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Abstract

Pharmacological treatments for preventing abdominal aortic aneurysm (AAA) rupture or
slowing aneurysm progression remain a challenge. It is increasingly recognized that
sympathetic activity might play a role in the pathogenesis of AAA; however, the impact of
this pathway remains unclear. Here, we show that the expression of tyrosine hydroxylase
[TH], dopamine B-hydroxylase [DBH] and the norepinephrine transporter SLC6A2 is
upregulated in abdominal aorta samples from AAA patients and in the aneurysmal aorta from
two animal models susceptible to angiotensin I (Angll)-induced AAA: the apolipoprotein E-
deficient (ApoE™) model and a transgenic mouse that over-expresses the human nuclear
receptor NOR-1 (Neuron-derived orphan receptor-1) in the vascular wall (TgNOR-1"3M%),
TH localises to sympathetic nerves innervating the local vasculature, but also to
inflammatory cells, and scattered VSMC in human and mouse AAA. Interestingly, the
preventive effect of doxycycline on AAA formation in Angll-treated TgNOR-1V*M¢ mice
was associated to the normalisation of vascular Th expression. Moreover, the TH specific
inhibitor a-methyl-p-tyrosine protected against Angll-induced AAA formation, limiting the
progressive increase in aortic diameter without affecting blood pressure. The drug normalised
MMP2 expression and MMP activity, preserving elastin integrity, attenuated the Angll-
mediated rise in vascular oxidative stress and inflammatory markers and reduced the
inflammatory infiltrate. Finally, NOR-1, whose expression correlated with that of TH in
human AAA, was able to drive human TH transcriptional activity in transient transfection
assays. Therefore, the upregulation of the TH pathway could be critical in the
pathophysiology of AAA, supporting the potential of pharmacological strategies targeting TH
for AAA management.
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Introduction

Abdominal aortic aneurysm (AAA) is a common and life-threatening disorder affecting
approximately 4% to 8% of men over 65 years of age.® It is characterized by a focal and
permanent dilation of the abdominal aorta, whose diameter progressively grows increasing
the risk of aortic rupture, a devastating condition responsible for more than 16,000 deaths
each year in the United States alone.” In this disease, the arterial wall suffers a chronic
inflammatory stage with upregulation of proteinases, that degrade structural matrix proteins,
and loss of vascular smooth muscle cells (VSMC), which leads to a destructive remodelling
of the arterial wall. Despite the high prevalence of AAA, surgical repair of those more severe
is currently the only effective way to treat the disease. Nowadays, pharmacological
treatments for preventing aortic rupture or slowing aneurysm progression remains a
challenge.® Therefore, it is mandatory to identify novel therapeutic strategies for the medical
management of this disease.

The sympathetic nervous system is key in cardiovascular homeostasis. Alterations in
sympathetic function impacts on cardiovascular diseases such as hypertension, heart failure
and myocardial infarction;* however, little is known about its role on AAA. In the last years,
it is increasingly recognized that sympathetic activity might actively contribute to aneurysm
progression and rupture. In fact, human aortic dissection is frequently associated with an
increase in sympathetic activity,> while local sympathetic denervation ameliorates
experimental aneurysms.® Recently, using a new mouse model that overexpresses the neuron-
derived orphan receptor-1 (NOR-1) in the vascular wall” and recapitulates key aspects of
human AAA, we suggested the upregulation of genes associated to sympathetic activity in
aneurysmal aorta.® They include key components of the tyrosine hydroxylase (TH) pathway
involved in the biosynthesis of catecholamines, important hormones and neurotransmitters in

both the central and peripheral nervous systems.” The biological functions of the TH



pathway, however, are far from limited to the well-known effects of catecholamines on their
main target tissues. Early studies showed that the inactivation of both TH alleles results in
mid-gestational lethality, apparently due to cardiovascular failure.”® More recently, it has
been shown that the expression of TH during heart development is required to drive cells to a
sino-atrial fate, the hallmark of cardiac chamber formation.'! The TH pathway also appears to
be critical modulating the pancreatic endocrine precursor and insulin producing cell
neogenesis,™ as well as lymphocyte differentiation and function, thereby controlling immune
homeostasis.*® This multiplicity of functions would explain the reason for the intricate
mechanisms that regulate TH,** the first and rate-limiting step of the pathway, and the interest
in this enzyme as a therapeutic target for human disease.'® Here, we have addressed whether
TH could actively contribute to AAA progression. Our data uncover the striking upregulation
of the TH pathway in human AAA, and provide evidence that the inhibition of TH
ameliorates AAA development in two experimental models of this disease. Altogether, these
data support the interest of pharmacological strategies targeting TH for the clinical

management of AAA.

Materials and methods
Detailed methods are provided in the Data Supplement. The data that support the findings of

this study are available from the corresponding author upon reasonable request.

Aneurysm and donor sampling and preservation
Human abdominal aortic samples from patients undergoing open repair surgery for AAA at
the Hospital de la Santa Creu i Sant Pau (HSCSP; Barcelona, Spain) and healthy specimens

from multi-organ donors were obtained after signed informed consent, as described.***’



Animal handling

The apolipoprotein E-deficient (ApoE™) mice (Charles River Ltd; Kent, UK) and a mouse
model that specifically over-expresses the human nuclear receptor NOR-1 in the vascular
wall (TgNOR-1V3M¢)"18 \vere used. AAA was induced by angiotensin Il (Angll), as
reported.*® Angll-infused mice were pre-treated with a tyrosine hydroxylase inhibitor (a-
methyl-p-tyrosine [AMPT; Sigma-Aldrich]; 100 mg/Kg twice daily, i.p). Abdominal aorta
diameter was measured by ultrasonography.®*®*?° Abdominal aorta samples were processed
for histological, immunohistochemical and expression analysis and for the assessment of O,

production and MMP activity.>*®9!

Statistical Analyses

Results are shown as mean * standard error of the mean (SEM). Significant differences
(p<0.05) were analysed with the GraphPad Prism version 6.01, using one-way ANOVA, two-
way ANOVA with repeated measures or two-way ANOVA and the Tukey’s tests. When
normality failed, the Mann-Whitney rank sum test or the Kruskal-Wallis test was applied.
Differences in AAA incidence were analysed by the Chi square test (x2) and the association
between variables by the Pearson Product Moment Correlation method after Log;o data

transformation.

Results

The catecholamine biosynthetic pathway is upregulated in human AAA

Recent results from high-throughput microarray expression studies in a preclinical model
suggest the upregulation of genes related to sympathetic activity in aneurysmal tissues.® As
shown in Figure 1A, the expression of genes encoding for enzymes of the TH pathway such

as TH and dopamine B-hydroxylase (DBH), and the norepinephrine transporter SLC6A2 was



increased in abdominal aorta samples from AAA patients compared with healthy donors.
Clinical data from patients and donors are shown in Table S1. In particular, the expression of
TH, the rate-limiting enzyme in this pathway, was strongly up-regulated in human
aneurysmal tissue. Likewise, TH protein levels were consistently increased in a
representative group of human AAA samples (Figure 1B, Table S2). Further,
immunohistochemical analysis detected TH in areas of vascular innervations and in
inflammatory cells, whereas scattered TH-positive vascular smooth muscle cells (VSMC)
could be found in media (Figure 1C, upper and middle panels). TH immunostaining was

hardly detected in abdominal aorta from healthy donors (Figure 1C, lower panel).

