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1. Introduction

1.1.  The aorta: Anatomy and histology

The aorta is the primary and largest artery in the body (Koeppen et al. 2010). In a healthy adult
human, the aorta measures approximately 1.2 m in length and has a diameter of around 26
mm, which is progressively reduced in diameter, and from which emerges many arteries.
Eventually, these arteries lead to billions of capillaries, which then progressively converge to
form a single vena cava back to the heart (Hutchinson et al. 2010; Back et al. 2013). The aorta
serves as the direct collector of blood ejected by the heart standardizing the blood flow all over

the circulatory system (Testut et al. 1983).

1.1.1. Anatomy of the aorta

The aorta presents one end emerging from the left ventricle of the heart and the other ending
at a bifurcation at the lower back (Mann et al. 2015). The aorta is divided into ascending
thoracic aorta, aortic arch, and descending thoracic and abdominal segments. The aorta
descending portion feeds the thoracic organs as it descends along the spine, travels through the
diaphragm, branches to feed the abdominal organs, and then divides into the two iliac arteries
that serve the lower limbs. Furthermore, the aortic arch is the origin of the blood arteries that

nourish the brain and upper limbs. (Figure 1) (Mann et al. 2015; Gartner et al 2008).
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Figure 1. The anatomy of the aorta and its branches. Modified from Isselbacher EM et al 2022.



The ascending aorta consists of two main parts: the aortic root and the ascending tubular aorta,
which is a vertical tube connecting to the aortic arch. The sinotubular junction marks the border
between these two segments of the ascending aorta (Mann et al. 2015). Inside the heart, the
aortic root is a naturally dilated space that houses the aortic semilunar valve. This valve controls
the flow of blood into the aorta. It is a tricuspid valve composed of three cusps or leaflets that
passively open during systole when blood is ejected, and passively close during diastole to
prevent backward blood flow to the heart (Gartner et al. 2008). The tube-like structure of the
aortic root comprises three rounded dilations called Valsalva sinuses. Furthermore, the origins

of the coronary arteries, which supply blood to the cardiac tissue, arise from these sinuses.

1.1.2. Histology of the aorta

The aorta is categorized as an elastic artery due to its structural design, which facilitates the
passive propulsion of blood forward. Its wall is divided into three layers known as tunicae
intima, media, and adventitia (Figure 2) (Wagensein et al 2009). The innermost layer, called the
tunica intima, consists of a continuous monolayer of endothelial cells and a thin layer of loose
connective tissue beneath them (Kierszenbaum et al. 2016). Together, these components cover
the inner surface of the vessel. The middle and thickest layer, known as the tunica media, is
composed of elastic lamellae alternating with layers of vascular

smooth muscle cells (VSMCs) that are arranged circumferentially.

The outermost layer, referred to as the tunica adventitia, is composed of loose fibroelastic
connective tissue enriched in longitudinally arranged collagen | fibers, containing fibroblasts,
macrophages, small nerves, and small blood vessels. Oxygen and nutrients are supplied to the
aortic wall through simple diffusion from the lumen on one side. In the case of thick aortic walls
(found in humans but not in mice), oxygen and nutrients are also provided by the vasa vasorum
capillary network, which extends from the adventitia to the outer layers of the tunica media.
The internal elastic lamina separates the tunica intima from the media, while the external

elastic one marks the boundary between the tunica media and the adventitia (Ross et al. 2004).

The tunica media, which constitutes a significant portion of the aortic wall's thickness,
possesses a complex and interconnected matrix structure. It contains elastic lamellae, which are
fenestrated sheets of elastic fibers organized into multiple concentric cylinders. The spaces

between the lamellae, known as interlamellar spaces, are occupied by VSMCs. These cells are
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surrounded by other components of the extracellular matrix (ECM) such as collagen | and Il
fibers, a variety of proteoglycans, signaling factors, and fibronectin (O’Connell et al. 2008;

Dingemans et al. 2000)
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Figure 2. Diagram depicting the histological components of the aortic wall. Image from Isselbacher EM et al. 2022.

1.1.3. Aortic protein composition
1.1.3.1.  Elastic lamellae

Elastic lamella is made of a rubber-like material and largely contribute to the expansion of the
aortic wall during normal systolic pressure (Boron et al. 2005). When the aorta is in diastole
pressure or not pressurized at all, the lamellae appear wavy (Wolinsky et al. 1964).

In cross-section, traditional histological preparations of the aortic wall reveal elastic lamellae
arranged in almost evenly spaced parallel layers. The number of lamellae varies depending on
the species and vessel size. For example, adult mice aortas have an average of 7 to 8 lamellae,
while humans have 40 to 70 lamellae. Although the lamellae appear as parallel layers, they
branch out regularly, resulting in varying numbers of lamellae in different anatomical positions

within the same section of the aorta (Wolinsky et al. 1967).



Furthermore, the tunica media contains numerous direct connections between adjacent
lamellae, creating a dense network of elastic fibers within the interlamellar spaces. This network
forms cage-like structures that separate neighboring VSMCs and often establish connections

with them (O’Connell et al. 2008).

1.1.3.2. Microfibrils

The microfibrils involved in the assembly of elastin consist of polymers of ensembled fibrilin-1
(Fbn1) moieties with an average diameter of approximately 10-15 nm (Karimi et al. 2016). These
microfibrils are stabilized by crosslinks catalyzed by the protein-glutamine y-glutamyltransferase
2 (formerly known as tissue transglutaminase) (Kielty et al. 2007). The formation of microfibrils
serves as a scaffold or template for the subsequent deposition of tropoelastin monomers in a
manner that allows for the crosslinking of lysine residues by lysyl oxidases (LOX) (Wagenseil et

al. 2009).

In addition to their structural role, microfibrils also play a regulatory role in various
morphogenetic and tissue homeostatic processes. They directly interact with cells through cell-
matrix interactions and indirectly modulate the activity of growth factors such as the
transforming growth factor beta (TGF-B) and the bone morphogenetic protein (BMP). Signaling
pathways induced by these growth factors are crucial for cell survival, differentiation, tissue
morphogenesis, homeostasis, and responses to injury. Therefore, the integrity of microfibrils is

vital for the overall maintenance of tissues (Wagenseil et al. 2009; Kielty et al. 2007).

In the human genome, there are three types of fibrillins (fibillins 1, 2, and 3), with FBN1 being
the most abundant in the mature aorta. Fibrillins interact with various molecules, including
integrins, elastin, heparin sulfate, proteoglycans, TGF-B binding proteins, and some BMPs
(Jondeau et al. 2011). Fibrillin-1 plays a crucial role in sequestering and regulating the activity of
growth factors, particularly TGF-B, which is essential for tissue homeostasis. Disruption of these
interactions and deregulation of TGF-B activity have been implicated in a variety of diseases (El-

Hamamsy et al. 2009).



1.1.4. Aortopathies

The structural integrity of the aortic wall is crucial for its function in facilitating blood flow.
Maintaining the proper structure is essential for effective vessel function (El-Hamamsy et al.
2009; Tsamis et al. 2013). However, in certain vascular diseases, the aortic structure undergoes
significant alterations, compromising its vital role in blood circulation. Aortic diseases
encompass a range of conditions, including atherosclerotic stenosis, ulcers, calcification,
thromboembolic disease, aneurysms, pseudoaneurysms, intramural hematoma, aortic tumors,
and dissections. Similar to other arterial diseases, the development of aortic diseases can be
asymptomatic over an extended period or present acutely (Erbel et al. 2014).

An aneurysm is characterized as the abnormal enlargement of an artery, typically reaching a
size that is at least 1.5 times larger than its normal dimensions. In the case of the abdominal
aorta, a commonly accepted threshold for defining it as an aneurysm is a diameter of more than

3 cm (Calero et al. 2016).

1.1.4.1.  Etiology of aortic aneurysms

The etiology of aortic aneurysms is primarily attributed to the degeneration of the aortic wall
caused by atherosclerosis, particularly in the abdominal region (Lavall et al. 2012; Cozijnsen et
al. 2011). Several risk factors, including age, male gender, cigarette smoking, atherosclerotic
cardiovascular disease, and hypertension, are associated with the development of aneurysms.
Genetic connective tissue disorders such as Marfan syndrome, Loeys-Dietz syndrome, and
vascular Ehlers-Danlos syndrome, as well as congenital anomalies of the aortic valve (e.g.,
bicuspid aortic valve), familial genetic variants affecting proteins like aortic smooth muscle
actin, myosin-11, Fibrillin-1, SMAD3, TGF-B and TGF-B receptor type-2, inflammatory diseases
(syphilitic, Takayasu and giant cell aortitis), and trauma, are also recognized causes of aortic

aneurysms (Lavall et al. 2012; Cozijnsen et al. 2011). It is important to note that genetically
triggered aneurysms exhibit distinct characteristics compared to atherosclerotic aneurysms
(Mann et al. 2015). Many individuals with connective tissue disorders also have a bicuspid aortic
valve, which further increases the risk of aortic rupture and mortality. Additionally, patients
with an aortic aneurysm face an elevated risk of cardiovascular events, often unrelated to the
aneurysm itself, but likely influenced by factors such as inflammation, smoking, or hypertension

(Erbel et al. 2015).



1.1.4.2. Prognosis of aortic aneurysms

Aneurysms are characterized by their silent nature, often presenting no symptoms until an
acute event occurs, such as aortic wall dissection or rupture, which can have lethal
consequences. Dissection refers to the separation of layers in the aortic wall due to bleeding
within the wall, often resulting in the formation of a false lumen. On the other hand, aortic
rupture involves the complete breach of the vessel wall, leading to bleeding into the
surrounding tissues and potentially fatal exsanguination. Unfortunately, only a minority of
patients, ranging from 30% to 59%, survive sudden aneurysm rupture and manage to reach the
hospital in time for treatment. Moreover, an additional 27% to 40% of patients who do reach
the hospital succumb to the condition. The likelihood of aortic dissection occurring is closely
related to the size of the aneurysm, with a higher probability as the aneurysm expands. In the
ascending aorta, once the diameter exceeds 60 mm, there is a significant increase in the risk of
acute complications. Therefore, early clinical diagnosis, along with regular monitoring and
appropriate treatment, is crucial to prevent premature death resulting from aneurysm rupture

(Chau et al. 2013; Tellides et al. 2017; Tremblay et al. 2011).

1.1.4.3. Diagnosis of aortic aneurysms

The natural progression of aneurysms involves the gradual enlargement of the aorta over
several years, eventually leading to rupture (Mann et al. 2015). During the initial stages of
growth, the aneurysm remains asymptomatic, and its detection often occurs incidentally
through abdominal, or chest radiography conducted for other medical purposes. Once
identified, ultrasound echography, such as echocardiography, is the primary imaging technique
used for monitoring aortic aneurysms in clinical practice (Lavall et al. 2012; Cozijnsen et al.
2011). This method is preferred due to its ability to measure the size of the aorta, detect wall
abnormalities, widespread availability, non-invasiveness, absence of risks, and low cost.
However, since ultrasound measurements of vessel diameter may not always be accurate,
experts recommend the use of computed tomography (CT) or magnetic resonance imaging
(MRI) for follow-up and surgical planning in larger aneurysms. These imaging modalities provide
comprehensive 3D visualization of the entire aorta, allowing for proper identification of affected
areas. CT is favored for its shorter image acquisition and processing time and wide availability.
On the other hand, MRI, although contraindicated for patients with metal implants, does not

involve harmful ionizing radiation like CT and is therefore highly suitable for serial follow-up
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studies in individuals with known aortic conditions. Additionally, MRI enables visualization and
measurement of blood flow, facilitating the assessment of pulse wave velocities and wall shear

stress (Chau et al. 2013; Tremblay et al. 2011).

1.1.4.4. Aortic dissections

Aortic dissection is the prevailing form of acute aortic syndrome. It arises when there is a tear in
the inner layer of the aorta, allowing blood to pass through the tear and enter the middle layer
known as the aortic media. This tear causes a longitudinal splitting of the intima, forming a
dissection flap that separates the true lumen from a newly formed false lumen (Figure 3). The
dissection flap can progress either in an antegrade or retrograde direction, leading to a range of
life-threatening complications, such as acute aortic regurgitation, myocardial ischemia, cardiac

tamponade, acute stroke, or malperfusion syndromes (Isselbacher et al. 2022; Chau et al 2013).

DeBakey Classification
Typel Type ll Type llla Type llib

Type A B
+* Stanford Classification Typs

Figure 3. Classification of acute aortic dissection. The DeBakey and Stanford classification systems are widely used to
classify aortic dissections. The DeBakey system provides more detailed anatomical information, while the Stanford
system is simpler and primarily differentiates dissections involving the ascending thoracic aorta from those that do

not. Image from Isselbacher EM et al. 2022.

The blood flowing within the false lumen has the potential to rupture back through the intima

into the true lumen, creating a reentry tear. Alternatively, if the blood in the false lumen tears
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through the outer media and adventitia, it results in aortic rupture. The incidence of aortic
dissection is estimated to be between 5 and 30 cases per million people per year, with a higher
prevalence in men. Most dissections occur in individuals aged 50 to 70 years, although patients
with Marfan syndrome (MFS), bicuspid aortic valve, Loeys-Dietz syndrome, and vascular Ehlers-

Danlos syndrome usually present at younger ages.

If left untreated, acute aortic dissection of the ascending aorta can be extremely fatal, especially
in symptomatic patients. The mortality rate rises rapidly, reaching 1% to 2% per hour after the
onset of symptoms. Patients who experience complications such as cardiac tamponade (with or
without cardiogenic shock), acute myocardial ischemia or infarction, stroke, or organ
malperfusion are at an even higher risk of mortality. Among patients with uncomplicated acute
type B aortic dissection, the 30-day mortality rate is 10%. However, when complications such as
malperfusion or rupture arise in patients with acute type B aortic dissection, the mortality rate
increases to 20% by day 2 and further to 25% by day 30 (Isselbacher et al. 2022; Chau et al
2013).

1.2. Marfan syndrome

Marfan Syndrome is an autosomal dominant multisystemic connective tissue disorder, affecting
approximately 1.5 to 17.2 individuals per 100,000 live births. The disease primarily manifests
through skeletal, ocular, and cardiovascular symptoms. The underlying cause of MFS is a

mutation in the gene responsible for encoding fibrillin 1, FBN1 in humans and Fbn1 in mouse.

and y systems ’
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Figure 4. Clinical manifestations of Marfan syndrome. Image obtained from Milewicz et al. 2022
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Fibrillin 1 is a structural glycoprotein forming the microfibrils, which along with elastin,
constitute the elastic fibers of the connective tissues. To date, nearly 3.000 different FBN1
mutations with varying and little-known functional effects have been identified (Dietz et al

1991, Sakai et al 2016, Milewicz et al. 2005; Milewicz et al. 2022)).

1.2.1. FBNI

MFS is the result of various mutations that can occur in the FBN1 gene located to chromosome
15g21.1. This gene is quite large, consisting of 11,756 base pairs, and it encodes a 350 kDa
heavy ECM glycoprotein called fibrillin 1 (Dietz et al. 1991). Fibrillin-1 is the basic component of
microfibrils, which are structural elements measuring 10-20 nm and found throughout the body
in both elastic and non-elastic connective tissues (Sakai et al 2016, Robinson et al 2002). These
microfibrils interact with different ECM components such as elastin and collagen, thereby
contributing to the formation of elastic fibers. The arrangement of elastic fibers varies
depending on the tissue, ranging from parallel bundles as seen in the aorta to isolated fibers as

occurring in the skin and the lung (Ramirez et al. 2007).

FBN1 consists primarily of 47 epidermal growth factor (EGF)-like domains, interspersed with
seven characteristic domains of each eight cysteines (TB/8-Cys). The EGF-like domains contain
six highly conserved cysteine residues that form intramodule disulphide bonds and induce B-
sheet formation of the protein. In addition, 43 of the 47 EGF-like domains contain calcium

binding consensus sequences (Ramirez et al. 2007; Reinhard et al. 1997).

1.2.2. Cardiovascular manifestations of Marfan syndrome and other systems
manifestations

Cardiovascular problems are the most serious side effects of MFS. Around 77% of patients with
MFS manifest progressive aortic root enlargement and ascending aortic aneurysms that often
ends with the dissection and subsequent the fatal rupture of the aorta (Milewicz et al. 2005;
Karnebeek et al. 2001). The only treatments for aortic problems are B-adrenergic receptor
blockers, and preventive or emergency surgical repair. Even though aortic surgical repair has
considerably extended the life expectancy of MFS patients, many still need additional
procedures, frequently at locations other than the aorta's initial site of dilatation or rupture.

Other cardiovascular issues include aortic insufficiency, mitral valve regurgitation, and the most
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common valvular anomaly, mitral valve prolapse (Figure 4) (Karnebeek et al. 2001; Faivre et al.

2007).

The most apparent phenotype of MFS patients is at musculoskeletal level Pectus excavatum and
pectus carinatum as well usually accompanied by abnormally high stature, dolichostenomelia
(exceptionally long limbs), and arachnodactyly (abnormally long fingers and toes) are the
characteristics that are most frequently associated with the condition (Scherer et al. 1988;
Loeys et al. 2010). Spine abnormalities such scoliosis (an improper lateral curvature of the
spine) and kyphosis (an unnatural curve of the upper back), whose growth is linked to increasing
pain in the spine area (ref), are another characteristic of MFS (Sponseller et al. 1995).
Additionally, Marfan individuals experience failure to rebuild skeletal muscle following damage

or assault as well as muscular myopathies (Cohn et al. 2007).

About 50% of Marfan patients experience ectopia lentis, which is the dislocation of the eye lens
and can affect one or both eyes simultaneously (ref). The stretching of the tunica scleralis,
which results in zonular fiber rupture and lens displacement, is the cause of ocular diseases in
MFS (Maumenee et al. 1981). Additionally, spontaneous pneumothorax—the uncoupling of the
lung from the chest wall by the accumulation of air in the pleural space—has been documented
in MFS patients (Karpman et al. 2011). Shortness of breath, chest pain, oxygen deprivation, and
an accelerated heart rate can all be symptoms of spontaneous pneumothorax. Even while a
modest spontaneous pneumothorax typically only has to be monitored, MFS patients have been
known to have recurring and even contralateral pneumothorax that require surgery (Viveiro et
al. 2013; Mo et al. 2014; Kohler et al. 2013). Another common symptom in MFS patients are

obstructive and central sleep apneas (Rybczynski et al. 2010).

1.2.3. The aortic aneurysm in Marfan syndrome

Aside from their structural function in the ECM, microfibrils also serve as reservoirs for certain
signaling molecules. Specifically, TGF-B is bound and rendered inactive by latent TGF-$ binding
proteins (LTBPs) attached to microfibrils. In the context of MFS, where there is insufficient or
dysfunctional fibrillin 1, abnormal assembly of the lamellae occurs, leading to impaired

mechano-transduction in VSMCs and an elevated level of bioactive TGF-B (Cafiadas et al. 2010).
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The presence of reduced or mutated fibrillin-1 results in the formation of weakened lamellae
that prematurely deteriorate under the normal blood pressure forces, thereby providing
inadequate mechanical cues to VSMCs. Furthermore, VSMCs in the MFS aorta experience
heightened signaling due to the pathological overactivation of TGF-B, which triggers excessive
phosphorylation of SMAD and MAPK (formerly ERK) proteins through TGF-B receptors (TGFRs).
These signals prompt the excessive release of matrix metalloproteinases (MMPs), leading to
inappropriate tissue remodeling and further weakening of the aortic wall and finally promoting

the aortic aneurysm formation (Figure 5) (Wilson et al. 2016; De Backer et al. 2015).

This explanatory model of pathogenesis provides valuable insights into the progression of MFS-
related aneurysms and serves as a prototype for understanding thoracic aortic aneurysms and
dissections (TAAD) caused by other factors. However, there are still gaps in our understanding
of this model that require further investigation. One notable aspect is the role of TGF-B in
aneurysm progression. In MFS patients, elevated levels of circulating TGF-B have been found to
correlate positively with the diameter of the aortic root, suggesting its potential as a biomarker

for aortic risk (Jondeau et al. 2011; De Backer et al. 2015).

a
Right subclavian artery —— Left subclavian artery
Right carotid artery \ Left carotid artery
Brachiocephalic trunk Aortic arch
; Ascending aortic
Ascending
aorta e Descending
Sinotubular junction thoracic aorta
Aortic root aneurysm — SRR 1=~ -t oo oot
Aortic
b  Dissection involving C  dissection
the ascending aorta
Blood flow
True
lumen
False lumen
Intima tear L

Figure 5. Aortic root aneurysm and ascending aortic dissection in MFS patient. (a) On the left, schematic aortic root
aneurysm, on the right, photo of an aortic root aneurysm. (b) Schematic aortic root dissection. MFS patients present
type A aortic dissections. (c) Schematic transversal aortic root dissection. Images taken and modified from Milewicz

et al. 2021 and modified from Isselbacher; et al 2022, respectively)
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1.3.  TGF- signaling is regulated by fibrillin-1

TGF-B is essential for various developmental processes and maintaining a balanced relationship
between cells and the ECM to ensure tissue homeostasis. Dysregulation of TGF-B has been
implicated in a wide range of diseases, including fibrosis, cancer, autoimmune disorders, and
vascular diseases. Fibrillin-1 is a vital component of the ECM contributing to the temporal and
spatial regulation of the versatile TGF-R (Neptune et al. 2003; Chaudhry et al. 2007).

Fibrillin-1, in addition to its structural role, also plays a significant physiological role in the
regulation of TGF-B activation. TGF- is initially secreted as a large latent complex (LLC), which is
covalently attached to LTBP (Dijke et al. 2007; Isogai et al. 2003). The interaction between LTBP
and Fibrillin-1 is facilitated by their shared 8-Cys module, which is a unique feature of both

proteins (Gordon et al. 2008).

1.3.1. TGF-B release in the ECM

To initiate signaling, TGF-B needs to bind to its receptor (see below). This requires the release of
the LLC, which contains the mature form of TGF-B from both Fibrillin-1 microfibrils and the
ECM. The displacement of LLC from Fibrillin-1 can be triggered by the displacement of LTBP.
Elastase, a proteolytic enzyme, degrades the microfibrils, leading to the release of fragments of
Fibrillin-1. These fragments compete with LTBP for binding at their own N-terminal, displacing

LTBP in the process (Dijke et al. 2007; Chaudry et al. 2007;).

In addition, proteases such as plasmin and thrombin cleave the hinge region of LTBP, which
allows for the release of LLC from the ECM. The LTBP N-terminal fragment remains bound to
the ECM while the LLC is freed. Recent research has also highlighted the role of BMPs in LLC
release. BMPs cleave the LTBP hinge region at specific sites, resulting in the release of a free LLC

complex (Annes et al. 2003).

Overall, the release of LLC from microfibrils and the ECM involves a complex interplay of
proteolytic enzymes, LTBP displacement, and cleavage events mediated by elastase, plasmin,
thrombin, and BMPs. These processes are crucial for activating TGF- signaling and facilitating

its role in various physiological and pathological processes (Ge et al. 2006).
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1.3.2. TGF-R activation

To activate TGF-B, the mature active cytokine needs to be cleaved from the latency-associated
peptide (LAP) complex, allowing for receptor binding and signaling. This activation process can
occur through integrin-independent mechanisms after the release of the LLC from the ECM, or
it can be integrin-associated at different stages of extracellular release. However, in all cases,

the LAP complex is the direct target (Dijke et al. 2007; Annes et al. 2003).

One well-accepted integrin-independent mechanism involves the cleavage of LAP by matrix
MMPs, which releases the active mature form of TGF-B. MMPs have diverse functions and are
involved in wound healing responses, ECM degradation, and remodeling. ECM degradation may
contribute to the lack of TGF-B targeting to the ECM and the increased activation of TGF-B. In
turn, TGF-B has been shown to transcriptionally control the activation of MMPs, creating a
positive feedback loop between TGF-B and MMPs (Yu et al. 2000; Lu et al. 2011; Krstic et al.
2014).

Changes in pH can also activate TGF-B independently of integrins. Acidic environments can lead
to the disintegration of LAP, releasing active TGF-f3. Reactive oxygen species (ROS) are another
mechanism for TGF-B activation. ROS mostly produced by NADPH oxidases and mitochondria,
can alter the conformation of LAP and expose active TGF-B. Conversely, TGF-B signaling
promotes the production of ROS by activating NADPH oxidase, interfering with mitochondrial
function, and suppressing antioxidant enzymes. This creates a vicious cycle of global redox
imbalance that favors TGF-B-induced tissue fibrosis under non-homeostatic conditions. This ROS
point will be explained in next points (Lyons et al. 1988; Liu et al. 2015; Barcellos-Hoff et al.
1996).

1.3.3. TGF-R receptors

TGF-B mediates its signaling effects through a receptor complex composed of two types of
receptors from the serine/threonine kinase family. This receptor complex family consists of 12
members, including 7 type | receptors and 5 type Il receptors, all dedicated to signaling by the
TGF-B superfamily. The transmembrane receptors of the TGF-B superfamily have a structural

organization of approximately 500 amino acids, which includes a cysteine-rich extracellular
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ligand binding domain at the N-terminal, a transmembrane domain, and a serine/threonine

kinase domain at the C-terminal (Manning et al. 2002; Shi et al. 2003).

TGF-B, including its isoforms (TGF-B1, TGF-B2, and TGF-B3), signals through a heterocomplex
formed by the TGF-B type Il receptor (TBRII) and either of the TGF-B type | receptors (TBRI). The
TBRI type can be ALKS5, which induces the classical canonical SMAD2-dependent signaling, or
ALK1, which induces SMAD1/5 phosphorylation. Other members of the TGF-B superfamily signal
through different combinations of specialized type | and type Il receptors. The TBRI has a
distinctive sequence called the GS domain, which is located N-terminal to the intracellular
kinase domain. Successful activation of TBRI involves transphosphorylation of its GS domain by

TBRII upon ligand binding (Shi et al. 2003; Di Guglielmo et al. 2003).

An additional type of auxiliary TGF-B receptor, TBRIII (including endoglin and betaglycan),
mainly assist the low-affinity TGF-B2 isoform in binding TBRII but also in a lesser extent to TGF-
R1.

TGF-B does not directly interact with TBRI alone but has a high affinity for TBRII and binds to its
ectodomain. Recruitment of TBRI allows for the assembly of the receptor complex and
subsequent phosphorylation. However, the heterocomplex formation involves not only one
TGF-B ligand but a ligand dimer and four receptor molecules. Each receptor binds one ligand at
a time, and TBRI and TBRII bind adjacent positions on the ligand surface. The reason for TGF-
changing its affinity for TBRI once it is bound to TBRIl is not yet clear, but a hypothetical model
suggests a conformational change in TGF-B that exposes a binding site for TBRI once it is bound

to TBRII (Sankar et al. 1995).

Regardless of the specific mechanism, the binding of the ligand dimer to TBRII and the inclusion
of TBRI in the complex bring the receptors close enough to enable transphosphorylation of TBRI
by TBRIIl. While TBRI requires phosphorylation, TBRII kinase is thought to be constitutively
active, although the regulatory process is not well understood. The GS region of TBRI not only
serves as a critical phosphorylation site but also functions to prevent phosphorylation and
activation of the receptor complex. Proteins such as 12 kDa FK506-Binding Protein (FKBP12) can
bind to the unphosphorylated GS region and inhibit the phosphorylation of TBRI by TBRII,
thereby regulating TGF- signaling at the receptor level (Hart et al. 2002; Huse et al. 1999).
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1.3.4. TGF-B in Marfan syndrome

Under normal physiological conditions, TGF-B remains inactive due to controlled binding of
LTBP to Fibrillin-1. However, in MFS, the fragmentation of microfibrils caused by insufficient or
dysfunctional Fibrillin-1 disrupts the binding capacity of LTBP, resulting in increased levels of
active TGF-B in the ECM (Figure 6). This dysregulation of TGF-f has emerged as a significant
molecular factor in the progression of aneurysms, a common manifestation of MFS. Studies
using animal models of MFS have demonstrated that inhibiting TGF-B activity using TGF-p
neutralizing antibodies or inhibiting its expression via cross-activating pathways can reduce the
formation of aneurysms. Additionally, in MFS patients, higher circulating levels of TGF-B have
been found to positively correlate with the diameter of the aortic root, suggesting its potential

as a biomarker for aortic risk assessment (Holm et al. 2011; Lavoie et al. 2005).

