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Abstract—Thoracic aortic aneurysm (TAA) is characterized
by dilation of the aorta that can lead to dissection or rupture.
Degradation of elastic fibers is a consistent histopathological
feature of TAA that likely contributes to disease progression.
Pentagalloyl glucose (PGG) shows promise for stabilizing
elastic fibers in abdominal aortic aneurysms, but its efficacy
and mechanical effects in the thoracic aorta are unknown.
We simulated TAAs using elastase (ELA) to degrade elastic
fibers in the mouse ascending aorta and determined the
preventative and restorative potential of PGG. Biaxial
mechanical tests, constitutive model fitting, and multiphoton
imaging were performed on untreated (UNT), PGG, ELA,
PGG + ELA, and ELA + PGG treated aortas. PGG
treatment alone does not significantly alter mechanical
properties or wall structure compared to UNT. ELA
treatment alone causes an increase in the unloaded diameter
and length, decreased compliance, significant changes in the
material constants, and separation of the outer layers of the
aortic wall compared to UNT. PGG treatment before or
after ELA ameliorates the mechanical and structural changes
associated with elastic fiber degradation, with preventative
PGG treatment being most effective. These results suggest
that PGG is a potential pharmaceutical option to stabilize
elastic fibers in TAA.

Keywords—Thoracic aortic aneurysm, Elastase, Elastin,

Biomechanics.

ABBREVIATIONS

AAA Abdominal aortic aneurysm

ATA Ascending thoracic aorta
ELA Elastase
HGO Holzapfel–Gasser–Ogden
PBS Phosphate buffered saline
PGG Pentagalloyl glucose
TAA Thoracic aortic aneurysm
UNT Untreated

INTRODUCTION

Thoracic aortic aneurysms (TAA) are a prominent
health concern affecting 5.3 per 100,000 people/year
and are considered ‘‘silent killers’’ due to their
asymptomatic nature.6 Early diagnosis and interven-
tion are crucial to prevent TAA dissection or rupture
and adverse outcomes for TAA patients.20 A main
contributor to TAA are defects in the extracellular
matrix, specifically, the elastic fibers. This is evidenced
by TAA-linked genetic mutations that affect pathways
involved in elastic fiber formation and crosslink-
ing.12,24 Improperly assembled elastic fibers may be
more susceptible to degradation and contribute to
aneurysm progression over time.7 Elastic fiber frag-
mentation is a common histopathological finding in
TAA, regardless of the underlying cause.20 Elastic fi-
bers are essential to the aorta because of their elastic
material properties that allow the artery to respond to
large, cyclic pressure and volume changes.33 Standard
TAA treatment includes regular imaging followed by
surgical replacement when the size or growth rate of
the aortic diameter exceeds specified thresholds.20 Due
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to the complications that can arise with surgery, there
is a need for pharmaceutical therapies that could pre-
vent or counter the effects of extracellular matrix
degradation, aortic wall dilation, and eventual dissec-
tion or rupture.

Pentagalloyl glucose (PGG) is the non-cytotoxic
core structure of tannic acid, which is a naturally
occurring plant polyphenol. PGG binds to elastin,
stabilizes arterial elastic fibers, and prevents degrada-
tion by the enzyme elastase (ELA).21 PGG has been
used in vivo in mouse, rat, and pig models to stabilize
elastic fibers and prevent dilation of chemically-in-
duced abdominal aortic aneurysms (AAAs).9,28,32,35

PGG has beneficial effects on other pathways involved
in AAA progression, including reduced matrix metal-
loproteinase production, macrophage infiltration, and/
or TGF-b1 activity.9,22,35 Elastic fiber degradation
contributes to mechanical changes in the aortic wall
and releases elastin derived peptides that can exacer-
bate these pathological pathways and contribute to
cardiovascular disease.11 Hence, focusing on PGG’s
effects on preventing elastic fiber degradation and
mechanical changes in the aortic wall are reasonable
starting points for evaluating its utility in aneurysm
treatment. The mechanical restorative potential of
PGG was quantified through biaxial mechanical test-
ing of pig abdominal aorta after ELA treatment.29

While the data on PGG in AAA models is promising,
there are known differences in AAA and TAA arterial
wall structure, disease causes, disease progression, and
clinical outcomes, necessitating investigation of PGG’s
potential for stabilizing elastic fibers in the thoracic
aorta.

Previously, we quantified the mechanical preventa-
tive potential of PGG through pressure-diameter test-
ing of mouse carotid arteries after ELA treatment.30

We did not investigate the mechanical restorative
potential of PGG or its effects on biaxial mechanical
behavior, which are both important for clinical appli-
cations. There are significant differences in the size,
elastin content, and aneurysm susceptibility between
carotid arteries and the thoracic aorta that motivate
studies on the arterial segment of interest. Addition-
ally, previous in vitro studies with PGG delivered the
drug directly to the inner and outer arterial surface by
submersion of the tissue.29,30 For clinical treatment,
PGG would likely be delivered intravenously to con-
tact the inner aortic surface only and this delivery
method should be replicated if possible when deter-
mining PGG efficacy in stabilizing elastic fibers.

Here, we investigate the preventative and restorative
mechanical potential of PGG in the mouse ascending
aorta before or after treatment with ELA. We deliv-
ered all drugs (ELA and PGG) through the aortic lu-
men to better mimic clinical treatment methods. We

optimized the ELA treatment timing to provide mild
elastic fiber fragmentation and aortic dilation, as
observed in TAA. We performed biaxial mechanical
testing for each aorta in the untreated (UNT) and
treated (PGG, ELA, PGG + ELA, ELA + PGG)
state and fit a Holzapfel–Gasser–Ogden (HGO)18

constitutive model to compare material properties and
extrapolate results to common loading conditions. We
used multiphoton imaging to identify changes in the
extracellular matrix structure in response to the dif-
ferent treatments that may explain the mechanical
changes. Our work helps to gain insight into the effi-
cacy of PGG as a preventative and/or restorative
treatment for TAA through stabilization of elastic fi-
bers.

