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Background: Elastin degradation is a defining feature of thoracic aortic aneurysm (TAA) and abdominal aortic aneurysm (AAA) progression. Previous work
demonstrated that elastin-targeted pentagalloyl glucose nanoparticles (PGG-NPs) reverse established elastase-induced and Angll-induced AAA by reducing
inflammation while preserving the extracellular matrix. Whether PGG-NPs is effective in rupture prone Angll-BAPN model characterized by TAA and AAA
formation, spontaneous aortic rupture and increased mortality has not been determined.

Methods: ApoE—/— mice received continuous angiotensin Il (Angll) infusion (1,500 ng kg-' min-') and 0.2% B-aminopropionitrile (BAPN) in drinking water to
induce TAA or AAA. PGG-NPs (10 mg kg-') or Blank-NPs were administered intravenously twice weekly. Gross morphology, Kaplan—Meier survival, aneurysm
incidence, histology and a-smooth muscle actin (0SMA) expressions were evaluated after 28 days.

Results: Angll-BAPN induced aneurysm formation in both thoracic and abdominal aortic segments with increased mortality. PGG-NPs treatment significantly

improved survival compared with Blank-NP-treated mice (log-rank, P = 0.0132). Gross and histological analyses demonstrated reduced aneurysmal
remodeling, decreased pathological medial thickening and enhanced aSMA expression following PGG treatment. AAA incidence was significantly reduced
from 75.0% in Blank-NP-treated mice to 23.1% in PGG-treated mice (Fisher’s exact test, P = 0.0092). TAA incidence also decreased from 25.0% to 15.4%,
although this difference was not statistically significant (P = 0.663).

Conclusions: PGG-NPs reduce aneurysm burden and improve survival in the Angll-BAPN model while maintaining elastic fiber architecture and
vascular smooth muscle integrity. Extension of therapeutic efficacy in ANGII-BAPN model involving both TAA and AAA further supports PGG stabilization of
degraded elastin as a promising therapeutic target for aortic aneurysm disease.

INTRODUCTION

After atherosclerosis, aortic aneurysm remains one
of the most common life threatening vascular diseases
affecting the aorta, with increased prevalence in adults
over 55 years [1]. Abdominal aortic aneurysm (AAA)
and thoracic aortic aneurysm (TAA), characterized by
progressive weakening and dilation of the aortic wall, are
associated with considerable morbidity and mortality,
largely because disease progression remains clinically
silent until dissection or rupture occurs [2]. Rupture
from aortic aneurysms has an 80-90% mortality rate,
and no medication has been approved to prevent death
episodes [3,4]. Consequently, management of aneurysmal
disease remains dependent on surveillance imaging and
surgical intervention once aneurysms reach a critical size
or become symptomatic [4]. Such therapeutic limitations

have stimulated urgent need for interventions that directly
target the underlying mechanisms responsible for aortic
wall degeneration.

Degradation of the extracellular matrix (ECM),
particularly fragmentation of elastic fibers, is a key feature
of both AAA and TAA [4,5]. Loss of elastin promotes
inflammatory cell infiltration, matrix metalloproteinase
activation and progressive weakening of the aortic wall,
ultimately leading to aneurysm expansion and rupture
[4-6]. Elastin preservation has therefore emerged as
a dominant therapeutic strategy for aortic aneurysm
diseases.

Pentagalloyl glucose (PGG), a naturally occurring
polyphenol, binds strongly to elastin and protects elastic
fibers from enzymatic degradation [7,8]. Using elastin-
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targeted nanoparticles, our laboratory previously
demonstrated that PGG delivery reversed established
elastase-induced and Angll-induced AAAs and reduced
inflammatory and immune markers associated with
disease progression [9]. Interestingly, these findings
showed that stabilization of degrading elastin can alter the
course of established aneurysm disease.