The increased presence of TGF-B in the environment surrounding VSMCs in the aorta has direct
implications for cellular function, including impaired tissue repair, attenuated immune
responses, and limited angiogenesis. This highlights that the dysregulation of TGF-B extends
beyond structural deficiencies and contributes to various cellular changes associated with MFS-
related complications. These insights into the dysregulation of TGF-f in MFS challenge the
simple notion that structural abnormalities caused by Fibrillin-1 are the only ones responsible
for aneurysm formation. Instead, they present an opportunity for targeted therapeutic
approaches aimed at modulating TGF-B signaling to mitigate the progression of aneurysms in

MFS patients (Habashi et al. 2011; Cook et al. 2015).

1.3.5. TGF-R inhibitory peptides

In the last decade, several anti-TGF-R peptides have been developed to avoid the excessive TGF-
R bioavailability (Llopiz et al. 2009). Among these peptides, P144 is a hydrophobic peptide
derived from the membrane-proximal ligand-binding domain of B-glycan (Murillo et al. 2015). It
is designed to hinder the interaction between TGF ligands and their receptors by blocking the
extracellular domains of TGFRs Il (Ezquerro et al. 2003). Another soluble peptide, P17
(KRIWFIPRSSWYERA), was generated from a phage library (Dotor et al. 2007) and exhibits
relative affinity binding to TGF-B1, TGFB2, and TGFB3 of 100%, 80%, and 30%, respectively

(Santiago et al. 2005). The inhibitory effects of both peptides have been demonstrated in in vivo
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and in vitro models of fibrosis and scleroderma, showing their potential therapeutic value in

blocking the TGFB pathway and preventing collagen fiber accumulation (Llopiz et al. 2018).

P144 is a hydrophobic peptide derived from the extracellular region of the human TGFR type IlI .
Studies have demonstrated that P144 can enhance the effectiveness of antitumor
immunotherapy in thymoma and melanoma cell lines. Furthermore, P144 has been suggested
to have immunomodulatory properties in the cellular response to tumors, stimulating the
production of cytokines in melanoma that redirect the cellular response against tumors (Gallo-

Oller et al. 2016) .
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Figure 6. TGF-B in MFS. In MFS, fragmented elastin fibers can be observed in the aorta, which are associated with the

release of the large latent TGFB complex and active TGFB1. Modified from Dijke et al. 2007.

1.4. Oxidative eustress and distress

Oxidative (di)stress refers to an imbalance between the production of reactive oxygen species
(ROS) and the body's antioxidant defenses, which can result in tissue damage. ROS are
produced extensively as a natural byproduct of various biochemical processes and can also be

intentionally generated, for example, by activated neutrophils (Sies et al. 2017).
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When there is low exposure to oxidants, specific targets can be addressed for redox signaling,
which is referred to as oxidative eustress. However, high exposure to oxidants can disrupt redox
signaling and cause damage to biomolecules, leading to oxidative distress (Figure 7). Adaptive
stress responses are activated to modulate and counteract these effects. The outcome of this
interplay between oxidative stress and adaptive responses contributes to both health and

disease processes (Sies et al. 2017; Sies et al 2020; Sies et al 2023).
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Figure 7. Schema representing the influence of low and high exposure to ROS generating oxidative eustress and

oxidative distress. Image taken from: Sies et al. 2020.

1.4.1. Reactive oxygen species

ROS are small molecules formed by the partial reduction of molecular oxygen (O3), and they
play important roles in vital biological processes such as cellular respiration and aerobic
metabolism. However, O, is a double-edged sword because reactive oxygen intermediates can
easily convert into toxic compounds that cause cell damage by oxidizing proteins, lipids,
carbohydrates, and nucleic acids. The primary ROS products formed during the partial reduction
of Oy include superoxide radical (O,7), and hydrogen peroxide (H,0,), which further react to

produce hydroxyl radical (OH"). O, is a negatively charged species with an unpaired electron
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and cannot diffuse across biological membranes. It can rapidly react with Fe-S clusters to
generate H,0,, with Fe?* to form OHe through the Fenton reaction, or with superoxide
dismutase (SOD) to dismutate into H,0, and O,. Oy can be formed by the catalytic activity of
peroxidases, such as myeloperoxidase. Importantly, the reaction between O, and nitric oxide
(NO) produces the highly reactive and harmful peroxynitrite (ONOO’), which can be either a
nitrogen- or oxygen-centered radical species. Unlike O,7, H,05 is not a free radical and is much
more stable. It can cross membranes through aquaporins and is produced constitutively in
mitochondria, the ER membrane, and by NADPH oxidase NOX4. H,0, can be formed through

the spontaneous or enzymatic dismutation of O,™ by SOD (Sies et al. 2020; Egea et al. 2020).

1.4.2. ROS sources

Endogenous ROS and free radicals are primarily produced in environments with high oxygen
consumption, such as intracellular organelles like mitochondria, endoplasmic reticulum (ER),
peroxisomes, and the plasma membrane (Egea et al 2020). In mammals, the main enzymatic

sources of ROS are (Figure 8):

e Mitochondrial respiratory chain: During oxidative phosphorylation in mitochondria, O,
is reduced to H,0 along the electron transport chain. This process generates O,¢—, with
complexes | and Il in the internal membrane of mitochondria being the major sites of
O,e- production (Brand et al. 2010)

e Cytochrome P450: The catalytic cycle of cytochrome P450, involved in metabolizing
organic substrates, utilizes O, and produces O,e— and H202 as by-products (Yasui et al.
2005).

e Flavoenzyme Erol and ER protein-folding processes: The ER, through protein-folding
processes and the activity of flavoenzyme Erol, generates ROS, particularly H,0,, as a
by-product of disulfide bond formation for oxidative protein folding. Increased oxidative
stress in the ER can stimulate mitochondrial ROS production through Ca** leakage (Araki
etal. 2012).

e NADPH oxidases (NOX): NOX enzymes, mainly present in vascular tissue but also found
in nonvascular tissues, catalyze the reduction of 02 in the presence of NADPH to
generate O2e¢- and other ROS. Mammals have seven isoforms (NOX1-5, DUOX1, and
DUOX2), with different levels of action and activation mechanisms (Lasségue et al.

2012).
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e Xanthine oxidase (XO): XO is an enzyme involved in purine nucleotide catabolism. It
generates O2¢— and H202 as it oxidizes hypoxanthine to xanthine and further to uric
acid (Lacy et al. 1998)

e Lipoxygenases: Lipoxygenases catalyze the conversion of polyunsaturated fatty acids
into leukotrienes and lipoxins, which are involved in cellular signaling pathways. They
generate O2e- in the presence of reducing co-substrates (Kukreja et al. 1986).

e Nitric oxide synthases (NOS): NOS enzymes are responsible for synthesizing nitric oxide
(NO), an important signaling molecule. However, under certain conditions, NOS can
become uncoupled and generate O2e- instead of NO, leading to impaired NO-

dependent functions and the formation of toxic ONOO™ (Férstermann et al. 2006).

These enzymatic machineries contribute to the endogenous production of ROS and free radicals

within cells and organelles, playing a role in various physiological and pathological processes.
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Figure 8. Sources of ROS in the cell. Image taken from Arfin, S.; Jha, N.K.; Jha, S.K.; Kesari, K.K.; Ruokolainen, J.;
Roychoudhury, S.; Rathi, B.; Kumar, D. Oxidative Stress in Cancer Cell Metabolism. Antioxidants 2021, 10, 642.
https://doi.org/10.3390/antiox10050642

1.4.3. Oxidative distress in cardiovascular diseases (CVD)

Oxidative stress primarily contributes to the initiation of atherosclerosis, a process
characterized by early endothelial inflammation that triggers the generation of ROS by recruited

macrophages. Subsequently, circulating LDL cholesterol undergoes oxidation by ROS, leading to
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the formation of foam cells and the accumulation of lipids. These events ultimately result in the
formation of an atherosclerotic plaque. Both in vivo and ex vivo studies have provided
substantial evidence supporting the role of oxidative stress in the ischemia, hypertension,
cardiomyopathy, cardiac hypertrophy, and congestive heart failure (Akhtar et al. 2010;

Martinez-Revelles et al. 2017).

1.4.4. Oxidative distress in MFS

It is well-established that TGF-B signaling indirectly contributes to oxidative stress by promoting
ROS production and/or inhibiting antioxidant systems, particularly in conditions such as fibrosis,
tumorigenesis, and cerebral ischemia. The involvement of TGF-B-mediated oxidative stress has
been demonstrated in MFS, where TGF-f signaling indirectly regulates the expression of NADPH
oxidase NOX4 in both MFS patients and mouse models (Jimenez-Altayd et al. 2018; Gordon et
al. 2008; Krstic et al. 2015; Lou et al. 2018).

The initial evidence supporting the involvement of oxidative stress in MFS was obtained from a
study that investigated endothelial function in MFS mice. The study revealed that the relaxation
ability of the aortic segments affected by TAAD in Fbnl1C1041G/+ mice was significantly
impaired due to the downregulation of endothelial nitric oxide synthase (eNOS)/AKT signaling,
which leads to reduced NO production (Chung et al. 2007). However, when MFS aortic tissue
was preincubated with various ROS inhibitors, the acetylcholine-induced aortic relaxation
improved. Moreover, the expression levels of ROS-producing enzymes, such as XO, NOX, and
inducible nitric oxide synthase (iNOS), were found to increase, while SOD levels decreased in

MFS aortic tissue (Yang et al. 2010).

In another study, it was discovered that endothelial dysfunction could be prevented in MFS
mice lacking the Nox4 gene, providing the first evidence of the involvement of NADPH oxidases
in the progression of MFS aortic aneurysm. Both MFS aortic tissue and SMC derived from MFS
patients exhibited overexpression of NOX4. The MFS mouse model lacking Nox4 gene
expression exhibited preserved elastic fiber integrity and a significant reduction in aortic
aneurysm progression, particularly in 9-month-old mice. Interestingly, this protective effect was
not observed in younger mice, suggesting that NOX4 plays a negative role in aneurysm

progression during later stages of the disease. Similar protective effects of Nox4 have been
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observed in cerebral arteries and the aorta of both MFS mice and patients (Jimenez-Altayé et al.

2019).

Another study in the mitochondria concluded that the extracellular matrix regulates the
mitochondrial function of VSMCs and plays a crucial role in the development of aortic aneurysm

in MFS (Oller et al. 2021).

Finally, they identified a mutation in the 3'UTR of the FBN1 gene in patients with MFS. This
mutation suggests that the involvement of the ER stress response is a molecular mechanism in

the formation of aortic aneurysm in these patients (Siegert et al. 2019).

Overall, the impaired vasomotor function in MFS is attributed to an imbalance between ROS-
producing proteins, including NOX4, and ROS-scavenging proteins. Additionally, recent studies
have implicated inducible iNOS in MFS aneurysm formation. Increased levels of iINOS have been
observed in MFS mice and human aortic tissue, and the administration of an iNOS inhibitor
quickly normalized aortic size, suggesting a role for iNOS in the pathogenesis of MFS.

REFERENCIA?

1.5. Xanthine oxidase

Xanthine oxidoreductase (XOR), which was initially discovered in milk by Schardinger et al. 1902,
belongs to the highly conserved molybdoenzyme family (Kisker et al. 1997). XOR exists in two
interconvertible forms known as xanthine dehydrogenase (XDH) and xanthine oxidase (XO). XO
exclusively reduces oxygen, while XDH can reduce either oxygen or NAD+ but has a higher
affinity for the latter (Waud & Rajagopalan et al. 1976). Both forms catalyze the conversion of
hypoxanthine to xanthine and xanthine to uric acid (UA), which are the final steps in the purine
degradation pathway. XOR is composed of several cofactors, including molybdopterin (Mo-Co),

two iron-sulfur centers (Fe2-S2), and flavin adenine dinucleotide (FAD) (Berry et al. 2003).

In cells and in biological fluids XOR exhibits the dehydrogenase and oxidase activity. However,
there is an exception observed in activated leukocytes, where XOR demonstrates XO activity. In
this case, through univalent and divalent electron transfers to O,, XOR generates O, and H,0,
respectively. These ROS play a functional role in activating endothelial cells and contribute to

the cytocidal phase of phagocytosis (Battelli et al. 2014, Polito et al. 2021).
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The reversible or irreversible transition from XDH to XO also occurs in various pathological
conditions, including hypoxia and reoxygenation, ischemia and reperfusion, viral infections,
toxic tissue injury, radiation damage, and organ preservation and transplantation. In such
circumstances, XOR-derived ROS can trigger an inflammatory response and exacerbate tissue

damage through their cytotoxic effects (Battelli et al. 2014; Battelli et al. 2016).

Furthermore, once XOR is released from hepatocytes and enters the bloodstream and
undergoes its conversion from its dehydrogenase form to the oxidase form, the oxidase form of
XOR has a strong affinity for the glycosaminoglycans present on the surface of endothelial cells.
This bound XOR plays a crucial role as a systemic regulator of redox balance and influences
various important functions of endothelial cells (Figure 9) (Fernandez et al. 2018; Bortolotti et

al. 2021).
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Figure 9. XOR mechanism of action in the endothelial cells in vasculature. Modified from Fernandez et al. 2018.

In terms of its roles in the inflammatory reaction, XOR associated with the endothelium
generates ROS and nitrogen species (RNS). These oxidants activate endothelial cells, leading to
increased permeability and the formation of inflammatory exudate. Additionally, XOR-derived
oxidants induce the expression of adhesion molecules on the inner surface of the
microcirculation, promoting the activation of leukocytes, their migration across the
endothelium, and their movement towards the inflammatory stimulus. Furthermore, activated

phagocytes release cytokines, which further enhance XOR expression and contribute to the

26



production of oxidant products that can be destructive to cells (Battelli et al. 2018; Bortolotti et

al. 2021).

1.5.1. Xanthine oxidase and CVD

The activity of XOR and its products has a significant impact on the redox balance and is
associated with various effects on the vascular endothelium and vessel walls, which hold great
relevance for the cardiovascular system. XOR-derived ROS and oxidative stress can lead to
endothelial dysfunction, contributing to the development and progression of atherosclerosis
(Figure 10). Furthermore, the postulated intracellular pro-oxidant effect of uric acid in the
vascular system can stimulate the proliferation of smooth muscle cells, activate the renin-
angiotensin system, and inhibit the synthesis of nitric oxide. These effects can promote

hypertension and CVD (Kotozaki et al 2023) .

e Oxidative stress Hypertension
/‘ ROS
S UA I A o | 45?22:::::E§;
\ Endothelial dysfunction Atherosclerosis
NO
J .
. @ cVD
Inflammation Kidney disease

Figure 10. XOR contribution in CVD. XOR is involved in the generation of ROS, UA and NO, all together can contribute

in generating CVD. Image taken from Polito et al. 2021.

Other studies have shown that the serum levels of XOR activity is significantly higher in patients
with hypertension compared to dialyzed patients with chronic renal disease or control subjects.
In heart failure, XOR activity is upregulated due to increased expression induced by
inflammatory cytokines, as well as augmented substrate supply resulting from hypoxia,
catabolic dominance, insulin resistance, cell death, and cachexia. This leads to increased
production of both uric acid and ROS. Although uric acid is an established marker of several

pathological heart conditions, therapies targeting urate-lowering other than XOR inhibition fail
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to produce the expected beneficial effects if hyperuricemia played a primary pathogenic role in

heart failure (Neogi et al. 2012; Miah et al. 2022)

1.5.2. Dual role of uric acid: antioxidant or prooxidant

Uric acid is the final product of the XOR catabolism. In humans and great apes, there can be
abnormal accumulation of UA in plasma and certain tissues (Maiuolo et al. 2016). However, in
rodents, UA is rapidly catabolized by uricase into allantoin, which is much more soluble in water
than UA. In humans, allantoin has been proposed as a biomarker for oxidative stress since it is
not produced metabolically. Several epidemiological studies suggest a potential association
between elevated serum UA levels and cardiovascular risk factors, although this relationship
remains controversial. Thus, UA plays a dual role in redox biopathology (Seet et al. 2010;
Kanbay et al. 2013). On one hand, it contributes up to 50% of the total antioxidant capacity in
human biological fluids, and higher UA levels have been hypothesized to provide protection
against certain CNS diseases induced by peroxynitrite and inflammation. On the other hand,
when UA accumulates in the cytoplasm or in an acidic/hydrophobic environment, it can act as a

pro-oxidant(Kanbay et al. 2013; Vasalle et al. 2016; Kang et al. 2014).

UA has been detected in the walls of aortic aneurysms and arteries with atherosclerotic plaque
in humans, and there is evidence of a positive association between serum UA levels and aortic
dilatation and dissection. However, it is important to note that studies on UA formation have
revealed that its impact on prognosis and cardiovascular events could not solely be attributed
to UA itself, but also to the formation of ROS during XOR activity. The combined effect of
elevated UA levels, ROS formation, and increased XOR activity could significantly contribute to
endothelial dysfunction and heart failure associated with oxidative stress, potentially including

aortopathies (Masi et al. 2019; Cortese et al. 2019; Yu et al. 2020; Lee et al. 2020).
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2. RATIONALE AND OBIJECTIVES

The main objective of this thesis is to contribute to new knowledge in the cardiovascular
pathomechanisms occurring in the Marfan syndrome and based on them to test when possible
new treatments that interfere in the formation and/or progression of the aortopathy. To this

aim, we use the following experimental working models:

1. Aortic samples from patients with Marfan syndrome that were subjected to reparatory
surgery.

2. A MFS mouse model (Fbn1¢941/*) which is representative of the type of mutation most
frequently occurred in patients. This mouse model recapitulates rather well most of the
clinical signs observed in patients obviously including the aortic aneurysm but only

occasionally ends in dissection and rupture.

Therefore, to achieve the main aim of this Thesis, we address the following specific objectives:

1. Objective 1: Evaluate the effect of an anti-TGF-R peptide (P144) in the formation and
progression of the aortic aneurysm in Marfan syndrome. Rationale: Since there is a TGF-
B hypersignaling associated to the MFS aortopathy, the use of the anti-TGF-f peptide
P144, which has been demonstrated to be greatly effective against liver cancer, could

also block or mitigate the aortopathy in MFS.

2. Objective 2: Study the contribution of XOR in the progression of aortic aneurysm in
Marfan syndrome. Rationale: we previously shown redox stress in aortic samples from
MFS patients and mice where a significant part of it was generated by NADPH oxidase
NOX4. Nonetheless, we realized that other redox sources should also participate in the
process. Together NOXes, XOR is other important source of redox stress in CVD but its

contribution to the Marfan aortopathy is almost unknown.

3. Objective 3: Determine the impact of uric acid in the progression of aortic aneurysm in
Marfan syndrome. Rationale: The activity of XOR produces ROS (anion superoxide and
hydrogen peroxide) whereas the catabolite produced is uric acid. Uric acid is the main

physiological antioxidant present in blood plasma. Therefore, with this on mind, we
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wanted to know whether uric acid has some impact for itself in the aortopathy in MFS.

We hypothesized that it could limit in some extent the progression of the aortopathy.
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Anti-TGFp (Transforming Growth Factor f3)
Therapy With Betaglycan-Derived P144 Peptide
Gene Delivery Prevents the Formation of Aortic
Aneurysm in a Mouse Model of Marfan Syndrome

Cristina Arce'l, Isaac Rodn’guez-Rovira’:_’:"s, Karo De Rycke!™, Karina Durén, Victoria Campuzano'®, Isabel Fabregat,
Francesc Jiménez-Altay6, Pedro Berraondo®®, Gustavo Egeal®

OBJECTIVE: We investigated the effect of a potent TGFB (transforming growth factor B) inhibitor peptide (P144) from the
betaglycan/TGFp receptor Ill on aortic aneurysm development in a Marfan syndrome mouse model.

APPROACH AND RESULTS: We used a chimeric gene encoding the P144 peptide linked to apolipoprotein A-l via a flexible linker expressed
by a hepatotropic adeno-associated vector. Two experimental approaches were performed: (1) a preventive treatment where the
vector was injected before the onset of the aortic aneurysm (aged 4 weeks) and followed-up for 4 and 20 weeks and (2) a palliative
treatment where the vector was injected once the aneurysm was formed (8 weeks old) and followed-up for 16 weeks. We evaluated
the aortic root diameter by echocardiography, the aortic wall architecture and TGFp signaling downstream effector expression of
pSMAD2 and pERK1/2 by immunohistomorphometry, and TgfB 1 and TgfB2 mRNA expression levels by real-time polymerase chain
reaction. Marfan syndrome mice subjected to the preventive approach showed no aortic dilation in contrast to untreated Marfan
syndrome mice, which at the same end point age already presented the aneurysm. In contrast, the palliative treatment with P144
did not halt aneurysm progression. In all cases, P144 improved elastic fiber morphology and normalized pERK1/2-mediated TGFB
signaling. Unlike the palliative treatment, the preventive treatment reduced Tgf 1 and TgfB82 mRNA levels.

CONCLUSIONS: P144 prevents the onset of aortic aneurysm but not its progression. Results indicate the importance of reducing
the excess of active TGFp signaling during the early stages of aortic disease progression.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: AAV expression vector ® aortic aneurysm ® apolipoproteins ® betaglycan m echocardiography = genetic therapy ® Marfan syndrome
= TGF-beta

genetic disorder of the connective tissue that

causes aortic aneurysm, ocular lens dislocation,
emphysema, and bone overgrowth.'”” MFS is caused by
heterozygous mutations in the fibrillin-1 gene (FBNT)28
The most characteristic cardiovascular structural mani-
festation of MFS is found in the aortic root and the
ascending aorta, where the aortic wall is dilated, and
the tunica media shows fragmentation, disorganization,

Marfan syndrome (MFS) is a severe, systemic

and loss of elastic fibers.'”'? FBNT mutations lead to
progressive weakening and dilation of the aortic root
and its subsequent rupture and dissection. However,
it is accepted that clinical manifestations of MFS arise
not only due to the abnormal structural properties of
fibrillin-1 microfibrils but also to dysregulation of TGFj
signaling, which is primarily caused by the loss of micro-
fibrils as a reservoir for latent TGFf.'*-'¢ This view was
formed thanks to the availability of mouse models with
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The Data Supplement is available with this arficle at https://www.ahajournals.org/doi/suppl/ 10.1161/ATVBAHA.121.316496.

For Sources of Funding and Disclosures, see page e450.
@ 2021 American Heart Association, Inc.
Arterioscler Thromb Vasc Biol is available at www.ahajournals.org/journal/atvb

e440  September 2021

Arterioscler Thromb Vasc Biol. 2021;41:e440—e452. DOL: 10.1161/ATVBAHA.121.316486

32



1Z0Z ‘81 J2quaaoN uo Aq S1o'sjewinoleye;:duy wory papeoumo

Arce et al

P144 Peptide-Based Therapy in Marfan Syndrome

Nonstandard Abbreviations and Acronyms

Highlights

AAV adeno-associated virus/vector
Ang Il angiotensin I

ECM extracellular matrix

HDLs high-density lipoproteins

MFS Marfan syndrome

P144 AAVApolinkerP144

PA palliative treatment

PE preventive treatment

PS physiological serum

RT-PCR  real-time polymerase chain reaction

TGFp transforming growth factor
VSMC vascular smooth muscle cell

WT wild type

reduced Fbn1 expression. In MFS patients and mice, an
increase was seen in the active form of TGFB.'™ Fur-
thermore, neutralizing anti-TGFp antibodies prevented
aortic aneurysm growth in a mouse model of MFS.2'#? In
MFS, excessive TGFf signaling enhances proteolysis of
the extracellular matrix (ECM), apoptosis, and phenotypic
differentiation of vascular smooth muscle cells (VSMC),
as well as (trans)differentiation of VSMC and fibroblasts
to myofibroblasts.'#2028

TGFp mediates its effects through ligand binding to
a receptor that initiates signaling via phosphorylation of
SMADs or ERK1/2 proteins (among others).?*?® How-
ever, the hyperactivation of TGFP signaling as a deter-
minant trigger factor of aneurysm formation has been
experimentally questioned® based on the following
observations: (1) the treatment of Marfan mice (Fbn 1ma®/
ma®) with an anti-TGFB antibody (1D11) was associated
with a trend to disrupt, rather than prevent, aortic wall
structure and aneurysm in early stages?: (2) no differ-
ences were detected in active TGF[5 or pPSMAD levels in
latent TGFP binding protein 3 in the observed reduced
aortopathy in Marfan mice in an LTBP3 (latent trans-
forming growth factor beta-binding protein 3) knockout
background?®; (3) TGFf receptor Il disruption in postna-
tal VSMC accelerated aneurysm growth and impaired
aortic wall homeostasis?®; and (4) young MFS mice
showed aortic dilation without altered TGFf signaling in
aortic VSMC. Moreover, aortic dilation and tunica media
structural disruption were exacerbated by superimposed
deletion of TGFPRII with the concomitant decreased
activation of VSMC TGFp signaling.?® Besides disputed
dysregulation of TGFf signaling, other molecular mecha-
nisms suggested as determinants in aortic pathogenesis
include abnormal mechanosensing of aortic wall stress
mediated by increased Ang Il (angiotensin II) signaling
and VSMC phenotypic switching.22?%-3* Free active and
latent ECM-linked TGFp superfamily ligands interact

Arterioscler Thromb Vasc Biol. 2021;41:440-e452. DOL: 10.1161/ATVBAHA.121.316496

« P144, a peptide derived from the extracellular
domain of betaglycan/TGFf (transforming growth
factor B) receptor lll, is constitutively expressed in
a murine model of Marfan syndrome (Fbn1¢/%4/6+)
by adeno-associated vector-mediated gene therapy.

* P144 blocks the formation of the ascending aor-
tic aneurysm but not its progression once already
formed.

* P144 also prevents aortic wall disarray and
ERK1/2-mediated TGFB hypersignaling occurring
in Marfan syndrome.

* P144 reduces the Marfan syndrome-associated
mRNA overexpression of TGFSs1 and 2 in the aor-
tic wall.

with a variety of plasma membrane receptors of the
aortic mural cells (mainly VSMC). Receptors are type |
(TBRIZALKS), type Il (TBRIN), and type Il (TRRIII/beta-
glycan).® Betaglycan is a proteoglycan that contains a
large extracellular domain, a single-pass transmembrane
region and a short cytoplasmic domain, and is the most
abundant TGF receptor in many cell types.®537 Betagly-
can was shown to bind all 3 TGFp isoforms (TGFp1, B2,
and f3) with near nanomolar affinity, but with a slight
preference for TGFB2,% which binds TRRII with an affin-
ity 200- to 500-fold weaker than TGFf1.3%-%0 The beta-
glycan ectodomain undergoes shedding, which renders
both membrane-bound and soluble forms. The mem-
brane-bound form serves as a TGFP signaling agonist,
acting as a local reservoir for TGF ligands, as well as
presenting them to other TGFB superfamily receptors
(types | and 1), which modulate the resulting signaling
output. In contrast, the soluble form of betaglycan binds
ligands in the extracellular space and effectively reduces
this ligand's availability to cell surface signaling recep-
tors, thus inhibiting downstream signaling.*' For this rea-
son, soluble betaglycan was postulated as a potential
therapeutic target to control TGFp superfamily signaling
responses.

Many therapeutic strategies have been developed to
interfere with TGFP signaling and almost every compo-
nent of the TGFP pathway has been targeted for drug
development.**** Among others, ligand-competitive pep-
tides have progressed to clinical development. This is the
case of the P144 peptide, which encompasses amino
acids 730 to 743 from the TGFp domain of the mem-
brane and soluble forms of betaglycan.** The rationale
for its use as a potential therapeutic drug is based on
the peptide imitating soluble betaglycan, sequester-
ing TGFP from transmembrane signaling receptors and
consequently antagonizing TGFf stimulatory signaling.**
Importantly, in the presence of P144, the TGFf signaling
response is not fully abolished but simply reduced. This
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avoids potential undesirable secondary effects associ-
ated with the absence of TGFf, such as the mid- to long-
term risk of tumor promotion after using neutralizing
anti-TGFp antibodies or anti-TGFf receptors I/11 drugs.®
P144 has been successfully used to block TGF(-
induced damage in murine models of scleroderma,®
periprosthetic capsular, cardiac, liver, pulmonary and epi-
dural fibrosis,*” ! glioblastoma®? hypertension,3*** liver
metastasis,®® and colon cancer.®

Here, we evaluate P144 as a therapeutic tool to abro-
gate the pathogenesis of aortic aneurysm in a nonlethal
mouse model of MFS (Fbn 1€/%41¢+), However, P144 has
a poor pharmacokinetic profile due to its short half-life
in blood circulation.** To solve this problem, the pep-
tide was fused with apolipoprotein A-l, and the result-
ing fusion protein expressed via an adeno-associated
viral vector (AAV). A single administration of this vector
therapy induced sustained expression of the transgene
in the liver during the entire life of the mice.5® The fusion
protein circulates in plasma incorporated into HDLs
(high-density lipoproteins), preventing the apolipopro-
tein A-l the intrinsic hydrophobicity of P144, stabilizing
the peptide. This viral vector enables sustained in vivo
transgene expression of the P144 peptide. Our work
has additional interest because a recent study reported
a significant increase in TBRIII/betaglycan protein levels
in cultured fibroblasts from MFS patients with dominant-
negative FBNT mutations, which in turn correlated with
TgfB1 mRNA expression.>”

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Please see the Major Resources Table in the Data
Supplement.