Increased TH expression in mouse models of AAA

We addressed whether the catecholamine biosynthetic pathway is also upregulated in
experimental AAA. Real-time PCR revealed increased expression of Th, Dbh, dopa
decarboxylase (Ddc), and Scl6a2 in Angll-induced AAA from ApoE” (Figure 2A).
Interestingly, the over-expression of these genes was observed few days after Angll infusion,
before AAA is formed (Figure S1). The TH pathway was also upregulated in Angll-induced
AAA from TgNOR-1"*M€ mice® (Figure S2A), and a concomitant increase of TH protein
levels was manifest in diseased aortas from both animal models (Figure 2B and Figure S2B).
The upregulation of aortic TH expression by Angll was more evident in the mouse strain
sensitive to AAA than in wild-type (WT) animals (Figure S3). The immunohistochemical
expression pattern of TH in aneurysmal aortas from both mouse models was similar to that
observed in AAA from patients, namely a pronounced staining in vascular innervations and
inflammatory cells and, to a lesser extent, in VSMC (Figure 2C, Figure S2C). Therefore, the
vascular upregulation of TH is a common feature of the aneurysmal disease in both humans

and animal models.



The increase in TH activity contributes to AAA development in the Angll-infused
ApoE™ model.

We have previously shown the effectiveness of doxycycline to prevent the formation of AAA
induced by Angll in TgNOR-1"*M¢ mice.? As shown in Figure S4, this doxycycline effect is
associated with the normalisation of Th expression. This prompted us to determine whether
the up-regulation of vascular TH might play an active role in AAA pathophysiology. For this
purpose, a-methyl-p-tyrosine (AMPT), a specific inhibitor of TH, was administered to Angll-
infused ApoE™ mice (100 mg/Kg twice daily). This AMPT dosage regimen normalised
plasma noradrenaline levels in animals infused with Angll (Figure S5). Interestingly, AMPT
protected against AAA formation limiting the progressive increase in aortic diameter evoked
by Angll (Figure 3A-C). While 80% of ApoE” mice infused with Angll developed
aneurysms, AMPT substantially reduced this percentage to less than 10%, and avoided the
development of the most severe forms of AAA (Figure 3D). Image analysis of histological
sections confirmed the ultrasonographic findings (Figure S6). A slight improvement in the
survival rate was detected in AMPT-treated mice although it did not reach statistical
significance (Figure S7A). The impact of AMPT was independent of hemodynamic effects,
since this drug did not affect blood pressure (Figure 3E). Neither body weight nor plasma
lipid profile was modified by this intervention (Table S3). Likewise, AMPT did not alter
circulating levels of aspartate and alanine transaminases or those of creatinine in Angll-
infused ApoE"' mice, while normalised blood urea nitrogen (BUN) levels (Figure S8A).
Concerning vascular phenotype, Angll-infused ApoE"' mice subjected to AMPT treatment
recapitulated most features of saline-infused animals (Figure 3F), preserving elastin integrity
associated with normalised vascular metalloproteinase-2 (MMP2) expression and MMP

activity (Figure 4A-C and Figure S9). Further, AMPT decreased the vascular expression of



inflammatory markers such as Emrl and Mcpl (Figure 4C), and the recruitment of
macrophages, lymphocytes and neutrophils into the vessel wall (Figure S9 and S10A).
Likewise, AMPT attenuated the rise in vascular oxidative stress induced by Angll (Figure
4D). These vascular effects were associated to the downregulation of TH in AMPT-treated

animals (Figure S11A-B).

The increase in TH activity contributes to the enhanced susceptibility of TgNOR-1"5M¢
mice to AAA

AMPT also protected against AAA formation in the Angll-infused TgNOR-1V*M® mouse
model, an effect that reached statistical significance at day 14 (Figure 5A-C). This drug
reduced the aneurysm incidence and severity (Figure 5D). AMPT neither affected blood
pressure (Figure 5E) nor body weight (not shown), but normalised BUN levels (Figure S8B).
As previously reported,® Ang-I1 infusion led to the early death of about 20% of animals,
effect slightly attenuated by AMPT although without statistical significance (Figure S7B).
Further, AMPT ameliorated vascular remodelling (Figure 5F) and elastin fibre disruption in
challenged NOR-1 transgenic mice (Figure 6A). Concomitantly, in AMPT-treated animals,
both MMP2 expression and MMP activity were comparable to that of control animals (Figure
6B-C and Figure S12). Similarly, AMPT completely prevented the increase in the vascular
expression of inflammatory markers (Emrl, Mcp1, 1114, 116 and Cxcl2) (Figure 6C) and the
infiltration of inflammatory cells induced by Angll (Figure S12 and S10B). TH inhibition
also avoided the enhanced vascular generation of O,” (Figure 6D) evoked by Angll. These

AMPT effects were associated to the downregulation of TH (Figure S11C-D).

NOR-1 modulates human TH expression in VSMC



Interestingly, in human aneurysms we found a significant correlation between NOR-1
expression and that of TH (Figure S13). Since TH has been shown to be regulated by Nurrl
(NR4A2) in non-vascular cells,? we addressed whether NOR-1 (NR4A3) could directly
modulate TH expression. In silico analysis of human TH proximal promoter identified a
putative NBRE site (Figure S14A). Transient cotransfection of VSMC with a TH promoter-
driven luciferase reporter construct and a NOR-1 expression vector evidenced that NOR-1
overexpression significantly increased TH transcriptional activity (Figure S14B). Further,
site-directed mutagenesis revealed the major contribution of this NBRE site to the NOR-1-
dependent TH regulation (Figure S14B and Table S4). In agreement, NOR-1 expression was
early induced by Angll in vascular cells (Figure S14C). Taken together, these results suggest
that NOR-1 could be one of the transcription factors involved in the regulation of TH in the

vasculature.

Discussion

The lack of pharmacological approaches is a great handicap for the management of AAA,
and patients live for years under the sword of Damocles fearing a fatal rupture. Here we
uncover an instrumental role of the TH pathway on the pathophysiology of this disease, and
suggest the rate-limiting enzyme TH as a potential pharmacological target.

Our data evidence that genes encoding for proteins involved in the TH pathway and
the transport of norepinephrine are upregulated in human aneurysmal samples. Previous gene
expression microarray studies suggested that gene pathways related to neuronal activity are
enriched in human AAA.% In that study, however, the regulation of genes of the TH pathway
did not reach statistical significance. Recently, data from a whole genome-expression
profiling analysis of aortic tissues from Angll-infused TgNOR-1V*M® mice evidenced that

AAA are enriched in gene sets related to sympathetic activation.® Here, we confirm (by real-



time PCR) and expand these observations in two mouse models prone to Angll-induced
aortic aneurysm, the ApoE knockout mouse and a NOR-1 transgenic mouse. In particular, we
ascertain that the expression of TH is strongly induced in aneurysmal lesions from both
humans and animal models. Noteworthy, the increase in vascular TH expression triggered by
Angll in both mouse models is in line with previous data reporting the upregulation of TH by
this peptide hormone in other tissues.* These data suggested that TH activity could play an
active role in AAA and in the ability of Angll to promote aneurysm formation.

Different evidences suggest that catecholamines critically influence wvascular
remodelling. Indeed, sympathetic hyperactivity underlies the pathophysiology of aortopathies

such thoracic aortic dissection (TAD),>*

and both sympathetic hyperactivity and aortic
sympathetic nerve sprouting have been documented in patients with TAD.> Further, Angll, a
key player in AAA formation,”® enhances sympathetic activity inducing aortic MMP2, which
plays a critical role in the onset and progression of several aortopathies including AAA.?
Moreover, Hu et al.® showed that catecholamines regulate TGFB signalling in aortic
aneurysms, limiting VSMC proliferation and fostering apoptosis, thereby modulating
vascular remodelling. Interestingly, the TH pathway has been previously documented in the
vascular wall, and TH expression has been demonstrated in VSMC, endothelial cells and
regulatory T cells.”**° |In agreement, our studies in human and mouse aneurysms detected
TH immunostaining localised to vascular innervations but also to inflammatory cells and
VSMC. Interestingly, we observe that the effectiveness of doxycycline to prevent the
formation of AAA induced by Angll in TgNOR-1V*M® mice® is associated with the
normalisation of vascular Th expression. Doxycycline is a MMP inhibitor, able to exert a

number of potentially beneficial cellular effects,®"*

which prevents the formation of
experimental AAA in animal models,* and reduced vascular inflammation in clinical trials.*

The unanticipated downregulation of Th expression by doxycycline requires further
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investigation and suggest the active involvement of TH in AAA, but its potential as a
therapeutic target had not been explored.