An important question remained, however. Could
the protective effects of PGG extend to the aneurysmal
rupture model? Elastase application and Angll infusion
models primarily generate infrarenal AAAs and do not
recapitulate other key features of human aneurysms,
including hypertension, spontaneous rupture and thoracic
aneurysm formation [10,11]. Infusion of angiotensin
II (Angll) in combination with B-aminopropionitrile
(BAPN), an irreversible inhibitor of lysyl oxidase,
produces a more severe form of experimental aneurysm
disease characterized by ECM degradation and chronic
inflammation [12-18]. The new data presented here
broaden the application of PGG nanotherapeutics to
thoracic and abdominal aortic aneurysm disease and
improved survival of animals highlight the efficacy of our
elastin-targeted PGG nanoparticles (PGG-NPs) therapy
across distinct aneurysm phenotypes, thus, further
strengthens the translational potential of PGG-NPs and
identifies elastin stabilization and vascular smooth muscle
cell preservation as a rationale for reversal of aortic
aneurysm disease.

METHODS
Animal model of aneurysm development

Male apolipoprotein E-deficient (ApoE-/-) mice (11-
12 weeks old) were obtained from Jackson Laboratory
(Bar Harbor, ME) and housed under standard conditions
with ad libitum access to food and water. We chose male
mice because male mice showed higher incidence of aortic
aneurysms compared to female mice based on previous
studies [11,19]. All procedures were conducted under an
approved institutional animal care and use protocol. Aortic
aneurysms were induced using systemic Angll infusion
combined with BAPN administration [20,21]. Mice were
preconditioned on a high-fat diet (21% wt/wt saturated
fat and 0.2% wt/wt cholesterol; TD88137, Envigo/
Harlan Teklad) for 7 days prior to pump implantation and
maintained on the same diet throughout the study. For
Angll infusion, micro-osmotic pumps (model 1004; Alzet,
Cupertino, CA) were filled with Angll (Bachem Americas,
Torrance, CA) and implanted subcutaneously under
2-3% isoflurane anesthesia for 28-day timepoints. Pumps
delivered Angll at 1500 ng/kg/min continuously. 0.2%w/v

BAPN was administered in drinking water beginning on
the 14th day of pump implantation and maintained until
euthanasia. Elastin-targeted PGG nanoparticles or blanks
(10mg/kg) were administered intravenously via tail vein
according to time point-specific dosing schedules (Figure
1).

Histological analysis

At the end of the experiment, all surviving mice were
sacrificed with inhaled isoflurane before the mice were
flushed with 30ml saline. Aortas were exposed with the aid
of dissecting microscope to remove periadventitial tissue
and photographs were taken. Subsequently, the thoracic
and abdominal aorta segments were obtained, fixed in 4%
paraformadehyde, and embedded in paraffin wax. Aortas
were sectioned with 5uM and stained with hematoxylin
and eosin. Elastin assessments were done with aortic
sections stained with Verhoeff-Van Gieson (VVG).

Immunofluorescence staining

Paraffin-embedded sections were deparaffinized and
rehydrated, followed by permeabilization with 0.1% Triton
X-100 (T9284, Sigma-Aldrich, St. Louis, MO, USA) for 10
min. Non-specificbinding was blocked using blockBlocker™
solution (NB306, Innovex Biosciences, Richmond, CA,
USA). Sections were then incubated overnight at 4°C with
primary antibodies against alpha smooth muscle cells
(1:200, sc-58671, Santa Cruz Biotechnology, Inc., CA,
USA,). For immunofluorescence analysis, sections were
incubated with Cy5-conjugated goat anti-rabbit secondary
antibodies for 1 h at room temperature, followed by
nuclear counterstaining with DAPI (Vector, ZsBio, Beijing,
China). Images were acquired using a confocal microscope
and quantitative image analysis was performed using
Image] (NIH, Bethesda, MD, USA).

