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ABSTRACT
Aortopathies refer to a broad class of pathological conditions affecting the aorta
and are a major cause of morbidity and mortality in the US. Specifically, aortic
aneurysms and aortic dissections have diverse etiologies that are initiated by alterations in
the tissue’s extracellular-matrix (ECM) proteins, namely collagen and elastin, thereby
predisposing the aortic wall to weaken and rupture. Pentagalloyl glucose (PGG) has
recently emerged as a non-surgical treatment to reduce the risk of dissection or rupture.
PGG is a known antioxidant and anti-inflammatory which has been shown to have ECMrestorative qualities that enhance collagen and elastin’s functional properties. Prior
studies using PGG were largely performed in vivo or acutely in vitro; here, we aim to
create a controllable, repeatable, fast, and inexpensive in vitro experimental platform to
allow testing of this and other vascular therapeutics. To that end, we first created and
validated the in vitro platform by ensuring that cultured aortas maintained viability and
mechanical properties for up to 2 weeks using multiple freely floating and stress-free
configurations within a nutating mixer bioreactor. Next, we used this platform to
investigate the effect of PGG on otherwise healthy thoracic aortas. Finally, we used
tissues taken from a genetic mouse model of elastin damage, Marfan Syndrome
(Fbn1C1041G/+), to test PGG’s restorative capability on diseased aortas.
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CHAPTER 1
INTRODUCTION TO AORTOPATHIES
1.1.Aortic Physiology & Aortic Wall Microstructure
The aorta is the largest artery in the body. It is the most proximal artery to the
heart, beginning at the semilunar aortic valve of the left ventricle and ending at the iliac
bifurcation in the abdomen. It functions as both a conduit for blood and as an elastic
chamber to convert the heart’s high pulsatility to a steady flow in the peripheral vessels
(Kassab, 2006). The aortic microstructure varies depending on its proximity to the heart
to accommodate the changing environment and hemodynamic demands. The unique
microstructural composition of the aorta arises from the three distinct tissue layers of the
wall: the tunica intima, tunica media, and tunica adventitia. The intimal layer is the innermost layer and is populated by a monolayer of endothelial cells, subendothelial
connective tissue, and an internal elastic lamina (Back et al., 2013). The media is the
main load-bearing layer during normal physiological conditions and consists of
concentric medial lamellar units with smooth muscle cells (SMCs) found in the interior
of each unit and interconnected with two main extracellular matrix (ECM) constituents:
elastic fibers organized into lamellae and collagen fibers (type I and III). SMCs are
sensitive to changes in the mechanical environment and cyclic stretch; thus, they are
directly responsible for vasoconstriction and vasodilation of the blood vessels (Holzapfel
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& Ogden, 2018). In addition, SMCs in the aortic wall are partially responsible for the
synthesis and remodeling of the ECM that defines the passive mechanical behavior of the
aorta. The adventitia is the outer most layer and is composed of fibroblasts and dense
connective tissue, mainly thick bundles of type I collagen, enfolding nerves (nervi
vascularis) and small blood vessels (vasa vasorum) (Back et al., 2013).
The arterial ECM is chiefly composed of elastin, collagen, proteoglycans, and
glycoproteins. Elastin and collagen, comprising approximately 50% of the dry weight
largely determine the passive tensional mechanical properties of the aorta (Jana et al.,
2019). Collagen fibers (mostly type I and III) are linked together by covalent bonds to
form a network that exhibits a pronounced hierarchical structure. The structural
organization of collagen fibers in the aorta is dependent on the orientation of these fibers.
Generally speaking, in the media, collagen fibers are oriented toward the circumferential
direction, whereas in the adventitia, the collagen fibers are wavy and oriented toward the
axial direction in various angles (Holzapfel & Ogden, 2018). Consequently, collagen
fibers create the anisotropic properties of the aorta. Furthermore, they endow
considerable tensile strength of the aortic wall to withstand the high and cyclic
pressurization of blood pumped by the heart. Collagen is in a state of constant turn over
with a half-life of approximately 15-90 days (Humphrey, 2002). On the other hand,
elastin is largely produced during development and has a half-life of approximately 40
years (Arribas et al., 2006). Medial elastin is present as thin fibers organized into sheaths
and is composed of extensively crosslinked tropoelastin subunits organized by SMCs. As
wall stress increases during fetal development, SMCs begin to deposit more elastin into
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the ECM as a form of vascular growth to tolerate the increase in mechanical loads, such
as blood pressure and axial force (Murtada et al., 2020).
1.2.Elastin Associated Aortopathies
The integrity of the ECM components is a key determinant of the physical
characteristics of the aortic wall. With continuous physiological remodeling of the aortic
wall due to aging or disease, deposition of excess collagen and/or degradation of elastin
may lead to aortic aneurysms or other fatal aortopathies (Tsamis et al., 2013). Aortopathy
is a broad term that encompasses various diseases affecting the aorta, but this work will
mainly focus on aortopathies related to abnormalities in elastin content and composition.
Both age and disease could initiate aortopathies. With increasing age, decrease in relative
elastin concentration in the aorta with an unchanged elastin structure was shown due to
increased deposition of other components such as collagen (Tsamis et al., 2013). In other
cases, elastin has also been reported to fragment with advanced age in highly calcified
aortas containing atherosclerotic lesions. Such findings suggests that the durability of
aortic elastic tissue during development is dependent on the integrity of each elastic fibre
and mechanical load created by aortic pulse pressure (Lillie & Gosline, 2007; Westaby,
1999).
The composition of elastin is also affected by genetic disorders such as Marfan
syndrome (MFS). This connective tissue disorder is characterized by a deficiency in the
microfibril glycoprotein fibrillin-1, leading to structural alteration of elastin fibers
resulting in enlarged interlaminar spaces and loss of elastin fibrils (Salik & Rawla, 2021).
Fibrillin-1 deficiency is caused by recessive fibrillin-1 gene mutations or complete allele
3