In light of these data, we tested the efficacy of TH blockade limiting AAA growth.
Angll-infused ApoE™ and TgNOR-1VM mice were treated with AMPT, an orally available
and well-tolerated competitive inhibitor of TH, which blocks catecholamine biosynthesis.*
This drug was administered at a dosage regimen that assured an effective inhibition of the
enzyme.*® Notably, under these conditions, AMPT largely protected from Angll-induced
AAA in both experimental models. In the clinical setting, AMPT has only been approved for
the control of hypertension and other symptoms associated with the excess of catecholamines
produced by pheochromocytoma.®” Further, this drug has also been proposed for the
management of movement disorders and some neuropsychiatric diseases.®® In patients with
pheochromocytoma, AMPT limits the hypertensive response evoked by the catecholamine-
producing tumour; however, no beneficial effect has been recognized for this drug on
essential hypertension.®® Similarly, in our hands AMPT did not affect blood pressure. Thus,
targeting TH, this drug prevents Angll-induced AAA, which has previously been shown to be
largely independent of the Angll vasopressor function.*® AMPT not only limited aortic
diameter expansion, but also inflammation and vascular oxidative stress and preserved
vascular wall integrity. TH activity has been associated with the generation of reactive
oxygen species (ROS) and oxidative stress,* and inflammation.** Accordingly, in
experimental models of AAA, we found that AMPT significantly attenuated vascular
oxidative stress, reduced the immune infiltrate and improved the expression profile of
proinflammatory cytokines, thus suggesting that TH upregulation could account, at least in
part, for the pathophysiology of AAA. Consistently, previous reports have suggested that
AMPT ameliorates oxidative stress and inflammation in other pathological settings.***?

Noteworthy, these vascular effects were associated to the downregulation of TH in AMPT

11



treated animals. Therefore, our data indicate that TH upregulation negatively impacts on
AAA formation and support the potential of targeting this enzyme in AAA. DBH or
SLC6A2, which were upregulated in AAA as well, could also be regarded as potential targets
for this disease. However, TH inhibition results in an overall reduction of catecholamines and
their metabolites,** which cannot be achieved by blocking DBH or SLC6A2, and, therefore, it
is difficult to anticipate the impact of such blockade on aneurysm formation. For the same
reason, TH inhibition leads to a biological scenario not equivalent to that of B-blockers.
Finally, it should be highlighted that AMPT exerted its benefits on aneurysm formation in the
absence of deleterious effects on other organs. For instance, blood creatinine levels were
neither affected by Angll infusion nor by AMPT suggesting that our experimental conditions
did not significantly affect renal function. In agreement, the renal expression of neutrophil
gelatinase-associated lipocalin (Ngal) or Tenascin C (Tnc) remained unchanged in mice
infused with Angll (both in the presence or absence of AMPT) (Figure S15). Although
AMPT attenuated the slight increase in BUN levels produced by Angll infusion, our data do
not allow attributing a relevant effect of this drug on renal function. Further studies in animal
models more sensitive to kidney damage should be undertaken to analyze whether prolonged
administration of AMPT affects renal function.

The regulation of TH expression is complex and cell type-specific.? Previous studies
in non-vascular tissues identified TH as a target gene for the nuclear receptor Nurrl
(NR4A2). Surprisingly, Nurrl transactivates or represses TH transcription (depending on
cell-type).** Whether other members of the NR4A family, and specifically NOR-1
(NR4AB), that is upregulated in human AAA and contributes to vascular remodelling,*” could
also target TH is uncertain. We show that, in human AAA, NOR-1 expression significantly
correlates with that of TH. Further, by transient transfection assays we identified one NBRE

site responsible for the transcriptional regulation of human TH by NOR-1. Interestingly,
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despite the human TH promoter show low homology with TH promoters from other species,
this NBRE site is conserved among species (Figure S16).® It has been previously shown that
Angll is able to modulate TH expression in several tissues.***° Further, separate studies have
documented the upregulation of NOR-1 by Angll both in vascular and non-vascular cells.>**?
Our results indicate that NOR-1 could be involved in the upregulation of TH in humans AAA
as well as in the vasculature of animals prone to develop AAA in response to Angll, and
suggest a relevant role of this nuclear receptor in the pathogenesis of AAA.

Finally, interestingly enough, several case reports have described the coexistence of
pheochromocytoma and other neuroendocrine tumours with aortic dissections and aneurysm
rupture supporting that TH pathway hyperactivity might contribute to aneurysm development
and eventually aortic rupture in these patients.”*>* Further, high TH and both overall and
regional aortic sympathetic nervous system activities have been documented in patients with
TAD.® Our study evidences for the first time, that the upregulation of the TH pathway could
be critical in the pathophysiology of AAA, both in humans and animal experimental models,

and supports the therapeutic potential of approaches based on targeting this pathway for the

medical management of AAA.

Perspectives

AAA is a life-threatening disorder; however pharmacological treatments preventing aortic
rupture or slowing aneurysm progression are not available. Therefore, the identification of
novel therapeutic strategies for the medical management of this disease remains a major
challenge that requires an improved knowledge about the underlying molecular mechanisms.
Sympathetic overactivation arises as a pivotal player in aneurysmal disease and our results
support that targeting TH may represent a valuable therapeutic approach to hamper AAA

development. Further research is warranted to develop optimised TH inhibitors featuring
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improved pharmacokinetic characteristics and avoiding central side-effects due to dopamine

depletion reported in AMPT-treated patients.
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Novelty and Significance

What is new?

» This study uncovers the upregulation of the tyrosine hydroxylase (TH) pathway in
human and murine AAA, in which TH localizes to vascular innervations, inflammatory
cells and scattered VSMC.

«  The pharmacological inhibition of TH by AMPT prevents aneurysm development in two
experimental models susceptible to Angll-induced AAA.

* In these models, AMPT limits Angll-induced inflammation, MMP activity and ROS
production, preserving elastin integrity.

What is relevant?

«  Our study evidences that TH upregulation plays a pivotal role on AAA pathophysiology
and highlights the potential of pharmacological strategies targeting TH for the treatment
of AAA

Summary

The inhibition of TH by AMPT hampers AAA development, limiting vascular remodelling,

inflammation and oxidative stress. Our findings support the importance of the induction of
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the TH pathway for AAA development and support the interest of novel pharmacological

interventions targeting TH for the management of this disease.
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Figure Legends

Figure 1. TH is upregulated in human AAA. A) TH, DBH and SLC6A2 mRNA levels
were analysed in abdominal aorta from patients with AAA (n= 84) and healthy donors (Do;
n= 16). Data, normalised to B-actin expression, are expressed as mean + SEM. *P< 0.01,
**P< (0.0001 vs. Donors. B) TH protein levels were evaluated by Western blot in these
samples. The immunoblot densitometric analysis is shown on left. Data are mean + SEM
(Donors, n= 10; AAA, n= 14). **P< 0.0001 vs. Donors. C) Representative
immunohistochemical analysis for TH in human abdominal aortas from donors and patients
with AAA. The indicated areas are magnified in middle panels (Bars: 100 um [upper and
lower panels] and 50 um [middle panels]). TH immunostaining located in vascular nerve
endings (GAP43+ cells), lymphocytes (CD3+ cells, red arrowheads), and VSMC (a-SM

actin+ cells, black arrowheads). Mann-Whitney (A-C) and t-test (D).

