans.3> However,
histological analysis suggests that the cellular processes are similar in humans and the
current mouse model in terms of inflammatory cell infiltration, fragmentation of internal
elastic membrane, and morphological changes in the endothelium and smooth muscle
cells.®12.33 Thus, the results of this study employing an experimental model of CAs along
with the use of selectively targeted cell-specific interference with PPARy may not apply
directly to humans, particularly with respect to potential use of these pharmaceutical agents
to modify and halt the progression of human cerebral aneurysm to rupture.

Perspectives

We demonstrated that neither pioglitazone nor GW9662 altered the incidence of aneurysm
formation. However, GW9662 increased the incidence of aneurysm rupture and pioglitazone
had a strong tendency in decreasing this incidence. Dominant negative endothelial-specific
PPARYy did not alter the incidence of aneurysm formation or rupture. In contrast, dominant
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negative SMC-specific PPARYy resulted in a significant increase in cerebral aneurysm
formation and rupture. Dominant negative SMC-specific PPARY, but not dominant negative
endothelial-specific PPARYy, resulted in a significant decrease in expression of genes
encoding Cullin3, Keapl, and Nrf2, and significant increase in TNF-a, MCP-1, Cxcl1,
CD68, MMP-3, -9, & -13. MLN4924 did not alter the incidence of aneurysm formation, but
did increase the incidence of aneurysm rupture.

Conclusion

This study supports the concept that endogenous PPARYy, specifically smooth muscle
PPARY, plays an important role in protecting from formation and rupture of experimental
cerebral aneurysms. There appears to be fundamental differences in the importance of
endothelial versus smooth muscle PPARYy in mediating this process, possibly via effects of
Cullin-3 and inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of PPARy Activation
A) Mice treated with pioglitazone and their controls had significant increases in systolic

blood pressure. In the control group, the increase in blood pressure was significant at week
1, 2 and 3 when compared to baseline. In the pioglitazone group, there was an increase in
blood pressure that was not significant when at week 1 and 2 when compared to baseline.
However, at week 3, the increase in blood pressure was significant when compared to
baseline. B) The incidence of aneurysm formation in both C57BL/6 control group and
pioglitazone group was not significantly different. C) The incidence of aneurysm rupture
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and SAH in C57BL/6 control group and pioglitazone group. Pioglitazone had a tendency to
decrease the incidence of aneurysm rupture, but this was not statistically significant. D)
Kaplan Meier analysis of the survival in the pioglitazone group and its control. No
significant difference was noted in Kaplan Meier analysis when comparing pioglitazone to
its control (Log rank p=0.09). Pioglitazone, n=13; Control, n=15 for A-D. (* is P value
<0.05).
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Figure 2. Effect of PPARy and Cullin Inhibition
A) The incidence of aneurysms in both GW9662 group and its control group was not

statistically different. B) The incidence of aneurysm rupture and SAH was significantly
higher in GW9662 group when compared to control. C) Kaplan Meier analysis of the
survival demonstrates significant difference in survival between the GW9662 group and its
control (Log rank < 0.05). GW9662, n=8; Control, n=12 for A-C. (* is P value <0.05). D)
The incidence of aneurysms in both MLN4924 group and its control group was not
statistically significant. E) The incidence of aneurysm rupture and SAH was significantly
higher in the MLN4924 group when compared to its control. F) Kaplan Meier analysis of
the survival demonstrates a significant difference in survival between the MLN4924 group
and its control (Log rank p< 0.05). MLN4924, n=9; Control, n=12 for A-C. (* is P value
<0.05).
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Figure 3. Role of Endothelial PPARYy in E-V290M Mice
A) E-V290M mice and their non-transgenic littermates had a significant increase in systolic

blood pressure seven days after elastase injection that was sustained until 21 days, but was
not significantly different between cohorts at any time point. The incidence of aneurysms
(B) or subarachnoid hemorrhage (C) was not significantly different in E-VV290M mice
versus their non-transgenic littermates. D) Kaplan Meier analysis demonstrated no
significant difference in survival between cohorts. E-V290M, n=13; NT, n=13 for A-D. (* is
P value <0.05)
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Figure 4. Role of Smooth Muscle PPARYy in S-P467L Mice
A) S-P467L mice and their non-transgenic littermates had a significant increase in systolic

blood pressure seven days after elastase injection that was sustained until 21 days, but was
not significantly different between cohorts at any time point after injection. The incidence of
aneurysms (B) was significantly increased (p<0.05), and subarachnoid hemorrhage (C)
showed a strong trend toward increase (p=0.05) in S-P467L mice versus their non-transgenic
littermates. D) Kaplan Meier analysis demonstrated a significant decrease in survival in the
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S-P467L cohort (Log rank p<0.05). S-P467L, n=16; NT, n=10 for A-D. (* is P value <0.05;
** is P=0.051).
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Figure5. Expression of Cullin Pathway Genes
Gene expression in cerebral arteries in E-V290M (A-D), S-P467L (E-H) versus their non-

transgenic littermates. Cullin3, Keapl, Nrf2 were statistically lower in S-P467L (P <0.05)
but not E-V290M. E-V290M n=5, NT n=5; S-P467L n=15, NT n=9.
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Figure 6. Expression of Inflammatory Genes
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Gene expression in cerebral arteries in S-P467L versus their non-transgenic littermates.
Cxcll, MCP-1, TNFa, MMP3, MMP9, MMP13, and CD68 were statistically higher in S-

P467L (P <0.05). S-P467L, n=15; NT, n=9.
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