Murine Model

Fbn 1€1%16+ mjce (hereafter, MFS mice) were obtained from The
Jackson Laboratory (Bar Harbor, ME 04609, United States)
and used as a validated MFS animal model. MFS and sex- and
age-matched wild-type (WT) littermates were maintained on a
Cb7BL/6J genetic background. All mice were housed in a con-
trolled environment (12/12-hour light/dark cycle) and provided
with ad libitum access to food and water. Animal care and col-
ony maintenance conformed to the European Union (Directive
2010/63/EU) and Spanish guidelines (RD 53/2013) for the
use of experimental animals. Ethical approval was obtained from
the local animal ethics committee (CEEA and the Government
of Catalonia, protocol approval number 9517-118/7).

AAV Production

AAV production was performed as previously indicated.®®
Cotransfection of 293T cells was performed with a transfer
plasmid carrying the fransgene of interest (ApolinkerP144) and
the pDP8.ape packaging plasmid (PlasmidFactory, Bielefeld,
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Germany) to generate AAV particles of serotype 8. The
transfection was performed using polyethylenimine MAXMW
25000; Polyscience, Warrington, PA) for 48 hours. Then, the
virus was purified from cell lysates using an iodixanol gradi-
ent and buffer exchange with 50 mL centrifugal filters (Amicon
Ultra-15 Centrifugal Filter Concentrator, Merck, Ireland). Viral
titers in terms of viral copies per milliliter (vg/mL) were deter-
mined by quantitative real-time polymerase chain reaction
(RT-PCR).

Quantitative RT-PCR

Total liver and ascending aorta mRNA from WT and MFS
mice were isolated using TRI reagent (Sigma, Dorset, United
Kingdom). Sample concentration and purity were determined in
a Nanodrop 1000 spectrophotometer (ThermoScientific). RNA
was treated with DNase | and reverse-transcribed fo cDNA
with MMLV RT in the presence of RNase OUT (all reagents
from Invitrogen) according to the manufacturer's instructions.

Expression of the AAVApolinkerP144 (P144) and TgfB1
and TgfB2 transcripts was determined by quantitative RT-PCR
using SYBR Green Supermix (Bio-Rad Laboratories, Hercules,
CA) and specific primers for each gene (Table | in the Data
Supplement). As Gapdh or H3f3a transcript levels remain
unchanged across experimental conditions, the expression
of these housekeeping genes was used to standardize gene
expression. The amount of each transcript was expressed by
the formula 2:AC{H33)-Cle=ns) where Ct is the point at which
gene fluorescence rises significantly above background
fluorescence. RT-PCR reactions were performed using Bio-
Rad reagents in accordance with the manufacturer's recom-
mended protocol.

Study Design and Animal Handling

To evaluate the therapeutic effect of the P144 peptide by gene
transfer for the treatment of MFS-associated aortic aneu-
rysm, 4- or 8-week-old male and female WT and MFS mice
were infraorbitally injected with physiological serum (PS), AAV
encoding luciferase, or AAVApolinkerP144 (P144) expres-
sion vectors.?® Preventive (PE) and palliative (PA) experimen-
tal treatments were performed. A representative scheme of
both experimental protocols is shown in Figure | in the Data
Supplement. In PE treatment, PS and P144 expression vector
were single injected into 4-week-old WT and MFS mice until 8
weeks old (4 weeks of freatment; PE1) and 24 weeks old (20
weeks of treatment; PE2). For the PA treaiment, PS, luciferase,
or P144 expression vectors were single injected into 8-week-
old mice until 24 weeks old (16 weeks of treatment; PA). At
the respective outcome time points, mice were subjected to
echocardiographic analysis, liver and aorta were isolated, fixed
for paraffin embedding or immersed in RNA Later (R-0901,
Sigma Aldrich), frozen and stored at —80°C. WT and MFS mice
received a single injection of PS or the respective luciferase
or P144 expression vectors (4x10'2 vg/mice in PS). In the
PA approach, a group of WT and MFS mice, injected or not
with luciferase and P144 vectors, also received losartan and
the combination of both P144 and losartan (P144+losartan).
Losartan was dissolved in drinking water (bottles kept away
from the light) to a final concentration of 0.6 g/L, giving an
estimated daily dose of 40 to 60 mg/kg per day.

Arterioscler Thromb Vasc Biol. 2021;41:e440-e452. DOL 10.1161/ATVBAHA.121.316496

34



1Z0T ‘81 Jaquaaop] uo £q 310 sfewnoleye;:duy woa) papeopmod

Arce et al

Echocardiography

Two-dimensional transthoracic echocardiography was per-
formed in all animals under 1.5% inhaled isoflurane. Each
animal was scanned 12 to 24 hours before euthanize. Images
were obtained with a 10 to 13 MHz phased array linear trans-
ducer (IL12i GE Healthcare, Madrid, Spain) in a Vivid Q system
(GE Healthcare, Madrid, Spain). Images were recorded and
later analyzed offline using commercially available software
(EchoPac v.08.1.6, GE Healthcare, Madrid, Spain). Proximal
aortic segments were assessed in a parasternal long-axis
view. The aortic root aorta diameter was measured from inner
edge to inner edge in end diastole at the level of the sinus of
Valsalva. All echocardiographic measurements were performed
in a blinded manner by 3 independent investigators, at 2 differ-
ent periods, and with no knowledge of genotype and treatment.

Histomorphometry

Ascending aorta segments were fixed in 10% formaldehyde
and embedded in paraffin. Paraffin blocks were sectioned into
5 pm slices. The tunica media was delimited using bright field
images corresponding to polarized light. Aortic elastic fiber rup-
tures were quantified by counting the number of big fiber breaks
in tissue sections stained with Verhoeff-Van Gieson. Breaks
larger than 20 pm were defined as evident large discontinuities
in the normal circumferential continuity of each elastic lamina in
the aortic media (see Figure 2C for a representative example).
They were counted along the length of each elastic lamina for
4 different, representative images of 2 nonconsecutive sec-
tions of the same aorta. The mean was calculated for each
sample and then for each animal. Images were captured using
a Leica Leitz DMRB microscope (40x oil immersion objective)
equipped with a Leica DC500 camera and were analyzed with
Fiji Image J Analysis software. In addition, tunica media thick-
ness was measured in the same paraffin sections. All measure-
ments were performed in a blinded manner by 3 observers with
no knowledge of genotype and treatment.

Immunolocalization

Consecutive 5 pm paraffin sections were stained with anti-
apolipoprotein  A-l (1:50; Santa-Cruz; sc-30089), anti-
pSMAD2 (1:100; 3108S, Cell Signaling), and anti-pERK1/2
(1:60; 910185, Cell Signaling) antibodies. For unmasking epi-
topes, sections were treated with 1 mol/L Tris-EDTA, 0.05%
Tween, pH 9 for pSMADZ, and anti-apolipoprotein A-l or with
10 mmol/L sodium citrate, 0.05% tween, pH 6 for pERK1/2.
Thereafter, sections were rinsed in PBS and incubated for 20
minutes with ammonium chloride (50 mmol/L, pH 7.4) to block
free aldehyde groups. Sections were permeabilized using 0.3%
triton X-100 for 10 minutes and treated with BSA blocking
buffer (1%) for 2 hours before overnight incubation with the
primary antibody in a humidified chamber at 4 °C. Subsequently,
sections were rinsed with PBS, followed by 1 hour incubation
at room temperature with the secondary antibody goat anti-
rabbit Alexa 647 (1:1000; Invitrogen, A-212486). Finally, sec-
tions were rinsed with PBS and counterstained with DAPI
(1:10000). Negative controls were processed in the same
manner in the absence of the primary antibody. For quantita-
tive analysis, 4 areas of each immunostained paraffin section
were quantified. The mean was first calculated for each sample

Arterioscler Thromb Vasc Biol. 2021:;41:440-e452. DOL: 10.1161/ATVBAHA121.316496
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and then for each animal. For apolipoprotein A-l immunostain-
ing, the fluorescence results were expressed as the integrated
density per unit area of the whole aortic wall. All analyses were
performed using Image J software and an in-house developed
macro for automated image analysis from pictures taken with
x40 objective magnification.

Statistical Analysis

All datashown in the present study are reported as means+=SEM.
n refers to the number of mice used for the in vivo experiments.
GraphPad Prism 9 software was used for the statistical analy-
sis, where P<0.05 was already considered significant. Normal
distribution and equal variance data were verified with the IBM
SPSS Statistics Base 22.0 before parametric tests were used.
Then, data were analyzed using 2-way ANOVA with Tukey post-
test for multiple comparisons or the Student t test was used
when only 2 groups were compared. For nonparametric test
data, the Kruskal-Wallis test with Dunn posttest for multiple
comparisons was applied. The stafistical test applied in each
case is indicated in each figure legend.

RESULTS
AAVApolinkerP144 Expression Levels in MFS
Mouse Tissues

ApolinkerP144 is a fusion protein that contains the anti-
TGFp peptide P144 fused via a flexible linker to the apo-
lipoprotein A-l, the main component of HDLs. This fusion
protein is stably produced by AAV particles of serotype
8. This serotype has the highest liver transduction effi-
ciency in mice with a reduced immunogenicity profile.® To
check the production of the fusion protein in MFS mice,
we evaluated its expression by quantitative RT-PCR in
liver and ascending aorta. As an internal control, we used
the same vector containing luciferase instead of P144.
As expected, liver cells highly expressed the P144 fusion
protein transcript. Moreover, the ascending aorta also sig-
nificantly expressed the P144 transcript, although to a
lesser extent than liver (Figure IIA in the Data Supple-
ment). Therefore, the liver and the aorta ensure the consti-
tutive expression and bloodstream presence of the P144
fusion protein throughout the entire treatment period. To
corroborate the presence of apolipoprotein A-I-P144 in
the aortic wall, we performed immunofluorescence stain-
ing for apolipoprotein A-l as anti-P144 antibodies are
not available. P144 injected WT and MFS mice showed
significantly more immunofluorescent signal in the aortic
wall (media and adventitia layers together) than nonin-
jected animals (Figure 1B in the Data Supplement).

Aortic Aneurysm Evolution in MFS Mice

Before the injection of AAV, we evaluated by echocardiog-
raphy the aortic root dilation in MFS mice of different ages
to obtain a reference pattern of the temporal evolution of
aortic aneurysm in our murine MFS model under our animal
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Weeks

Figure 1. Aortic root dilation progression in Marfan syndrome
(MFS) mice.

Comparative analysis of the aortic root diameter (mm) of wild-

type (WT) and MFS (Fbn1°%#15%) mice of different age groups
subjected to transthoracic echocardiography. See Table Il in the
Data Supplement for specific values. Statistical analysis: 2-way
ANOVA and Tukey posttest ***P<0.001 between WT and MFS, and
**P<0.001 between experimental MFS groups.

room conditions. MFS mice showed clear aortic root dila-
tion at 8 weeks old, which progressively increased in 12-
and 24-week-old mice. However, no significant changes
were detected in the aortic root diameter in 4-week-old
MFS mice compared with WT animals (Figure 1 and Table
Il in the Data Supplement). The aortic root growth diam-
eter (indicated by the aortic root growth rate) between 4-
and 8-week-old mice was twice that of MFS compared
with WT mice (0.11+0.02 versus 0.07+0.02 mm/wk,
respectively). For older mice, the growth was almost the
same between WT and MFS mice and their respective
age groups (8 versus 12 and 12 versus 24 weeks; Table
11 in the Data Supplement). The analysis of the results tak-
ing sex into consideration showed no significant changes
(Tables Il and Il in the Data Supplement).

Aortic Root Growth, Aortic Wall Histopathology,
and TGFp Signaling Analysis When P144

Is Administered Before the Onset of Aortic
Aneurysm: PE

Using echocardiography, we first analyzed whether P144
affected aneurysm formation. It was reported that P144
significantly reduces TGFf signaling both in vitro and in
vivo.*4%® The P144 expression vector was injected into
young WT and MFS mice just after weaning (4 weeks
old). At this age, the aortic root diameter in MFS mice was
almost indistinguishable from that of WT mice (Figure 1).
Four weeks after the P144 injection (8 weeks old; PE1),
aortic root dilation in MFS mice did not occur, in contrast
to PS-treated MFS animals (Figure 2A and Table IV in
the Data Supplement). Next, we evaluated whether the
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absence of aortic dilation in 8-week-old P144-injected
MFS mice was indeed a halt or simply a delay in aneu-
rysm onset. To this end, 4-week-old MFS mice were
injected with the P144 expression vector and the aortic
root diameter examined at 24 weeks old (20 weeks of
PE; PE2). Results clearly showed that the aortic aneu-
rysm did not form in the long-term (Figure 2B and Table V
in the Data Supplement). No significant differences were
observed between males and females (Tables IV and V in
the Data Supplement for PE1 and PE2, respectively). Not
only was aortic aneurysm formation prevented by P144
but also the characteristic tunica media structural disarray
that usually accompany it, such as elastic lamina breaks
(Figure 2C) and the augmentation of aortic wall thickness
(Figure 2D and Table VI in the Data Supplement).

In parallel to the histomorphometry analysis of the
aortic wall, we examined the tunica media protein
expression levels of TGFf signaling downstream effec-
tors pSMAD2 and pERK1/2 as representatives of the
canonical and noncanonical TGFf signaling pathways,
respectively. To this end, using immunofluorescence, we
evaluated the nuclear localization of both phosphory-
lated forms as indicative of TGFf signaling activation.
In contrast to pSMAD2, P144 treatment significantly
reduced the characteristic nuclear translocation of
pERK1/2 that occurs in nontreated MFS mice (Fig-
ure 3A and 3B, respectively).

Aortic Root Growth, Aortic Wall Histopathology,
and TGFp Signaling Analysis When P144 Is

Administered Once the Aortic Aneurysm Is
Already Formed: PA

Next, we evaluated the potential therapeutic effect of
expressing P144 once the aneurysm is present. Ini-
tially, we performed a pilot experiment with P144 and
luciferase-expressing AAV vectors (Figure Il in the
Data Supplement). WT and MFS mice of 8 weeks of
age were injected with PS, luciferase, or P144. We
measured the aortic root diameter after 16 weeks of
treatment in 24-week-old mice, when the aortic aneu-
rysm is consolidated (Figure 1). Aortic root dilation
occurred in PS- and luciferase-injected MFS mice and
was indistinguishable from untreated animals. Note that
P144-expressing MFS mice tended to show a reduc-
tion in aortic diameter, although statistical significance
was not reached. Considering these preliminary echo-
cardiographic results and knowing the intrinsic vari-
ability of aortic root diameter observed in adult mice,
we increased the mouse sample size. In addition, we
included losartan and the combination of P144 and
losartan (P144+losartan; Figure 4). The aim of includ-
ing losartan in parallel with P144 treatment was, on
one hand, to have a comparative framework, as losar-
tan is a well-established effective anti-aortic aneurysm
treatment?' and on the other hand, to investigate the
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Figure 2. Aortic root dilation and aortic
wall histomorphometry analysis in
preventive P144 treatments.

Aortic root diameter measured by
echocardiography in wild-type (WT) and
Marfan syndrome (MFS) mice of 4 wk

of age treated with physiological serum
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(PS) or AAVApolinkerP144 (P144) fora
period of 4 wk (PE1; A) or 20 wk (PE2;

B); see respective Tables IV and V in the
Data Supplement for specific values. C,
Number of large discontinuities in the elastic
lamina of the tunica of the ascending aorta
(360°) from WT and MFS mice preventively
treated (PE1) with PS or P144 expression
vector. On the right, representative elastin
histological staining (Elastin Verhoeff-Van
Gieson) of the ascending aorta. White
arrowhead indicates a representative large
elastic discontinuity counted in the elastic
lamina of MFS mouse aortic tissue. Bar 50
pum. D, Tunica media thickness (in pm) of
the ascending aorta (360°) from WT and
MFS mice preventively treated (PE1) with
PS or P144 expression vector. See Table VI
in the Data Supplement for specific values.
All results are the meantSEM. Two-way
ANOVA and Tukey posttest (A, B, and D)
and Kruskal-Wallis and Dunn posttest (C);
**+P<0.05, ***++P<0.001; *significance
between WT and MFS (genotype);
*significance between experimental groups.

potential effectiveness of a combined therapy. Unlike
losartan, P114 treatment definitively did not reduce the
aortic root diameter (Figure 4A and Table VIl in the Data
Supplement). Note that P144 and losartan cotreatment
produced the same reduction in aortic root diameter as
losartan alone. As in PE, no differences were observed
between males and females following the PA (Table VI
in the Data Supplement).

When analyzing the aortic wall architecture, MFS mice
showed a thicker aortic wall than WT mice, and losar-
tan fully normalized the size (Figure 4B and Table VIII in
the Data Supplement). This was also the case for P144
and its combined treatment with losartan. As expected,
MFS mice showed large elastic lamina breaks, but P144,
losartan, and P1444losartan treatments significantly
reduced their number (Figure 4C).

Arterioscler Thromb Vasc Biol. 2021;41:e440-e452. DOL: 10.1161/ATVBAHA.121.316456

The MFS-PS mice group showed a TGF3-associated
hypersignaling visualized by the increased presence of
pSMAD2 and pERK1/2 in VSMC nuclei in the tunica
media (Figure 5A and 5B, respectively, and Figure IV in
the Data Supplement). This was not observed in MFS
mice treated with P144, losartan, or their combined
treatment, whose results were highly like those obtained
in treated WT animals (Figure A and 5B; see Figure IV
in the Data Supplement for representative images). Note
that P144 protein expression in WT mice was innocuous.

Aortic TGFB1 and TGFB2 mRNA Expression
Levels in P144-Treated MFS Mice

Since it was reported that betaglycan has a higher affin-
ity for TGFB2 than for TGFP1 in vitro,*® we next evaluated
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Figure 3. TGFp (transforming growth factor g) signaling in the tunica media after preventive P144 treatment.

TGFp signaling response evaluated by visualization of the nuclear localization of the phosphorylated forms of SMAD2 (pSmad2; A) and ERK1/2
(pErk1/2; B and C) in the tunica media of ascending aorta. C, Representative immunofluorescence staining for pERK1/2 performed in paraffin-embedded
aortae from 4-wk-old wild-type (WT) and MFS (Marfan syndrome) mice treated with PS or P144 expression vector for 4 wk (PE1). Resuilts are the
mean+SEM. Kruskal-Wallis and Dunn posttest; *P<0.06 and **P<0.001 between WT and MFS mice; +P<0.05 between experimental MFS groups.

whether the inhibition of aortic aneurysm formation follow-
ing PE and PA treatments may have an impact on the bio-
availability of TGFP ligands due fo changes in their gene
expression. To this end, we evaluated Tgf81 and TgfB2
mRNA expression levels by RT-PCR in the aortic wall of
treated and untreated WT and MFS mice. MFS animals
showed significantly higher mRNA expression levels for
both transcripts than WT mice regardless of the outcome
age (8 and 24 weeks old). PE1 and PE2 treatments
caused a significant reduction in the gene expression of
both TGFP ligands in MFS mice but not affecting WT ones
(Figure 6A and 6B). Unlike the PE, the transcriptional levels
of both TGFf ligands following PA treatment were almost

e446  September 2021

unaltered in MFS mice (Figure V in the Data Supplement).
Therefore, P144 inhibits the overexpression of Tgf1 and
TgfB2 in the aortic wall of MFS mice only when adminis-
tered early in the aortic aneurysm but not later.

DISCUSSION

We here have examined the use of betaglycan/TGFf
receptor lll-derived peptide P144 as a potential new
therapeutic tool to interfere in the characteristic aortic
aneurysm development in MFS. To this end, we have
administered P144 via an AAV-based expression vec-
tor in MFS mice (C1041G/+) following a PE or PA

Arterioscler Thromb Vasc Biol. 2021;41:e440-e452. DOL: 10.1161/ATVBAHA.121.316496

38



120z 81 JaquiaaoN uo Aq 1o spewnofeye//:duy wosy papeommoc]

Arce et al P144 Peptide-Based Therapy in Marfan Syndrome

A B
= s +
- 5 150+ | || |
£ 2
: :
& 250 < 100-
E -
5 s
- o 504
© 15 @
S 1.5 £
[+] o
et Q
= T 0
Py 1.0~ IE
C
: P b i LOS P144+LOS
£ o —Ett |
@ g
g9 ° wWT
= [ ]
£ 2. .
§ =
8 14 o
.;1 o Eﬁ? o
o 0- % $ E :
T 1 1 1 1 ] 1 1
MES
O B DO PP o O
Q QN Vohhx\'o Q Q\ Vob?x\’o
N N
WT MFS

Figure 4. Aortic root dilation and aortic wall histomorphometric analysis of palliative P144 treatment (PA) and comparative
study with losartan.

A, Aortic root diameter measured by echocardiography in 8-wk-old wild-type (WT) and Marfan syndrome (MFS) mice treated with PS, P144,
losartan (LOS), or LOS+P144 for 16 wk. See Table VIl in the Data Supplement for the specific values of each treatment. B, Tunica media
thickness of the ascending aorta (360°) from WT and MFS mice. See Table VIl in the Data Supplement for specific values. C, Number

of large discontinuities in the elastic lamina of the tunica of the ascending aorta (360°) from WT and MFS mice. Representative elastin
histological staining (Verhoeff-Van Gieson) of the aortic wall of WT and MFS mice subjected to the treatments indicated are shown on the
right. White arrow indicates an example of a large elastic lamina discontinuity seen in the MFS mouse aortic media. Bar, 50 pm. Results are
the mean+SEM. P144 indicates AAVApolinkerP144 expression vector; P144+LOS, mice expressing P144 and treated with losartan; and
PS, physiological serum/vehicle. Two-way ANOVA followed by Tukey posttest. **P<0.01, **P<0.001 between WT and MFS mice groups
(genotype); *P<0.05, ~+P<0.01, and +** P<0.001 between the indicated experimental MFS groups.

approach, expressing P144 before or after the aneu-
rysm was generated. The main results of our study are
as follows: (1) P144 is constitutively expressed both in
liver (as expected) and to a lesser but significant man-
ner in aorta as well; (2) P144 fully blocks the formation
of the aneurysm but not its progression once formed,;

Arterioscler Thromb Vasc Biol. 2021:41:e440-e452. DOL: 10.1161/ATVBAHA.121.3164586

(3) neither aortic wall disarray nor noncanonical TGFf
hypersignaling (ERK1/2 mediated) occurred when
the aneurysm was prevented by P144; and (4) P144
injected early can normalize the intrinsic abnormally
high Tgf81 and TgfB2 mRNA expression levels in MFS
mice.
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Figure 5. TGFp (transforming growth factor g) signaling in the tunica media after palliative treatment with the P144 expression
vector.

Analysis of activated phosphorylated forms of SMAD2 (A) and ERK1/2 (B) localized to nuclei of vascular smooth muscle cell (VSMC) of the
tunica media of paraffin-embedded aortae from wild-type (WT) and Marfan syndrome (MFS) mice subjected to the experimental treatments
indicated. Representative immunofluorescence images of each immunostaining and experimental group are shown in Figure IV in the Data
Supplement. LOS indicates losartan; P144, constitutive expression of AAVApolinkerP14 4 expression vector; P144+LOS, constitutively
expressing P144 cotreated with losartan; and PS, physiological serum/vehicle. Results expressed as the meantSEM. Kruskal-Wallis and
Dunn posttest; *P<0.05 and ***P<0.001 between WT and MFS (genotype); +P<0.05, +P<0.01, and *+*P<0.001 between the indicated

experimental MFS groups.

Almost 2 decades ago, it was reported that TGFp sig-
naling was dysregulated in the aortic pathogenesis of
MFS. This was based on the full normalization of the aortic
wall in MFS mice, evaluated by echocardiography and his-
tology using neutralizing anti-TGFf} antibodies and losar-
tan (as AT 1R activates TGFf downstream effectors), and
on the high structural similarity of fibrilin1 with LTBPs.2'*®
These observations immediately led to several clinical tri-
als with losartan where the results were rather frustrating,
as no clear improvement in aortic root progression was
observed. ¢! A short time later, new studies questioned
TGFP as a determinant primary trigger factor5? When
our study was initiated, the TGF-based hypothesis was
prevalent, and we postulated that the betaglycan-derived
peptide P144 might be a promising therapeutic tool to
regulate the abnormally increased bioavailability of active
TGFp in aortic mural cells. The use of the P144 peptide
as an anti-TGFp tool a priori afforded the advantage that
it only causes partial inhibition of TGFp signaling, and
therefore a better safety profile than tools that completely
abolish the signaling, thus in turn avoiding, to some extent,
the risk of tumor formation.®? In this respect, we observed
that P144, preventively added, indeed abolished the over-
expression of TgfB1 and TgfB2 transcripts in MFS mice
without significantly affecting their normal levels in WT
animals. These results indicate that only in MFS, where
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TGFp ligands are overexpressed, P144 treatment not only
seems to act as a sponge for their excess but also alters
the transcription of both ligands, suggesting a feedback
or direct regulatory effect within the wall itself. Neverthe-
less, this transcriptional effect is not surprising because,
when using TGFB inhibitors like galunisertib in liver cancer
patients, it is observed that the inhibition of the TGFf path-
way by the drug is invariably accompanied by a significant
reduction of TGFf expression. Importantly, this behavior is
used as a clinical diagnostic biomarker indicating that the
treatment is working in the patients.®® Moreover, changes
in mRNA expression levels are not necessarily indicative
of a reduced capability of P144 to sequester excess solu-
ble TGFP ligands with the subsequent reduction of circu-
lating and local aortic levels of TGFf, as would be the case
at protein level.

The observation that the P144 peptide prevents aneu-
rysm formation both in the short- and long-term, but not
its progression once formed, confirms a divergent role
for TGFP in aortic aneurysm development and growth in
MFS, as previously reported,***® but with apparent disputed
effects. Ramirez's laboratory showed that the impact of
TGFp on the formation and progression of aortic aneurysm
varied (protective or detrimental) depending on when cyto-
kine activity was intercepted and on the therapeutic agent
used (neutralizing anti-TGFp antibodies or losartan). They

Arterioscler Thromb Vasc Biol. 2021:41:e440-e452. DOI: 10.1161/ATVBAHA.121.316496
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Figure 6. Tgf1 and Tgff2 mRNA expression levels in
preventive P144 treatments.

Real-time polymerase chain reaction (RT-PCR) for Tgff 1 and Tgff2
in wild-type (WT) and Marfan syndrome (MFS) mice (4 wk old)
treated with P144 expression vector for 4 wk (PE1; A) or 20 wk
(PE2; B). Results are the mean+SEM. mRNA expression values
were normalized to Gapdh expression as a housekeeping control
gene and reported as relative expression compared with WT using
the 2**® method. Kruskal-Wallis and Dunn posttest (A; PE1); and
2-way ANOVA followed by Tukey posttest (B; PE2). P144 indicates
constitutive expression of AAVApolinkerP144 expression vector; and
PS, physiological serum/vehicle. *P<0.05, **P<0.01, and ***P<0.001
between WT and MFS mice groups (genotype); +P<0.05, +P<0.01,
and ++P=<0.001 between the indicated experimental MFS groups.

concluded that TGFf hypersignaling is a secondary driver
of aneurysm progression in MFS since blocking TGFf in
young MFS animals (mgR/mgR) at an early stage of the
disease (2 weeks old/P16) exacerbated the aneurysm,
whereas treatment at later stages was beneficial?? Along
the same line of evidence, but using another MFS mouse
model (C1041G/+), it was reported that the loss of physi-
ological SMC-associated TGFf signaling enhanced aor-
topathy after postnatal SMC-specific deletion of TRRIL#
Strikingly, the aortopathy developed in the absence of

Arterioscler Thromb Vasc Biol. 2021;41:e440-e452. DOI: 10.1161/ATVBAHA.121.316456
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detectable alterations in TGFf signaling in young MFS
mice. Moreover, thoracic and abdominal aortic disease,
induced after Ang Il infusion, were also both exacerbated
when a pan-TGFp neutralizing antibody was given to 8- to
12-week-old mice® These results suggest that it is criti-
cal to maintain a physiological basal TGFp signaling level
for early normal aortic development and that its pathologi-
cal imbalance will probably lead to the appearance of aor-
topathy. Our results are in accordance with this postulate,
as P144 expression maintains TGFf ligands and canonical
(SMAD?2) and noncanonical (ERK1/2) downstream signal-
ing pathways at normal levels in MFS mice (C1041G/+).
However, this was not the case when P144 was adminis-
tered once aortic aneurysm progression had already started.
It is possible, that at this stage, aortic P144 expression
levels are not sufficient to reduce the overexpression and
availability of bioactive soluble TGFp ligand levels, therefore,
becoming detrimental. Alternatively, but not mutually exclu-
sive, it could be that other mechanisms are involved, mainly
acting at advanced stages of aneurysm progression, and
which also interfere in the expression and function of TGFf,
compensating, to some extent, the local inhibitory effect of
P144. This would be case of Ang IIFAT1R, whose TGF{-
independent dysregulated mechanisms, which participate
in vascular mechanical stress, hemodynamic force, and
kinetic energy, also primarily contribute to aortic aneurysm
progression.5-8 At the same time, they could also indirectly
interfere in TGFpB-associated signaling, for example, in the
SMAD pathway and in the own TGF ligands or their recep-
tors expression levels,®*™" being altogether determinant in
aneurysm growth and rupture. In any case, it is clear from
this and previous studies that TGFf§ seems to be necessary
but not sufficient in aortic formation and growth, and its sig-
naling levels are also contextually critical in the time window
in which its potential therapeutic effect finally becomes det-
rimental or beneficial.