Figure 2. TH is up-regulated in the aneurysmal abdominal aorta from Angll-infused
ApoE” mice. A) Th, Dbh, Ddc and Slc6a2 mRNA levels analysed by real-time PCR in
abdominal aorta samples from ApoE™ mice infused with Saline (white bars) or Angll (black
bars; 1000 ng/kg/min) for 28 days. Data are expressed as mean + SEM (Saline-infused ApoE’
" mice, n= 14; Angll-infused ApoE™ mice, n= 15). *P< 0.05, ** P< 0.01 vs. Saline-infused
mice. B) TH protein levels assessed by Western blot in aortic lysates from these animals.
Data are expressed as mean + SEM (Saline-infused ApoE”™ mice, n= 9; Angll-infused ApoE"
" animals, n= 15). *P< 0.05 vs. Saline-infused ApoE™ mice. B-actin levels are shown as a
loading control. C) Representative immunohistochemical analysis for TH in abdominal aortas

from saline- and Angll-infused mice. TH immunostaining located in vascular nerve endings

(GAP43+ cells), lymphocytes (CD3+ cells, red arrowheads), and VSMC (a-SM actin+ cells,
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black arrowheads). The indicated areas are magnified in middle panels (Bars: 100 um [upper

and lower panels] and 50 um [middle panels]). Mann-Whitney test (A and B).

Figure 3. AMPT prevents AAA in Angll-infused ApoE™ mice. ApoE™ mice were infused
with Saline or Angll (1000 ng/kg/min) for 28 days. Angll-infused mice were treated or not
with a-methyl-p-tyrosine (AMPT; 100 mg/Kg twice daily, i.p). A) Representative images of
excised aortas. B) Abdominal aortic diameter was assessed by ultrasonography. Data are
mean £+ SEM (Saline, n= 9; Angll-infused groups, n= 15). P< 0.05: * vs. t0 for each
experimental condition; * vs. Saline-infused mice; $ vs. Angll-infused mice non-treated with
AMPT. C) Transversal and longitudinal ultrasonographic images are shown and the aortic
diameter is traced with a yellow line. D) Incidence (left) and severity (right; Manning scale)®
of AAA in Angll-infused ApoE™ mice treated or not with AMPT. $ P< 0.05 vs. Angll-
infused ApoE”" mice non-treated with AMPT (n as indicated in B). E) Blood pressure levels.
Data are mean = SEM (n as indicated in B). P< 0.05: * vs. t0 for each experimental condition;
* vs. Saline-infused mice F) Representative haematoxylin-eosin staining of abdominal aortic
sections from Angll-infused mice (Bars: 500 pum). Two-way ANOVA with repeated

measures (B and E) and chi-square (D).

Figure 4. AMPT preserves elastin integrity and ameliorates vascular inflammation and
oxidative stress in aorta from Angll-infused ApoE” mice. ApoE™ mice were infused with
Saline or Angll (1000 ng/kg/min) for 28 days. Angll-infused mice were treated or not with a-
methyl-p-tyrosine (AMPT; 100 mg/Kg twice daily, i.p). A) Orcein staining of abdominal
aortas. Arrowheads mark elastin fibres ruptures. The indicated areas are magnified in lower
panels (Bars: 100 um). Number of elastin fibre ruptures per aortic section. Data are mean +

SEM (Saline, n=5; Angll-infused groups, n= 8). ***P< 0.001 vs. Saline-infused animals;
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*P< 0.05 vs. Angll-infused ApoE”" mice non-treated with AMPT. B) MMP activity per aortic
section assessed by in situ zymography (Bars: 50 um). Data are mean £ SEM (n= 8). *P<
0.05 vs. Angll-infused ApoE"‘ mice; "*P< 0.001 vs. Angll-infused ApoE"' animals non-
treated with AMPT. C) mRNA levels of Mmp2, Emr1, and Mcpl, analysed by real-time PCR
in abdominal aortas from Angll-treated mice. Data, normalised to Gapdh expression, are
expressed as mean + SEM (Saline, n= 9; Angll-infused groups, n= 10). *P< 0.05, ***P<
0.001 vs. Saline-infused mice; “P< 0.05, *P< 0.01, **P< 0.001 vs. Angll-infused ApoE™
mice non-treated with AMPT. D) Vascular superoxide anion production visualised by DHE
staining (Bars: 50 pm). Data are mean + SEM (n= 8).*P< 0.05 vs. Saline-infused ApoE"'
mice; *P< 0.01 vs. Angll-infused ApoE™ mice non-treated with AMPT. One-way ANOVA

or Kruskal-Wallis test (A-D).

Figure 5. AMPT prevents aneurysm formation in Angll-infused TgNOR-1V*M® mice.
Wild-type (WT) and TgNOR-1V*M® mice were infused with Angll (1000 ng/kg/min) for 28
days). TgNOR-1"*MC mice were treated or not with a-methyl-p-tyrosine (AMPT; 100 mg/Kg
twice daily, i.p). A) Representative images of excised aortas. B) Assessment of abdominal
aortic diameter by ultrasonography. Data are mean + SEM (WT mice, n= 10; TgNOR-1VM°¢
groups, n= 15). P< 0.05: * vs. t0 for each experimental condition; $ vs. WT mice; * vs.
TgNOR-1V°M®  mice non-treated with AMPT. C) Representative images of the
ultrasonographic analysis. Transversal and longitudinal ultrosonographic images in Angll-
challenged mice at 28 days. The aortic diameter is traced with a yellow line. D) Incidence
(left) and severity (right; Manning scale)® of AAA in challenged mice. P< 0.05: $ vs. WT
mice; * vs. TYNOR-1V*M® mice non-treated with AMPT (n as indicated in B). E) Blood

VSMC
1

pressure levels. Data are mean + SEM (WT mice, n=7; TgNOR- groups, n=12). *P<

0.05 vs. t=0 for each experimental condition. F) Representative haematoxylin-eosin staining
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of abdominal aortic sections from Angll-infused mice (Bars: 500 pm). Two-way ANOVA

with repeated measures (B and E) and chi-square (D).

Figure 6. AMPT limits elastin fibre rupture and ameliorates the increased expression of
inflammatory markers and oxidative stress induced by Angll in TgNOR-1"M€ mice.
Wild-type (WT) and TgNOR-1"*M® mice were infused with Angll (1000 ng/kg/min) for 28
days. TYNOR-1V*M® mice were treated or not with a-methyl-p-tyrosine (AMPT; 100 mg/Kg
twice daily, i.p). A) Orcein staining of abdominal aortas. Arrowheads mark elastin fibre
ruptures. The indicated areas are magnified in lower panels. Bars: 100 um. The number of
elastin fibre ruptures per aortic section are shown. Data are mean £ SEM (n=7). P< 0.05: *
vs. WT mice; * vs. TgNOR-1"*M mice non-treated with AMPT. B) MMP activity per aortic
section assessed by in situ zymography (Bars: 50 pm). Data are mean = SEM (n= 6). *P<
0.05 vs. WT mice; *P< 0.01 vs. TgNOR-1"*M® mice non-treated with AMPT. C) mRNA
levels of Mmp2, Emrl, Mcp1, 116, 111 and Cxcl2 in abdominal aortas from each group. Data
are expressed as mean + SEM (WT mice, n=10; TgNOR-1"*M groups, n= 15). *P< 0.05,
**P< 0.01, ***P< 0.001 vs. WT mice; #P< 0.01, " P< 0.001 vs. TgNOR-1"*M® mice non-
treated with AMPT. D) Vascular superoxide anion production visualised by DHE staining
(Bars: 50 pm). Data are represented as mean + SEM (n= 6). P< 0.05: * vs. WT mice; * vs.
TgNOR-1V*M® mice non-treated with AMPT. One-way ANOVA (C and D) or Kruskal—

Wallis test (A and B).
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MATERIAL AND METHODS

Aneurysm and donor sampling and preservation

Human abdominal aortic samples were obtained from patients subjected to open repair
surgery for AAA at the Hospital de la Santa Creu i Sant Pau (HSCSP; Barcelona,
Spain), while healthy specimens come from multi-organ donors, as previously
described.? The study was approved by the HSCSP Ethics Committee (IIBSP-NET-
2019-40) and conducted according to the Declaration of Helsinki. An informed consent
from patients and control individuals or from their legal representatives was obtained.
Control samples were examined to exclude the presence of aneurysmal or
atherosclerotic lesions or other abnormalities that could affect the study. Samples were
immediately stored at —80 °C for subsequent RNA or protein extraction or processed for
immunohistochemical analysis.