deletion of the fibrillin-1 gene. This gene is also a regulator of TGF-β bioavailability. The
excessive activity of TGF-β initiates a cascade effect that leads to inflammation, fibrosis,
and activation of matrix metalloproteinases (MMPs) (Goyal et al., 2017; Salik & Rawla,
2021). Increased release of MMPs causes a reduction in cross-linked elastic fibrils and
wide-spread degradation of elastin. Studies have also reported that patients with MFS
have a higher prevalence of developing thoracic aneurysms since the degradation of
elastin leads to elastic vessel diameter enlargement (Kuijpers & Mulder, 2017; Salik &
Rawla, 2021).
1.3.Clinical Interventions & Treatment Options
Inherited aortopathy in MFS patients results in an increased risk of acute aortic
complications, carrying with it a major morbidity and mortality risk. Aortic dissection
and rupture are preventable by replacing or excising the diseased vessel; however,
surgical challenges exist for this crucial vessel and challenges are compounded in
connective tissue disorders such as MFS. Nevertheless, clinical intervention takes place if
the aortic diameter increases to more than 5.5 cm and/or if the growth rate of the
aneurysm is increasing rapidly (Wang et al., 2019). These clinical intervention criteria
have many drawbacks, most importantly being that some patients with aortopathy, such
as in Loeys-Dietz Syndrom, are at a higher risk of sudden rupture. Rupture occurs in
approximately 13% of patients before they are recommended for surgery (Lane et al.,
2021). Therefore, diameter alone should not serve as a universal predictor for aortic
rupture, and earlier interventions should take place to decrease the mortality rates in
patients.
4

An ideal non-invasive treatment option for patients with aortopathy involves
systemic administration of a therapeutic agent that can successfully prevent or reverse the
pathology. In maturity, once degraded, elastic fibers cannot be restored because of their
long half-life and the inability of adult SMCs to remodel the fibers (Niestrawska et al.,
2019; Sinha et al., 2015). Hence, to restore the diseased aorta to a healthy state, ECM
degradation should be halted, and inflammatory enzyme activity reduced. Fortunately,
the promising therapeutic effect of polyphenols such as Pentagalloyl Glucose (PGG),
which binds to both collagen and elastin fibers, thus reinforcing the aortic wall and
preventing further degradation, has emerged as a potential therapeutic (Sinha et al.,
2015).
1.4.Pentagalloyl Glucose (PGG)
PGG is a polyphenolic compound that is considered one of the most potent
antioxidants in the tannins group (Patnaik et al., 2019). It is widely known for its
antimicrobial, anti-viral, anti-diabetic, anti-inflammatory, and anti-tumor properties. PGG
has been found to bind strongly to structural proteins and to enhance biomechanical
permanency and amplified resistance to enzymatic degradation for aortic aneurysms.
Additionally, PGG was found to be less toxic to the surrounding cell populations
compared to other polyphenolic compounds. PGG treatment has additional properties that
promote cellular infiltration by fibroblasts and reduce the inflammatory response
mediated by macrophages (Patnaik et al., 2019).
PGG, similar to other tannins, has a mechanism of action that relies on its ability
to precipitate proteins via hydrophobic forces and hydrogen bonding (Kloster et al., 2016;
5

Patnaik et al., 2019). Moreover, when applied to cardiovascular tissue, PGG has the
ability to crosslink both elastin and collagen, hydrophobic regions of the tissue. The
hydrophobic regions of the ECM are critical as they are susceptible to protease-mediated
elastolysis (Isenburg et al., 2007). Several recent studies have validated PGG binding to
aortic elastin in vivo and provided evidence that the binding is stable, enabling PGG to
maintain aortic elastin structure and to hinder expansion of the aneurysm (Dhital &
Vyavahare, 2020; Isenburg et al., 2007; Patnaik et al., 2019).
1.5.In Vitro Techniques
Local in vivo delivery of PGG was proven to prevent and reverse elastin
degradation in rat abdominal aortic aneurysms (Isenburg et al., 2007; Parasaram et al.,
2018). Moreover, these studies also observed that PGG enhanced the ability of aortic
tissue to resist elastase-mediated degradation with reduced cytotoxicity (Isenburg et al.,
2006). In vitro studies, however, are useful to further develop our understanding of the
effects of PGG on the prevention and restoration of degraded elastin in the aorta. The
complexity and efficacy of these experiments, however, range greatly in the literature.
Several in vitro techniques have been developed over the years to examine the effects of
culture parameters and mechanics on vascular tissue regeneration and remodeling
potential in the presence and absence of certain therapeutics. Of these techniques,
perfusion bioreactors, rocking, and static cultures have all been implemented with various
drawbacks and benefits (Bilodeau & Mantovani, 2005; Prim et al., 2018).
Since bioreactors aim to mimic physiological conditions in order to maintain and
promote tissue viability, it is generally accepted that dynamic cultures are more favorable
6

for vascular tissue (Arrigoni et al., 2008). That is, static cultures were found to
inadequately generate functional vascular tissue in vitro since mechanical stimulation is
needed to maintain cellular proliferation, ECM deposition, and tissue organization
(Arrigoni et al., 2008). In addition, nutrient supply and waste removal deficiencies are
observed in static bioreactors. Hence, dynamic bioreactors are more effective in terms of
in vitro techniques used for vascular tissue.
In perfused bioreactors, mechanical stimulation (pulsatility, flow, and pressure)
affect cell morphology, reduces apoptosis, and increases cell proliferation. However, the
ECM deposition and cytoskeletal organization affect the mechanical properties (Prim et
al., 2018). On the other hand, rotating, orbital and rocking bioreactors provide a more
simplistic design with low rotational speed that ensures mass transfer without subjecting
the vascular conduits to high mechanical stresses. This technique was also proven to
maintain cell proliferation and structural organization of the ECM (Arrigoni et al., 2008).
A 3D nutating mixer combines the motion of an orbital shaker and platform rocker to
achieve thorough yet gentle mixing, ideal for culturing delicate samples of mouse aortic
explants, especially those with connective tissue disorders. Hence, this study aims to
examine and validate an in vitro approach that ensures cell viability and quantifies
mechanical properties throughout remodeling for up to 2 weeks using freely floating,
unloaded, and stress-free configurations within a bioreactor using a nutating mixer.
1.6.Summary
Stabilization and restoration of the ECM in patients with elastin-associated
aortopathies is a great challenge for researchers and clinicians. To accelerate
7