Our results with betaglycan-derived P144 peptide
highlight recent studies in which cultured fibroblasts
from MFS patients with dominant-negative FBNT muta-
tions showed increased betaglycan/TfRIII protein levels,
which in turn correlated with increased Tgf87 mRNA
expression®” Membrane-bound betaglycan serves as
a TGFp signaling agonist acting as a local reservoir for
TGFp ligands and promoting their subsequent high-
affinity interaction with other TGFp receptors (TPRI and
TBRIN), also regulating their expression and membrane
internalization.”™ In contrast, soluble betaglycan predomi-
nantly acts as a ligand-binding decoy, preventing the
interaction of TGFP ligands with cell surface receptors.*®
Therefore, presence in the bloodstream and local aorta
expression of P144 acts as an antagonist to the intrinsic
MFS-associated TGFf hyperactivity, normalizing bioac-
tive TGFP ligands to physiological levels.

We are aware that our study has some limitations: (1)
unlike preventive P144 treatment, the palliative approach
did not reduce the aortic root diameter, conversely to aortic
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wall organization and TGFf signaling, which showed an
almost total normalization. A possible explanation for this
disparity is that the histological improvement might not be
sufficient to have a functional (eg, mechanical) impact that
can be resolved by echocardiography. However, this would
not be the case for the PE in which the P144-treated mice
were younger (4 week old), where the aorta is not yet fully
structurally and functionally developed as in 8-week-old
mice, age at which the PA was started. This functional and
structural disparity of results has been previously observed
in MFS experimental and clinical practice™™ although
other studies showed a good correlation between both
parameters™™"; (2) we cannot discard that P144 might
affect blood pressure, but it is highly unlikely because pre-
vious studies in rodents clearly stated that blood pressure
was unaffected by P144 treatments*®; (3) most preclinical
studies use the C1041G/+ mouse model, which slowly
develops aortic aneurysm but rarely ends with aortic dis-
section. The mgR mouse model, which is a more severe
model developing the disease and suitable to monitor the
survival rate, would have been more appropriate for evalu-
ating the natural progression of aneurysm to dissection
that occurs in many MFS patients; (4) a priori, the PE with
P144 in human patients does not seem as feasible as
any other potential PA, but it cannot be discarded since it
might be of help to those patients who suffer the disease
but have not as yet developed the aneurysm; and (5) AAV
particles of serotype 8 is not the most suitable AAV sero-
type to use for vasculature, although other serotypes do
not largely transduce smooth muscle cells either’™ How-
ever, an AAV-based expression strategy guarantees the
continuous presence of P144 in the bloodstream (mostly
coming from liver cells, but also locally from aortic cells),
whose stability is facilitated by its linking to apolipoprotein
A-l. The AAV-mediated expression approach has been very
recently reported for oligonucleotide to AP-1 transcription
factor in MFS® This work shows a significant reduction
of elastolysis in MFS mice (mgR/mgR)# which not only
highlights the relevance of AP-1 in aortic wall organization
but also reinforces the potential therapeutic use of AAV-
based therapy for aortic diseases. AAV vector expression
technology for treating some monogenetic diseases has
been applied successfully and 2 AAV-based drugs have
received Food and Drug Administration approval?® whose
potential translational application is closer in time to that
based on highly potential patient-derived induced pluripo-
tent stem cells-based technology.®'-4 P144 administration
via an AAV-based expression vector makes it especially
atiractive as AAVs are considered one of the most effec-
tive delivery tools for gene therapy due to their low toxicity
and mild stimulation of immune responses, and they also
facilitate a safe, long-term expression of the peptide.®

In conclusion, the P144 peptide, mimicking the role
of the endogenous soluble domain of betaglycan, trig-
gers a local compensatory negative signaling response
in the aorta of MFS mice and blocks the onset of aortic
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aneurysm, but not progression once it is already formed.
This preventive effect is associated with the inhibition of
TGFEs1 and 2 overexpression and subsequent hyper-
signaling (mainly ERK1/2 mediated) occurring in MFS
aorta, bringing their expression levels to physiological
levels. This observation is demonstrative of the impor-
tance of reducing the excess of TGFB during the early
stages of aortic disease progression in MFS.
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SUPPLEMENTARY FIGURES

Preventive
aproach Palliative
aproach
|
| |
| | | | | | |
Birth 4 weeks 8 weeks 12 weeks 16 weeks 20 weeks 24 weeks

Supplementary Figure |. Representative scheme of the experimental protocols
(preventive and palliative) performed in WT and MFS mice with AAV-P144 expression

vector.
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Supplementary Figure Il. P144 expression in MFS
mouse tissues. Quantitative RT-PCR analysis of P144
expression in liver and heart from MFS mice injected with
PS or LUC or P144 expression vectors. Results expressed
as mean+SEM. Statistical analysis: Student's ¢ test.

*P=<0.05, and ""P=<0.001.
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Supplementary Figure lll. Pilot experiment to evaluate
the aortic root diameter in the palliative P144 and LUC
treatments in MFS mice. Aortic root diameter in WT and
MFS mice (8 weeks-age) treated with physiological serum
(PS), AAVLUC (LUC) or AAVApolinkerP144 (P144) for 16
weeks. Unlike LUC, P144 trend to reduced aortic root
diameter but without reaching statistical significance. Results
presented as mean + SEM. ***P =< 0,001 between WT and
MFS mice groups (genotype). Two-way Anova followed by

Tukey post-test.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Echocardiographic values of the aortic root diameter
(in mm) of WT and MFS mice of different age groups.
Aortic root diameter

Months WT MFS
4 1.14+0.03 6 1.17+0.02 13
8 1.40+0.02 | 15| 1.64+0.02***** | 15

12 1.47+0.08" | 11| 1.71£0.10**" | 9
24 1.63+0.06™"" | 15 | 1.89+0.03****** | 15

*Indicates the statistical significance of WT vs. MFS mice of the same age;
*Indicates the statistical significance between WT or MFS mice of different
ages. **,"*P< 0.01; **,***P< 0.001

Supplementary Table 2. Echocardiographic values of aortic root diameter (in
mm) of WT and MFS mice subjected to preventive treatment with the P144
expression vector for 4 weeks (from 4 to 8 weeks old).

Aortic root diameter at 8 weeks-age

WT MFS
PS | 1.40+0.02 | 15| 1.64+£0.02*** | 15
P144 | 1.36+0.05 | 12 | 1.45+0.02*** | 15

*Indicates the statistical significance of WT vs. MFS mice of the same age;
*Indicates the statistical significance between WT or MFS mice of different
ages. ***,***P<0.001.

Supplementary Table 3. Aortic tunica media thickness (in ym) of WT and MFS
mice subjected to preventive treatment with the P144 expression vector for 4
weeks (from 4 to 8 weeks old).

Tunica media thickness at 8 weeks-age

WT MFS
PS | 64.80+3.50 | 8 | 85.25+6.33* | 8
P144 | 61.80+4.10 | 6 | 68.80+3.33" | 10

*Indicates the statistical significance of WT vs. MFS mice of the same age;
*Indicates the statistical significance between WT or MFS mice of different
ages. *,"P<0.05.

Supplementary Table 4. Echocardiographic values of the aortic root diameter
(in mm) of WT and MFS mice subjected to palliative treatments with the P144
49



expression vector (P144) and losartan (LOS) for 16 weeks (from 8 to 24 weeks

old).

Aortic Root at 24 weeks-age

WT MFS
PS 1.63+0.03 | 15| 1.89+0.03*** | 15
P144 1.59+0.03 | 16 | 1.87+0.04 15
LOS 1.46+0.03" | 12 | 1.70+0.04** | 16
P144+LOS | 1.56+0.03 | 15 | 1.73+0.05* | 14

*Indicates the statistical significance of WT vs. MFS mice of the same age;
*Indicates the statistical significance between WT or MFS mice of different

ages. *,"P< 0.05; **,""P< 0.01; ***,***P< 0.001.

Supplementary Table 5. Aortic tunica media thickness (in ym) of WT and MFS
mice subjected to palliative treatments with the P144 expression vector (P144)
and losartan (LOS) for 16 weeks (from 8 to 24 weeks old)

Tunica media thickness at 24 weeks-age

WT MFS
PS 67.32+4.23 | 8 | 88.28+2.55** |7
P144 65.14+2.87 | 8 | 68.72+4.32*" | 8
LOS 54.97+3.16 | 7 | 56.52+4.32*** | 7
P144+LOS | 57.07+3.13 | 8 | 66.12+2.59"" | 8

*Indicates the statistical significance of WT vs. MFS mice of the same age;
*Indicates the statistical significance between WT and MFS mice of different
ages. **,"*P<0.01; ***,***P<0.001.
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OBJECTIVE 2: Study the contribution of xanthine oxidoreductase (XOR) in the
progression of aortic aneurysm in Marfan syndrome.

Rodriguez-Rovira I, Arce C, De Rycke K, Pérez B, Carretero A, Arbonés M,
Teixido-Tura G, Gémez-Cabrera MC, Campuzano V, Jiménez-Altayo F, Egea G.

Allopurinol blocks aortic aneurysm in a mouse model of Marfan syndrome via
reducing aortic oxidative stress.

Free Radic Biol Med. 2022 20;193:538-550.
Do0i:10.1016/j.freeradbiomed.2022.11.001.
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ARTICLEINFO ABSTRACT
Keywords: Background: Increasing evidence indicates that redox stress participates in MFS aortopathy, though its mecha-
Aortic e nistic contribution is little known. We reported elevated reactive oxygen species (ROS) formation and NADPH
Allopurinol E oxidase NOX4 upregulation in MFS patients and mouse aortae. Here we address the contribution of xanthine
x’;?ilcpmmwe oxidoreductase (XOR), which catabolizes purines into uric acid and ROS in MFS aortopathy.
NRE2 Methods and results: In aortic samples from MFS patients, XOR protein expression, revealed by immunohisto-
Ot s chemisty, increased in both the tunicae intima and media of the dilated zone. In MFS mice (Fbn1C'%¥16/%) aortic
Dinic arid XOR mRNA tanscripts and enzymatic activity of the oxidase form (X0O) were augmented in the aorta of 3-month-
Xanthine oxidase old mice but not in older animals. The administration of the XOR inhibitor allopurinel (ALO) halted the pro-

gression of aortic root aneurysm in MFS mice. ALO administrated before the onset of the aneurysm prevented its
subsequent development. ALO also inhibited MFS-associated endothelial dysfunction as well as elastic fiber
fragmentation, nuclear translocation of pNRF2 and increased 3'-nitrotyrosine levels, and collagen maturation
remodeling, all occurring in the tunica media. ALO reduced the MFS-associated large aortic production of H2Oa2,
and NOX4 and MMP2 mranscriptional overexpression.

Conclusions: Allopurinol interferes in aortic aneurysm progression acting as a potent antioxidant. This study
strengthens the concept that redox stress is an important determinant of aortic aneurysm formation and pro-
gression in MFS and warrants the evaluation of ALO therapy in MFS patients.

The latter commonly leads to aortic dissection and rupture, the main

1. Introduction cause of reduced life expectancy in patients [Z].
Reactive oxygen species (ROS) consist of radical (anion superoxide/
Marfan syndrome (MFS) is a relatively common inherited rare dis- 0; and hydroxyl radical/HO) and non-radical (hydrogen peroxide/
ease of the connective tissue caused by mutations in the gene encoding H202) oxygen species, which are highly reactive chemicals formed by
the extracellular matrix glycoprotein fibrillin-1 [1]. This multisystem  the partial reduction of oxygen. O> and H,0, are the most frequently
disease mainly affects the skeleton (abnormally long bones and spine formed ROS and, under physiological concentrations, have important
deformations), eyes (lens dislocation) and aorta (aortic root aneurysm). signaling functions (oxidative eustress) [3]. However, when ROS
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Nonstandard abbreviations

ALO allopurinol

CRCs cumulative concentration-response curves

3-NT 3'-nitrotyrosine

PA palliative experimental treatment with allopurinol
PE preventive experimental treatment with allopurinol

PE < ALO and PA < ALO respective PE and PA treatments with
subsequent allopurinol withdrawal

overwhelm the intrinsic cellular antioxidant system, either via an
abnormal overproduction of ROS or reduction of their antioxidant ca-
pacity, they contribute to pathogenesis (oxidative stress), causing tran-
sient or permanent damage to nucleic acids, proteins, and lipids [4,5].

In the cardiovascular system, ROS are involved in, among other
dysfunctions, the development of aortic abdominal aneurysms (AAA)
through the regulation of inflammation induction, matrix metal-
loproteinases (MMPs) expression, vascular smooth muscle cell (VSMC)
apoptosis and phenotypic changes and modifying extracellular matrix
properties [6-10]. However, the impact of ROS on thoracic aortic
aneurysm (TAA) of genetic origin, such as in MFS and Loeys-Dietz
syndrome (LDS), is less known [11]. We and others have previously
shown that ROS production is increased in MFS [12-18], although the
specific generators of ROS and their respective impact on the formation
and/or progression in either human or murine MFS aortic aneurysms is
still poorly understood [19,20]. We reported the involvement of upre-
gulated NADPH (nicotinamide adenine dinucleotide phosphate) oxidase
4 (NOX4) both in human and mouse MFS aortic samples and cultured
VSMCs [17]. Nonetheless, besides NOX4, another important source of
ROS in the cardiovascular system is xanthine oxidoreductase (XOR)
[21].

XOR is involved in the final steps of nucleic acid-associated purine
degradation and, particularly, in the conversion of hypoxanthine into
xanthine and xanthine into urate. XOR exists in two forms that are
derived from a single gene (XDH) [22]. The reduced form of XOR is
referred to as xanthine dehydrogenase (XDH), and the oxidized form as
xanthine oxidase (0). XDH can be post-translationally modified to XO
via proteolysis or oxidation of critical cysteines [23]. The XDH form has
greater abundance and affinity for NAD"' as the electron acceptor to
generate NADH, which is a critical substrate for NADPH oxidases.
Likewise, the XO form is mainly associated with the production of large
amounts of O3 and H,0, by preferentially using oxygen as the electron
acceptor [24,25]. Under healthy conditions, XDH is constitutively
expressed, and XO levels are low both in plasma and heart [26]. How-
ever, XDH conversion into XO is favored by hypoxia, low pH, ischemia,
inflammation, and the presence of peroxynitrite and H2O» itself
[27-29]. XOR is widely distributed throughout the organism mainly in
the liver and gut, but also present in intestine, lung, kidney, myocar-
dium, brain and plasma [30]. In the vascular endothelium, XOR is bound
to cell surface glycosaminoglycans [26]; the enhancement of endothe-
lium attached XOR favors local ROS production with subsequent endo-
thelial dysfunction [31]. XOR-derived anion superoxide (Os) easily
interacts with endothelial cell-generated nitric oxide (NO) forming
peroxynitrite (ONQO™), which in the endothelium of the tunica intima
and VSMCs of the media irreversibly generates reactive nitrogen species
(RNS) residues such as 3'-nitrotyrosine [32,33], which is usually used as
a redox stress marker. Increased XOR levels have been reported in aortic
samples from adult MFS mice [14] and LDS patients [34], even though
the extent to which XOR contributes to TAA pathogenesis is unknown.

On the other hand, concomitantly to ROS production, XOR generates
uric acid (UA), which in humans can pathologically accumulate in the
plasma and some tissues. In rodents, UA is rapidly catabolized by uricase
(absent in humans) to allantoin [35]. UA has a dual role in redox
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biology, acting as an antioxidant (both in vitro and in vive) accounting for
as much as 50% of the total antioxidant capacity of biological fluids in
humans [36]. However, when UA accumulates in the cytoplasm or in
acidie/hydrophobic milieu, it acts as a pro-oxidant promoting redox
stress [36,37]. UA was found in the wall of human aortic aneurysms and
atherosclerotic arteries [38] and there was a positive correlation be-
tween serum UA levels and aortic dilation and dissection [39,40].
Epidemiologic and biochemical studies on UA formation have demon-
strated that it is not only UA itself that leads to a worse prognosis and
increased cardiovascular events, but also ROS formed during XOR ac-
tivity. Therefore, the resulting combined action of excessively formed
UA and ROS surely contribute to oxidative stress-linked cardiovascular
pathological events [41].

The aim of this study was to investigate the participation of XOR in
MFS aortopathy in more detail and evaluate the effectiveness of the XOR
inhibitor allopurinol (ALO) on the formation and/or progression of MFS-
associated aortopathy. ALO is an analogue of hypoxanthine and,
therefore, a competitive inhibitor of XOR [42]; it is a drug routinely
prescribed to treat hypouricemic and hypertensive patients [43]. XOR
also functions beyond its basic housekeeping role in purine catabolism,
acting in oxidant signaling, which could contribute to exacerbating
oxidative stress-associated MFS aortopathy. Therefore, since XOR is an
important source of ROS in the cardiovascular system, we hypothesized
that, together with upregulated NOX4 [17,44], the formation and/or
progression of aortic aneurysm in MFS is favored by abnormal aortic
XOR activity with the consequent dysfunctional increase in ROS levels
(and likely UA and/or allantoin as well) exacerbating the oxidative
stress-associated MFS aortopathy.

2. Material and methods

Please see Methods in Supplemental Materials [92-96].
3. Results
3.1. XOR is augmented in the dilated aorta of MFS patients

We evaluated protein levels by immunohistochemistry with specific
anti-XOR antibodies in the aorta of MFS patients subjected to aortic
reparatory surgery. Unlike the tunica adventitia, both the tunicae intima
and media of the dilated aortic zone presented a significant increase in
immunostaining compared with adjacent non-dilated and healthy
aortae (Fig. 1), which is demonstrative of an increased protein expres-
sion of XOR associated with aortic aneurysm in MFS patients. No cor-
relation between the intensity of the immunostaining and the age of the
patients analyzed was observed.

3.2. XOR mRNA expression and enzymatic activity are only increased in
the aorta of young MFS mice

We next evaluated whether XOR was also increased in the MFS
mouse aorta. Firstly, we evaluated XOR transeriptional levels by RT-PCR
in 3- and 6- and 9-month-old WT and MFS mice. Aortae from 3-month-
old MFS mice showed significantly increased levels of XOR transcripts
compared with age-matched WT animals. This increase was not
observed in 6- or 9-month-old mice (Fig. 2A). Immunohistochemistry
with anti-XOR antibodies confirmed the increased expression of XOR in
the endothelial cell layer (intima) and in the media only in 3-month-old
MFS aortic wall (Fig. 2B). The adventitia was also stained for XOR, but
just like in the human aorta, nonsignificant changes were observed over
the age.

To differentiate the functional contribution of the XDH and XO
protein forms of XOR in the MFS aorta, we next measured their
respective enzymatic activities in aortic lysates (see a representative
assay in Fig. 52). The XO/XDH enzymatic activity ratio was significantly
higher in 3-month-old but not in 6- or 9-month-old MFS mice (Fiz. 2C),
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Fig. 1. Xanthine oxidoreductase is upregulated in
the aorta of MFS patients. Representative images of
XOR immunostaining in the ascending aorta from two
healthy heart donors (control) and in the dilated and
adjacent non-dilated aneurysmal zones of the aorta
from two representative MFS patients (#1 and #2).
The lower panels of each aortic sample are magnified
images from the corresponding upper sample (black
squares). L = lumen; I: tunica intima; M: tunica
media; A: tunica adventitia. Below of images, quan-
titative analysis of immunolabeling results evaluated
in tunicae intima, media, and adventitia. Bars, 100
pm. Statistical test analysis: One-way ANOVA; *p <
0.05 and **p < 0.01.
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which is in accordance with transcriptional results (Fig. 2A). In this
manner, results complement the previously reported upregulation of
XOR in MFS mouse aortae [14].

3.3. Allopurinol inhibits the progression of aortic aneurysm and prevents
its formation in MFS mice

The upregulation and activity of XOR in MFS aortae suggest its
contribution to oxidative stress in MFS aortopathy. We hypothesized
that the inhibition of its activity could ameliorate aortic aneurysm
progression. To test this hypothesis, we treated WT and MFS mice with
ALO. We first palliatively treated 2-month-old mice with ALO until 6
months of age (PA1; Fig. 51) and then evaluated aneurysm progression
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by ultrasonography. ALO significantly reduced the characteristic
enlarged aortic root diameter oceurring in MFS mice, the diameter ob-
tained being highly similar to WT animals (Fig. 3A and Table 52). ALO
did not cause any alteration in the aortic root diameter of WT mice.
Moreover, no sex differences were observed regarding the effectiveness
of ALO (Table 52).

We also evaluated aortic wall organization by histomorphology,
quantifying the number of large elastic fiber ruptures as previously
defined [45]. ALO treatment in MFS mice caused an apparent normal-
ization of elastic fiber organization and integrity, their overall
morphology being indistinguishable from non-treated WT animals
(Fig. 3B).

ALO has also been safely administered during the late stages of
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Fig. 2. XOR expression levels and enzymatic activity in the MFS
mouse ascending aorta. (A) mRNA expression levels of XOR (Xdh) in
WT and MFS mice of different ages (3-, 6- and 9-month-old). (B) XOR
protein levels revealed by immunochistochemisty with anti-XOR anti-
bodies in paraffin-embedded aortae from 3-, 6- and 9-month-old WT
and MFS mice. Below of images, the quantitative analysis of the
respective HRP immunostaining in tunicae intima (endothelial cell
layer) (I), media (M) and adventitia (A). Bar, 100 pm. (C) XO/XDH
enzymatic activity ratio in WT and 3-, 6-, and 9-month-old MFS mice.
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Fig. 3. Allopurinol prevents both the formation and progression of aortic root dilation in MFS mice. (A) Allopurinol halts the progression of aortic root
dilatation in MFS mice measured by ultrasonography in WT and MFS mice of 6 months of age treated with allopurinol for 16 weeks (PA1). See also Table 52. (B) The
number of large discontinuities in the elastic lamina of the aortic media from WT and MFS mice palliatively treated with allopurinol. (C) Allopurinol prevents the
formartion of aortic root dilatation in MFS mice measured by ultrasonography in 3-month-old WT and MFS mice preventively treated with allopurinol for 12 weeks
(PE). See also Table 53. (D) Number of large discontinuities in the elastic lamina of the aortic media from WT and MFS mice preventively treated with allopurinol. On
the right of panels B and D, representative Elastin Verhoeff-Van Gieson staining in paraffin sections of the ascending aorta. White arrows in B and D indicate examples
of the large discontinuities analyzed. Bar, 100 pm. Data represented as boxplots. Statistical test analysis: Two-way ANOVA and Tukey post-test. ***/*++ p < 0.001,

**p < 0.01 and *p < 0.05; *effect of genotype; Teffect of reatment.

pregnancy, demonstrating efficiency in reducing uric acid, hyperten-
sion, and oxidative stress levels [46-49]. Therefore, we next evaluated
whether ALO also prevented the formation of the aneurysm. ALO was
administered to pregnant and lactating female mice and then to weaning
offspring until the age of 3 months (PE; Fiz. 51). ALO fully prevented
aneurysm formation (Fig. 3C and Table 53), also showing a trend to
reduce elastic fiber breaks (Fiz. 3D).

We also analyzed the diameter of the tubular portion of the
ascending aorta. In the PA1 treatment, ALO also normalized the diam-
eter of MFS aortae (Fig. S3A; Table 54). However, this was not the case
for the PE treatment (Fig. S3B; Table 55), likely because of the shorter
ALO treatment and the younger age of the MFS mice treated, in which
the ascending aorta was still not sufficiently affected as in the PA1l
treatment.

3.4. The inhibition of aortopathy by allopurinol is reversible after drug
withdrawal

We next examined whether the progression of the aortopathy
inhibited by ALO was permanent or transient. To this end, we evaluated
the aortic root diameter after the withdrawal of ALO following PA1 and
PE treatments (PA1<ALO and PE < ALO, respectively; Fig. 51). When 6-
month-old MFS animals were subjected to PA1 treatment with ALO and
subsequently withdrawn from the drug for three months, until reaching
9 months of age, no statistical difference was obtained between their
respective aortic root diameters (dashed red boxes of PA1<ALO 9-
month-old MFS groups in Fiz. S4A; Table $6). On the other hand, the
3-month-old animals subjected to PE treatment with ALO were
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withdrawn from the drug until reaching 6 months of age (WT and MFS
groups labeled with red circles in Fiz, 54B). There was no statistical
difference between ALO-treated MFS groups regardless of whether ALO
was subsequently withdrawn or not (p = 0.08) (dashed brown boxes of
PE < ALO 6-month-old MFS groups in Fig. S4B; Table S7). Therefore,
results show that the inhibitory effect of ALO on the aneurysm is only
effective while the drug is administered.

3.5. Allopurinol prevents endothelial dysfunction in MFS ascending aorta

ROS generated by endothelial XOR could mediate alterations in the
endothelial-associated vascular function by reducing NO bioavailability
via direct interaction with O3 [32,32,50]. Previous evidence indicated
that the MFS aorta shows endothelial dysfunction [14,51,52]. Thus, we
analyzed the potential therapeutic effects of ALO treatment on endo-
thelial function (Fig. 4). To this aim, we used wire-myography to mea-
sure the reactivity of endothelium-intact ascending aortas from
9-month-old MFS mice (PA2; Fig. 51), age at which, in our hands,
endothelial dysfunctions were more clearly observed [52]. Firstly, we
examined aortic root diameter in this mouse subset and the aneurysm
was also inhibited after seven months of ALO treatment (PA2) (Fig. 55
and Table 58). Thereafter, ascending aortae were isolated, vessels were
settled in the myograph and contracted with KCI to check their func-
tionality (Fig. 4A). All aortae responded similarly to KCI (Fiz. 4B and
Table S10). The relaxant response to acetylcholine (ACh; Fig. 4A),
mostly mediated by activation of endothelial NOS (NOS3), is an indi-
cator of endothelial function. Untreated MFS mice showed a reduced
sensitivity (pECsg) to endothelium-dependent ACh-induced relaxation
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Fig. 4. Allopurinol prevents the endothelial
vasodilation dysfunction of MFS aorta. (A) Exper-
imental protocol for wire-myography experiments
carried out in isolated 9-month-old ascending aorta
from the diverse experimental groups indicated in the
following panels. Red lines indicate where myo-
graphic measurements were obtained. (B) Physio-
logical state test of aortic reactivity following the
addition of KCI (100 mM). Data represented as box-
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compared with WT (the curve shifted to the right in Fig. 4C/asterisks;
Table 59), which indicated that ACh-mediated aortic relaxation was
impaired in MFS mice and, therefore, demonstrative of dysfunctional
endothelium. The treatment with ALO showed an ACh-induced relaxa-
tion in MFS aortae that was indistinguishable from WT animals (pECsgp
7.49 + 0.19 and 7.52 + 0.10, respectively) (Fig. 4C; Table 59), proving
that ALO treatment normalizes endothelial function in MFS mice.