Animal handling

Two animal models were used: apolipoprotein E-deficient (ApoE™) mice (Charles
River Ltd; Kent, UK) and a mouse model that specifically over-expresses the human
nuclear receptor NOR-1 in the vascular wall (TgNOR-1Y*M€) 34 Transgenic mice and
their control littermates (wild-type; WT) on C57BL/6J genetic background were bred in
the Animal Experimentation Unit (Institut de Recerca de I'Hospital de la Santa Creu i
Sant Pau [IRHSCSP], Barcelona, Spain). All the procedures followed the principles and
guidelines established by the Spanish Policy for Animal Protection RD53/2013 and the
European Union Directive 2010/63/UE and were approved by the IRHSCSP ethical
committee (Law 5/June 21, 1995; Generalitat de Catalunya).

Due to the sexual dimorphism characterizing AAA, with higher prevalence in
males both in humans and animal models, the studies were exclusively performed in
male mice. Three-month-old male mice were infused with angiotensin 1l (Angll [1000
ng/kg body weight (BW)/min; Sigma-Aldrich, St Louis, MO, USA]) for 28 days via
osmotic minipumps (model 1004, Alzet; Durect Corporation, Cupertino, CA, USA).?
Mice were anaesthetised by isofluorane inhalation (1.5%) and osmotic minipumps were
subcutaneously implanted in the scapular region. After surgery, animals were kept
warm on a heating pad until awake and closely supervised. Angll-infused mice were
pre-treated or not with doxycycline (Sigma-Aldrich; 30 mg/kg/day in the drinking
water)® or with a tyrosine hydroxylase inhibitor (a-methyl-p-tyrosine [AMPT; Sigma-
Aldrich]) throughout the 28 days experimental period. AMPT was administered twice
daily (100 mg/Kg, i.p), early in the morning (9 p.m.) and late in the afternoon (18:00
pm).” All treatments started 24 h before Angll infusion. Analysis were also performed
in a early stage of AAA pathogenesis. For this purpose, three-month-old male ApoE™
mice were infused with Angll (1000 ng/kg BW/min; Sigma-Aldrich, St Louis, MO,
USA]) for 5 days via osmotic minipumps (model 1007D, Alzet). Three-month-old male
WT, ApoE”" and transgenic mice were used as controls. Sample size was calculated on
the basis of previous studies.” Animals were randomly distributed among groups by an
operator unaware of the nature of the experiments.

Non-invasive measurement of systolic blood pressure

Blood pressure measurements were non-invasively performed in conscious mice prior
to and following treatments by the tail-cuff plethysmography method (CODA® tail-cuff
blood pressure system; Kent Scientific Corporation; Torrington, CT, USA). To get
reliable pressure measurements, mice were habituated to the tail-cuff procedure over
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five consecutive days before the implantation of minipumps. To avoid the influence of
the circadian cycle blood pressure measurements were always performed at the same
time (between 9 a.m. and 11 a.m.).>®

Measurement of abdominal aortic diameter by ultrasonography

Mice were anaesthetised with 1.5% isofluorane inhalation as indicated above and lightly
secured in the supine position to a warming platform. The abdominal region was shaved
and an echography was performed to determine abdominal aorta diameter using a Vevo
2100 ultrasound with a 30 MHz transducer (VisualSonics, Toronto, ON, Canada).>®
Abdominal aortas with diameters >1.5 mm were considered as aneurysms. All primary
measurements were made from images captured on cine loops of 100 frames at the time
of the study using the software provided by the echography machine.

Ultrasonographic data was registered at baseline and weekly throughout the
experimental period. Once the experimental procedure was completed, mice were
euthanised via isofluorane overdose. The severity of the aneurysm was established on
the basis of a 0 to 4-point grading scale previously detailed:® type 0, lack of aneurysm;
type |, dilated lumen of the suprarenal aorta without thrombus; type I, vascular
remodelling of suprarenal aorta that frequently contained thrombus; type III, a
pronounced bulbous aneurysmal form of type Il that contained thrombus, and type 1V,
characterized by the presence of multiple AAAs containing thrombus. All
measurements were performed by an experienced and blinded operator.

Lipid profile and markers of hepatic and renal function in plasma

Triglycerides and total cholesterol levels were quantified with a colorimetric assay in
plasma from ApoE™ mice by using specific reagents (Gernon, GN90125 and GN20125,
respectively; RAL Técnica para el Laboratorio S.A., Barcelona, Spain) and a
multicuvette rack reader (Clima MC-15, RAL Técnica para el Laboratorio S.A.)
following manufacturers’ recommendations. Plasma levels of aspartate transaminase
(AST), alanine transaminase (ALT), creatinine and blood urea nitrogen (BUN) were
quantified using a Cobas 6000/c501 autoanalyser and specific reagents (Roche
Diagnostics International Ltd, Basel, Switzerland).

Enzyme-linked immunosorbent assay (ELISA)

Noradrenaline (NA) concentrations in plasma were determined using the Noradrenaline
High Sensitive ELISA kit (ref: EA633/96; DLD Diagnostika GmbH, Hamburg,
Germany). Blood samples were drawn between 11:00 and 12:00 a.m. EDTA
anticoagulated plasma was obtained by centrifugation at 1200 xg 10 min at 4 °C. The
sample stabilizer of the kit was added to each sample and plasma was immediately
frozen. Samples were analyzed at most one week after collection.

Analysis of mMRNA levels

Total RNA was isolated using TRIsure™ reagent (Bioline) and reverse transcribed into
cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Quantification of mMRNA levels was performed by real-time PCR using the ABI PRISM
7900HT sequence detection system (Applied Biosystems). Specific primers and probes
(provided by Applied Biosystems or Integrated DNA Technologies Inc, Coralville, 1A,
USA.) were used for the quantification of human mMRNA levels for TH
(HS.PT.58.369742), dopamine [-hydroxylase (DBH; Hs.PT.58.39251730), solute
carrier family 6 member 2 (SLC6A2, Hs.PT.58.45584874), and p-actin (ACTB,
Hs99999903 m1,; used as reference gene). To assess mMRNA levels in mouse tissues the



following primers and probes were used for Th (Mm.PT.58.33106180), interleukin-6
(116; MmO00446191 _m1), 111 (Mm00434228 m1), C-C motif chemokine ligand 2 (Ccl2
or Mcpl (Mm00441242_m1), metalloproteinase-2 (Mmp2; MmPT.58.9606100), EGF-
like module-containing mucin-like hormone receptor-like 1
(Emr1l;MmPT.56a.11087779), C-X-C Motif Chemokine Ligand 2 (Cxcl2;
Mm00436450_m1), tenascin C (Tnc; Mm00495662_m1), and neutrophil gelatinase-
associated lipocalin (Ngal; MmO01324470_m1). Further, specific primers for SYBR
Green real-time PCR analysis were used for the assessment of Slc6a2 (5°-
CTGGCTCTGGGGCAATACAAG-3’ and 5’- GCCGACATAGAGGGCAATGA-3),
Dbh (5’-CGAGGAGAGATGGAGAACGC-3’ and 5’-
ATCTCGAGTCCTCTGTGCCT-3") and dopa decarboxylase (Ddc, 5’-
GCCTTTTTGGCTGGAAGAGC-3* and 5-GCTTGTGTGAACTCTGGGGA-3’).
Glyceraldehyde-3-phosphate dehydrogenase (Gadph; Mm.PT.58.39a.1) expression was
used as a reference gene for mouse tissues.