development and qualification of potential vascular therapeutics, Chapter 2 of this thesis
provides a detailed study into the mechanical growth and remodeling responses of mouse
aortas in an intact but unloaded whole tissue configuration, excised ring, and stress-free
configurations during prolonged tissue culture. As proof of the utility of our system to
evaluate potential therapeutics, an ECM-restoring polyphenol, PGG, is placed in tissue
culture using a 3D nutating mixer, and the effects on the histomechanical properties are
studied after a two-week remodeling period. Then in Chapter 3, explants from a wellknown mouse model of the heritable connective tissue disorder, Marfan Syndrome, are
studied after tissue culture with or without acute application of PGG in the culture media.
These mice, labeled Fbn1C1041G/+ have a heterozygous reduction in fibrillin-1 resulting in
defective elastin assembly and maintenance. This thesis provides evidence that this type
of tissue culture can be used as an effective strategy to evaluate candidate aortopathic
therapeutics and highlights the potential for one such therapeutic, PGG, to restore a
healthy vascular physiology to blood vessels suffering ECM damage.
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CHAPTER 2
REMODELING OF UNLOADED MOUSE DESCENDING THORACIC
AORTAS USING A NUTATING BIOREACTOR
2.1. ABSTRACT
Growth and remodeling of vascular tissue is initiated during the developmental
period and continues throughout development in response to environmental stresses such
as hemodynamics and mechanical loads. To investigate the ECM growth and remodeling
process in the absence of external loads, we employed freely floating and stress-free
configurations within a bioreactor using a nutating mixer to culture descending thoracic
aortas. In this study, we aimed to understand how ECM remodeling would play a role in
remodeling of the arterial wall, and how the addition of an elastin stabilizing agent, PGG,
would affect the remodeling process in vitro. To that end, freshly harvested mouse aortas
were divided into three groups: (i) acute testing (uncultured), (ii) untreated tissue
cultures, or (iii) PGG-treated tissue cultures. Open and closed ring sectors were obtained
from each group to measure opening angle, an indicator of residual stresses, and to check
for tissue viability using MTT colorimetric assay. Biaxial mechanical testing and
histological assessment were also performed. Histological data proved the practicality of
the proposed in vitro approach as cell viability and ECM integrity were maintained
throughout culture. Remodeling of the post-cultured aortic wall in vitro resulted in a
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decrease in opening angle compared to its native state. Moreover, biaxial mechanical data
presented statistically significant differences in inner radius, outer diameter, and
circumferential stress measurements. These findings suggest that the proposed in vitro
approach can serve as a powerful tissue engineering tool in the evaluation of aortopathy
therapeutics.
2.2. INTRODUCTION
Vascular growth and remodeling are complex processes that involves both
physical and biochemical components. The growth mechanisms in blood vessels are
initiated during development to provide adequate oxygen and nutrient supply to the body.
As embryos develop, arteries are introduced to hemodynamic changes in the prenatal
stage providing signals and stimuli that modulate growth (Safar & Boudier, 2005).
Throughout this process blood vessels optimally distribute mechanical loads in their
native hemodynamic environment to reach a homeostatic stress state (Fung, 1991).
Maintaining the homeostatic stress state of arteries during development is
dependent on the mechanical stimuli. For instance, blood pressure and geometry of the
arteries are used in the calculation of tensile stresses, creating radial, longitudinal and
circumferential components of stress (Åstrand, 2008). Moreover, the friction of blood
against the luminal side of the vessel wall creates an endothelial cell-sensed shear stress.
There exists a preferred axial stretch in vivo, and this can be observed as the artery
retracts when transected (Cardamone et al., 2009). While these mechanical stimuli
correspond to external loads, residual stresses correspond to a state free of constraints
(Avril, 2018). Residual stresses are non-uniform and result from tissue growth and
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adaptation to the mechanical environment during development (Matsumoto et al., 1995).
They play a vital role in vascular mechanics as they modify the distribution of stresses in
the arterial wall to reduce the circumferential stresses toward the intimal portion of the
wall, as well as the stress gradient across the wall (Avril, 2018).
In growth and remodeling of the vascular wall during development, connective
tissue composition changes. In particular, intramural elastin content increases. Moreover,
several studies have suggested that the presence of both collagen and elastin is essential
for maintaining a homeostatic residual stress in the vascular wall as elastin provides the
residual tension and collagen the residual compression (Cardamone et al., 2009). In
general, blood vessels can change their microstructure regularly to meet the requirements
of their surroundings, developing a state of internal tension in the form of residual
stresses that persists even after the removal of external loading.
In this study, we employ freely floating intact tissue, excised rings, and stress-free
open sector configurations within a nutating (simultaneous orbital and shaker) bioreactor
to see how prolonged tissue culture affects the properties of descending thoracic aortas.
To that end we study how remodeling of collagen and elastin in the absence of external
loads influences measurable mechanical and geometric properties such as
circumferential, axial, and residual stresses in the arterial wall. Moreover, this study aims
to create a controllable, reproducible, and inexpensive in vitro experimental platform to
allow rapid testing of vascular therapeutics that restore the microstructural integrity
within the wall. In particular, the effects of Pentagalloyl gluocose (PGG) were examined
to compare the remodeling response of otherwise healthy tissues in an unloaded and
stress-free configuration with and without the ECM stabilizing agent PGG. Through the
11

nutating motion, nutrient-rich media reaches the tissue, thus allowing for sufficient
metabolic exchange to occur. We hypothesize that the proposed 2-week culture will
reduce residual stresses within the aortic wall due to an outward growth of the tissue. We
also hypothesize that addition of PGG in the cultured thoracic aortas will be nontoxic,
stabilize the ECM, and even deliver antioxidant properties. Using this simplistic
experimental approach, the unloaded and stress-free configuration could be used to guide
future investigations into tissue engineered and vascular therapeutic optimization
strategies.
2.3. METHODOLOGY
2.3.1. Tissue Harvesting and Preparation
Eighteen healthy C57BL/6 wildtype female mice (6 ± 0.5 months of age) were
ordered from the Jackson Laboratory (Bar Harbor, ME) and transported directly to the
University of South Carolina’s (UofSC) School of Medicine Animal Resource Facility.
All animal protocols and procedures were approved by the Institutional Animal Care and
Use Committee at the University of South Carolina. Mice were euthanized by carbon
dioxide asphyxiation using a Grade B compressed carbon-dioxide gas cylinder and a
standard induction box. After euthanasia, descending thoracic aortas, beginning from the
ascending aorta, and ending with the abdominal aorta, were harvested using aseptic
surgical techniques to limit contamination during tissue culture. Aortas were cleaned of
excess perivascular tissues in sterile Moscona’s saline solution supplemented with 20
U/mL heparin, 1% penicillin/streptomycin, 1% amphotericin-B, and 1% gentamycin.
Once cleaned, two 1-mm ring sections from the abdominal end of the descending aorta
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were obtained from the harvested tissue. A residual stress-relieving radial cut was
introduced into one ring allowing it to spring open. Both open and closed sectors were
allowed to equilibrate in PBS for 30 minutes and then a digital image was taken of the
resultant tissue using a Nikon E600 microscope with CCD camera and computer interface
with Q Capture (QImaging). Arterial ring segments, open sectors, and intact whole tissue
were divided into three groups: (i) acute testing (uncultured; n=6), (ii) untreated tissue
culture (culture; n=6), or (iii) pentagalloyl glucose (PGG) treated culture (0.3% w/w)
(PGG; n=6). The three configurations are presented in a schematic shown in Figure 2.1.
Open Sector

Day 14

Ring

Culture

Day 0

PGG-Treated

Figure 2.1. Schematic of the Different Acute and Culture Configurations Using
Descending Thoracic Aortas Taken from Wild-type Mice. All cultures were performed
with and without PGG treatment.