To check the participation of the NO/GC/cGMP pathway in the
VSMCs of untreated MFS mice, we next added increased concentrations
of the NO donor sodium nitroprusside (NTP) to aortae pre-contracted
with phenylephrine (Phe) and the non-selective NOS inhibitor N
(gamma)-nitro-L-arginine methyl ester (L-NAME; Fig. 4A), resulting in
similar concentration-dependent aortic vasodilatations in untreated
MFS and WT mice (Fiz. 4D). No changes in the vasorelaxant response to
NTP were observed following ALO administration either in WT or MFS
mice (Fig. 4D; Table 59). We also evaluated the o;-associated contractile
response of ascending aortae when stimulated with different concen-
trations of Phe. Results were highly similar between non-treated MFS
and WT ascending aortae or following ALO treatment (Fiz. 4E;
Table S10).

At this point of the study, there is an apparent inconsistency knowing
that allopurinol is greatly inhibiting aortic aneurysm over the age in
MFS mice (examined at 3-to-9 months old animals), but nevertheless
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XOR is only significantly increased in young animals (3 months-age).
This means that other mechanisms directly or indirectly mediated by
allopurinol must be affected. This conundrum is resolved below.

3.6. Allopurinol prevents increased levels of H»05 in MFS aorta

Considering that ALO is clinically prescribed to treat hyperuricemia,
we first measured UA and allantoin levels in blood plasma in WT and
MFS mice to see potential changes associated with genotype or age or
both. We noticed that neither UA nor allantoin, nor their ratio, showed
any change between WT and MFS mice over age (Figs. S6A-C). Next, we
analyzed whether ALO (PAl) reduced UA in blood plasma, but we
observed that UA levels remained unaltered (Fig. 57). The possibility
that the inhibition of aneurysm progression was mediated by reducing
blood pressure as previously reported in other studies [53] was also
discarded since systolic blood pressure values also remained unaltered
(Fig. S8).

The aortopathy inhibition by ALO inhibiting XOR activity only
happens in the early ages of MFS mice (3 months), but it cannot be
explained in older amimals. Therefore, other mechanism(s) must
significantly participate in which redox stress should be directly or
indirectly affected by ALO. In this regard, it was reported that ALO could
directly scavenge ROS [54], thus, we measured ROS levels in blood
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plasma and aorta from WT and MFS mice. We chose to measure HyO5
because it is the major ROS produced both by XOR under aerobic con-
ditions [55], which occur in the heart and aorta, and by NOX4, which is
upregulated in MFS aorta [17]. In blood plasma, we observed no dif-
ferences with age between WT and MFS mice (Fig. 59). In contrast,
ascending aorta rings from MFS mice showed significantly higher levels
of Hy05 compared with WT mice of different ages (Fig. 5A). The in vitro
administration of ALO to these aortic rings normalized H2O2 levels. This
was also the case when ALO was administered in vivo in MFS mice (PE),
whose aortic Ho02 levels were highly similar to those of untreated WT
aortae (Fig. 5B). Therefore, ALO either prevented or inhibited the
MFS-associated high levels of H,0, in the ascending aorta irrespectively
of in vivo or in vitro administration.

3.7. Allopurinol downregulates NOX4 and MMP2 expression in MFS
aorta

Knowing that ALO blocks aortic aneurysm progression with age (3-,
6- and 9-month- old MFS mice), that aortic H2O2 levels also remain
significantly elevated at these ages, and that XOR is only upregulated at
early ages (3 months), we postulated that, regardless of its scavenging
action, ALO could be directly or indirectly affecting other enzymatic
H;05 sources at the MFS aorta. In this regard, we next examined
whether ALO treatments affected NOX4 expression, which greatly and
directly produces H202 and whose expression and activity are abnor-
mally increased in MFS aortae [17,18]. Thus, we evaluated NOX4 mRNA
levels in the aorta of WT and MFS mice palliatively (PA1) and preven-
tively (PE) treated with ALO. In both cases, ALO-treated MFS mice
inhibited the characteristic upregulation of NOX4 in MFS aorta (Fig. 6A
and B).
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Another potential and complementary mechanism by which ALO,
acting as an indirect antioxidant, could contribute to explaining the
large reduction of MFS-associated aortic wall disarrays is by inhibiting
the ROS-mediated activation of MPPs, as ROS are potent activators of
MMPs [56]. MMP2 and MMP9, two well-known MMPs involved in MFS
aortopathy [57] can be indirectly activated by ROS from their
inactive-zymogen isoforms and via direct activation of their gene
expression [59]. As expected, MFS aortae showed increased MMP2
protein levels in the tunica media compared with WT aorta. Both PE and
PA1 ALO treatments inhibited the increased expression of MMP2
(Fig. 7).

3.8. Allopurinol prevents redox stress-associated injuries in the aortic
tunica media of MFS mice

BNS can be produced due to the interaction of endothelial-generated
NO and XDH-induced ROS [32,33]. Peroxynitrite and 3'-nitrotyrosine
(3-NT) products are reliable redox stress biomarkers; immunohisto-
chemical evaluation showed greater levels of 3-NT in the tunica media of
MFS aortae. In both PA1 and PE approaches, ALO significantly pre-
vented this increase (Figs. S10A and B).

The nuclear factor erythroid 2-related factor 2 (NRF2) is a key
transcription factor that regulates the expression of several antioxidant
defense mechanisms. Oxidative stress triggers its phosphorylation
(pNRF2), being subsequently translocated to the nucleus to activate the
expression response of physiological antioxidant enzymes [59]. Thus,
we evaluated the nuclear presence of pNRF2 in aortic paraffin sections
from WT and MFS mice treated with ALO after PA] and PE treatments
(Fig. 8A and B, respectively). Aortic media showed a higher presence of
nuclear pNRF2 in MFS than WT VSMCs. This result demonstrated that
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Fig. 5. High H;0; levels generated in the ascending aorta of MFS mice are inhibited by allopurinol when administered both in vitro and in vive. (A) H,0;
levels produced in ascending aortic rings over age in WT and MFS mice. Allopurinol was added in vifro to the assay containing aortic rings and the fluorescence signal
measured after 2 h. (B) H20: levels measured in ascending aortic rings of WT and MFS mice preventively (PE) reated with allopurinel (in vivo). Data represented as
boxplots. Statistical test analysis: Two-way ANOVA and Tukey's post-test ***p < 0.001, **p < 0.01, */*p < 0.05; *effect of genotype; “effect of treatment.

544

58



I. Rodriguez-Rovira et al.

0 T
Allopurinol -

* .o
A 500-
ey 1
5 g 400+ — WT
Z 3 o —1 MFS
% < 2 300-
c
ESG
o 8 T 200-
= 90 2
B a :
g8 100
O‘rl ﬂ". & -+
[J ﬂi_
+

o= ]

500 p=0.15 ++
X £ 400- — WT
SO
= = MFS
<35
2 2 £ 300-
e e S
ELC
o 3 o 200~ o
2 0 0 :
i =
& s  100- @ . °
| ]
0 | : L= -
Allopurinol - + - +

Fig. 6. Allopurinol prevents the upregulation of NADPH oxidase NOX4 in
MFS aorta. mRNA expression levels of NOX4 in WT and MFS mice following
the PA1 (A) or PE (B) allopurinol treatments. Statistical test analysis: Kruskal-
Wallis and Dunn’s multiple comparison test. **p < 0.05 and **p < 0.01;
*effect of genotype; Teffect of treatment.

the MFS aorta suffered redox stress, which in turn triggered the
endogenous antioxidant response. However, when ALO was adminis-
tered to MFS mice, the number of pNRF2 stained nuclei was indistin-
guishable from WT aortae, regardless of the experimental treatment
followed. This result is a logical consequence of the ALO-induced inhi-
bition of the oxidative stress ocewrring in the MFS aorta.

Elastic fiber disruption in the MFS aorta is often accompanied by
compensatory fibrotic-like remodeling supported by collagen over-
expression and/or organization rearrangements occurring mainly in the
tunica media [60]. This remodeling can be visualized under a polarized
light microscope in paraffin-embedded aortae cross-sections stained
with Picrosirius red [61]. We first evaluated total collagen content in the
media quantifying Picrosirius staining and we did not observe any sig-
nificant change (Fig. 511). We next analyzed green and red collagen
fibers, which is illustrative of their different thickness and assembly
compaction and, therefore, of their degree of maturity [62]. We
observed an increase in immature (green) collagen fibers in the aortic
tunica media of 6-month-old MFS mice (PAl treatment). Notably, this
collagen maturation remodeling was not produced after ALO treatment
(PAl; Fig. 9). No differences were achieved in preventive ALO
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administration in MFS mice even though similar changes in green fibers
tend to occur as well (Fiz. 512). In PA1 and PE treatments, ALO did not
reduce the increased trend of mature (red) collagen fiber formation
(Fiz. 9 and Fig. 512, respectively). Altogether, results indicated that ALO
also reduced the collagen remodeling taking place in the aortic media of
MFS mice.

4. Discussion

Over the last decade, significant progress has been made regarding
the molecular mechanisms that participate in the formation and pro-
gression of aortic aneurysms in MFS but, until recently, current phar-
macological approaches with angiotensin receptor blockers (ARBs;
losartan), p blockers (atenolol) or both administered together have
afforded uncertain results regarding halting or mitigating aortic aneu-
rysm progression. Nonetheless, in a recent collaborative individual pa-
tient data meta-analysis of randomized trials for both treatments in MFS
patients not submitted to aortic surgery, collected data showed that
ARBs reduced the rate of increase of the aortic root Z score, even among
those taking a f blocker [63]. Authors suggested that their additive
combination would provide greater reductions in the rate of aortic
enlargement than either treatment alone. Being undoubtedly good news,
this does not rule out the possibility of using other new or repositioned
complementary therapeutic options that specifically target other mo-
lecular processes having a relevant impact on aortopathy progression.
With this idea in mind, the aim of our study was to obtain: (a) further
insights into the contribution of redox stress to the molecular patho-
genesis of aortic aneurysms. We have focused on XOR, which, jointly
with NADPH oxidases, is a potent ROS-generating system in the car-
diovascular system in health and disease; and (b) solid experimental
evidence in a representative murine model of MFS to support a new
pharmacological approach targeting redox stress (allopurinol), which
could be easily translated to MFS patients.

This article produced several main findings: (i) XOR is upregulated in
the aorta of both MFS patients and young mice; (ii) this upregulation is
accompanied by increased enzymatic activity of the oxidase (X0O) form
in detriment of the dehydrogenase (XDH) from; (iii) the XOR inhibitor
allopurinol (ALO) prevents both the formation and progression of aortic
root dilation in MFS mice; (iv) this inhibitory effect is non-permanent
since the withdrawal of ALO causes the reappearance of the aneu-
rysm; (v) ALO prevents the characteristic MFS endothelial-dependent
vasodilator dysfunction; (vi) ALO inhibits the MFS-associated increase
of aortic HyO5 levels both in vive and in vitro as well as the subsequent
accompanying redox stress-associated reactions, such as accumulation
of 3-NT, augmented nuclear translocation of pNRF2 and collagen
remodeling of the aortic media; and (vii) ALO inhibits MFS-associated
upregulation of NOX4 and reduces MMP2 expression in the aortic
tunica media. Mechanistically, we postulated that ALO mitigates MFS
aortopathy progression by acting as a potent antioxidant, both directly
inhibiting XOR activity and scavenging ROS and indirectly down-
regulating NOX4 and MMP2 expression.

In aortic samples from MFS patients, XOR expression increased
compared with healthy controls. This result was confirmed in MFS mice
both at the protein and mRNA level. These changes were only observed
in young (3-month-old) but not in older mice (6- and 9-month-old). It is
possible that XOR upregulation only occurs while the aortic dilation
undergoes rapid growth, which we found to occur until 3 months of age,
becoming slower in older animals [45]. Nonetheless, no differences
between WT and MFS aortae were observed regarding XOR activity in
the study of the reactivity of MFS aorta [14], and after nitro-oleic acid
treatment as a mediator in ERK1/2 and NOS2 expression in MFS aort-
opathy [64]. Explanations for this apparent discrepancy may be related
to the different murine MFS models used (mgR/mgR and Angll
infusion-induced acceleration of the aortopathy in MFS mouse, respec-
tively) or the different XOR activity assays utilized, and/or even to local
animal facility conditions.
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Fig. 7. Allopurinol reduces increased MMP2
levels in the tunica media of MFS aorta. MMP2
levels in the tunica media revealed by immunohisto-
chemisory with anti-MMP2 antibodies in paraffin-
embedded aortae from WT and MFS mice following
palliative (PA1 (A) or preventive (PE) (B) adminis-
tration of allopurinol. On the right, quantitative
analysis of the respective HRP immunostaining. Bar,
100 pm. Statistical test analysis: Two-way ANOVA
and Tukey's post-test *'*p < 0.05. *Effect of geno-
type; ~Teffect of weatment.

Fig. 8. Allopurinol inhibits the oxidative stress-
associated increased nuclear translocation of
pNRF2 in MFS aorta. Quantitative analysis and
representative images of the nuclear translocation of
the phosphorylated form of NRF2 in VSMCs of the
tunica media of WT and MFS mice treated with allo-
purinol palliatively (PA1) (A) and preventively (PE)
(B). Insets in the immunofluorescent images detail
the nuclear localization of pNRF2. Bar, 100 pm. Sta-
tistical test: Kruskal-Wallis and Dunn's muldple
comparison tests. ***/*+¥p < 0,001 **p < 0.01; *ef-
fect of genotype; Teffect of treatment.
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Fig. 9. Allopurinol reduces the MFS-associated
collagen maturation remodeling of the tunica
media. Immature (green) and mature (red) collagen
fibers of the tunicae media and adventitia of WT and
MFS aortae stained with Picrosirius red (see Fig. 511)
visualized under the polarized microscope. WT and
MFS mice were palliatively reated (PA1) or not with
allopurinol. Representative fluorescent images of the
whole aorta. On the right, images show the enhanced
media outlined with white dots. Bar, 100 pm. The
respective quantitative analysis of both types of
collagen fibers is shown under the images. Statistical
test: Kruskal-Wallis and Dunn’s multiple comparison
tests. ***p < 0.001 and *p < 0.05; *effect of geno-
type; Teffect of weatment. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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ALO is a well-characterized specific inhibitor of XOR activity, mainly
of the XO form [42], which was confirmed in the XOR enzymatic assay
(Fiz. 52). The main clinical actions of ALO are widely linked to
UA-associated pathologies [65,66]. UA plasma levels were highly
similar between MFS and WT animals, which at first glance discarded a
UA-mediated effect in the aortopathy in MFS mice. Curiously, ALO did
not cause the expected reduction of UA and/or allantoin plasma levels.
However, it is important to highlight that the equivalent dose of ALO
used here in mice (20 mg/kg/day) if administered to humans (~120
mg/day calculated for a weight of 70 Kg) [67] does not reduce normal
plasma UA levels (<6-7 mg/dL) [68]. Therefore, the blockade of MFS
aortopathy by ALO is, in principle, not directly related to changes in UA,
but to another accompanying mechanism(s).

Of note, ALO has a ROS lowering effect not necessarily related to its
XOR inhibition activity, acting accordingly as a direct ROS scavenging
moiety [68-71]. We demonstrated this possibility when ALO was added
in vitro to MFS aortic rings, quickly attenuating their intrinsic increased
H209 production levels, regardless of mouse age. Importantly, this
reduction was also observed in aortic rings from MFS mice with the drug
administered in vivo. In addition to the direct scavenging role of ALO, its
effectiveness as a direct antioxidant can be reinforced, reducing the
characteristic aortic upregulation of NOX4, knowing that NOX4 is the
NADPH oxidase that directly generates H,O5 [72]. Pathological pro-
cesses that usually accompany redox stress, such as the formation of
3-NT, pNRF2 nuclear translocation and fibrotic remodeling responses
were all reduced or inhibited by ALO. The pathophysiological signifi-
cance of these results in the MFS aortic media suggested several con-
clusions: (i) the accumulation of 3-NT is representative of abnormal RNS
formation because of the pathological uncoupling of NO, which in turn
leads to protein nitration via the formation of the highly reactive in-
termediate peroxynitrite and its subsequent product 3-NT [73]. This
3-NT upsurge in MFS aortic media is consistent with the recent
demonstration of NO uncoupling in aneurysm formation in both MFS
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mice and patients [64,74,75]. Along this line of evidence, we identified
actin as a nitrated protein target in MFS aorta from MFS patients [17],
contributing, in this manner, to the reported damaged contractile
properties of VSMCs in MFS [76]; (ii) redox stress is so elevated in MFS
aorta that the intrinsic physiological antioxidant response mediated by
the nuclear translocation of pNRF2 [60] is not high enough to
compensate it. In contrast, ALO treatment allows this compensation,
normalizing, to a large extent, the endogenous redox levels in MFS aorta
and associated modifications; and (iii) ALO normalized the content of
immature collagen (green) fibers, hence mitigating the collagen
remodeling response that usually accompanies the aneurysm to
compensate elastic fiber disarray. It would be interesting to know
whether ALO is also able to prevent the characteristic phenotypic switch
of VSMCs to a mixed contractile-secretory phenotype [77,78].

Of notice, ALO normalized ACh-stimulated vasodilator function,
improving endothelial function. It is not a surprise given the reported
effects of ALO on increasing NO bioavailability, totally or partially
attributable to a reduction in ROS production [32]. Of notice, restoring
the endothelial function is important since it has been reported in pa-
tients with MFS that flow-mediated dilatation (a noninvasive measure-
ment of endothelial function) correlated with aortic dilatation [33].

In reference to the normalization by ALO treatments (PA1 and PE) of
the structural aortic wall organization evidenced by the normalization of
elastic laminae breaks, this effect could be explained by the inhibition of
the ROS-mediated activation of MMP2 upregulation, which, together
with MMP9, are two well-known MMPs upregulated and overactivated
in MFS aorta [55]. Nonetheless, XOR itself can directly activate MMPs in
a ROS-independent manner [79].

Finally, it cannot be discarded that ALO could also mediate its
inhibitory action on aortopathy by acting as an anti-inflammatory agent
[20] and/or also indirectly blocking the ROS-induced heat shock protein
expression generating endoplasmic reticulum (ER) stress, which has an
impact on abdominal and thoracic aortic aneurysms [$1-54]. These two
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possibilities deserve future attention.

We are aware that our study has some limitations: (i) ALO has a short
half-life in plasma and is rapidly metabolized to oxypurinol, which has a
longer lifespan [42]. It is possible that oxypurinol rather than allopu-
rinol might be the primary metabolite that directly mediates the results
we report herein. Nonetheless, in this respect, it is important to take into
account that it is not recommended to administer higher doses of ALO in
humans (>300 mg/day) because the high concentration of oxypurinol
generated then acts as a pro-oxidant instead of antioxidant, favoring
oxidative stress [68]; (ii) the MFS model used in our study (C1041G) isa
very useful model to evaluate the temporal course of aortopathy (besides
other clinical manifestations), but it is not the most suitable to evaluate
the swrvival rate after ALO treatments. Other, more severe MFS murine
models for aortic dissection and rupture, such as the Fbnl hypomorphic
mouse (mgR/mgR) [35] or the Angiotensinll-induced accelerated model
of MFS aortopathy [64], both leading to aortic dissection and rupture,
would be more appropriate experimental murine models for this aim;
and (iii) the aortic arch and descending thoracic aorta have not been
studied; (iv) we have only studied ALO’s effects on the cardiovascular
system (TAA more specifically) because it is responsible for the
life-threatening complication in MFS; and (v) even though ALO has been
widely proven to be a safe and well-tolerated drug, it would also be of
interest to evaluate if ALO has further beneficial or detrimental effects
on other affected organ systems as MFS is a multisystemic disorder.

5. Conclusion

Our results definitively place redox stress among the molecular
mechanisms that significantly participate in the pathogenesis of aortic
aneurysm in MFS by the persistent high production levels of ROS
mediated by upregulation of XOR (current study), the NADPH oxidase
NOX4 [17], eNOS dysfunction [74] and mitochondrial electron
transport-associated redox stress [26], all from studies performed both
in MFS murine models and patients. How, and to what extent, do each of
these interlinked mechanisms participate in aortic injury is currently
unknown, but most likely they all act additively or synergistically to
damage the aorta severely and permanently. We here demonstrated
ALO’s effectiveness, acting as a strong antioxidant drug in MFS aortae
directly both as an inhibitor of XOR activity in early ages when XOR is
overexpressed, and as ROS scavenger in the absence of XOR activity, and
indirectly by downregulating NOX4 and MMP2 overexpression. ALO is
an economic drug, which has been widely prescribed in clinical practice
since the latter half of the last century and, most importantly, has been
proven to be effective, safe, and usually well tolerated. ALO has been
reported to present lower rates of cardiovascular events (related to hy-
pertension) compared with non-treated patients [87]. Of note, a preprint
study reported that febuxostat has similar effects to ALO, blocking MFS
aortopathy [85]. Febuxostat is another specific XOR inhibitor not
resembling purines or pyrimidines [2£9]. Some concerns regarding car-
diovascular safety have been reported for febuxostat compared with
ALO [90], but a recent study seems to refute this concern [91]. In sum,
our results in MFS mice support the design of a clinical trial with ALO as
having a potential beneficial effect in the pharmacological clinical
practice of MFS patients. Last, but not least, such a potential benefit
could only be obtained when the drug is administered chronically.
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1. MATERIAL AND METHODS

Human tissue collection, mice, and experimental designs

Healthy ascending aortic tissue was collected from heart donors via the organ
donation organization at the Hospital Clinic i Provincial (Barcelona, Spain) and
Hospital de Bellvitge (L’'Hospitalet de Llobregat, Barcelona, Spain). The age
and gender of heart donors were unknown because Spanish law protects
personal information about organ donors. Ascending aortic aneurysm samples
were collected from patients with Marfan syndrome (MFS) (with ages ranging
from 17 to 60 years) undergoing aortic aneurysm repair surgery. All the patients
in whom aortae were resected fulfilled MFS diagnostic criteria according to
Ghent nosology, but no genetic information regarding putative FBN1 mutations
was available. For each patient, we obtained a 3 x 3 cm sample from two areas:
the dilated zone, corresponding to the sinuses of Valsalva, and the adjacent
virtually non-dilated aorta (according to the surgeon’s opinion) corresponding to
the distal ascending aorta. The aortae were maintained in cold saline solution or
cardioprotective solution before delivery to the laboratory.

MFS mice with a fibrillin-1 mutation (Fbn1€70476/*: hereafter C1041G) (hereafter,
MFS mice) were purchased from The Jackson Laboratory (B6.129-

Fbn1tm1Hcd/J; Strain #012885/Common name: C1039G; Bar Harbor, ME
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04609, USA). MFS and sex- and age-matched wild-type littermates (WT mice)
were maintained in a C57BL/6J genetic background. All mice were housed
according to the University of Barcelona institutional guidelines (constant room
temperature at 22°C, controlled environment 12/12-hour light/dark cycle, 60%
humidity and ad libitum access to food and water).

WT and MFS mice were administered allopurinol (hereafter ALO) (A8003,
Sigma-Aldrich) diluted in drinking water (20 mg/kg/day; 125 mg/mL) [92,93].
ALO was fully replaced each third day of treatment. We performed two
experimental ALO treatment approaches: palliative (PA) and preventive (PE).
For PA treatments, ALO was administered to mice of 2 months of age until 6-
month-old (PA1) or 9-month-old (PA2) being a respective effective treatment of
4 and 7 months, respectively (Fig. S1). For PE treatment, ALO was
administered to the pregnant WT mother, maintained after giving birth (lactation
period of 25 days) and thereafter maintained in drinking water to weaned babies
until three months of age. To evaluate whether ALO’s effect on aortopathy was
transient or permanent, the inhibitor was withdrawn from drinking water (<ALO)
for a period of three months following the PE and PA1 experimental treatments
with 6- and 9-month age endpoints (PE<ALO and (PA1<ALO, respectively; Fig.
S1). At each outcome time points, mice were subjected to echocardiographic
analysis. Both the ascending aorta and liver were dissected and fixed for
paraffin embedding for (immuno)histological studies or immersed in RNA Later
(R-0901, Sigma Aldrich), frozen in liquid nitrogen and stored at -80°C for

molecular tests.

67



Study approvals

Human tissues were collected with the required approval from the Institutional
Clinical Review Board of Spanish clinical centers, and the patients’ written
consent conformed to the ethical guidelines of the 1975 Declaration of Helsinki.
Patients were informed about the use for research studies of their extracted
aortic samples. All aortic tissues described in the manuscript were those
obtained from Spanish Marfan patients and heart donors. Due to the Spanish
Data Protection Act, we do not have access to their clinical history or personal
data.

Animal care and colony maintenance conformed to the European Union
(Directive 2010/63/EU) and Spanish guidelines (RD 53/2013) for the use of
experimental animals. Ethical approval was obtained from the local animal

ethics committee (CEEA protocol approval number 10340).

Echocardiography

Two-dimensional transthoracic echocardiography was performed in all animals
under 1.5% inhaled isoflurane. Each animal was scanned 12-24 hours before
sacrifice. Images were obtained with a 10-13 MHz phased array linear
transducer (IL12i GE Healthcare, Madrid, Spain) in a Vivid Q system (GE
Healthcare, Madrid, Spain). Images were recorded and later analyzed offline
using commercially available software (EchoPac v.08.1.6, GE Healthcare,
Madrid, Spain). Proximal aortic segments were assessed in a parasternal long-
axis view. The aortic root diameter was measured from inner edge to inner edge
in end-diastole at the level of the sinus of Valsalva. All echocardiographic

measurements were carried out in a blinded manner by two independent
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investigators at two different periods, and with no knowledge of genotype or

treatment.

Histology and histomorphometry

Paraffin-embedded tissue arrays of mice aortae from different experimental sets
were cut into 5 ym sections. Elastic fiber ruptures were quantified by counting
the number of large fiber breaks in tissue sections stained with Verhoeff-Van
Gieson. Breaks larger than 20 um were defined as evident large discontinuities
in the normal circumferential continuity (360°) of each elastic lamina in the aortic
media*>. They were counted along the length of each elastic lamina in four
different, representative images of three non-consecutive sections of the same
ascending aorta. The number of sections studied for condition were usually of
three, spacing 10 um between them (2 sections). All measurements were
carried out in a blinded manner by two different observers with no knowledge of
genotype and treatment. Images were captured using a Leica Leitz DMRB
microscope (40x oil immersion objective) equipped with a Leica DC500 camera

and analyzed with Fiji Image J Analysis software.

Immunohistochemistry and immunofluorescence staining

For immunohistochemistry and/or immunofluorescence, paraffin-embedded
aortic tissue sections (5 ym thick) were deparaffinized and rehydrated prior to
unmasking the epitope. Horseradish peroxidase (HRP)-based
immunohistochemistry was used to stain aortic tissue sections for XOR and 3’-
nitrotyrosine (3-NT). To unmask XOR epitopes, aortic tissue sections were

treated with a retrieval solution (10 mM sodium citrate, 0.05% Tween, pH 6) for
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30 min in the steamer at 95°C. No antigen retrieval was used for 3-NT. Next,
sections were incubated for 10 min with peroxidase blocking solution (Dako
Real Peroxidase-blocking solution), rinsed three times with PBS and then
incubated with 1% BSA in PBS prior to overnight incubation at 4°C with the
respective primary polyclonal antibodies anti-XOR (1:50; Rockland 200-4183S)
or anti-3-NT (1:200; Merck Millipore 06-284). On the next day, sections were
incubated with the manufacturer’s goat anti-rabbit secondary antibody solution
(1:500; Abcam ab97051) for 1 h followed by the Liquid DAB+Substrate
Chromogen System (Dako System HRP) for 1 min at room temperature. HRP-
stained non-consecutive sections were visualized under a Leica Leitz DMRB
microscope (40x immersion oil objective).

Immunofluorescence was used to stain pNRF2 in aortic sections. Sections were
treated first with heat-mediated retrieval solution (1 M Tris-EDTA, 0.05%
Tween, pH 9) for 30 min in the steamer at 95°C. Next, sections were incubated
for 20 minutes with ammonium chloride (NH4Cl, 50 mM, pH 7.4) to block free
aldehyde groups, followed by a permeabilization step using 0.3% Triton X-100
for 10 min and then treated with 1% BSA blocking buffer solution for 2 h prior to
overnight incubation with monoclonal anti-pNRF2 (1:200; Abcam ab76026) in a
humidified chamber at 4°C. On the next day, sections were rinsed with PBS,
followed by 60 min incubation with the secondary antibody goat anti-rabbit
Alexa 647 (1:1.000, A-21246, Invitrogen). Sections were counterstained with
DAPI (1:10.000) and images were acquired using an AF6000 widefield

fluorescent microscope.
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For quantitative analysis of immunostainings, four areas of each ascending
aorta section were quantified with Image J software. All measurements were

carried out in a blinded manner by two independent investigators.