In situ detection of vascular O, production

The in situ production of O, was assessed using the fluorescent dye dihydroethidium
(DHE, Sigma-Aldrich Co.). For this purpose, arterial segments were soaked in PBS
with 30% sucrose for 20-50 min, embedded in Tissue Tek OCT embedding medium
(Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands), and frozen in
liquid nitrogen. DHE (2 uM) was applied onto each section previously equilibrated for
30min at 37 °C in Krebs-HEPES buffer (in mM: 130NaCl, 5.6 KCI, 2 CaCly,
0.24 MgCl,, 8.3 HEPES, 11 glucose, pH =7.4). Then sections were cover-slipped and
incubated for 30 min in a light-protected humidified chamber at 37 °C. Fluorescence
was visualised with a fluorescent laser scanning confocal microscope (Leica TCS SP2
equipped with a krypton/argon laser, 40x objective; Leica Microsistemas S.L.U.).
Fluorescence was detected with a 568 nm long-pass filter establishing the same image
settings for all experimental conditions. To minimize laser fluctuations from one day to
another, data were expressed as % of signal in control arteries.’

Immunoblotting

Protein homogenates were separated on SDS-polyacrylamide gels and transferred to
polyvinylidene diflouride membranes (Immobilon, Merck-Millipore; IPVH00010).
Blots were incubated with antibodies directed against TH (ab75875, Abcam,
Cambridge, UK) and p-actin (A5441, Sigma-Aldrich). After incubation with
appropriate HRP-conjugated secondary antibodies (Dako Products, Agilent, Santa
Clara, CA, USA) blots were incubated with SuperSignal West Dura Extended Duration
Substrate (Thermo Fisher Scientific). Protein molecular-mass standards (Hyperpage
Prestained Protein Marker; Bioline, Paris, France) allowed to evaluate the size of
detected proteins. Ponceau staining and B-actin levels confirmed equal loading and
transfer of protein.

Histological, immunohistochemical and immunocytochemical analysis

Aortas were fixed in 4% paraformaldehyde/0.1 M PBS (pH 7.4) for 24 hours, embedded
in paraffin and sectioned (5 pm). Then, sections were deparaffinised in xylene,
rehydrated in graded series of ethanol and rinsed in distilled water. Endogenous
peroxidase activity was blocked using a 3% hydrogen peroxide solution in methanol for
30 min. Afterwards, sections were blocked with 10% normal serum and incubated with
antibodies against MAC3 (sc-19991, Santa Cruz Biotechnology), CD3 (A0452, Dako,
Agilent Technologies Co., Hamburg, Germany), a-SM actin (ab5694, Abcam), MCP1



(sc-1785, Santa Cruz Biotechnology Inc.), elastase, neutrophil expressed (ELANE;
MO0752, Dako, Agilent Technologies Co., Hamburg, Germany), Growth Associated
Protein 43 (GAP43; ab75810, Abcam) or MMP2 (ab51125, Abcam). After washing,
slides were exposed for 1 h to a biotinylated secondary antibody (Vector Laboratories,
Burlingame, CA, USA). After extensive washing with PBS, the Vectastain (ABC)
avidin-biotin peroxidase complex (Vector Laboratories) was applied, and the slides
were incubated for 30 min. Colour development was achieved with 3,3'-
diaminobenzidine (DAB). Then, slides were counterstained with haematoxylin,
dehydrated, cleared, and mounted. Negative controls where the primary antibody was
omitted allowed to exclude non-specific binding. The histological characterization of
aortic samples was performed by haematoxylin-eosin staining. A blinded operator
carried out the quantitative morphological assessment of luminal and outer abdominal
aortic areas performed by image analysis on haematoxylin-eosin stained sections using
ImageJ software. Aortic samples were also subjected to orcein staining (Casa Alvarez,
Madrid, Spain) for the analysis of elastic fibre integrity.

In situ Zymography

Gelatinolytic activity was assessed using the Quenched Fluorogenic DQ™ gelatine (D-
12054, Thermo Fisher Scientific) as a fluorogenic substrate, as we previously reported.”
Briefly, DQ-gelatine was dissolved in water at 1 mg/mL and then diluted 1:10 in 1%
(w/v) low gelling temperature agarose (A9414, Sigma). The mixture was applied onto
OCT-embedded unfixed frozen tissue sections (8 um) and cover-slipped. After gelatine
gelling by incubation at 4 °C for 30 min, samples were kept at room temperature for 24
h in darkness. FITC fluorescence was visualised with a Leica TCS SP5 confocal
microscopy (excitation wavelength: 495 nm; emission wavelength: 515 nm) and the
Leica LAS AF Lite software. Samples pre-incubated with 20 mM EDTA before the
addition of the labelled substrate were used as negative controls.

Vascular smooth muscle cells (VSMC) culture

Mouse and rat aortic VSMC were obtained by the explants technique as previously
described.® Briefly, endothelium denuded medial tissue was cut into 1-2 mm cubes that
were transferred to a 25 cm? culture flask containing 5 ml of pre-warmed DMEM
supplemented with 10% foetal calf serum (FCS; Biological Industries, Kibbutz Beit-
Haemek, Israel) and antibiotics (100 U/ml penicillin and 0.1 mg/ml streptomycin).
VSMC migrate out from the explants within 2-3 weeks. Cells were used between
passages 3 to 5. Rat VSMC were seeded in multiwell plates to be used in transfection
experiments. Mouse VSMC were maintained in standard culture conditions until
subconfluence. Then cells were treated or not with Ang 1l (107 M; 1, 2, or 6 h) and
RNA was isolated as described above.

Generation of TH promoter constructs and luciferase reporter assays

The human TH promoter (positions -3639 to -163 relative to the Transcription Start Site
[TSS]; ENSG00000180176) was amplified by PCR from genomic DNA. The primers
used were: 5- TATACTCGAGCCCCTGGTCACCTGTTTTGT -3’ (forward; Xhol site
is underlined) and 5’- TATAAGATCTGGCTCGTCCGTGGAATCTAA -3’ (reverse;
Bglll site is underlined). The PCR product was cloned into the pGL3 vector (Promega,
Madison, WI, USA) (pGL3/pTH-3639). A putative NBRE (-2350/-2344) site located in
TH promoter was mutated using the QuikChange™ Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA, USA) and primers (Table S3). These
constructs were used in transient transfection assays in rat VSMC as previously



described.* Transfections were performed in 12-well plates using 0.5 pg of the
luciferase reporter plasmid together with the pPCMV5/NOR-1 expression vector or the
pCMV5 emp‘%y vector (0.05 pg), 0.5 pl PLUS™ Reagent and 1.25 pl of
Lipofectamine™ LTX Reagent (ThermoFisher Scientific, Waltham, MA, USA) per
well. The pRL-SV40 (25 ng) was included as an internal control (Promega). Firefly and
renilla luciferase activities were measured with the Dual-Luciferase™ Reporter Assay
System (Promega) in a luminometer (Orion I; Berthold Detection Systems, Pforzheim,
Germany). Results were expressed as the ratio of Firefly to Renilla activity.
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Table S1. Patients and donors clinical features

Clinical parameters Donors (n = 16) AAA (n = 86)
Age (years = SD) 63.5+15.7 71.3+6.1
Males (%) 81 100

Smoking (%)* 43.8 79.1
Hypertension (%) 50 69.8

Diabetes (%) 375 11.6
Hyperlipidemia (%) 18.8 65.1

Ischemic cardiomyopathy( %) 0 16.3

* Current and ex-smokers. AAA, abdominal aortic aneurysm; SD, standard deviation.