Statistical analysis

Statistical analyses were performed using R (version
4.2.2). Data are presented as mean * SEM. Comparisons
between two independent groups were performed using
an unpaired two-tailed Student’s t-test. Differences in
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Figure 1 Experimental timeline of Angll-BAPN induced aortic

aneurysm formation and PGG-NPs treatment in ApoE-/- mice.
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aneurysm incidence were assessed using Fisher’s exact
test, and survival curves were compared using the log-
rank (Mantel-Cox) test. All statistical tests were two-sided,
and P < 0.05 was considered statistically significant.

RESULTS

Angll and BAPN induce thoracic and abdominal
aortic aneurysm formation and increase mortality in
ApoE-/- mice

Combined administration of Angll and BAPN induced
aneurysm formation in both the thoracic and abdominal
aorta of ApoE-/- mice. Gross examination at day 28
revealed dilation of the thoracic or abdominal aorta in
Blank-NP-treated mice, whereas elastin-targeted PGG-NPs
treatment markedly attenuated aneurysmal remodeling
and maintained gross aortic morphology (Figure 2A).
Kaplan-Meier analysis demonstrated progressive
mortality in Blank-NP-treated mice throughout the
experimental period, while elastin targeted PGG-NPs
treatment significantly improved 28-day survival (log-
rank test, P = 0.0132; Figure 2B). These findings agree with
previous reports demonstrating the aggressive nature of
the Angll-BAPN model in AAA [11], which is characterized
by spontaneous aneurysm rupture and high mortality
rates. Quantification of aneurysm incidence further
demonstrated the severity of the disease in the Blank-
NPs-treated group. Incidence analysis showed that AAA
developed 75.0% of Blank-NPs-treated mice compared
with 23.1% of PGG-treated mice (Fisher’s exact test, P =

0.0092). TAA incidence decreased from 25.0% in Blank-
NPs-treated mice to 15.4% following PGG-NPs treatment,
although this difference was not statistically significant
(Fisher’s exact test, P = 0.663; Figure 2C).

AnglII-BAPN induces medial remodeling, elastic fiber
disruption and vascular smooth muscle cell depletion
in thoracic and abdominal aortic aneurysms

Histological analyses revealed marked structural
alterations of the aortic wall following Angll-BAPN
administration. H&E staining demonstrated pronounced
medial remodeling in both thoracic and abdominal aortic
segments of Blank-NPs-treated mice, characterized by
increased vessel wall thickness (Figure 3A). Quantification
of maximal medial thickness confirmed significant
increases in both TAA and AAA tissues indicating that
AnglI-BAPN induces substantial pathological remodeling
of the aortic media. In contrast, PGG-NPs-treated mice
showed a substantial reduction in wall thickness in TA and
AA tissues.