2.3.2. Tissue Culture and Viability
For tissue designated for culture, the ring segments, open sectors, and intact
whole tissues were placed in a T-25 flask with high-glucose DMEM supplemented with
20% FBS, 20 U/mL heparin, 1% penicillin/streptomycin, 1% amphotericin-B, and 1%
13

gentamycin. Likewise, to prepare 1,2,3,4,6-Pentagalloyl glucose (PGG) (HY-N0527;
MedChemExpress) treated aortas, the aorta was submerged in 0.3% (w/w) PGG diluted
in sterile Moscona’s saline solution for 15 minutes and then transferred to a T-25 flask.
To prevent contact with the vent cap, the flask was vertically placed on a rocker inside an
incubator and cultured for two weeks. Media was inspected for changes in pH or
contamination and was exchanged every three days. During exchange, samples of the
culture media were taken for further analysis. All cultures were contained within a sterile
incubator at 37 oC and 5% CO2 in the cell culture facility at the University of South
Carolina’s School of Medicine.
At the termination of each two-week culture, 1-mm ring sections were obtained
from the cultured tissue and incubated in 0.5 mg/mL Thiazolyl Blue Tetrazolium Blue
(MTT; Sigma-Aldrich, Munich, Germany) in sterile Moscona’s saline solution at 37 oC
for approximately 1 hour. The MTT solution was used to assess the metabolic activity
(viability) of the tissue as the yellow solution is reduced to a water insoluble purple MTT
formazan by mitochondrial dehydrogenases of viable cells. Digital images of the ring
sectors were taken, and relative tissue viability was measured via threshold analysis of
purple pixels to total cross-sectional area of the ring using ImageJ. Failure of the MTT
colorimetric assay in any sample resulted in its exclusion from the analysis.
2.3.3. Mechanical Testing
ImageJ software (NIH) was used to analyze and measure digital images acquired
from rings and open sectors. For open sectors, the thickness H, and opening angle Θ were
calculated from the images using the following equations:
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𝐻=

2𝐴

(2.1)

𝐿𝑖 +𝐿𝑜

𝛩=𝜋−

𝐿𝑜 −𝐿𝑖
2𝐻

(2.2)

where Li and Lo are the inner and outer arc lengths, respectively. The cross-sectional area
A was measured by selecting the boundary along the entire open sector and using area
calculations built-into ImageJ.
For intact descending thoracic aortas undergoing biaxial mechanical testing,
branches were ligated using 10-0 silk suture. Samples were then mounted within a
custom-designed biaxial testing rig (B. Lane et al., 2021). The testing chamber was filled
with a PBS solution and PBS was also flushed through the vessel lumen and device
tubing to remove bubbles and to maintain tissue hydration throughout testing. The artery
then underwent five axial preconditioning cycles from the unloaded length to 5% above
the estimated in vivo stretch ratio followed by five cyclic pressurizations from 10 to 120
mmHg at the in vivo axial stretch ratio. The in vivo axial stretch ratio was estimated
through a series of axial force-extension tests at fixed luminal pressures to identify the
force-pressure invariant relationship. For data acquisition, the artery was extended to
three axial stretch ratios (in vivo ± 5%) before undergoing three pressurization cycles (0–
120 mmHg) with simultaneous force and outer diameter measurements taken at 10
mmHg pressure increments.
Arteries were assumed to be incompressible cylindrical tubes that experience an
axisymmetric finite elastic deformation under applied pressure and axial stretch. In the
inflation-extension biaxial mechanical testing, both the luminal pressure P of the sample
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and the axial stretch 𝜆𝑧 were controlled, while the outer radius 𝑟𝑜 , inner radius 𝑟𝑖 , and the
axial force F outputs were actively recorded at all deformed states. With the recorded data,
the lumen area compliance C was calculated using the following equation:

𝐶=𝜋

∆𝑟𝑖 2

(2.3)

∆𝑃

and the average circumferential 𝜎𝜃 and axial 𝜎𝑧 wall stresses were calculated as:
𝑃𝑟𝑖

𝜎𝜃 = 𝑟

𝑜 −𝑟𝑖

, 𝜎𝑧 = 𝜋(𝑟

𝑜

𝐹
2 −𝑟 2 )
𝑖

(2.4)

The circumferential 𝜆𝜃 and axial 𝜆𝑧 stretch ratios were also calculated using
𝜆𝜃 =

2𝜋(𝑟𝑖 +𝑟𝑜 )
𝐿𝑖 +𝐿𝑜

𝑙

, 𝜆𝑧 = 𝐿

(2.5)