Uric acid, allantoin and hydrogen peroxide in blood plasma and in
ascending aortic rings

Blood from mice was collected directly from the left ventricle just before the
aortic tissue was dissected. Thereafter, the blood plasma was obtained by
centrifugation of the blood at 3,000 rpm for 10 min at 4°C and immediately
stored frozen at -80 °C.

Measurement of uric acid (UA) in blood plasma was evaluated by high-
performance liquid chromatography (HPLC) with ultraviolet detection. The
method used for UA extraction from biological samples was an adaptation of a
method previously described®®. The plasma (100 ul) was deproteinized with
10% trichloroacetic acid. Ten pl of supernatant was injected into the HPLC
system consisting of a Perkin Elmer series 200 Pump, a 717 plus Autosampler,
a 2487 Dual AN absorbance detector, and a reverse-phase ODS2 column
(Waters, Barcelona, Spain; 4.6 mm-200 mm, 5 ym particle size). The mobile
phase was methanol/ammonium acetate 5 mM/acetonitrile (1:96:3 v/v), which
was run with an isocratic regular low flow rate of 1.2 mL/min and the wavelength
UV detector was set at 292 nm. UA eluted at a retention time of 2.9 minutes.
Quantification was performed by external calibration. The UA detection limit in
plasma was 10 ng/mL

For the determination of allantoin in blood plasma, an adapted protocol was

used as previously described [95]. Briefly, plasma (60 pl) was deproteinized
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with acetonitrile (25 ul). Samples were centrifuged (5 min, 12,000 g). Ten pl of
supernatant was injected into the HPLC system. Separation of allantoin was
performed on a Synergy Hydro-RP C-18 reversed-phase column (250 x 4.6 mm
[.D., 5 m particle size) from Phenomenex (Torrance, CA, USA). Allantoin elution
(at 4 min) was performed with potassium dihydrogen phosphate (10 mM, pH
2.7): acetonitrile (85:15) and ultraviolet detection (at 235 nm).

Hydrogen peroxide (H202) was measured both in blood plasma and in freshly
dissected aortic tissue (aortic rings) utilizing a commercial assay kit (ab102500
Abcam, Cambridge, UK). Non-deproteinized blood plasma from WT and MFS
mice (50 uL) and standard dilutions were mixed with 50 pyL of reaction Mix
(composed of 48 L of the assay buffer plus 1 uL OxiRed Probe + 1 uL HRP for
fluorometric measures) and incubated (protected from daylight) for 10 min at
room temperature. In the case of the aortic tissue, two types of measurements
were carried out. On the one hand, H202 was measured in the aorta from mice
that followed the preventive treatment with ALO (in vivo treatment); on the other
hand, H202 was measured in the aorta in which ALO was directly added to the
assay (in vitro treatment) Freshly dissected ascending aorta (the adventitia was
quickly removed) were cut in two portions (3-4 mm thick each) corresponding to
the proximal (the half close to the heart) and distal (the half close to the aortic
arch) and maintained immersed in DMEM in the culture incubator at 37°C and
5% CO2 until time of the assay. Subsequently, each aortic portion was
incubated with the reaction mix of the kit as indicated above for the blood
plasma. For the in vitro approach, the dissected ascending aorta was treated as
above with the difference that ALO (100 uM) was added to one of the two aortic

portions while the other portion received the vehicle (physiological serum/PS).
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Fluorometric readings were obtained at different times, reaching a plateau at
120 min. Results were normalized to the weight of the respective aortic portion.

Fluorescence was measured with a Synergy fluorimeter (Ex/Em = 535/587 nm).

Myography tissue preparation and vascular reactivity

Segments of the ascending aorta from 9-month-old mice treated or not with
ALO were dissected free of fat and placed in a cold physiological salt solution
(PSS; composition in mM: NaCl 112; KCI 4.7; CaCl, 2.5; KH2PO4 1.1; MgSO4
1.2; NaHCO3 25 and glucose 11.1) gassed with 95% O2 and 5% CO:..
Ascending aortic segments (2-3 mm) were set up on an isometric wire
myograph (model 410A; Danish Myo Technology, Aarhus, Denmark) filled with
PSS (37°C; 95% O2 and 5% CO32) as previously described [96]. The vessels
were stretched to 6 mN as reported [93], rinsed and allowed to equilibrate for 45
min. Tissues were then contracted twice with KCI (100 mM) every 5 min. After
rinsing, vessels were left to equilibrate for an additional 30 min before starting
the experiments. Vasodilatation caused by nitric oxide (NO) produced either by
the endothelium itself (triggered by acetylcholine/ACh) or by the NO donor
sodium nitroprusside (NTP) were determined by cumulative concentration-
response curves (CRCs) of respective relaxation to ACh (10°-10° M) or NTP
(10-19-10° M) after phenylephrine (Phe; 3x10® M)-induced precontracted
vessel. To study the impact of ALO on contractile responses triggered by a-
adrenergic stimulation, the CRCs of Phe (10 to 3x10-° M)-induced contraction
were evaluated. Relaxations to ACh are expressed as a percentage of Phe-
precontracted level. Contractions to Phe are expressed as a percentage of the

tone generated by KCI. Data from CRCs were plotted using Graph Pad
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Software version 8.0 (San Diego, CA, USA) with sigmoid curve fitting (variable
slope) performed by non-linear regression. These curves were used to derive
the values for Emax (the maximal relaxant response) and pECso (-log of the

agonist concentration needed to produce 50% of Emax).

Quantitative Real-Time PCR

Total RNA from ascending aortae was extracted using Trizol® following
manufacturer's recommendations (Invitrogen, USA). RNA concentration was
quantified using Nanodrop (Agilent, USA). mRNA expression levels were
determined by quantitative real-time PCR (qRT-PCR) using the SYBR green
detection kit. mMRNA levels encoding for XOR were expressed relative to Gadph,
which was used as the housekeeping gene. qPCR reactions were performed
following the protocol guidelines of the SYBR green master mix (ThermoFisher
Scientific, Waltham, MA, USA). Briefly, reactions were performed in a total
volume of 10 uL, including 5 uL of SYBR green PCR master mix, 2 uM of each
primer, 2 uL of nuclease-free water, and 1 uyL of the previously reverse-
transcribed cDNA (25 ng) template on a 368-well iCycler iQ PCR plater (Bio-
Rad). All reactions were carried out in duplicate for each sample. The
thermocycling profile included 45 cycles of denaturation at 95 °C for 15 seconds
and annealing and elongation at 60°C for 60 seconds. Cycle threshold (Ct)
values for each gene were referenced to the internal control (comparative Ct
(AACt)) and converted to the linear form relative to corresponding levels in WT
aortae. The primer sequences for the murine genes used in this study are

shown in Table S1.
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Fluorometric assay for measuring the enzymatic activity of xanthine
dehydrogenase (XDH) and xanthine oxidase (XO) forms

XO activity was determined in WT and MFS mice from liver and aorta (in which
the adventitia was previously removed) lysates using a fluorimetry-based
method [97]. Part of the liver and total aorta were homogenized with five
volumes per gram of tissue of 0.25 M sucrose, 10 mM DTT, 0.2 mM PMSF, 0.1
mM EDTA and 50 mM K-phosphate, pH 7.4. Homogenates were centrifuged for
30 min at 15,000 g and the supernatants were obtained for XO activity. XO
activity was measured by calculating the slope of the increase in fluorescence
after adding pterin (0.010 mmol/L), which measures the conversion of pterin to
isoxanthopterin. Total activity (XO+XDH) was likewise determined after adding
methylene blue (0.010 mmol/L), which replaces NAD+ as an electron acceptor.
The reaction was stopped by adding allopurinol (50 pmol/L). To calibrate the
fluorescence signal, the activity of a standard concentration of isoxanthopterin
was measured. The extent of dehydrogenase (XDH)-to-oxidase (XO)
conversion was calculated from the proportion of XO activity divided by the total
activities of XDH+XO. Values were expressed as nmol/min per g of protein. The

protein concentration of homogenates was determined with the Bradford assay.

Blood pressure measurements

Systolic blood pressure measurements were acquired in 9-month-old animals
by the tail-cuff method and using the Niprem 645 non-invasive blood pressure
system (Cibertec, Madrid, Spain). Mice were positioned on a heating pad and
all measurements were carried out in the dark to minimize stress. All animals

were habituated to the tail-cuff by daily training one week prior to the final
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measurements. Then, the systolic blood pressure was recorded over the course
of three days. For quantitative analysis, the mean value of three measurements
per day was used for each animal. All measurements were carried out in a

blinded manner with no knowledge of genotype or experimental group.

Collagen content measurements

Collagen content was evaluated with the PicroSirius Red Staining method.
Briefly, paraffin-embedded tissue arrays of mice aortae from different
experimental sets were cut into 5 ym sections. Deparaffination was performed
with xylene, and rehydration in 100% ethanol three times for 5 minutes, three
times in 96% ethanol for 5 min and dH20 for 5 min. After rehydration, samples
were immersed in phophomolybdic acid 0,2% for 2 min and rinsed with distilled
H20. Then, samples were immersed in picrosirius red (previously prepared with
picric acid (Fluka 74069) and direct red 80 (Aldrich 365548) for 2 h. Afterward,
samples were rinsed with distilled H2O for 5 min and immersed in HCI 0,01 N
for 2 min. To avoid background, unstaining was performed with ethanol 75° for
45 sec. Finally, slides were dehydrated with absolute ethanol for 5 min and
fixated with xylene twice for 10 min each. Mount with DPX with coverslips.
Images were captured using a Leica Leitz DMRB microscope (10x and 40x oil
immersion objective) equipped with a Leica DC500 camera and analyzed with

Fiji Image J Analysis software with a predesigned macro program.

Statistics
Data were presented either as bars showing mean + standard error of the mean

(SEM) or mediantinterquartile range (IQR) boxplots, in which the error bars
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represent minimum and maximum values, the horizontal bars and the crosses
indicate median and mean values, respectively, and the extremities of the
boxes indicate interquartile ranges. Firstly, normal distribution and equality of
error variance data were verified with Kolmogorov-Smirnov/Shapiro Wilk tests
and Levene’s test, respectively, using the IBM SPSS Statistics Base 22.0
before parametric tests were used. Differences between three or four groups
were evaluated using one-way or two-way ANOVA with Tukey’s post-hoc test if
data were normally distributed, and variances were equal or Kruskal-Wallis test
with Dunn’s post-hoc test if data were not normally distributed. For comparison
of two groups, the unpaired t-test was utilized when the data were normally
distributed, and variances were equal or the Mann-Whitney U test if data did not
follow a normal distribution. A value of P<0.05 was considered statistically
significant. Data analysis was carried out using GraphPad Prism software
(version 9.1.2; GraphPad Software, La Jolla, CA). Outliers (ROUT 2%,

GraphPad Prism software) were removed before analysis.

77



SUPPLEMENTAL FIGURES AND FIGURE LEGENDS

T A

Palliative treatment/PA1 (4 months)
Palliative treatment/PA1 (4 months)

Palliative treatment/PA2 (9 months)
{ Gestation Juactation] 2 ] 2 ] s | o | s | ¢ | 7 [ s [ o |

PA<ALO
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qPCR, Western blot, XO and XDH activity biot, X0 and XDH actihvity, Blood pressure
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Figure S1. Representative scheme of the experimental protocols for
allopurinol treatments. PE: preventive allopurinol (ALO) treatment (endpoint at
3-month-old); PA: palliative allopurinol treatments PA1 and PA2 whose
difference between them being the duration of treatment, which was 4 months
(endpoint at 6-month-old mice) and 7 months (endpoint at 9-month-old mice),
respectively. PE<ALO: preventive allopurinol treatment followed by the
subsequent drug withdrawal for 3 months (endpoint at 6-months-old);
PA1<ALO: palliative allopurinol treatment followed by the subsequent drug
withdrawal for 3 months (endpoint at 9-month-old). Note that each endpoint
duration protocol has a different code color, which is maintained for the figures
and supplemental figures shown throughout the manuscript: blue (PE), brown
(PA1) and red (PA2).
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Figure S2. Fluorometric assay for measuring xanthine dehydrogenase (XDH)
and oxidase (XO) enzymatic activity in liver and aortic tissues. Liver (as positive
control of the assay) and aortic WT and MFS lysates had pterine added as a
specific substrate for XO and methylene blue for total XOR (XO+XDH) activity.
Allopurinol was added at the end of the assay to check its effectiveness in

inhibiting total XDH activity. Units in the Y axis are fluorescence arbitrary units.
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Figure S3. Ascending aorta diameter in WT and MFS mice treated with
allopurinol. (A) Ultrasonography in WT and MFS mice of 6 months of age
palliatively treated with allopurinol (PA1). See also Table S4. (B)
Ultrasonography in 3 months of age WT and MFS mice preventively treated
with allopurinol (PE). See also Table S5. Data represented as boxplots.
Statistical analysis: Two-way ANOVA and Tukey post-test (A and B).
***P<0.001 and "P<0.05; *effect of genotype; *effect of treatment.
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Figure S4. Reversion of aortic root dilation following the withdrawal of
allopurinol. (A) WT and MFS mice were treated with allopurinol (ALO)
following the palliative treatment from 2 to 6 months of age (PA1; 6-month-old).
Thereafter, ALO was withdrawn from WT and MFS mice (+ inside red circles)

until 9 months of age (PA1<ALO) (- inside red circles). The aortic root diameter
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was measured by ultrasonography at 6- and 9-month-old (brown and red boxes,
respectively). N= 6-13. See also Table S6. (B) WT and MFS mice were treated
with allopurinol following the preventive treatment (PE, 3-months-old).
Thereafter, allopurinol was withdrawn from WT and MFS mice (+ inside red
circles) until 6 months of age (PE<ALO) (- inside red circles). The aortic root
diameter was measured by ultrasonography at 3- and 6-month-old (blue and
brown boxes, respectively). N= 6-10. See also Table S7. Statistical analysis in
A and B: Two-way ANOVA and Tukey post-test. *** ***P<0.001; *effect of

genotype; *effect of treatment.
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Figure S5. Aortic root diameter in WT and MFS mice palliatively treated
with allopurinol (PA2). Data represented as boxplots. Statistical analyses: See
also Table S6. Two-way ANOVA and Tukey’s post-test. ******P<0.001; *effect

of genotype; *effect of treatment. n=14-16.
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Figure S6. Uric acid and allantoin blood plasma levels are not altered in
MFS mice. Blood plasma levels of uric acid (A), its catabolite allantoin (B) and
their ratio (Allantoin/uric acid) (C) measured in WT and MFS mice of different
ages (3-, 6-, and 9-month-old). Data as the mean + SEM. Statistical analysis:
Kruskal-Wallis with Dunn’s multiple comparison test. n= 5-12.
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Figure S7. Plasma levels of uric acid do not change following allopurinol
administration in WT and MFS mice. Uric acid blood plasma levels in WT and
MFS mice palliatively treated with allopurinol (PA1) (n=14-22). Data

represented as boxplots. Statistical test analysis: Two-way ANOVA with Tukey’s
post-test.
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Figure S8. Allopurinol does not alter systolic blood pressure. Systolic
blood pressure measurements in 9-month-old WT and MFS mice palliatively
treated with allopurinol for 28 weeks (PA2) (n=6-10). Data as the mean + SEM.

Statistical test analysis: Kruskal-Wallis with Dunn’s multiple comparison test.
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Figure S9. H.O2 plasma levels do not change with age in MFS mice. H20>
levels in the blood plasma of WT and MFS of different ages (3-, 6-, and 9-
monthold) (n=12-14). Data as the mean = SEM. Statistical test analysis:

Kruskal-Wallis with Dunn’s multiple comparison test.
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Figure S10. Allopurinol reduces redox stress-associated 3 -nitrotyrosine

levels in the tunica media of MFS aorta. Quantitative analysis and

representative images of the 3-NT levels in the aortic tunica media evidenced
by immunohistochemistry with anti-3-NT antibodies after palliative (PA1) (A)
and preventive (PE) (B) treatments with allopurinol in WT and MFS mice. Bair,

100 um. Data represented as boxplots. Statistical test analysis: Two-way

ANOVA and Tukey’'s post-test (A);

Kruskal-Wallis and Dunn’s multiple

comparison tests (B). ****P<0.01 and 7*P<0.05; *effect of genotype; *effect of

treatment.
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Figure S11. Collagen total content in the aortic tunica media of MFS mice
following the administration of allopurinol. Picrosirius red staining of WT
and MFS aortae from non-treated (control) or treated with allopurinol following
its palliative (PA1) or preventive (PE) administration (A and B, respectively). At
their respective side, the quantitative analysis of the staining at the media. Bar,
100 pm.
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Figure S12. Collagen maturation state in the aortic tunica media of MFS
mice following the preventive treatment with allopurinol. Immature (green)
and mature (red) collagen fibers of the tunicae media and adventitia of WT and
MFS aortae stained with Picrosirius red visualized under the polarized
microscope see Fig. S11). WT and MFS mice were treated allopurinol in a
preventive manner (PE) (n=5-6). ). Representative fluorescence images of the
whole aorta and enhanced indicated regions (white dashed lines). In enhanced
images on the right of each panel, the media is at the center and the adventitia
is on its right. The respective quantitative analysis of both types of collagen
fibers is shown below images. Bar, 100 ym. Data represented as boxplots.

Statistical test analysis: Kruskal-Wallis and Dunn’s multiple comparison tests.
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3. SUPPLEMENTAL TABLES

Table S1. Primers used in RT-PCR analysis in MFS mice.

Gene Primer sequences
Xdh Fw: 5- GGAGATATTGGTGTCCATTGTG -3°
Rv: 5- CCTGCTTGAAGGCTGAGAAA -3°
Nox4 Fw: 5- ACGTCCTCGGTGGAAACTT-3’
Rv: 5>~ AGTGAATTGGGTCCACAACAG-3'
Gapdh Fw: 5- TTGATGGCAACAATCTCCAC -3’

Rv: 5- CGTCCCGTAGACAAAATGGT-3’
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Table S2. Echocardiographic values of the aortic root diameter (in mm) of WT
and MFS mice subjected to palliative treatment (PA1) in the presence (+) or
absence (-) of allopurinol after treatment for 4 months (from 2-to-6 month-old
mice). Graphic shown in Fig. 3A. Data pooled by sex is included.

Aortic root diameter at 6-month-old mice (PA1)

Allopurinol WT MFS

1.59+0.02 12| 1.83%0.03*** |21
- 4 1.58+0.03 8 | 41.85+£0.05*** |11
©1.59+0.05 4 | 91.74£0.06*** |10
1.51+0.04 20| 1.64%0.05" |23
+ 31.56+0.07 10| &1,75+£0.09 9
©1.45+0.03 10| 91.57+0.04% |14

Statistical analysis: Three-Way ANOVA. *Effect of genotype; “effect of
treatment. ***p<0.001; **p<0.01; *p=<0.05. The number of animals is indicated on
the right of each column. Sex: & males, ¢ females.

Table S3. Echocardiographic values of the aortic root diameter (in mm) of WT
and MFS mice subjected to preventive treatment (PE) in the presence (+) and
absence (-) of allopurinol. Graphics shown in Fig. 3C.

Aortic root diameter at 3-month-old mice (PE)

Allopurinol WT MFS
- 1.451£0.04 11 1.71£0.04*** 9
+ 1.271£0.04 11 1.35+0.04*** 10

Statistical analyses: Two-Way ANOVA followed by Tukey post-test. *effect of
genotype; *effect of treatment. *** ***p<0.001; **p<0.01; *p<0.05. The number of
animals is indicated on the right of each column.
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Table S4 Echocardiographic values of the ascending aorta diameter (in mm) of
WT and MFS mice subjected to palliative treatment (PA1) in the presence (+) or
absence (-) of allopurinol after treatment for 4 months (2-to-6-month-old mice).
Graphic shown in Fig. S3A.

Ascending Aorta diameter at 6-month-old mice (PA1)

Allopurinol WT MFS

1.21£0.02 15| 1.39+0.04*** |22
- 31.21+£0.04 7 31.50£0.06 |11
©1.21+0.01 8 ©1.28+0.04 |11
1.26+0. 03 20 1.32+0.05" 22
+ 31.34+0.04 10|  21.47+0.11 9
©1.19+0.02 10| ©91.24+0.02 |13

Statistical analyses: Two-way ANOVA followed by Tukey post-test. *Effect of

genotype; *effect of treatment. ***p<0.001; *p<0.05. The number of animals is
indicated on the right of each column.

Table S5. Echocardiographic values of the ascending aorta diameter (in mm) of
WT and MFS mice subjected to preventive treatment (PE) in the presence (+)
and absence (-) of allopurinol. Graphics shown in Fig. S3B.

Ascending aorta diameter at 3-month-old mice (PE)

Allopurinol WT MFS
- 1.10+0.16 11 1.29+0.13* 9
+ 1.17+0.16 11 1.30+0.08 10

Statistical analyses: Two-way ANOVA followed by Tukey post-test. *Effect of

genotype; *effect of treatment. *p<0.05. The number of animals is indicated on
the right of each column.
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Table S6. Echocardiographic values of the aortic root diameter (in mm) of WT
and MFS mice subjected to preventive treatment with allopurinol from gestation
until endpoint at 3-month-old /PE). Thereafter, allopurinol was withdrawn for 3
months, and mice subjected to ultrasonography (endpoint at 6-month-
old/PE<ALO). Graphics shown in Fig. S4A.

Aortic root diameter at Aortic root diameter at
3-month-old mice (PE) 6-month-old mice (PE<ALO)
Allopurinol WT MFS WT MFS

- 1.54£0.01 | 8 | 1.73x0.02*** | 9 1.61£0.01 |7 | 1.84£0.01***

+(in PEonly) [1.51£0.03 |9 |1.52+0.03""" |10 | 1.60+0.01 |9| 1.77+0.02

Statistical analyses: Two-way ANOVA followed by Tukey post-test. *Effect of
genotype; *effect of treatment. ******p<0.001. The number of animals is
indicated on the right of each column.

Table S7. Echocardiographic values of the aortic root diameter (in mm) of WT
and MFS mice subjected to palliative treatment with allopurinol (from 2-to-6-
month-old/PA1). Thereafter, allopurinol was withdrawn for a period of 3 months
(until 9-month-old), and mice were subjected to endpoint ultrasonography (9
month-old/PA1<ALO). Graphics shown in Fig. S4B.

Aortic root diameter at Aortic root diameter at
6-month-old mice (PA1) 9-month-old mice (PA1<ALO)
Allopurinol WT MFS WT MFS

- 1.61+0.01| 7 | 1.87+£0.02***| 6 | 1.76+0.03 | 7 | 1.98+0.05***| 6

+ (in PA1 only) |1.60+£0.02|13|1.66+0.02""" | 13| 1.73+0.02 |13| 1.97+0.02 |12

Statistical analyses: Two-way ANOVA followed by Tukey post-test. *Effect of
genotype; *effect of treatment. ******p<0.001. The number of animals is
indicated on the right of each column.
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Table S8. Echocardiographic values of the aortic root diameter (in mm) of WT
and MFS mice subjected to palliative treatment (PA2) with allopurinol for 6
months (from 2- to 9-month-old mice). Data pooled for sex is also shown.
Graphics shown in Fig. S5.

Aortic root diameter at 9-month-old mice (PA2)

Allopurinol WT
1.70%0.01 16
- 3 1.69+0.02 7
©1.7240.02 9
1.74%0.01 16
+ 31.75£0.02 7

©1.73+0.02 9

MFS
2.0210.02*** |14

32.07+0.03*** | 8
£1.94+0.01** | 6
1.76x0.02*** |15
31.74£0.03** | 8
©1.79+0.03*** | 7

Statistical analysis: Three-Way ANOVA. *Effect of genotype; “effect of
treatment. *** ***p<0.001; **p<0.01; *p<0.05. The number of animals is
indicated on the right of each column. Sex: & males, ¢ females.

Table S9. Potency (pECso) and maximum response (Emax) of the concentration—
response curves (CRCs) values for ACh- and NTP-induced relaxation response
(%) in the ascending aorta from WT and MFS mice (9-months-old) in the
presence (+) or absence (-) of allopurinol. Graphic shown in Fig. 4D.

Ascending
aorta WT MFS

Allopurinol - + - +
CRC | Emax | 88.25%2.91 | 89.70£2.5 | | o5 59,4 65 | |80.0645.45

(%FE) 9 2

46.8520.13" 6

ACh | pECso |7.52:0.10 | |7.69+0.08 oD, 7.49+0.19

Emae | 90.21%4.7 | | 102.8+2.9 106.7+7.27
CRC | ome 5 . 4| 102.13.45 5
NTP | pECsy | 7.69x0.11 | |7.96+0.07 7.96+0.08 | | 7.66+0.18

*Effect of genotype; ***p<0.001. The number of animals is indicated on the right
of each column. Two-way ANOVA followed by Tukey post-test.
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Table $10. KCI vascular tone was expressed as force units (mN). Potency
(PECs0) and maximum response (Emax) of the concentration-response curve
(CRC) values for Phe-induced contraction response (%) in the ascending aorta
of 9-month-old WT and MFS mice in the presence (+) or absence (-) of
allopurinol. The number of animals is indicated on the right of each column.
Graphic shown in Figs. 4B and 4E.

Ascending
20rta WT MFS
Allopurinol - + - +
KCI ’(:;’1":,3‘ 4.70+0.52 |6| 4.561£0.80 |5 4.43+0.60 |6]| 4.32+0.49 (6
Emax 31.1819.4 75.32£19.0 64.70+£20.2
CRC (%KCY) 52.67+6.60 6 4 5 6 6 1 5
Phe | pECso | 6.46+0.28 7.28+0.80 6.25+0.61 6.35+0.72

96



OBIJECTIVE 3: Determine the impact of uric acid in the progression of aortic
aneurysm in Marfan syndrome

Rodriguez-Rovira I, Lopez-Sainz A, Palomo-Buitrago ME, Perez B, Jimenez-
Altayo F, Campuzano V, Egea G.

HYPERURICAEMIA DOES NOT INTERFERE WITH AORTOPATHY IN A
MURINE MODEL OF MARFAN SYNDROME.

BioRxiv 2023.05.21.541606; doi: https://doi.org/10.1101/2023.05.21.541606 under
revision in International Journal of Medical Sciences)

97



Special Issue: New Advance in Rare Genetic Disorder

HYPERURICAEMIA DOES NOT INTERFERE WITH AORTOPATHY IN A
MURINE MODEL OF MARFAN SYNDROME

Isaac Rodriguez-Roviral, Angela Lopez-Sainz2, Maria Encarnacion Palomo-Buitragol,
Belén Pérez3, Francesc Jiménez-Altay63, Victoria Campuzanol,4, and Gustavo
Egeal,5,*

1Departament of Biomedical Sciences, University of Barcelona School of Medicine and
Health Sciences, 08036 Barcelona (Spain).

2Department of Cardiology, Hospital Clinic de Barcelona, IDIBAPS, 08036 Barcelona
(Spain).

3Department of Pharmacology, Autonomous University of Barcelona School of
Medicine, 08192 Bellaterra (Barcelona, Spain).

4Centro de Investigacion Biomédica en Red de Enfermedades Raras (CIBERER),
ISCIII, 28029 Madrid (Spain).

5Center of Medical Genetics, University of Antwerp, Antwerp (Belgium).
*Correspondence: gegea@ub.edu.

ABSTRACT

Redox stress is involved in the aortic aneurysm pathogenesis in Marfan syndrome
(MFS). We recently reported that allopurinol, an inhibitor of XOR, inhibited aortopathy
in a MFS mouse model acting as an antioxidant without altering uric acid (UA) plasma
levels. Hyperuricaemia is ambiguously associated with cardiovascular injuries as UA,
having antioxidant or pro-oxidant properties depending on the concentration and
accumulation site. We aimed to evaluate whether hyperuricaemia causes harm or relief
in MFS aortopathy pathogenesis. Two-month-old male wild-type (WT) and MFS mice
(Fbn1C1041G/+) were injected intraperitoneally for several weeks with potassium
oxonate (PO), an inhibitor of uricase, an enzyme that catabolises UA to allantoin.
Plasma UA and allantoin levels were measured via several techniques, aortic root
diameter and cardiac parameters by ultrasonography, aortic wall structure by
histopathology, and pNRF2 levels by immunofluorescence. PO induced a significant
increase in UA in blood plasma both in WT and MFS mice, reaching a peak at three and
four months of age but decaying at six months. Hyperuricaemic MFS mice showed no
change in the characteristic aortic aneurysm progression or aortic wall disarray
evidenced by large elastic laminae ruptures. There were no changes in cardiac
parameters or the redox stress-induced nuclear translocation of pNRF2 in the aortic
tunica media. Altogether, the results suggest that hyperuricaemia interferes neither with
aortopathy nor cardiopathy in MFS mice.