Table S2. Patients and donors clinical features included in Figure 1B

Clinical parameters Donors (n = 10) AAA (n=14)
Age (years = SEM) 65.9 + 3.3 79+1.8
Males (%) 80 100

Smoking (%)* 50 79
Hypertension (%) 50 64

Diabetes (%) 30 14
Hyperlipidemia (%) 20 64

Ischemic cardiomyopathy( %) 0 14

* Current and ex-smokers. AAA, abdominal aortic aneurysm; SEM, standard error of the mean.



Table S3. Body weight and plasma lipids in ApoE™ mice.

ApoE"/Saline  ApoE™/AnglI

ApoE™/ Angll/

AMPT
BW (g) 28.0+1.85 27.9+1.6 29.5+2.6
Total Chol (mg/dL) ~ 466.8 + 36.7 464.4 + 35.8 492.2+10.3
TG (mg/dL) 127.7+39.8 158.5+40.1  137.4+34.01
n 9 10 11

BW: body weight; Chol: cholesterol; TG: triglycerides.



Table S4. Oligonucleotides used for mutagenesis studies

Forward primer 5-CACTGCCGGATGTGGATTTaaCAATTCAGCAAATGTCTTCCAC-3'

Reverse primer 5-GTGGAAGACATTTGCTGAAIGTTAAATCCACATCCGGCAGTG-3'

NBRE site (at -2350 bp) is underlined and changes are indicated in lower case letters.
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Figure S1. NOR-1 and the TH pathway are upregulated in the early stages of
experimental AAA. Nor-1, Th, Dbh and Slc6a2 mRNA levels were analysed in abdominal
aortas from ApoE~’mice infused with saline (open symbols) or Angll (filled symbols; 1000
ng/kg/min) for 5 days (n= 7). Data, normalised to B-actin expression, are expressed as mean +
SEM. *P< 0.05, **P< 0.01, ***P< 0.001 vs. saline-infused mice. Mann-Whitney test.
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Figure S2. TH is up-regulated in the aneurysmal abdominal aorta from Angll-infused TgNOR-1VSMC mice. A) Th, Dbh, Ddc and Slc6a2 mRNA levels analysed by real-
time PCR in abdominal aorta samples from Wild-type (WT; white bars) and TgNOR-1VSMC (TgVSMC: plack bars) mice infused with Angll (1000 ng/kg/min) for 28 days. Data
are mean + SEM (WT mice, n= 10; TgNOR-1VSMC mice, n= 15). **P< 0.001 vs. WT mice. B) Aortic TH protein levels assessed by Western blot in Angll-infused WT (circles)
or TgVSMC (squares) mice. Data are expressed as mean + SEM (Angll-infused WT and TgNOR-1YSMCmice, n= 7). *P< 0.01 vs. Angll-infused WT mice. C) Representative
immunohistochemical analysis for TH in abdominal aortas. TH immunostaining located in vascular nerve endings (GAP23+ cells), lymphocytes (CD3+ cells, red arrowheads),
and VSMC (o-SM actin+ cells, red arrowheads). The indicated areas are magnified in right panels (Bars: 100 um [upper and lower panels] and 50 um [Imiddle panels]). Mann-

Whitney test (A and B).
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Figure S3. Angiotensin Il (Angll) increases aortic TH expression in TgJNOR-1VSMC
mice. A) Th mRNA levels were assessed by real-time PCR in abdominal aorta samples
from WT and TgNOR-1VSMC (TgVSMC) mice infused with saline (Sal; white bars) or Angll
(1000 ng/kg/min for 28 days; black bars). Data normalised to GAPDH expression
represent mean £ SEM (n= 15). B) TH protein levels were assessed in these samples by
Western-blot (Sal; open symbols and Angll; filled symbols). Levels of B-actin are shown
as a loading control. Protein size was estimated by the indicated position of molecular
weight markers. The immunoblot densitometric analysis is shown in the lower panel. Data
are mean * SEM (n= 7). *P< 0.05, ***P< 0.001 vs. saline-infused mice; #P< 0.01, ##P<
0.001 vs. Angll-infused WT mice. Two-way ANOVA (A-B).



20 =
[2)
—_ *%*
QY _ 15-
LE
<8 104
@ ¢
>
£ 5 - #
e
|_
0=
Sal - Dox
B Angll
Saline Angll
- Dox kDa

TH — “’%-“‘ P "
s ) N

B-aCHN| - o - - ————— | |, |

4
*%*
w
) i ||
> 8
Lo
= H#
= AP
.amz O [ ] ] -
o2 |Hg
— Z T
o 1 - 1
I
- EmuN .ﬁ
0
Sal — Dox
Angll