where l and L are the deformed and undeformed vessel length, respectively.
2.3.4. Histological Analysis
For histological analysis, roughly 2-cm segments of the aorta were embedded in
blocks with Optimal Cutting Temperature (OCT) compound (Sakura Finetek, Torrance,
CA). Then, twenty-micrometer sections were cut using a cryotome (Leica Reichert-Jung
2030) and mounted on positively charged glass slides. Slides were placed in 100%
acetone (Fisher Science Education, Nazareth, PA) for 10 minutes to fix the sections. The
slides were then rinsed with DI water for 5 minutes to remove the OCT compound and
stained with hematoxylin and eosin (H&E) for tissue morphology. Sections were also
mounted on slides and stained with DAPI (Fisher Science Education, Nazareth, PA) for
cell nuclei. DAPI stain was visualized using Leica TCS SP8 CARS (Coherent anti-Stokes
Raman Scattering) Confocal Microscope. Second Harmonic Generation (SHG) was also
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used for imaging collagen fibers present in the tissue using Leica TCS SP8 CARS
Confocal Microscope at a wavelength range of 580-620 nm. SHG is a nonlinear optical
process that allows the interaction of photons with nonlinear materials to form new
photons having twice the frequency of initial photons (Li & Liu, 2010).
2.3.5. Data Analysis
Statistical analysis was performed using a one-way analysis of variance (ANOVA)
single-factor analysis between wild-type mouse aortas pre-culture and the post-cultured
aortas for both untreated and PGG-treated cultures. The data was presented in Jitter-plots
to visualize and compare experimental groups including asterisks to denote statistical
significance. P-values ≤ 0.1 were denoted with *, p-values ≤ 0.05 denoted with **, and pvalues ≤ 0.01 denoted with ***.
2.4. RESULTS & DISCUSSION
The MTT colorimetric metabolic activity assay (Figure 2.2.) showed evident color
change for both pre- and post-cultured conditions, suggesting that tissues were viable
before and after the 14-day culture. Quantitative analysis will be performed in future
work. Morphological assessments revealed differences in the tested post-cultured tissues
compared to the pre-cultured controls. Closed and open ring sectors shown in Figure 2.3
illustrate the degree to which changes in opening angle were exhibited in pre-cultured
controls, untreated, and PGG-treated post-cultures. Figure 2.4. further demonstrates the
differences in opening angle measurements, where, on average, smaller opening angle
measurements were recorded for post-culture aortic tissues compared to the pre-cultured
controls. Although changes in opening angles were noted between pre- and post-cultured
17

samples, subtle differences were observed between untreated and PGG-treated cultures.
Changes in opening angle measurements suggest that remodeling of the aortic wall
occurred during culture, with smaller angles indicative of outward remodeling and
decreased residual stresses. The effects of tissue remodeling during culture on residual
stress was expected, as the development of these stresses are amplified by external
mechanical loads (Cheng & Zhang, 2019). Using our in vitro approach, the aortas
experienced no external loads, hence only residual stresses are present in the cultured
samples, and these are much lower than the principal stresses.
Interestingly, the absence of external mechanical loads initiates a remodeling
process in the cultured tissue samples. Even though decreased residual stress values
suggest an outward growth of the tissue due to remodeling, H&E histological data
presented in Figure 2.5. show no obvious changes in structural organization between
untreated and treated cultures compared to pre-cultures. Nevertheless, a more compact
collagen organization was qualitatively observed in the cultured samples. This
phenomenon will be explored quantitatively in future work. Regardless, the medial cell
nuclei appeared evenly distributed in pre-cultured tissues (Figure 2.5A). In the cultured
aortic tissue samples (Figure 2.5B & C), on the other hand, medial cell nuclei appeared
evenly distributed for the most part; however, some samples demonstrated heterogeneity
of medial cell nuclei gathering in clusters along the aortic wall.
To further support these findings, fluorescence microscopy and SHG data shown
in Figure 2.6. illustrates the organization of elastic fibers in the first row on the green
channel, collagen fibers in the second row, and DAPI-stained cell nuclei in the third row.
Elastin distribution in the pre- and post-cultured aortic tissues remained unchanged after
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the 14-day culture compared to the native day-0 controls. Since the mice used in this
experiment demonstrate healthy elastic fibers, no change in elastic fiber structure was
expected. Collagen content also remain unchanged based on qualitative analysis. The
DAPI-stained cell nuclei reveal the distribution and the heterogeneity of medial cells in
the untreated post-culture samples. The distribution of cell nuclei in the controls and the
PGG-treated cultured sample were remarkably similar with little-to-no changes observed.
Since PGG is considered an antioxidant and an anti-inflammatory agent, cytotoxicity
during the culture period was believed to be reduced, thus, ensuring enhanced cell
viability and decreased apoptotic events compared to untreated cultures (Patnaik et al.,
2019). PGG concentration used in this experiment was set at 0.3% (w/w), since this
concentration was proven to maintain, and in some instances enhances cell viability in
tissue (Isenburg et al., 2007; Tseeleesuren et al., 2018).
Jitter-plots of averaged biaxial mechanical data are illustrated in Figure 2.7. for all
pre- (Day 0) and post-culture (Day 14 of untreated and PGG-treated) groups. Mechanical
values were also compared at an arterial pressure of 100 mmHg at the in vivo axial stretch
ratio to enable comparisons of discrete metrics of interest under common loading
conditions. While the loaded wall thickness, axial stress and stretch values, and
compliance revealed no significant differences among groups, other parameters such as
the inner radius (Control = 572 ± 38.62 µm, Untreated Cultures = 467.38 ± 21.35 µm,
PGG-Treated Cultures = 416.69 ± 13.75 µm; P-value = 0.0033), loaded outer diameter
(Control = 1367.09 ± 94.27 µm, Untreated Cultures = 1140.88 ± 51.80 µm, PGG-Treated
Cultures = 1051.31 ± 36.13 µm; P-value = 0.0114), and circumferential stress (Control =
70.20 ± 2.32 kPa, Untreated Cultures = 58.50 ± 2.13 kPa, PGG-Treated Cultures = 52.43
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± 3.89 kPa; P-value = 0.0013) showed statistically significant differences (Figure 2.7A,
B, and D). Furthermore, Figure 2.8. represents selected data at the in vivo axial stretch
ratio in all groups. From the pressure-outer diameter curve shown in Figure 2.8A, a shift
in outer diameter between the controls and the PGG-treated cultures can be observed. The
controls exhibit a higher loaded outer diameter as the pressure increases compared to
post-cultured tissue. This suggests that, even though the results are not significantly
different, the culturing process stiffness the vascular wall. Further analysis would be done
in future work to calculate the slope of the circumferential stress-stretch curve at a given
ratio to determine a stiffness value of the post-cultured aortas. Figure 2.8B further
reinforces this finding as the circumferential stress increases at lower circumferential
stretches in cultured tissue compared to the day-0 controls reaching a statistically
significant difference. The result of a stiffer wall after culture is a remodeling related
outcome that may affect the compaction of collagen that we qualitatively observed in the
arterial wall (Oh, 2018).
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A

B

Figure 2.2. Representative MTT Colorimetric Metabolic Activity Assay of Mouse
Descending Aortic Ring Sections. A. Fresh ring section of the descending thoracic
aorta before culture, and B. viable 14-day culture.
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Figure 2.3. Closed and Open Ring Sectors for Opening Angle Measurements. A. & B.
depict the geometry of representative closed and open ring sectors from descending
thoracic aortas pre-culture, C. & D. untreated post-culture, and E. & F. PGG-treated
post-culture. A., C., and E. represent the unloaded intact ring section. B., D., and F. are
the open ring sector obtained by introducing a radial cut. The ruler in the image is used
for calibration during measurements with 1 mm increments.
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Figure 2.4. Bar Graph of Opening Angle Measurements. The graph illustrates the
differences in opening angle measurements before and after cultures of the untreated
controls, and the PGG-treated specimens. (**) denotes statistical significance at p< 0.05.