Keywords: Uric acid, aortic aneurysm, Marfan syndrome, allopurinol, oxidative stress,
oxonic acid, hyperuricaemia.
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1. INTRODUCTION

Redox stress (RS) results from the chronic dysfunctional balance between the
production and elimination of both reactive oxygen and nitrogen species (ROS and
RNS; RONS). RS is largely involved in numerous pathological processes leading to the
loss- or gain-of-function of lipids and proteins and changes in gene expression
depending on the main subcellular location where it occurs [1,2]. With the
accompanying cell signalling (growth factors, kinases), haemodynamics, and
extracellular matrix alterations, RS is becoming increasingly clearly an aggravating
driver of both thoracic and abdominal aortic aneurysms, including MFS syndrome
(MFS) [3-8].

MES is a genetic connective tissue disorder caused by mutations in the fibrillin-1 gene
(FBN1) affecting cardiovascular, ocular, and musculoskeletal systems [9-14]. The aortic
root aneurysm, with its usual subsequent dissection and rupture, is the principal cause of
death in MFS patients and prophylactic surgical replacement is the main treatment
option to increase life expectancy [15-17]. Nonetheless, current pharmacological
treatments with beta-blockers (atenolol) and angiotensin II receptor type I (ARTI)
antagonists (losartan; LOS) have recently provided a minor, yet significant,
improvement in aortopathy progression [18]. In any case, new complementary treatment
strategies are necessary to achieve a substantial improvement in slowing or stopping
aortopathy progression considering the variety of molecular mechanisms involved. It is
at this point where anti- redox stress agents, such as resveratrol [19-21], allopurinol
[22,23], and cobinamide [24] have recently appeared on the scene as potential new
therapies.

We reported that upregulated NADPH (nicotinamide adenine dinucleotide phosphate)
oxidase 4 (NOX4) aggravates aortic aneurysm progression in both in human and mouse
MES aortic samples, and other investigators have subsequently established specific
signalling pathways mediating this injury [25-27]. Besides NOX4, nitric oxide synthase
[28], mitochondria [29], endoplasmic reticulum [30-31], and xanthine oxidoreductase
(XOR) are other important sources of ROS in the cardiovascular system [32]. XOR is a
complex enzyme that, concomitantly with uric acid (UA) formation from purine
metabolism, also forms ROS (superoxide and hydrogen peroxide) [33]. XOR also
participates in MFS aortopathy [22, 34].

In humans and great apes, UA can abnormally accumulate in plasma and some tissues.
However, in rodents, UA is quickly catabolised by uricase to allantoin, which is much
more water-soluble than UA [35]. In humans, allantoin has been suggested as an
oxidative stress biomarker because it is not produced metabolically [36]. Several
epidemiological studies suggest a relationship between elevated serum UA and
cardiovascular risk factors. However, this association remains controversial [37-41].
Thus, UA has a dual role in redox biopathology [36,38,42,43]. On the one hand, it
accounts for as much as 50% of the total antioxidant capacity of biological fluids in
humans [43,44,45], and it was postulated that higher UA levels protect against some
peroxynitrite and inflammatory-induced CNS diseases [46]. On the other, when UA
accumulates in the cytoplasm or the acidic/hydrophobic milieu, it becomes a pro-
oxidant, promoting RS [47-49].

UA was found in the aortic walls of human aneurysms and atherosclerotic plaque
arteries [50], and a positive correlation between serum UA levels and aortic dilatation
and dissection has been reported [23,51-54]. Nonetheless, epidemiologic and
biochemical studies on UA formation have demonstrated that it is not only UA itself
that leads to a worse prognosis and increased cardiovascular events but also ROS
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formed during XOR activity. Therefore, the resulting combined action of excessive UA
and ROS formation along with enhanced XOR activity could significantly contribute to
oxidative stress- linked endothelial dysfunction and heart failure, perhaps in
aortopathies as well [55,56]. Interestingly, the LIFE (Losartan Intervention for Endpoint
reduction) clinical trial demonstrated that LOS was superior to atenolol in reducing
cardiovascular events and mortality in patients with hypertension [56]. This result was
partially attributable to the intrinsic uricosuric effect of LOS via inhibition of the UA
transporter URATI [57]. On the other hand, LOS normalised the aortic dilatation in
MFS mice better than beta- blockers based on the rationale that LOS inhibited ATR1-
mediated TGFP hypersignaling [58]. Considering that Ang II activates endothelial XOR
[59], it is possible that the reparatory effect of LOS on the aortic aneurysm in MFS mice
might also be partially attributable to its uricosuric effect. Moreover, in the heart and
circulatory system, UA also stimulates the production of ROS via the activation of
TGFP1 and NOX4 [60,61]. Therefore, considering all the above, it might be possible
that UA participates, to some extent, in MFS aortopathy, aggravating it by acting as a
pro-oxidant and/or promoting ROS production or, just the opposite, mitigating
aneurysm progression by acting as an antioxidant. Nevertheless, knowing the broad
pathological implication of increased plasma UA levels, we are inclined to think that
UA’s effect might be more aggravating than mitigating. Then, this study aimed to
evaluate the impact of experimentally induced hyperuricaemia in aortic aneurysm
progression in a murine model of MFS. Whereas in the observed allopurinol-induced
blockade of aortopathy, plasma UA levels remained unaltered and its involvement was
initially discarded, this cannot be definitive as, physiologically, UA in rodents is
catabolised to allantoin by uricase. Therefore, to study our aim in MFS mice, it was
necessary to generate and maintain increased plasma UA levels long enough to coincide
with aneurysm formation to evaluate its progression. This transient hyperuricaemic
model is feasible utilising uricase inhibitors like potassium oxonate (PO). Our results
indicate that, despite the presence of high plasma UA levels, aortic aneurysm
progression in MFS mice did not change in any way (aggravating or ameliorating),
indicating that UA does not mediate in murine Marfan aortopathy.

2. RESULTS

2.1.  Sex differences in uric acid and allantoin blood plasma levels in MFS mice.

We first measured plasma levels of UA and allantoin in two-month-old male and female
WT and MFS mice (Figure 1), age of the basal start point of subsequent PO treatment
(see supplementary Figure 1 for a scheme of experimental protocol followed in the
study), and at which the aneurysm can already be clearly seen in both sexes
(supplementary Figure 2). There were no differences in basal plasma UA levels between
WT male and female. Unlike in male, there were significant differences between WT
and MFS female as well as between MFS male and female being significantly higher in
the former (Figure 1A). Plasma allantoin levels behaved almost in parallel with UA,
showing significant sex differences between MFS mice but not between WT and MFS
females, most likely due to the great variability of the measurements (Figure 1B).
Considering sex differences in UA and allantoin plasma levels, we decided to continue
working only with males because they are the most referentially studied sex for
aortopathy progression as MFS patients have a significantly larger aortic root diameter
than female patients. This phenotypic difference in aortic diameter between males and
females is also recapitulated in MFS mice models. Moreover, male mice show minimal
or no oestrogen modulation, which could additionally impact on results in females, and
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there were no basal differences either in UA or allantoin plasma levels between WT and
MEFS animals at the starting point of the study.

2.2.  Potassium oxonate transiently increased blood plasma levels of uric acid both in
WT and MFS mice

Unlike humans and higher primates, rodents quickly catabolise UA to allantoin, which
makes it difficult to study the impact of UA on the onset and/or progression of
cardiovascular diseases using murine models. This problem can be transiently overcome
with the administration of uricase inhibitors. Oxonic acid is the most efficient chemical
inhibitor of uricase, administered as potassium oxonate (PO). Therefore, to study the
impact of UA on MFS aortopathy and cardiopathy, we next generated a MFS murine
model of hyperuricaemia with regular injections of PO. PO was administered to two-
month-old WT and MFS mice for a period of 4, 8, and 16 weeks until three, four, and
six months of age, respectively (Supplementary Figure 1). After four weeks of PO
treatment, plasma UA levels increased significantly in both male WT and MFS mice
(PO treatment; p=0.0016), their respective increases being highly similar and, therefore,
not significant between them (interaction genotype/treatment p=0.9737) (Figure 2A).
Strikingly, plasma allantoin levels exhibited highly similar behaviour to UA, being
statistically significant for PO treatment (p <0.0001) but not for the interaction
genotype/treatment (p=0.2966) (Figure 2B). Some treated and untreated WT and MFS
animals were euthanised for histopathological analysis of aortae (see below) and the rest
continued PO treatment for 4 and 12 weeks more, receiving a total of 8 and 16 weeks of
PO treatment, the mice reaching the age of four and six months, respectively
(Supplementary Figure 1). Note that eight-week PO treatment maintained high plasma
levels of both UA and allantoin compared with untreated male mice, which only
reached statistical significance in WT mice most likely due to the large variability of
values obtained in the other experimental groups (Supplementary Figures 3A and B).
Following a further eight weeks of PO administration in these mice (16 weeks of
treatment), UA and allantoin plasma levels showed no differences between treated and
untreated animals, regardless of the genotype (Supplementary Figure 4). Therefore, the
PO-induced hyperuricaemia in WT and MFS mice is transient but with an effective
temporal window of eight weeks after PO injection (from two to four months of age
mice), which, nonetheless, is long enough to evaluate the potential cardiovascular
impact on both WT and MFS mice.

2.3. Aortopathy in MFS mice progressed regardless of the potassium oxonate-
induced hyperuricaemia

Just before blood extraction to measure UA and allantoin levels in each PO-treated and
untreated WT and MFS mouse, we analysed the aortic root diameter and cardiac
parameters by 2D echocardiography. In three-month-old mice with four weeks of PO
treatment, the aortic root diameter in MFS mice exhibited the characteristic aneurysm
(WT/PO- vs. MFS/PO-) but showed no differences with PO treatment (WT/PO+ vs.
MFS/PO+) (Figure 3). Similar results were observed when some WT and MFS animals
continued receiving PO for an additional 4 or 12 weeks, reaching statistical differences
between them. As expected, untreated MFS mice tended towards aortic dilatation
compared with untreated WT mice, but not reaching significance due to the low number
of analysed mice (Supplementary Figures 5 and 6).
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The echocardiographic analysis of different cardiac parameters (IVSD, LVPWD,
LVDD, and LVDS) did not show any significant difference between WT and MFS
mice, regardless of the length of PO treatment (Table 1).

2.4.  The characteristic structural disarray of MFS aorta persisted following
potassium oxonate-induced hyperuricaemia.

We next analysed the structural organisation of the aortic wall in three- and six- month-
old mice who received PO treatment for 4 and 16 weeks, respectively (Supplementary
Figure 1 and Figure 4A and B). The tunica media of MFS aorta showed numerous
characteristic ruptures of elastic laminae, whose extension and number were rather
variable but always greater than in WT aorta. The large number of elastic breaks
observed in PO-treated MFS mice aortae was indistinguishable from untreated MFS
animals, regardless of the weeks of treatment (Figure 4A/4 weeks PO and 3 months of
age mice and 4B/16 weeks PO and 6 months of age mice).

2.5.  Potassium oxonate-induced hyperuricaemia does not modify the increased
nuclear pNRF?2 levels occurring in MFS mice

The nuclear factor erythroid 2-related factor 2 (NRF2) is a key transcription factor that
regulates the expression of several antioxidant defence mechanisms. Oxidative stress
triggers its phosphorylation (pNRF2), being subsequently translocated to the nucleus to
activate the expression response of physiological antioxidant enzymes. Thus, we next
evaluated the nuclear presence of pNRF2 in aortic paraffin sections from WT and MFS
mice treated with PO for 4 and 16 weeks (Figures SA and B, respectively). Aortic media
showed a higher presence of nuclear pNRF2 in MFS than in WT smooth muscle cells,
as previously observed [22], which is demonstrative of the MFS aorta suffering redox
stress and cells consequently triggering the endogenous antioxidant response. However,
after the administration of PO, this response did not change (Figure 5).

2.5. Blood pressure is not perturbed by potassium oxonate administration.

We also evaluated whether PO treatment might affect systolic blood pressure. This was
measured after eight weeks of treatment (four-month-old mice) and presented no
alteration (Supplementary Fig. 7).

3. DISCUSSION

In humans, the role of UA associated with oxidative stress and cardiovascular diseases
is under debate. Most evidence comes from epidemiologic studies suggesting that
increased serum levels of UA are a risk factor for cardiovascular diseases, knowing that
oxidative stress is a relevant pathological mechanism in their pathogenesis and/or
progression [62,63]. Allopurinol, a specific inhibitor of XOR that reduces serum levels
of UA in humans [55], becomes protective in some cardiovascular diseases where
oxidative stress is persistent (e.g., ischemia-reperfusion heart injury) [64]. Recently, we
reported that allopurinol halts aortic aneurysm in a murine model of MFS, acting as an
antioxidant both directly (ROS scavenger and XOR inhibitor) and indirectly by
reducing the expression of metalloproteinase 2 and NADPH oxidase Nox4. We also
realised that this antioxidant action was independent of UA as plasma levels did not
change throughout several treatments [22].

In humans, UA is considered the main antioxidant of the organism and, thus, it has been
proposed as a potential treatment for some pathologies that affect the central nervous
system [46, 65]. However, this approach in humans cannot be easily conducted and,
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therefore, it is necessary to first test this hypothesis in animal models. Nevertheless, in
rodents, purine catabolism does not end with UA formation and, consequently, in its
potential pathological accumulation (hyperuricaemia) either in serum or tissues. Hence,
to study the relationship between UA and aortic aneurysm pathogenesis in a murine
MFS model, we had to experimentally produce hyperuricaemia with oxonic acid, an
inhibitor of uricase activity. Despite this intrinsic limitation, some hyperuricaemic
mouse models have been generated that inhibit uricase, complemented or not with
purine metabolism precursors where XOR is determinant for UA formation [66-69].
This pharmacological approach has been successfully used to study the impact of UA
on cardio- and cerebrovascular diseases but not aortopathies [70,71].

We here have generated a hyperuricaemic male MFS mouse model following PO
administration, and the main results obtained were the following: (i) despite aortic
aneurysm occurring in MFS mice, their plasma UA levels are not significantly different
from WT animals; (ii) oxonic acid, supplied as PO, produces a transient but significant
elevation in plasma UA levels lasting long enough to evaluate its impact on aortopathy
and cardiopathy progression in the MFS mouse model; (iii) PO-induced UA
accumulation in blood plasma did not impact on either aortic aneurysm progression or
the cardiac parameters examined in the MFS mouse model; and (iv) PO-induced
hyperuricaemia does not modify the characteristic cellular anti-redox stress response
occurring in MFS aortic media revealed by the nuclear translocation of pNRF2 in aortic
vascular smooth muscle cells (VSMCs).

One striking observation was that plasma allantoin levels did not decrease in parallel
with the increase in UA given that PO inhibits uricase activity. We think that this can be
explained by the known non-enzymatic transformation of UA into allantoin. Thus, UA
can react with anion superoxide, become oxidised and converted into allantoin.
Likewise, UA can also be transformed into allantoin under alkaline conditions [72]. The
overaccumulation of UA might explain the high allantoin levels.

Despite evidence supporting a role for RS in human aortic aneurysms, a clear
relationship between systemic RS, serum UA levels, total antioxidant capacity, and
ascending aortic aneurysms has not been definitively established. Nonetheless, serum
UA concentrations and total antioxidant capacity have been reported to be associated
with aortic dilatation in humans, suggesting serum UA levels as an indicator of
oxidative stress [23,50, 51,73- 75]. However, this conclusion has not been confirmed in
our PO-induced hyperuricaemic MFS mouse model. Of interest, in very a recent study
[23] published while we were preparing our manuscript, it was reported a highly similar
protective effect of allopurinol in the same MFS mouse model used here and in our
previous study [22]. Strikingly, they show higher plasma UA levels in MFS mice. Our
result, which contradicts their reported observations, is not easy to explain given that in
our studies [22 and this study], we obtained highly similar plasma UA levels measured
using two different techniques (chromatographic techniques in [22] and Spinreact Uric
Acid kit, this study). Of note, we noticed that plasma UA values differed significantly
depending on the blood extraction method used (infraorbital or cardiac punctures) being
abnormally much higher when extracted from the heart (our unpublished observations),
which is the source of measured plasma UA in [23].

We are aware that our study has some limitations. Firstly, the use of rodents to study the
impact of UA, whose results are not easily translatable to humans because rodents very
rarely accumulate UA. Secondly, we cannot exclude that despite the absence of any
effect on aortopathy progression in hyperuricaemic MFS mice, there could be other
alterations associated with hyperuricaemia such as kidney damage [76,77] or
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phenotypic switching of VSMCs [78,79]. Fourthly, we only studied male mice as they
have a greater aortopathy penetrance than females. Therefore, we cannot discard that
females could show a different behaviour. Fifth, the use of PO generates a transient
hyperuricaemic mouse model which limits the study of any potential long-term effects
of hyperuricaemia. In this case, the generation of uricase (Uox)-deficient MFS mice
would be a more suitable model.

Based on our findings, we can conclude that, unlike ROS, UA accumulation seems not
to be instrumental in the aortopathy and cardiopathy of a murine model of MFS, at least
once the aneurysm is already established and in male mice.

4. MATERIAL AND METHODS

4.1.  Chemicals and reagents

Sodium carboxy methyl cellulose (0.5%; CMC-Na) (C5678 Sigma-Aldrich) was
prepared with sterile physiological saline as the solvent for potassium oxonate (PO,
156124 Sigma-Aldrich). Potassium oxonate was suspended in CMC-Na. The injected
dose was 250 mg/kg and adjusted to the weight of each animal.

4.2.  Mice, experimental design, and study approval

Male MFS mice with a fibrillin-1 mutation (Fbn1C1041G/+) (hereafter, MFS mice)
were purchased from The Jackson Laboratory (B6.129-FbnltmlHed/J; Strain
#012885/Common name: C1039G; Bar Harbor, ME 04609, USA). MFS and sex- and
age-matched wild-type littermates (WT mice) were maintained in a C57BL/6J genetic
background. All mice were housed according to the University of Barcelona’s
institutional guidelines (constant room temperature at 22°C, controlled environment
12/12-hour light/dark cycle, 60% humidity and ad libitum access to food and water).
WT and MFS mice were randomly divided into four experimental groups: WT and
MFS mice treated with CMC-Na (vehicle), and WT and MFS mice treated with PO. All
four groups received the treatment by intraperitoneal injection of the corresponding
reagent (CMC- Na: 0.5%; PO: 250 mg/kg) every 48 h (Supplementary Figure 1).
Animal care and colony maintenance were carried out according to European Union
(Directive 2010/63/EU) and Spanish guidelines (RD 53/2013) for the use of
experimental animals. Ethical approval was obtained from the local animal ethics
committee (CEEA protocol approval number: 357/22).

4.3.  Uric acid and allantoin analysis in blood plasma

Plasma uric acid levels were measured using Spinreact (model Spinlab 100) with the
Spinreact Uric Acid kit (SP41001). We followed the manufacturer’s instructions.

For the determination of allantoin in blood plasma, an adapted protocol was used, as
previously described [80]. Briefly, plasma (60 ul) was deproteinised with acetonitrile
(25 ul). Samples were centrifuged (5 min, 12,000 g). Ten ul of supernatant was injected
into the HPLC system. Separation of allantoin was performed on a Synergy Hydro-RP
C-18 reversed-phase column (250 x 4.6 mm 1.D., 5 m particle size) from Phenomenex
(Torrance, CA, USA). Allantoin elution (at 4 min) was performed with potassium
dihydrogen phosphate (10 mM, pH 2.7): acetonitrile (85:15) and ultraviolet detection (at
235 nm).

4.4.  Echocardiography
Two-dimensional transthoracic echocardiography was performed in all animals under
1.5% inhaled isoflurane. Each animal was scanned 12—24 hours before sacrifice. Images
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were obtained with a 10—13 MHz phased array linear transducer (IL121 GE Healthcare,
Madrid, Spain) in a Vivid Q system (GE Healthcare, Madrid, Spain). Images were
recorded and later analysed offline using commercially available software (EchoPac
v.08.1.6, GE Healthcare, Madrid, Spain). Proximal aortic segments were assessed in a
parasternal long-axis view. The aortic root diameter was measured from inner edge to
inner edge in end-diastole at the level of the sinus of Valsalva. Left ventricle (LV)
dimensions were assessed in 2D mode in a parasternal long-axis view at both end-
diastole (LVDD) and end-systole (LVSD). The interventricular septum and posterior
wall thickness at end-cardiac diastole were also measured. All echocardiographic
measurements were carried out in a blinded manner by two independent investigators
with no knowledge of genotype or treatment.

4.5.  Histopathology

Paraffin-embedded tissue arrays of mice aortae from different experimental sets were
cut into 5 um sections. Elastic fibre ruptures were quantified by counting the number of
large fibres breaks in tissue sections stained with Verhoeff-Van Gieson. Breaks larger
than 20 pum were defined as evident large discontinuities in the normal circumferential
continuity (360°) of each elastic lamina in the aortic media [81]. They were counted
along the length of each elastic lamina in four different representative images of three
non- consecutive sections of the same ascending aorta. Three sections per condition
were usually studied, spaced 10 um apart (two sections). All measurements were carried
out in a blinded manner by two different observers with no knowledge of genotype and
treatment. Images were captured using a Leica DMRB microscope (40x oil immersion
objective) equipped with a Leica DC500 camera and analysed with Fiji Image J
Analysis software.

4.6.  Immunofluorescence staining

For pNRF2 immunofluorescence, paraffin-embedded aortic tissue sections (5 um thick)
were deparaffinised and rehydrated prior to unmasking the epitope. Sections were
treated first with heat-mediated retrieval solution (I M Tris-EDTA, 0.05% Tween, pH
9) for 30 min in the steamer at 95°C. Next, sections were incubated for 20 minutes with
ammonium chloride (NH4Cl, 50 mM, pH 7.4) to block free aldehyde groups, followed
by a permeabilisation step using 0.3% Triton X-100 for 10 min and then treated with
1% BSA blocking buffer solution for 2 h prior to overnight incubation with monoclonal
anti- pNRF2 (1:200; Abcam ab76026) in a humidified chamber at 4°C. On the next day,
sections were rinsed with PBS followed by 60 min incubation with the secondary
antibody goat anti-rabbit Alexa 647 (1:1.000, A-21246, Invitrogen). Sections were
counterstained with DAPI (1:10.000) and images were acquired using an AF6000
widefield fluorescent microscope. For quantitative analysis, four areas of each
ascending aorta section were quantified with Image J software. All measurements were
carried out in a blinded manner by two independent investigators.

4.7.  Blood pressure measurements

Systolic blood pressure measurements were acquired by the tail-cuff method and using
the Niprem 645 non-invasive blood pressure system (Cibertec, Madrid, Spain).
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Mice were positioned on a heating pad and all measurements were carried out in the
dark to minimise stress. All animals were habituated to the tail cuff by daily training
one week prior to the final measurements. Then, the systolic blood pressure was
recorded over the course of three days. For quantitative analysis, the mean value of
three measurements per day was used per animal. All measurements were carried out in
a blinded manner with no knowledge of genotype or experimental group.

4.8.  Statistical analysis

Data were presented as bars showing the mean + standard error of the mean (SEM).
Firstly, normal distribution and equality of error variance data were verified with
Kolmogorov-Smirnov/Shapiro-Wilk tests and Levene’s test, respectively, using the
IBM SPSS Statistics Base 22.0 before parametric tests were used. Differences between
three or four groups were evaluated using one-way or two-way ANOVA with Tukey’s
post- hoc test if data were normally distributed and variances were equal, or the
Kruskal-Wallis test with Dunn’s post-hoc test if data were not normally distributed. A
value of P <0.05 was considered statistically significant. Data analysis was carried out
using GraphPad Prism software (version 9.1.2; GraphPad Software, La Jolla, CA).
Outliers (ROUT 2%, GraphPad Prism software) were removed before analysis.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1,

Figure S1: Schematic representation of the experimental protocol followed in this study.
Figure S2: Aortic root diameter in WT and MFS mice at the start time of the study (two
months old).

Figure S3: Uric acid and allantoin plasma levels following eight weeks of treatment
with potassium oxonate.

Figure S4: Uric acid and allantoin plasma levels following 16 weeks of treatment with
potassium oxonate.

Figure S5: Aortic root diameter in WT and MFS mice treated with PO for eight weeks.
Figure S6: Aortic root diameter in WT and MFS mice treated with PO for 16 weeks.
Figure S7: Blood pressure in WT and MFS treated with potassium oxonate.
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FIGURE LEGENDS

Figure 1. Basal uric acid and allantoin blood plasma levels in male and female WT
and Marfan syndrome mice. (A) Uric acid and (B) allantoin plasma levels in two-
month-old WT and MFS mice (males and females). Results are the mean £ SEM.
Statistical tests: Kruskal-Wallis, Dunn’s post-hoc. *p <0.05, **p <0.01; ****p <0.0001.

Figure 2. Uric acid and allantoin plasma levels following four weeks of potassium
oxonate treatment. Two-month-old male WT and MFS mice were treated for four
weeks with potassium oxonate (PO); subsequently, uric acid (A) and allantoin (B)
plasma levels were determined. Results are the mean = SEM. Statistical test: Two-way
ANOVA. **p

<0.01; ****p <0.0001

Figure 3. Aortic root diameter in WT and MFS mice following four weeks of
potassium oxonate treatment. The aortic root diameter was measured via 2D
echocardiography in two-month-old male WT and MFS mice treated for four weeks
with potassium oxonate (PO). An identified outlier is indicated with a red circle but was
not included in the statistical analysis. Results are the mean + SEM; Statistical test:
Two-way ANOVA; genotype, ****p <0.0001

Figure 4. Aortic wall organisation in WT and MFS mice treated with potassium
oxonate. Representative light microscope images of elastin histological staining
(Elastin Verhoeff-Van Gieson) of aortic paraffin sections of the tunica media of the
ascending aorta from WT and MFS mice treated or not with potassium oxonate (PO).
The quantitative analysis of aortic elastic breaks after 4 and 16 weeks of PO treatment is
also shown beside their respective images. Results are the mean = SEM. Statistical
analysis: Kruskal Wallis, Dunn’s post-hoc, *p <0.05.

Figure 5. pNRF2 levels in WT and MFS mice treated with potassium oxonate.
Representative images and quantitative analysis of the nuclear translocation of the
phosphorylated form of NRF2 in VSMCs of the tunica media of WT and MFS mice
treated with potassium oxonate (PO) for four weeks (A) and 16 (B) weeks (mice aged 3
and six months, respectively) (B). Bar, 100 um. Statistical tests: Kruskal-Wallis and
Dunn’s multiple comparison tests. *p < 0.05.
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Table 1. Cardiac parameters measured by 2D ultrasound in WT and MFS treated (+) or
not (-) with potassium oxonate (PO; in weeks).

WT WT WT WT MFS MFS MFS MFS
Potassium (m ::t:gs.]!/
oxonate PO IVSD LVPWD LvVDD LVDS IVSD LVPWD LVDD LVDsS
(PO) (weeks)
--------- 2m/0w 0,82+0,01 0,79+0,01 1,98+0,02 1,27+0,03 | 0,81#0,01 | 0,77+0,01 1,98+0,03 1,25+0,03
- Im/dw 0,80+0,02 0,76+0,03 2,07+0,11 1,27+0,04 | 0,80+0,02 | 0,78:0,02 | 2,06+0,04 1,3640,04
- 4m/8w 0,87+0,04 0,95+0,09 1,88+0,05 1,29+0,08 | 0,95#0,09 | 0,95+0,09 | 2,31+0,19 1,39+0,05
- 6m/low 0,87+0,03 0,85+0,03 2,05+0,07 1,40+0,04 | 0,87+0,01 | 0,83£0,02 | 2,01+0,03 1,32+0,01
+ 3m/dw 0,83+0,01 | 0,80£0,002 | 2,03+0,05 1,38+0,02 | 0,82#0,01 | 0,81£0,01 | 2,07+0,06 1,41+0,04
+ 4m/8w 0,84+0,04 | 0,93x0,02 2,21+0,19 1,43+0,07 | 1,01£0,05 | 1,06+0,02 | 2,52+0,07 1,71+0,08
+ em/lew | 0,79+0,01 0,80+0,02 2,11+0,06 1,35+#0,04 | 0,79+0,02 | 0,75#0,03 | 2,00+0,06 1,3410,02

IVSD: interventricular septum diameter; LVPWD: left ventricle posterior wall diameter;
LVDD: left ventricle diameter in diastole; LVDS: left ventricle diameter in systole.
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ABSTRACT

Redox stress is involved in the aortic aneurysm pathogenesis in Marfan syndrome
(MFS). We recently reported that allopurinol, an inhibitor of XOR, inhibited aortopathy
in a MFS mouse model acting as an antioxidant without altering uric acid (UA) plasma
levels. Hyperuricaemia is ambiguously associated with cardiovascular injuries as UA,
having antioxidant or pro-oxidant properties depending on the concentration and
accumulation site. We aimed to evaluate whether hyperuricaemia causes harm or relief
in MFS aortopathy pathogenesis. Two-month-old male wild-type (WT) and MFS mice
(Fbn1€'9416/") were injected intraperitoneally for several weeks with potassium oxonate
(PO), an inhibitor of uricase, an enzyme that catabolises UA to allantoin. Plasma UA
and allantoin levels were measured via several techniques, aortic root diameter and
cardiac parameters by ultrasonography, aortic wall structure by histopathology, and
pNRF2 levels by immunofluorescence. PO induced a significant increase in UA in
blood plasma both in WT and MFS mice, reaching a peak at three and four months of
age but decaying at six months. Hyperuricaemic MFS mice showed no change in the
characteristic aortic aneurysm progression or aortic wall disarray evidenced by large

elastic laminae ruptures. There were no changes in cardiac parameters or the redox
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stress-induced nuclear translocation of pNRF2 in the aortic tunica media. Altogether,
the results suggest that hyperuricaemia interferes neither with aortopathy nor

cardiopathy in MFS mice.