Figure S4. Doxycycline prevents the increase in aortic TH expression induced by
Angll-infusion in TgNOR-1VSMC mice. A) Th mRNA levels analysed by real-time PCR
in abdominal aorta samples from TgNOR-1VSMC mice infused with saline (Sal) or Angll
(1000 ng/kg/min for 28 days) treated or not with doxycycline (Dox; 30 mg/kg/day). Data
normalised to GAPDH expression represent mean + SEM (saline-infused TgNOR-1VSMC,
n=10; Angll-infused TJNOR-1VSMC n= 15; Angll-infused TJNOR-1VSMC + doxycycline,
n=10). B) TH protein levels analysed by Western-blot in the same experimental groups.
(Sal; open symbols, Angll; black symbols and Angll+Dox; grey symbols). Levels of p-
actin are shown as a loading control. Protein size was estimated by the indicated position
of molecular weight markers. The immunoblot densitometric analysis is shown in the
lower panel. Data are mean + SEM (n= 7). *P< 0.05, **P< 0.01 vs. saline-infused mice;
#P< 0.05, #P< 0.01 vs. Angll-infused TgNOR-1VSMC mice non-treated with AMPT.
Kruskal-Wallis test (A and B).
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Figure S5. AMPT normalizes plasma noradrenaline levels. Circulating levels of
noradrenaline (NA) were assessed by ELISA in plasma from ApoE” mice infused with saline
(Sal) or Angll (1000 ng/kg/min) for 28 days. Angll-infused mice were treated or not with o-
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ANOVA.
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Figure S6. AMPT prevents aortic dilatation and the formation of AAA. Luminal and outer areas of abdominal aortas
were quantified by image analysis in haematoxylin-stained aortic sections from A) ApoE” mice infused with Saline or
Angll (1000 ng/kg/min, 28 days) and treated or not with a-methyl-p-tyrosine (AMPT; 100 mg/Kg twice daily, i.p) and B)
WT and TgNOR-1VSMC infused with Angll for 28 days. Angll-infused TJNOR-1VSMC were treated or not with AMPT. (WT:
wild-type; TgVSMC: TgNOR-1VSMC animals). Data represent mean + SEM (n=10). ***P< 0.001 vs. saline-infused ApoE"
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Figure S7. Graph showing the survival rate in the two mouse models. A) ApoE~- mice
were infused with saline (Sal) or Angll (1000 ng/kg/min) for 28 days. Angll-infused
ApoE~’- mice were treated or not with a-methyl-p-tyrosine (AMPT; 100 mg/Kg twice
daily, i.p). The graph shows the survival rate of each experimental group (saline-infused
ApoE~’- mice, n=9; Angll-infused ApoE”-mice, n= 21 [6 deaths]; Angll-infused ApoE"
mice treated with AMPT, n= 17 [2 deaths]). B) Graph showing the survival rate of wild-
type (WT) and TgNOR-1VSMC mice both infused with Angll (1000 ng/kg/min) for 28
days. TJNOR-1VSMC mice were treated or not with AMPT (WT, n= 11 [1 death]; TJNOR-
1VSMC non-treated with AMPT, n= 19 [4 deaths]; TgNOR-1VSMC treated with AMPT, n=
17 [2 deaths]). There were no deaths in saline-infused groups (not shown). Chi-square
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Figure S8. Impact of AMPT on renal and hepatic function in Angll-infused ApoE”- and TgNOR-1VSMC mice. Biochemical
parameters of renal and hepatic function were assessed in plasma samples from ApoE”- (A) and TgNOR-1VSMC (B) mice infused with
saline (Sal) or Angll (treated or not with a-methyl-p-tyrosine [AMPT; 100 mg/Kg twice daily, i.p]). Levels of aspartate transaminase
(AST) alanine transaminase (ALT), creatinine and blood urea nitrogen (BUN) are shown. Data represent mean = SEM (ApoEsaline,
n=10; ApoE”-Angll, n=11; ApoE”-Angll + AMPT, n=10; TgNOR-1VSMCsaline, n=9; Angll-infused TgNOR-1VSMC treated or not with
AMPT, n=11). *P< 0.05, **P< 0.001 vs. saline-infused mice; #P< 0.05, #*P< 0.001 vs. Angll-infused mice non-treated with AMPT.
Kruskal-Wallis test (A and B).
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Figure S9. Inflammation and MMP2 levels were attenuated by AMPT in the abdominal aorta from Angll-infused ApoE"- mice. ApoE”- mice were infused with saline or
Angll (1000 ng/kg/min) for 28 days. Angll-infused mice were left untreated or treated with a-methyl-p-tyrosine (AMPT; 100 mg/Kg twice daily, i.p). A) Aortic infiltration of
macrophages (MAC3), lymphocytes (CD3) and neutrophils (elastase, neutrophil expressed, ELANE) and staining for MCP1 and MMP2 in each group (Bars: 50 um). B)
Quantitative analysis of positive cells per aortic section (MAC3, CD3 and ELANE) and area in mm? per aortic section (MCP1 and MMP2). Data are expressed as mean = SEM
(saline, n= 6; Angll-infused groups, n=9). **P< 0.01, ***P< 0.001 vs. Saline-infused ApoE’ mice; *P< 0.05, #*P< 0.01 vs. Angll-infused ApoE’ mice non-treated with AMPT.
Kruskal-Wallis test.
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Figure S10. Inflammation was attenuated by AMPT in experimental mouse models of AAA. Representative
images of aortic infiltration of neutrophils (elastase, neutrophil expressed, ELANE), lymphocytes (CD3) and
macrophages (MAC3) in abdominal aortas from A) ApoE” mice infused with Saline or Angll (1000 ng/kg/min,
28 days) and treated or not with a-methyl-p-tyrosine (AMPT; 100 mg/Kg twice daily, i.p) and B) WT and
TgNOR-1VSMC infused with Angll for 28 days. Angll-infused TgNOR-1VSMC were treated or not with AMPT.
(WT: wild-type). The anti-inflammatory effect of AMPT was also evident in samples containing perivascular fat
(with intact adventitia).
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Figure S11. AMPT prevents the increase in aortic TH expression induced by Angll-infusion
in experimental mouse models of AAA. A and C) Th mRNA levels were analysed by real-time
PCR in abdominal aorta samples from ApoE” (A) or TgNOR-1VSMC mice (C) infused with
saline (Sal) or Angll (1000 ng/kg/min for 28 days), treated or not with a-methyl-p-tyrosine
(AMPT; 100 mg/Kg twice daily, i.p). Data normalised to GAPDH expression represent mean +
SEM (saline-infused ApoE~"-mice, n= 9; Angll-infused ApoE"-mice treated or not with AMPT,
n= 10; saline-infused TgNOR-1VSMC n= 10; Angll-infused TgNOR-1VSMC treated or not with
AMPT, n= 15). B and D) Aortic TH protein levels were assessed by Western-blot in samples
from ApoE”- (B) and TgNOR-1VSMC (D) mice treated as described above (Sal; open symbols,
Angll; black symbols and Angll+AMPT; grey symbols). Levels of B-actin are shown as a
loading control. Protein size was estimated by the indicated position of molecular weight
markers. Immunoblots densitometric analysis are shown in the lower panels. Data are mean *
SEM (n= 7). *P< 0.05, **P< 0.001 vs. saline-infused mice; #P< 0.05, #P< 0.001 vs. Angll-
infused mice non-treated with AMPT. Kruskal-Wallis (A-D).
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Figure S12. AMPT attenuates inflammation and MMP2 expression in the abdominal aorta from Angll-infused TgNOR-1VSMC mice. Wild-type (WT) and
TgNOR-1VSMC mice were infused with Angll (1000 ng/kg/min; 28 days). TJNOR-1VSMC mice were treated or not with a-methyl-p-tyrosine (AMPT; 100 mg/Kg twice
daily, i.p). A) Infiltration of macrophages (MAC3), lymphocytes (CD3) and neutrophils (elastase, neutrophil expressed, ELANE) and staining for MCP1 and MMP2
(Bars: 50 um). B) Positive cells per aortic section (MAC3, CD3 and ELANE) and area in mm? per aortic section (MCP1 and MMP2). Data are mean + SEM (WT, n=6;
TgNOR-1VSMC n=8; TgNOR-1VSMC + AMPT, n=10). *P< 0.05, **P< 0.01, ***P< 0.001 vs. WT; #P< 0.01, ##P< 0.001 vs. TJNOR-1VSMC non-treated with AMPT.

Kruskal-Wallis test.
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Figure S13. Vascular expression of NOR-1 correlates with that of TH in human AAA.
Statistically significant positive correlation between NOR-1 mRNA levels and those

corresponding to tyrosine hydroxylase (TH) in aneurysmal samples from AAA patients (n=
84). The Pearson Product Moment Correlation was applied.
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Figure S14. NOR-1 regulates tyrosine hydroxylase (TH) transcriptional activity. A) Scheme
depicting the structure of the proximal region of the human TH promoter and the location and
sequence of the putative NBRE identified in silico. The native NBRE (nat NBRE) and the
corresponding mutated sequence (mut NBRE) are underlined. Changes introduced by mutagenesis
are highlighted in bold. B) Luciferase activity evaluated in rat vascular smooth muscle cells co-
transfected with the luciferase reporter construct pGL3/pTH-3639 (or the form mutated in the
putative NBRE located at -2350 bp) and a NOR-1 expression vector (pCMV5-NOR-1; black bars)
or the corresponding empty plasmid (pCMV5; white bars). Data were normalised by Renilla
luciferase activity and expressed as mean = SEM (n= 8).**P< 0.0001 vs. control cells or cells
cotransfected with pCMV5; #P< 0.0001 vs. cells cotransfected with the native pGL3/pTH-3639
and pCMV5-NOR-1 plasmids. C) NOR-1 mRNA levels assessed by real-time PCR in mouse
VSMC exposed to Angll (107 M) for the indicated times (CT; open symbols, Angll-treated cells;
filled symbols). Results are shown as mean = SEM. *P< 0.05 vs. CT (n=4). Two-way ANOVA (B)
and Kruskal Wallis test (C).
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Figure S15: Angll-infusion did not alter the renal expression of markers of renal
damage. mRNA levels of Ngal (A) and Tnc (B) were assessed by real-time PCR in
kidneys from ApoE”’ mice infused with saline (Sal) or Angll (1000 ng/kg/min; 28
days), treated or not with a-methyl-p-tyrosine (AMPT; 100 mg/Kg twice daily, i.p).
Results are shown as mean + SEM (Angll-infused animals non-treated with AMPT
n=8; Angll-infused mice treated with AMPT, n=7; Saline, n=5). Kruskal-Wallis test
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Figure S16. The NBRE site in TH promoter is conserved among species. TH promoter
sequence surrounding the putative NBRE site located at -2350 bp in human TH gene
(ENSG00000180176) was aligned with those from different species using Blast program. The
conserved bases are indicated and the NBRE site in each sequence is highlighted in grey.
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