Table 2.1. Unloaded Dimensions. The table presents data of the untreated and PGGtreated pre- and post-cultures obtained from ring sectors.

Untreated Pre-Cultures
Untreated Post-Cultures
PGG-Treated Pre-Cultures
PGG-Treater Post-Cultures

Outer Radius
(mm)
0.430 ± 0.012
0.431 ± 0.017
0.471 ± 0.018
0.410 ± 0.015

23

Inner Radius
(mm)
0.292 ± 0.009
0.264 ± 0.006
0.309 ± 0.011
0.275 ± 0.013

Thickness
(mm)
0.139 ± 0.006
0.167 ± 0.015
0.162 ± 0.013
0.134 ± 0.005

A

B

C

Pre-Culture

Untreated
Post-Culture

PGG-Treated
Post-Culture

Figure 2.5. H&E-stained Cross-Sections of Pre- and Post-Cultured Descending
Thoracic Aorta. A. Pre-culture, B. untreated culture, and (C) PGG-treated culture at a
magnification of 10X and 20X.
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Figure 2.6. Fluorescence Microscopy for Pre- and Post-cultures of Descending
Thoracic Aortas. The first column presents the pre-cultured tissues, the second column
shows the post-culture untreated tissue, and the third column shows the post-culture
PGG-treated tissue. The first row is the autofluorescence microscopy showing the
elastic fibers in the green channel, second row is the collagen fibers, DAPI-stained cell
nuclei in the third row, and finally, the fourth row is the merged channels. Scale bar is
set to 100 µm.
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Figure 2.7. Representation of the Averaged Discrete Biaxial Mechanical Data. A.-G.
show data at the in vivo axial stretch and 100 mmHg for control aortas, untreated
cultures, and PGG-treated cultures A. the measured inner radius, B. loaded outer
diameter, C. loaded wall thickness, D. axial stress, E. in vivo axial stretch, F.
circumferential stress, G. compliance, and H. axial force. (*) and (**) denote
statistical significance at p < 0.1 and p< 0.05, respectively.
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Figure 2.8. Averaged Continuous Mechanical Data. A. Pressure-diameter curves, B.
circumferential stress-stretch, and C. Force-Pressure relationships between the
controls, untreated cultures, and PGG-treated cultures of the descending thoracic
aortas at their corresponding in vivo axial stretch. Data is presented as mean ± standard
error of mean.