VVG staining further demonstrated extensive
disruption of elastic lamellae in Blank-NPs-treated mice.
Thoracic and abdominal aortic sections exhibited marked
elastin fragmentation and loss of the characteristic
concentric organization of the aortic media. In contrast,
aortas from PGG-NPs-treated groups maintained a more
organized elastic lamellar structure with fewer sites of
elastin disruption (Figure 3B). Also, Blank-NPs-treated
mice demonstrated reduced aSMA expression in both
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Figure 2 AnglI-BAPN induces thoracic and abdominal aortic aneurysms, while PGG nanotherapy improves survival and reduces aneurysm incidence.
(A) Representative gross images of aortas harvested from Blank-NP- and PGG-ELN-NP-treated mice following 28 days of Angll-BAPN administration. Blank-NP-
treated mice exhibited pronounced aneurysmal dilation involving both thoracic (TAA) and abdominal (AAA) aortic segments, whereas PGG-treated mice maintained
a more normal aortic morphology. (B)Kaplan-Meier survival analysis of ApoE-/- mice treated with Blank-NPs (n = 16) or PGG-NPs (n = 13) following AnglI-BAPN
administration. PGG treatment significantly improved 28-day survival compared with Blank-NP-treated controls (log-rank test, P = 0.0132). (C) PGG treatment
reduced AAA incidence from 75.0% to 23.1% (P = 0.0092) whereas TAA incidence decreased from 25.0% to 15.4% (P = 0.663). P values were determined using
Fisher’s exact test. Data are expressed as the percentage of mice with aneurysms in each treatment group.
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Figure 3 AnglI-BAPN induces pathological aortic wall remodeling characterized by medial thickening, elastic fiber disruption and VSMC depletion in
thoracic and abdominal aneurysms. (A) H&E staining of thoracic and abdominal aortic sections from Blank-NP- (n=5) and PGG-NP (n=5)-treated mice. Blank-NP-
treated animals exhibited increased medial thickness, whereas PGG-treated mice demonstrated preservation of a more normal aortic architecture. Quantification
of maximal medial thickness demonstrating significant reductions in thoracic and abdominal aortic wall thickness following PGG treatment. Data are presented as
mean + SEM. *P < 0.05. (B) VVG staining of thoracic and abdominal aortas. Elastin fragmentation was scored as: 0, intact; 1, mild; 2, moderate; 3, marked; and 4,
severe disruption of elastic lamellae. PGG nanoparticle treatment reduced elastin fragmentation and improved elastic lamellar organization compared with Blank-
NP-treated mice. (C) Representative aSMA immunofluorescence staining and corresponding fluorescence intensity quantification demonstrating attenuation of
contractile VSMC marker loss following PGG treatment in TAA and AAA.
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thoracic and abdominal aneurysms, consistent with
VSMC depletion during aneurysm progression. PGG-NPs
treatment mitigated the loss of aSMA-positive VSMCs,
indicating improved homeostasis and preservation of the
contractile phenotype in both thoracic and abdominal
aortic segments (Figure 3C).

DISCUSSION

Aortic aneurysms have no existing pharmacological
therapy [1,2]. Although significant progress has been
made in understanding the molecular basis of aneurysm
formation, translation of these discoveries into clinically
effective treatments has been limited. Most therapeutic
approaches investigated to date have focused on
suppressing inflammation or inhibiting matrix degradation
[13,22-24], with variable success across experimental
models but limited translational impact.

This study shows that 10mg/kg elastin-targeted PGG-
NPs, given systemically, markedly reduced the incidence
of thoracic and abdominal aneurysms and significantly
improved survival in the AngIl-BAPN mouse model.
Histological analyses further revealed preservation of
elastin, reduced pathological medial remodeling and
maintenance of aSMA expression within the aortic media.
Earlier studies from our laboratory demonstrated reversal
of established elastase-induced AAA following PGG
nanoparticle delivery; [9] however, therapeutic efficacy
in TAA disease remained unexplored. ECM stabilization
observed in both thoracic and abdominal aortic segments,
therefore substantially validates our previous findings that
PGG nanoparticles interact with monomeric tropoelastin
to enhance elastin coacervation, including the activation of
vascular SMCs to increase LOX production, both of which
are needed for elastic fiber assembly, as the localized
presence of PGG facilitates tropoelastin anchoring and LOX
crosslinking at the TAA and AAA sites [11,25].

Notably, combined Angll infusion and lysyl oxidase
inhibition by BAPN produces one of the most severe
forms of experimental aneurysm disease [20,21,26,27].
AnglI-BAPN protocols differ in dose, duration and route of
administration, producing variable aneurysm distributions
and rupture rates. Kanematsu et al,, induced thoracic and
abdominal aortic aneurysms in male C57BL/6] mice using
continuous subcutaneous infusion of Angll at 1,000 ng kg™
min~* for 6 weeks together with BAPN at 150 mgkg™* day™*
during the first 2 weeks. Both agents were delivered using
osmotic minipumps, and combined treatment produced
thoracic and abdominal aneurysms with spontaneous
rupture, whereas either treatment alone was insufficient
to reproduce the full phenotype [20]. Fashandi et al,