SUPPLEMENTARY FIGURE LEGENDS
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Supplementary Figure 1. Representative scheme of the experimental protocols for
allopurinol treatments. PO: potassium oxonate. PO was administered to WT and MFS
mice for four weeks, some animals were euthanized and other continued receiving PO

for additional 4 weeks or 12 weeks for a total time of 8 and 16 weeks, respectively.
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Supplementary Figure 2. Aortic root diameter in WT and MFS mice at the start
point of the study (two months old). The aortic root diameter of male and female WT
and MFS mice was measured with 2D echocardiography. Results are the mean + SEM.

Statistical test: Two-way ANOVA. ***%*p <(0.0001.
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Supplementary Figure 3. Uric acid and allantoin plasma levels following eight
weeks of potassium oxonate treatment. Three-month-old WT and MFS mice (treated
with PO for four weeks) continued receiving PO treatment for four weeks more (total of
eight weeks of PO treatment; four-month-old mice) and their uric acid (A) and allantoin
(B) plasma levels were determined. Results are the mean = SEM. Statistical tests:

Kruskal Wallis, Dunn’s post-hoc. *p <0.05
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Supplementary Figure 4. Uric acid and allantoin plasma levels following 16 weeks
of potassium oxonate treatment. Male WT and MFS mice treated for eight weeks with
potassium oxonate (PO) were treated for an additional eight weeks (16 weeks of PO
treatment; six-month-old mice) and uric acid (A) and allantoin (B) plasma levels were

determined. Results are the mean + SEM. Statistical test: Kruskal-Wallis.
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Supplementary Figure S. Aortic root diameter in WT and MFS mice following
eight weeks of potassium oxonate treatment. Male WT and MFS mice treated for
four weeks with potassium oxonate (PO) were treated for an additional four weeks
(eight weeks of PO treatment; four-month-old mice) and the aortic root diameter was
measured again with 2D echocardiography. Results are the mean £ SEM. Statistical

tests: Kruskal Wallis, Dunn’s post-hoc. *p <0.05.
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Supplementary Figure 6. Aortic root diameter in WT and MFS mice following 16
weeks of potassium oxonate treatment. Male WT and MFS mice treated for eight
weeks with potassium oxonate (PO) were treated for an additional eight weeks (16
weeks of PO treatment; six-month-old mice) and the aortic root diameter was measured
again with 2D echocardiography. Results are the mean + SEM. Statistical tests: Kruskal
Wallis, Dunn’s post-hoc. **p <0.01.
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Supplementary Figure 7. Blood pressure in WT and MFS treated with potassium
oxonate. Systolic blood pressure measurements in four-month-old WT and MFS mice
treated with potassium oxonate (PO; eight weeks). Results are the mean = SEM.

Statistical test: Kruskal-Wallis with Dunn’s multiple comparison test.
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Summary of the results

Article 1: Anti-TGFB (Transforming Growth Factor B) Therapy With Betaglycan-Derived

P144 Peptide Gene Delivery Prevents the Formation of Aortic Aneurysm in a Mouse

Model of Marfan Syndrome

In the two treatments that we performed in the article with P144, in the preventive approach,
Marfan syndrome mice did not exhibit aortic dilation, whereas untreated Marfan syndrome
mice of the same age already developed aneurysms. However, the palliative treatment with
P144 did not effectively stop the progression of the aneurysm. In all instances, P144 enhanced
the morphology of elastic fibers and restored the TGFB signaling pathway mediated by pERK1/2
to normal levels. In contrast to the palliative treatment, the preventive approach resulted in

reduced mRNA levels of Tgff1 and Tgf2.

Article 2: Allopurinol blocks aortic aneurysm in a mouse model of Marfan syndrome via

reducing aortic oxidative stress.

In the aortic samples obtained from individuals with MFS, immunohistochemistry revealed an
increase in XOR protein expression in both the tunica intima and media of the dilated area. In
MFS mice (Fbn1C1041G/+), the mRNA transcripts of XOR and the enzymatic activity of the XO
were found to be elevated in the aorta of 3-month-old mice but not in older animals. Treatment
with the XOR inhibitor ALO effectively halted the progression of aortic root aneurysms in MFS
mice. When ALO was administered prior to the onset of the aneurysm, it prevented its
subsequent development. ALO also inhibited MFS-associated endothelial dysfunction, as well as
elastic fiber fragmentation, nuclear translocation of pNRF2, increased levels of 3'-nitrotyrosine,
and collagen remodeling in the tunica media. Furthermore, ALO reduced the excessive
production of H202 in the large aorta of MFS mice, as well as the overexpression of NOX4 and

MMP2 at the transcriptional level.

131



Article 3: HYPERURICAEMIA DOES NOT INTERFERE WITH AORTOPATHY IN A MURINE

MODEL OF MARFAN SYNDROME

The administration of PO resulted in a significant increase in blood plasma levels of uric acid
(UA) in both WT and MFS mice, with the highest levels observed at three to four months of age,
followed by a decline at six months. Interestingly, hyperuricemic MFS mice did not exhibit any
alterations in the typical progression of aortic aneurysms or the structural disarray of the aortic
wall, characterized by ruptures in large elastic laminae. Additionally, there were no changes
observed in cardiac parameters or the nuclear translocation of pNRF2 induced by redox stress

in the aortic tunica media.
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5. DISCUSSION

MFS is a rare disorder associated with multisystem manifestations in which cardiovascular one
is the most serious. The development of animal models of the disease has allowed the study of
the pathomechanisms underlying the different features of the syndrome unfortunately without

establishing a clear phenotype associated to numerous mutations in Fbn1.

Until now, studies have been focusing in understanding the formation and development of the
aneurysm by unraveling new molecular mechanisms that are involved in the aortopathy
(Deleeuw et al. 2021). Furthemore, different studies have been suggesting new therapies and
treatments that target different mechanisms and molecules in order to block or mitigate the
progression of the aortic root dilation (Nettersheim et al 2022; Mieremet et al. 2022). So far,
MFS main molecular studies have been focused on targeting TGF- but more recently other

targets including oxidative stress are acquiring more relevance.

In this thesis we have carried out three different studies in which we evaluated the two known
molecular pathways that significantly contribute to the formation and progression of the aortic
aneurysm in MFS: The first study is focus on the TGF-R signaling pathway, in which the excess of
TGF-R is abducted by a peptide (P144 peptide), and the other two studies focused on theredox
stress, in which on one hand we study the contribution of XOR as an important source of ROS
evaluating allopurinol as a potential new drug therapy; and on the other hand, we evaluate the

impact of uric acid, as the final product of XOR activity (at least in humans)(Figure 11).

In the first study (P144), we focused in targeting the TGF-R pathway, we investigated the
potential of using the peptide P144 derived from betaglycan/TGFB receptor Il as a novel
therapeutic approach to interfere in the development of aortic aneurysms in MFS. To assess its
effectiveness, we administered P144 using an AAV-based expression vector in MFS mice

(C1041G/+) before and after the formation of the aneurysm.

The key findings of the study are:

1. P144 is consistently expressed in the liver and also but to a lesser extent in the aorta,

indicating its potential effectiveness in the latter.
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2. P144 prevents the formation of the aneurysm, but once the aneurysm is already
present, the peptide is unable to halt its progression.

3. The prevention of the aneurysm formation by P144 also avoids aortic wall disarrays and
the TGFPB hypersignaling mediated by ERK1/2, both characteristic of MFS aorta

4. The early administration of P144 normalizes the elevated levels of Tgff1l and Tgf2

transcripts that are typically observed in MFS mice.

Many studies before last the decade indicated that TGFB hypersignaling was fully determinant
of aneurysm progression in MFS (Milewicz et al. 2017; Hoffman et al. 2019). Having this on
mind, we hypothesized that the betaglycan-derived peptide P144 could be a promising
therapeutic tool to regulate the excessive availability of active TGFB in aortic mural cells. Using
P144 as an anti-TGFB agent had the advantage of partial inhibition of TGFB signaling, which
provided a better safety profile compared to complete inhibition, thus reducing the risk of
tumor formation. In our study, we found that preventive administration of P144 effectively
suppressed the overexpression of TgfB1 and Tgff2 in MFS mice without significantly affecting
their normal levels in WT animals. These results indicate that P144 not only acts as a
sequestering agent for excess TGFB but also influences the transcription of these ligands within
the aortic wall, suggesting a potential feedback or direct regulatory effect. While changes in
MRNA expression levels may not necessarily reflect a reduced capability of P144 to sequester
excess soluble TGFB ligands at the protein level, it is worth noting that similar reductions in
TGFPB expression have been observed when using TGF inhibitors in liver cancer patients. This
reduction in expression is considered a diagnostic biomarker indicating the efficacy of the
treatment. Importantly, the findings from our study demonstrate that while P144 can prevent
the formation of aneurysms in both the short and long term, it does not halt the progression of
existing aneurysms. This confirms the divergent role of TGF in the development and growth of
aortic aneurysms in MFS, as previously reported. Ramirez's laboratory has shown that the
impact of TGFB on aneurysm formation and progression varies, with both protective and
detrimental effects depending on the timing of cytokine activity interception and the

therapeutic agent used (neutralizing anti-TGF antibodies or losartan) (Ramirez et al. 2015).

However, recent publications have evidenced that in fact TGFB hypersignaling is a secondary
driver of aneurysm progression in MFS (Tellides et al. 2017; Jones et al. 2009). Blocking TGFB in
young MFS animals at an early stage of the disease exacerbated the aneurysm, while treatment

at later stages was beneficial. Similar findings were reported in another MFS mouse model,
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where the loss of physiological (SMC)-associated TGFB signaling enhanced aortopathy after
postnatal SMC-specific deletion of TBRII. It was also observed that an anti-TGFB neutralizing
antibody exacerbated thoracic and abdominal aortic disease induced by Ang Il infusion in mice.
These findings indicate that maintaining a physiological basal level of TGFB signaling is crucial
for normal aortic development, and its imbalance can lead to aortopathy (Cook et al. 2015). Our
results align with this notion, as the expression of the P144 peptide in MFS mice (C1041G/+)
maintains TGFB ligands and canonical (SMAD2) and noncanonical (ERK1/2) downstream
signaling pathways at normal levels. However, when P144 was administered after aortic
aneurysm progression had already begun, it did not effectively reduce the overexpression and
availability of bioactive soluble TGFpB ligands, potentially becoming detrimental. It is possible
that at this stage, the levels of aortic P144 expression are insufficient to counteract the excess
TGFB activity. Additionally, other mechanisms may come into play, particularly at advanced
stages of aneurysm progression, interfering with TGFB expression and function, and
compensating for the local inhibitory effect of P144. One such mechanism could involve Ang II-
AT1R, which dysregulates TGFB-independent mechanisms that contribute to aortic aneurysm
progression through vascular mechanical stress, hemodynamic force, and kinetic energy. These
mechanisms may indirectly interfere with TGFB-associated signaling pathways, including the
SMAD pathway and the expression levels of TGFB ligands and their receptors, ultimately
influencing aneurysm growth and rupture. However, it is evident from our study and previous
research that while TGFB is necessary, it is not sufficient for aortic formation and growth. The
context and timing of its signaling levels are critical in determining whether its potential

therapeutic effect becomes detrimental or beneficial.

In the second study (XOR), we demonstrated a new source of oxidative stress in MFS and a new
potential therapeutic treatment to block the formation and progression of the aortic aneurysm
initially based on XOR overexpression both in MFS patients and mice.

In the last decade, there has been a huge progress in understanding the molecular mechanisms
involved in the development and progression of aortic aneurysms in MFS. However, current
pharmacological treatments such as angiotensin receptor blockers (ARBs) and B blockers have
shown uncertain results in halting or slowing down the progression of aortic aneurysms. A
recent meta-analysis of randomized trials indicated that the combination of ARBs and f
blockers may be more effective than either treatment alone in reducing the enlargement of the
aortic root in MFS patients. In this second study we aimed to deepen into the role of oxidative

distress in the molecular pathogenesis of aortic aneurysms being focus on XOR.
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The key findings of our study are the following:

(i) XOR, a potent ROS-generating system, is upregulated in the aorta of both MFS

patients and young mice;

(ii) this upregulation is accompanied by increased enzymatic activity of the oxidase
form (XO);
(iii) treatment with the XOR inhibitor allopurinol prevents the formation and

progression of aortic root dilation;
(iv) the inhibitory effect of allopurinol on the aortic aneurysm is not permanent, as the

aneurysm reappears upon withdrawal of the drug

(v) allopurinol prevents endothelial-dependent vasodilator dysfunction that occurs in
MEFS;
(vi) allopurinol inhibits the MFS-associated increase in aortic H,0, levels and some

representative redox stress-associated reactions as well as the collagen remodeling
in the aortic media;
(vii) allopurinol inhibits the characteristic upregulation of NOX4 and MMP2 that

happens in the aortic tunica media in MFS.

It is important to highlight that XOR overexpression also occurs in aortic samples from MFS
patients. This finding was consistent with our observations in MFS mice at the protein and
MRNA level. Notably, the increase in XOR expression was observed only in young mice (3
months old) and not in older mice (6 and 9 months old), suggesting that XOR upregulation may
occur during the rapid growth phase of aortic dilation, which slows down in older animals.
However, previous studies have reported conflicting results regarding XOR activity in MFS
aortae, possibly due to different MFS mouse models or variations in XOR activity assays and

experimental conditions.

ALO is mainly associated with treating UA-related conditions, but the inhibitory effect of ALO
over the aortopathy both when administered preventively and palliatively was not accompanied
by changes in UA plasma levels, suggesting that UA could not interfere in aortopathy in MFS
mice. Interestingly, ALO did not lead to the expected reduction in allantoin plasma levels.
Therefore, our results suggest that the blockade of MFS aortopathy by ALO is not directly linked

to changes in UA levels, but it should involve other accompanying mechanisms.
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In this sense, it has been reported that ALO possesses a ROS-lowering effect independent of its
XOR inhibition activity, acting as a direct ROS scavenger (George et al. 2006). We demonstrated
this by adding ALO to MFS aortic rings in vitro, and we observed that ALO rapidly attenuated
their elevated H,0, production levels regardless of the age of the mice. Importantly, this
reduction was also observed in aortic rings from MFS mice treated with ALO in vivo. In addition
to its direct scavenging role, ALO can effectively act as a indirect antioxidant by reducing the
upregulation of NOX4, an NADPH oxidase responsible for H,0O, generation.

ALO treatment also resulted in the reduction or inhibition of various pathological responses
associated with redox stress, such as the accumulation of 3-NT, the nuclear translocation of
pNRF2, and the fibrotic remodeling in the aortic media. These findings have several implications
in the pathophysiology of MFS aortic media: (i) the increase in 3-NT indicates abnormal RNS
formation due to the pathological uncoupling of NO, leading to protein nitration via the highly
reactive intermediate peroxynitrite and its subsequent product, 3-NT. The elevation of 3-NT in
MFS aortic media aligns with recent evidence of NO uncoupling in aneurysm formation in MFS
mice and patients . Actin, identified as a nitrated protein target in MFS aorta from MFS patients,
contributes to the reported impaired contractile properties of VSMCs in MFS ; (ii) redox stress in
MFS aorta is elevated to a degree that the intrinsic physiological antioxidant response mediated
by pNRF2 nuclear translocation is insufficient to compensate. In contrast, ALO treatment allows
for this compensation, normalizing endogenous redox levels in MFS aorta and associated
modifications; and (iii) ALO normalized the content of immature collagen fibers, thereby
mitigating the collagen remodeling response that typically accompanies aneurysm formation to
compensate for elastic fiber disarray. It would be interesting to explore whether ALO can also
prevent the characteristic phenotypic switch of VSMCs to a mixed contractile-secretory

phenotype.

Finally, ALO normalized ACh-stimulated vasodilator function, improving endothelial function.
This is not surprising given the reported effects of ALO in increasing NO bioavailability, partially
or entirely attributable to reduced ROS production. Restoring endothelial function is crucial
since it has been observed that flow-mediated dilatation, a noninvasive measure of endothelial

function, correlates with aortic dilatation in MFS patients.

In sum, mechanistically talking, we show that allopurinol blocks the progression of MFS
aortopathy by acting as a potent antioxidant. It directly inhibits XOR activity and acts as a

scavenger of ROS, but also indirectly normalizing aortic NOX4 and MMP2 expression levels.
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In the third study (uric acid), we studied the contribution of UA in the MFS aortopathy, whether
acting as an antioxidant or a prooxidant. In humans, the role of UA in oxidative stress and CVD is
still debated. Some epidemiological studies suggest that elevated levels of UA in the blood are a

risk factor for CVD, which are characterized by oxidative stress.

In humans, UA is considered an important antioxidant in the body and has been proposed as a
potential treatment for certain central nervous system disorders (Chamorro et al. 2014).
However, studying the role of UA in these conditions is challenging, and animal models are
often used to investigate these hypotheses. In rodents, the breakdown of purines does not stop
at UA, resulting in the potential accumulation of UA (hyperuricemia) in the blood or tissues. To
definitively study the potential relationship between UA and the development of aortic
aneurysms in MFS, we had to induce hyperuricemia experimentally using oxonic acid, which

inhibits uricase, which is the the enzyme that catabolizes UA to allantoin in mice.

In our study, we generated a transient mouse model of MFS with hyperuricemia by
administering potassium oxonate (PO) in drinking water. The main findings we obtained were
the following:

(i) Despite MFS mice developing aortic aneurysms, their UA plasma levels are not
significantly different from those of WT animals.

(ii) PO administration causes a temporary but significant increase in plasma UA
levels, allowing us to assess its impact on the progression of aortopathy and
cardiopathy in the MFS mouse model.

(iii) The accumulation of UA in blood plasma induced by PO does not affect the
progression of aortic aneurysms or the examined cardiac parameters in the
MFS mouse model.

(iv) Hyperuricemia induced by PO does not alter the characteristic cellular anti-
redox stress responses observed in MFS aortic media, as evidenced by the

nuclear translocation of pNRF2 in aortic VSMCs.

Although there is evidence supporting the involvement of oxidative stress in human aortic
aneurysms, the relationship between systemic oxidative stress, UA levels, and aortic dilatation
has not been definitively established. Nonetheless, some recent studies have shown that higher

serum UA levels and total antioxidant capacity are associated with aortic dilatation in humans,
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indicating a link between UA levels and oxidative stress (Zhang et al. 2020; Jiang et al. 2016;
Wang et al., 2023). However, our study using the hyperuricemic MFS mouse model induced by
oxonic acid did not confirm this relationship (Scott et al. 2001; Hooper et al. 2001). Additionally,
it had no effect on the cellular anti-oxidative stress response in the aortic smooth muscle cells
of the MFS mice, as indicated by the absence of nuclear translocation of pNRF2, a marker of this
response.

Strikingly, plasma levels of allantoin, a product of non-enzymatic transformation of UA, did not
decrease in parallel with the increase in UA levels induced by oxonic acid. This discrepancy can
be explained by the known non-enzymatic conversion of UA to allantoin, which can occur
through oxidative reactions. The accumulation of UA might explain the elevated levels of
allantoin.

Strikingly, in Yang et al. 2023 they showed higher uric acid levels in the MFS mice suggesting the
UA is detrimental and is the main player in the formation of the aneurysms in different
pathologies. We did not observe higher UA levels in none of our ages in our MFS mice model,
and neither in the febuxostat study. A possible explanation could be the type of food
administrated, the conditions they kept the mice, or even the extraction method they used for

processing the blood regardless of the genotype.

Even though we did not obtain any relevant result in our UA study, we keep in mind that maybe
the method we used to increase UA levels in plasma might not be the best. As stated before, UA
if found in the plasma they suggest it has an antioxidant effect, whether if it is found in the
cytoplasm of the cells could act as a prooxidant. This localization might play a crucial role, and in

our hands, we did not control the exact location of UA with the oxonic acid treatment.

In addition, we consider that UA effect could be studied in a different manner. In order to
persistently accumulate UA plasma levels and not transitionally as we have done with PO, we
suggest the generation of a MFS mouse model knocked down for urate oxidase (Uox”), the
enzyme that transforms uric acid into allantoin, but only at the aorta Nonetheless, the expected
higher accumulation of UA at blood plasma could be toxic to mice, as therefore quickly
eliminated. In fact different studies that have used UOX-/- mice model have shown at short-
term problems in mice survival.Actually, in Lu et al 2017, they developed a UOX KO mice model,

and the survival rate decreased drastically after week 5 of age.
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Another interesting manner to evaluate whether UA plays a key role in the MFS aortopathy, it
would be by using probenecid (Colin-Gonzalez et al. 2013), a drug used to properly eliminate
UA, by blocking URAT1. This enzyme allows the UA to go back to the bloodstream, and
probenecid increases the UA excretion through the urine. This method would provide new

information by reducing UA levels in the MFS, and we plan to study it in the lab soon

Overall discussion: potential translationality of our results to MFS patients

These three studies presented in the present thesis have provided new knowledge in the MFS
aortopathy development, but we consider that not all of them have potential translationality to

the clinical practise.

In the P144 study, when we injected the peptide before the aneurysm was formed, the
aneurysm did not appear, but once the aneurysm was established, P144 could not revert the
aortic root dilation. This was not the case in the allopurinol (ALO) study, as ALO blocked the

formation and development of the aneurysm regardless of the time was administrated.

Furthermore, P144 treatment is really difficult to be applied to patients because: (1) P144 is
integrated into hepatocytes and we have not tested at long-term the effects of this
incorporation in the liver cells and the secondary effects that it may have, whether affecting the
expression of other genes or the cell proliferation, and (2) MFS patients that carry “de novo”
mutations (and diagnosed of the disease) do not usually show the aortopathy until years of life
(and highly variable) and , and the administration of AVV-P144 would require to have detected
the disease but without having shown any dilatation of the aorta, with is not the usual situation
in clinical practice. Only in those cases in which the disease has been transmitted from parents
to children could it be theoretically possible, knowing that they are already carriers of the

mutation.

However, ALO does not present the above problems with P144. As it is a safe drug that it is
administered orally and from our study in MFS mice, ALO could be administered to MFS
patients regardless whether have already developed or not the aneurysm since ALO blocked
both the formation and the progression of the aortic aneurysm. Therefore, ALO is with much

the most suitable drug for a translational approach to the aortopathy in patients.
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It is curious that ALO already presents several capacities regardless of the main known one. It
can inhibit the XOR activity (Lee et al. 2009), it is also used to treat the leishmaniosis in dogs
(Manna et al. 2009), as it interdicts the “de novo” synthesis of pyrimidines, and it acts as a ROS
scavenger (George et al. 2006). Little is known about the mechanisms underlying all these
effects, but there might be a common one that could help to understand all of these. One
interesting point that could provide more information about the ALO mechanism of action is
evaluating the mRNA expression of TGF-R levels in treated aortic samples. As known, P144
reduced the mRNA expression levels of TGF-R1 and TGF-B2 in the preventive treatment, and
TGF-R triggers the expression of NOX4 which is involved in oxidative distress in MFS.
Furthermore, ALO reduced the mRNA expression levels of NOX4, and ALO could be acting as a
negative feedback loop inhibiting directly, or indirectly, the H,O, formation from NOX4
upregulated by TGF-R.

Regardless of the specific mechanism of action, it is known that ALO and similar drugs that
present the same effect have an effect in the MFS aortopathy. Our ALO study was the first one
being published, and subsequently 2 more papers have been published demonstrating the same
effects as us. In Yagi et al. 2022, they test the effect of febuxostat, a drug that also blocks XOR
activity, and it has a similar effect as ALO, it blocks the aortic aneurysm in MFS. Moreover, in
Yang et al 2023 they test ALO in our same MFS mouse model and the same dose we used, and

they obtained the same results as we did, ALO indeed blocked the aortopathy in MFS.

In the recent years, researchers have tried to develop new strategies and treatments in order to
block or mitigate the aortic aneurysm in MFS. As the final objective is to be able to translate this
results in patients, all the strategies that are based on a knockingout or a knockdown genes are
not suitable to be applyed in humans (e.g. XOR KO) (Yagi et al. 2022). Therefore, the only
realistic strategy that left is combined drug treatments to avoid or delay as musc as possible
aortic surgery. Nitro-oleic acid (Nettersheim et al. 2022), resveratrol (Mieremet et al 2022),
rapamycin (Zaradzki et al 2022), Vitamin B (Huang et al. 2021) or apocynin (Yang et al 2010),
among others (Deleeuw et al. 2021) are some of the published studies that have provided new
information to the MFS aortopathy, nevertheless none of them have been applied into humans,
whether some of them have strong secondary effects or are not completely safe, or because

they are expensive.
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We suggest that ALO is a great candidate to test in MFS patients. It is a safe and well-tolerated
drug, economic and easy to administrate. Important to highlight is that the dose of ALO used in
mice (20 mg/kg/day) if it was translated to humans, it would be a doses equivalent of ~120
mg/day (for a 70 kg individual). It is known that at these doses ALO does not reduce the normal

UA plasma levels (6-7 mg/dL).

For a hypothetical clinical trial with ALO, we would suggest to administered together beta-
blockers and/or losartan since in this way significant mechanisms involved in the aortopathy are
pharmacologically targeted at the same time (heart rate/atenolol, TGF-R/losartan and redox

stress/ALO)

Even though our results with UA do not demonstrate an impact in MFS aortopathy, it has been
reported that UA has an effect at cerebrovascular level particularly in stroke. In Chamorro et al.
2014, they examined the potential benefits of uric acid therapy in patients with acute ischemic
stroke by studying its effects on functional outcomes after 90 days. Uric acid, known for its
antioxidant properties and neuroprotective effects in experimental stroke models, was the

focus of their assessment.

To sum up, in Figure 11 | show a summary of the main findings of this thesis. We have
definitively provided new significant insights in the pathomechanism of the aortopathy in MFS
involving altered TGF-i signaling and oxidative stress. From our studies, we strongly bet for
allopurinol as a realistic pharmacological drug that in combination with current ones (beta-
blockers and angiotensin Il receptor antagonists) could result together much effective than their
single administration. Nonetheless more research is needed to understand completely the
mechanisms and their role in the formation and development of the aortic aneurysm in MFS

and surely on next years we will witness of it.
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Figure 11. Summary of main findings in this thesis. (A) Pathological conditions in MFS and (B)

after the different treatments.

143



5. CONCLUSIONS

(1) The soluble anti-TGF-B peptide P144 derived from the extracellular domain of
betaglycan/TGFRB Il prevents the formation of aortic aneurysm, but not its progression in a

murine model of Marfan syndrome (Fbn1¢19416/%),

(2) Xanthine oxidoreductase as generator of oxidative stress is involved only in the early stages

of aortopathy in a murine model of Marfan syndrome.

(3) Allopurinol blocks both the formation and the progression of the aortic aneurysm in a
murine model of Marfan syndrome by acting directly as antioxidant and inhibitor of xanthine
oxidoreductase, as well as indirectly inhibiting the overexpression of MMP2 and NADPH oxidase
Nox4. We propose the use of allopurinol in a combinatory pharmacological therapy with other

currently used drugs for patients with Marfan syndrome.

(4) Uric acid does not participate in the progression of aortic aneurysm in a murine model of

Marfan syndrome.
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