2.5. CONCLUSION
In conclusion, this study provided the foundation for the proposed in vitro
approach. The freely floating configuration within a nutating bioreactor used to culture
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descending thoracic aortas proved to maintain cell viability and caused some alterations
in mechanical properties. Using this simplistic experimental approach, compared to the
complexity of perfusion bioreactor, could further the development of potential vascular
therapeutics can be tested.
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CHAPTER 3
IN VITRO ELASTIC FIBER REPAIR OF THORACIC AORTAS FROM
MARFAN SYNDROME MICE USING PENTAGALLOYL GLUCOSE
(PGG)
3.1. ABSTRACT
Marfan syndrome is a connective tissue disorder defined by mutations in the gene
that encodes the fibrillin-1 protein, which is responsible for assembling and maintaining
elastic fibers within the aortic wall. Elastin fragmentation and degradation predisposes
MFS patients to aneurysms, and other forms of aortopathy. Non-invasive therapeutic
strategies that can protect MFS patients from catastrophic rupture are greatly preferred
over invasive and dangerous reconstruction surgeries. Pentagalloyl Glucose (PGG) has
been proven to restore and prevent further elastin degradation. In this study, we examine
the effects of PGG on Marfan syndrome (Fbn1C10G41/+) mice and its ability to repair
elastin. Experiments are performed in our in vitro, freely floating bioreactor model. To
achieve this, we excised descending thoracic aortas and cultured untreated and PGGtreated aortas over a period of two-weeks. Histological data illustrated fragmented elastic
fibers in the pre-cultured and untreated post-cultured tissue. With the addition of PGG,
little-to-no elastin breaks were found in the lamellae after culture. Furthermore, biaxial
mechanical data showed statistically significant differences between Fbn-1 diseased
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aortas (with and without PGG) and wild-type untreated cultures in axial stress values
(Untreated Wt Cultures = 29.97 ± 5.0 kPa, Untreated Fbn-1 Cultures = 18.72 ± 2.20,
PGG-Treated Fbn-1 Cultures = 22.42 ± 2.42; P-value = 0.0097). These in vitro results
support the promising therapeutic effects of PGG in restoring elastin in diseased aortic
wall in vitro, which is essential for improving survival rates in MFS patients.
3.2. INTRODUCTION
Marfan syndrome (MFS) is a connective tissue disorder with autosomal dominant
inheritance and a prevalence of 1 in every 3000 to 5000 individuals (Boileau et al., 2005).
MFS is defined by mutations in the gene coding for fibrillin-1 (Fbn-1), which is
responsible for assembling microfibrils and elastic fibers (Ramirez et al., 2018). Fibrillin1 is present throughout the entire aortic wall, and it serves two main roles in the aorta: (i)
a structural role as it supplies the aorta with tensile strength and elasticity, and (ii) an
instructive role as it modulates signal transduction pathways at the subcellular level by
interacting with mechanosensors and integrins (Ramirez et al., 2018; Salik & Rawla,
2021). These signal transduction pathways regulate the bioavailability of TGFβ, which in
turn initiates inflammation, fibrosis, and activation of matrix metalloproteinases (MMPs).
Increased release of MMPs in the aortic wall leads to extracellular matrix (ECM)
degradation, particularly that of medial elastin. Mutations in fibrillin-1 are thus
anticipated to destructively influence both the ECM and TGFβ activity.
MFS patients show a decrease in elastin content by almost 50 percent in the aortic
media with alterations in elastin structure (Tsamis et al., 2013). These alterations are
characterized by enlarged intralaminar spaces and loss of intralaminar elastic fibers.
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Moreover, the loss of elastin content predisposes MFS patients to thoracic aneurysm,
since the degradation of elastin releases tension within the wall and subsequently leads to
diameter enlargement (Tsamis et al., 2013; Westaby, 1999). Dilation of aortic aneurysms
in MFS patients causes a decrease in arterial compliance, which in turn also decreases
diastolic blood flow and increases aortic pulse pressure. In the instance of an increase in
aortic pulse pressure, the mechanical load on the heart increases. For a variety of reasons,
pulse pressure is a reasonable predictor of overall cardiovascular mortality (Westaby,
1999). Furthermore, if the diseased aorta is not treated, the defective elastin organization
could develop into an acute aortic dissection or rupture, often resulting in fatality (Fukui,
2018).
The progression and extent of aortic disease is crucial, as treatment options are
dependent on severity. Once diagnosed, initial treatments aim to control the
hemodynamic state followed by considering the necessity for clinical interventions by
excising or replacing the diseased aortic segment (Fukui, 2018; Mimoun et al., 2011).
Nevertheless, the necessity for clinical intervention is established based on certain
criteria, such as the diameter of the dilated aorta exceeding 1.50-fold of the normal
diameter (Fukui, 2018). Furthermore, repair of thoracic aortic aneurysms in patients with
connective tissue disorders such as MFS has poorer outcomes than those without the
disease. Regardless, dissection or rupture may occur suddenly, and therefore reversing
the pathology at an early stage is preferred.
Due to the inability of mature smooth muscle cells to regenerate elastin in large
quantities, studies have suggested using polyphenols such as Pentagalloyl Glucose (PGG)
to restore and prevent further elastin degradation. These have shown the promising
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therapeutic effects of PGG in animal models of aortic aneurysms because it establishes a
strong bond with the structural proteins via hydrophobic forces and hydrogen bonding to
enhance the biomechanical properties of the diseased aorta (Kloster et al., 2016; Patnaik
et al., 2019). In addition, PGG was shown to amplify resistance to enzymatic degradation,
preventing further distortion of elastin structure and hindering expansion of the aneurysm
(Dhital & Vyavahare, 2020; Isenburg et al., 2007; Patnaik et al., 2019). In this study, we
examine the effects of PGG on Marfan syndrome (Fbn1C1041G/+) mouse aortas in our
unloaded, freely floating nutating mixer bioreactor model. Since aortic dissection and
rupture could occur in the ascending aorta, descending aorta, or both (Mimoun et al.,
2011), here we excised descending thoracic aortas. In general, the descending aortas are
not as well characterized, yet treatment is essential for improving survival rates. We
hypothesize that addition of PGG to diseased tissues would restore the fragmented elastic
lamellae over two weeks, and the mechanical properties of post-cultured aortas would be
augmented. The outcomes of this experiment would suggest a therapeutic potential for
preventing aortic dissection and rupture as well as restoring fragmented elastic fibers in
MFS patients.
3.3. METHODOLOGY
3.3.1. Tissue Harvesting and Preparation
The same tissue harvesting, and preparation methodology was used in this study
as described in section 2.3.1. Here a genetic mouse model of elastin damage, analogous
to human Marfan Syndrome, Fbn1C1041G/+ was employed (n=12). Fbn1C1041G/+ mice,
(henceforth labeled as Fbn-1), are similar in some aspects to the more severe mgR/mgR
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mutant mice, by harboring a mutation in the fibrillin-1 gene, the same gene responsible
for Marfan Syndrome in humans (Eberth et al., 2015). These heterozygous mice develop
proximal aortic aneurysms and are expected to live to at least one year of age. Ages of
mice used in this experiment ranged from 9-12 months. In each experimental group, 1
male and 5 female mice were used.
Intact whole descending thoracic aortas were divided into three groups: (i)
untreated wild-type culture (n=6), (ii) untreated Fbn-1 cultured (n=6), or (iii) pentagalloyl
glucose (PGG) treated Fbn-1 cultured at 0.3% w/w (n=6).
3.3.2. Tissue Culture and Viability
The same tissue culturing techniques used in section 2.3.2. were utilized in this
study with the Fbn-1 mouse model using intact aortas. MTT assay was also used to
confirm tissue viability pre- and post-culture.
3.3.2. Mechanical Testing
Biaxial mechanical testing and data analysis methodology followed that of section
2.3.3. where post-cultured (with and without PGG) Fbn-1 aortas were used.
3.3.4. Histological Analysis
Sections were obtained from pre- and post-cultured Fbn-1 mouse aortas for
fluorescence microscopy and H&E staining protocols similar to those described in
section 2.3.4.
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3.3.5. Data Analysis
Statistical analysis was performed using a one-way analysis of variance (ANOVA)
similar to that described in section 2.3.5. Analysis was made between wild-type untreated
cultured aortas and the post-cultured Fbn-1 aortas for both untreated and PGG-treated
cultures.
3.4. RESULTS & DISCUSSION
Representative morphology using fluorescence microscopy and SHG data is
displayed in Figure 3.1. The fragmented elastic fibers (green channel) are shown in the
pre-cultured Fbn-1 as well as the untreated post-cultured descending thoracic aortas. The
red arrows demonstrate some of the visible elastin breaks in each tissue section.
Qualitative observation of the PGG-treated cultures shows little-to-no elastin breaks,
suggesting that the addition of PGG does in fact repair elastin in the aortic wall. Further
quantitative analysis will need to be performed in future work. This finding further
expands on published data showing that PGG attenuates aneurysmal expansion by
restoring fragmented elastic fibers of the diseased aortic wall in vivo (Wang et al., 2021).
Examination of collagen fibers (second row of Figure 3.1.) did not reveal obvious
differences either in the layer thickness or its organization, but additional quantitative
analysis will be performed. Moreover, DAPI-stained cell nuclei in the third row show a
good distribution of medial cells in the untreated post-cultured samples but with some
small areas devoid of medial cells. Cell nuclei (likely fibroblasts) are also found in a neoperi-adventitial layer encircling the ring section in Fbn-1 samples. However, the
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distribution of cell nuclei in the pre-cultured and the PGG-treated cultured samples was
uniform, and no differences were observed between the two groups.
Averaged biaxial mechanical data for the wild-type cultured aortas and fibrillin-1
mutant aortas are illustrated in Figure 3.2. for post-cultured samples of untreated and
PGG-treated groups. Mechanical values were compared at a transmural pressure of 100
mmHg at the in vivo axial stretch ratio (force-invariant during pressurization). It is known
that PGG establishes a strong bond with the existing structural proteins to enhance the
biomechanical properties of the diseased aorta. Nevertheless, no statistically significant
differences were found in any of the measured or calculated values between the treated
and untreated Fbn-1 cultured groups. However, statistically significant differences were
observed in terms of axial stress in the Fbn-1 diseased aortas (with and without PGG)
compared to wild-type cultured aortas (Untreated Wt Cultures = 29.97 ± 5.0 kPa,
Untreated Fbn-1 Cultures = 18.72 ± 2.20, PGG-Treated Fbn-1 Cultures = 22.42 ± 2.42;
P-value = 0.0097).
Figure 3.3A represents the pressure-outer diameter curves at the in vivo axial
stretch ratio of the untreated and PGG-treated post-cultured tissues. No changes in outer
diameter with respect to changing pressure were observed among all groups. While
untreated Fbn-1 cultures and untreated wild-type cultures exhibit no significant
differences, Figure 3.3B demonstrates a shift in the circumferential stress versus
circumferential stretch curves between the both PGG-treated Fbn-1 cultures, untreated
wild-type cultures, and untreated Fbn-1 cultures. The circumferential stress increases
more at a lower circumferential stretch in treated Fbn-1 cultures and untreated wild-type
cultures compared to the untreated Fbn-1 cultures. This graph suggests that PGG35