subsequently established a rupture-prone model in ApoE-
deficient mice using Angll at 1,500-2,000 ng kg™* min™*
through subcutaneous osmotic pumps and 0.2% BAPN in
drinking water for 28 days, producing high incidences of
AAA, TAA and rupture [21]. Jiang et al. used BAPN at 1 g
1"* in drinking water for 3 weeks before Angll infusion at
either 1,000 or 2,500 ng kg™ min™* and reported greater
aortic dissection formation with the higher Angll dose
over 14 days [28]. Our regimen of Angll at 1,500 ng kg™*
min~' delivered continuously by subcutaneous osmotic
pump together with 0.2%w/v BAPN in drinking water falls
within the established rupture-prone range. Untreated
mice developed substantial aneurysm burden and
progressive mortality throughout the 28-day experimental
period. PGG treatment reduced TAA incidence from
25.0% to 15.49% and AAA incidence from 75.0% to 23.1%,
suggesting that stabilization of degraded elastin targets
pathogenic mechanisms shared throughout the thoracic
and abdominal aorta.

Thoracic and abdominal aneurysms differ substantially
in developmental origin, ECM composition and underlying
molecular mechanisms [29]. Isselbacher proposed that
TAA and AAA should be considered distinct disease entities;
nevertheless, both ultimately converge on progressive loss
ofaorticwall integrity [30]. Extensive elastin fragmentation
has since emerged as a defining feature of both human and
experimental aneurysm disease. Humphrey and colleagues
identified elastin degradation as a major determinant of
aneurysm progression, demonstrating that disruption
of elastic fiber architecture fundamentally alters aortic
wall biomechanics and redistributes mechanical stress
to remaining medial constituents [31]. As elastic lamellae
deteriorates, the surrounding VSMCs experience an
increasingly adverse mechanical and biochemical
microenvironment, resulting in loss of the contractile
phenotype and diminished expression of aSMA, MYH11,
and SM22a[32,33].Reduced VSMC function furtherimpairs
extracellular matrix maintenance, thereby establishing
a feed-forward axis linking elastin degradation, medial
dysfunction and progressive aneurysm expansion. Such a
sequence facilitates the concomitant disruption of elastic
fibers and reduced aSMA expression observed in untreated
mice and suggests that degraded elastin is a common
therapeutic substrate throughout the aortic tree. Building
upon this paradigm, Isenburg et al. and Parasaram et al.,
demonstrated that PGG exhibits a high affinity for elastin
and limits matrix metalloproteinase-mediated elastic fiber
degradation [34,35]. Accordingly, retention of organized
elastin together with enhanced aSMA expression
following PGG administration is mechanistically aligned
with interruption of the pathological cascade linking ECM
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deterioration and VSMC dysfunction in both elastase and
Angll-BAPN models of aortic aneurysm. Demonstration
of efficacy in both elastase-induced AAA and Angll-
BAPN-induced TAA and AAA identifies degraded elastin
as a common mechanistic target and positions elastin-
targeted PGG delivery as a potent ECM-directed strategy
for reversing aneurysm progression.

CONCLUSIONS

Aortic aneurysm disease continues to present a
substantial clinical burden owing to its often-silent
progression and the absence of effective pharmacological
interventions. Results from the present study demonstrate
that elastin-targeted PGG nanotherapy attenuates the
development of thoracic and abdominal aneurysms and
confers a significant survival advantage in a rupture-
prone Angll-BAPN model. Broad efficacy across both
elastase- and Angll-BAPN-driven aneurysm paradigms
highlights degraded elastin as a convergent node in
aneurysm pathobiology and underscores the importance
of extracellular matrix homeostasis in determining
disease trajectory. Restoration of medial organization and
retention of contractile VSMC features further suggest that
PGG modulates the interplay between matrix degeneration
and vascular remodeling, validating -elastin-directed
nanomedicine as a compelling avenue for aneurysm
intervention and laying the foundation for advancing
matrix-centric therapies toward clinical translation.
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