treatment stiffens the walls of Fbn-1 cultures and there were little differences between
Fbn-1 PGG-treated cultures and untreated wild-type cultures. The stiffening of PGGtreated aortas is likely due to the binding of PGG not only to the elastic fibers, but also to
collagen. Studies have shown data supporting that PGG protects both matrix proteins
from enzymatic degradation and even stabilizes collagen in heart valve scaffolds (Tedder
et al., 2009). Therefore, it is plausible that PGG binds to collagen in the aortic wall and
enhances ECM composition and remodeling.
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Fbn-1
Pre-Culture

Fbn-1 Untreated
Post-Culture

Fbn-1 PGG-Treated
Post-Culture

Figure 3.1. Representative Fluorescence Microscopy of Pre- and Post-cultures of the
Descending Thoracic Aortas taken from Fbn-1 Mutant Mice. The first column shows
pre-cultured Fbn-1 aortas, the second column shows post-culture untreated Fbn-1
aortas, and the third column shows post-culture PGG-treated Fbn-1 aortas. The first
row is the autofluorescence microscopy showing the elastic fibers in the green channel
(red arrows point to fragmented elastic fibers), the second row is the collagen fibers
(shown in yellow), the DAPI-stained cell nuclei (blue) are in the third row, and finally,
the fourth row is the merged channels. Scale bar is set to 100 µm.
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C

Figure 3.2. Autofluorescence of Elastic Fibers in Fbn-1 Mutant Mice. Enhanced
view of the elastin structure from the autofluorescence microscopy shown in Figure
3.1 (red arrows point to fragmented elastic fibers) where A. represent Fbn-1 precultures, B. untreated Fbn-1 cultures, and C. PGG treated Fbn-1 cultures.
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Figure 3.3. Averaged Discrete Mechanical Data of Cultured Fbn-1 Mouse Aortas. AD. Data is shown at the in vivo axial stretch and 100 mmHg for untreated wild-type
cultures, untreated Fbn-1 cultures, and PGG-treated Fbn-1 cultures, showing A. the
measured inner radius, B. loaded outer diameter, C. loaded wall thickness, D. axial
stress, E. axial stretch, F. circumferential stress, G. compliance, H. axial force (**)
denotes statistical significance at p< 0.05.
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Figure 3.4. Averaged Continuous Mechanical Data of Cultured Fbn-1 Mouse Aortas
With or Without PGG. A. Pressure-diameter curves, B. circumferential stress-stretch,
and C. Force-Pressure showing the untreated wild-type cultures, untreated Fbn-1
cultures, and PGG-treated Fbn-1 cultures of the descending thoracic aortas at their
corresponding in vivo axial stretch. Data is presented as mean ± standard error of
mean.
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3.5. CONCLUSION
In conclusion of Chapter 3, the fibrillin-1 mutant mouse models show fragmented
elastin in cultured thoracic aortas, resulting in a change in their in vivo axial stretch ratio
and compliance compared to the wild-type controls. The addition of PGG may not have
contributed significantly to changing the mechanical properties of the aortic wall when
measured at 100 mmHg; however, it did repair fragmented elastic fibers to some degree
based on histological data. Hence, the application of PGG is promising and a significant
improvement may be seen in more severely diseased models.
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS
4.1. CONCLUSIONS
The unique microstructural composition of the aortic wall is a key determinant of
its physiological characteristics. Alterations in physiological loads within the body affect
the homeostatic mechanical environment. Both age and disease conditions could initiate
aortopathies, potentially resulting in morbidity or fatality. Thus, understanding vascular
growth and remodeling in various aortopathies is essential to ensuring the maintenance
and viability of the aortic wall. ECM constituents, such as collagen and elastin,
continuously change in relative composition and organization. To improve in vitro
analysis of the vascular growth and remodeling processes, a simple, freely floating
configuration within a nutating mixer bioreactor was used. This technique was
considerably less complicated than those used in the past such as perfusion bioreactors.
As the utility of this in vitro approach is evident, there are challenges for maintain tissue
viability, adequate culture environment, and cellular signal transduction pathways in the
absence of mechanical stimuli.
To create a testing platform for the development and qualification of potential
vascular therapeutics, we studied the mechanical growth and remodeling outcomes of
mouse descending thoracic aortas in an unloaded configuration within a nutating
bioreactor (Chapter 2). We validated cellular viability and ECM integrity of cultured
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descending thoracic aortas, and tested PGG to confirm the potential that this in vitro
approach has on ECM-restoring capabilities. This approach is then carried out in Chapter
3 to study PGG application on a mouse model with a connective tissue disorder, Marfan
Syndrome.
4.2. FUTURE DIRECTIONS
Future investigations seek to employ a more severe MFS mouse model such as
mgR mutant mice as they exhibit both heterozygous and homozygous mutations leading
to more dramatic ECM alterations and earlier fatal events. Moreover, nanoparticle
delivery of PGG can be used to allow localized binding of PGG to fragmented elastin,
and thereby, enhance therapeutic outcomes. Finally, this work can be translated to larger
animal models, and possibly used for tissue engineered scaffolds.
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