MATERIALS AND METHODS

Mice and Aortic Treatment Groups

C57BL6/J male mice (000664, Jackson Labs) ages
3–4 months were euthanized by carbon dioxide
inhalation in compliance with the Institutional Animal
Care and Use Committee (N = 36 total). Male mice
were used to control for aortic size and mechanical
behavior, which varies by sex.17 Ascending thoracic
aortas (ATAs) were isolated by dissection and kept in
phosphate buffered saline (PBS) at 2–8 �C for up to
four days before experimentation.1 A pressure myo-
graph and its accompanying software were used for
biaxial mechanical testing and data acquisition (110P,
Danish Myotechnology). ATAs were placed in a PBS
bath at 37 �C and secured onto the myograph cannulae
using 7–0 sutures. Each ATA served as its own un-
treated (UNT) control (N = 21) and was subjected to
the mechanical test protocol described in the next
section. After UNT data were collected, the ATA was
treated with PGG (Sigma, #G7548), ELA (EPC,
#EC134GI) or both drugs in sequential order
(ELA + PGG or PGG + ELA) (Fig. 1) (N = 5–
6/group). Each drug was injected into the ATA lumen
and maintained in the lumen while the ATA was
stretched axially and pressurized to 100 mmHg to
mimic in vivo conditions and facilitate transmural drug
transport.16 After treatment, the aortic lumen was
rinsed well with PBS and the mechanical test protocol
was repeated again. ELA was used at 7.5 U/mL in
PBS, held in the lumen for 6 min, and followed by
100 mM NaCl for 6 min to stop the enzymatic activ-
ity.36 PGG was dissolved in DMSO, diluted to 0.37%
w/w in PBS,22 and held in the lumen for 7 min. ELA
treatment dose and time were optimized in preliminary
experiments to result in mild elastic fiber degradation
and diameter dilation in the mouse ATA. PGG treat-
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ment time was set to be approximately equal to ELA
treatment time and is sufficient for a solute of PGG’s
size to transport through the wall of a mouse carotid
artery pressurized at 100 mmHg.8 Additional ATAs
(N = 15 total, 3/group) underwent similar drug
treatment protocols, but were then fixed at 100 mmHg
for imaging rather than mechanically tested.

Biaxial Mechanical Testing

After preconditioning, ATAs underwent six
mechanical testing protocols: three inflation cycles
from 0 to 175 mmHg in increments of 25 mmHg for
12 s/step at three different constant axial stretch ratios
and three axial stretch cycles at approximately 20 lm/s
at three different constant pressures of 50, 100, and
150 mmHg, as done previously.25 The lumen pressure
(P), loaded outer diameter (do), and axial force (f) were
recorded. The axial stretch ratios were calculated by
noting the axial micrometer position at the beginning
and end of the test protocol and assuming a constant
stretch rate. The axial stretch ratio range varied by
treatment group as we were not able to stretch any of
the groups treated with ELA as far as the UNT group
without tearing the tissue The axial stretch ratio ranges
were approximately 1.4–1.8 for UNT and PGG and

1.0–1.2 for ELA, PGG + ELA, ELA + PGG
groups. Each ATA underwent UNT mechanical test-
ing, was treated, and then tested again. For all of the
groups treated with ELA, a new unloaded length was
determined before the post-treatment mechanical
testing. After testing, the ATAs were removed from the
myograph and 200–300 lm thick rings were cut and
imaged (Fig. 1). Using ImageJ (NIH), the outer and
inner boundaries of three rings/ATA were traced and
ellipses were fit to determine the average unloaded
outer (Do) and inner (Di) diameters. Due to the
sequential nature of the treatment protocols, we did
not have rings to determine the unloaded diameters for
the UNT group. Subsequent analyses showed no sig-
nificant differences in the unloaded dimensions of the
PGG, PGG + ELA, and ELA + PGG groups, so the
average unloaded dimensions from all ATAs in these
three groups were used as the unloaded dimensions for
the UNT ATAs.

Mechanical Data Analysis

From the data collected, the third loading cycle was
used for analysis. Compliance was calculated from the
average change in diameter per 25 mmHg pressure

FIGURE 1. Experimental design demonstrating treatment groups and measurements. Each ATA served as its own untreated
control (UNT) and was mechanically tested. ATAs were then placed into one of four treatment groups: ELA, PGG, PGG + ELA, or
PGG + ELA. Post treatment, ATAs were mechanically tested again, then rings were cut to measure unloaded dimensions.
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step.19 The stretch ratios (k) in each direction (h =
circumferential, z = axial, and r = radial),

kh ¼
1

2

di
Di

þ do
Do

� �
; kz ¼

l

L
; kr ¼

1

khkz
ð1Þ

where di was calculated from the deformed and unde-
formed dimensions by conservation of volume, and the
mean stresses (r) in the circumferential and axial
directions were determined assuming an incompress-
ible cylinder with no shear,

rh ¼
Pdi

do � di
; rz ¼

4fþ Pd2i
p d2o � d2i
� � : ð2Þ

The circumferential stretch vs. stress data were fit to
an exponential equation,

rh ¼ b1 þ b2exp
kb3h
b4

 !
; ð3Þ

where bi are constants determined by regression using
Matlab (Mathworks), that was differentiated to
determine the circumferential tangent modulus (Ep),

Ep ¼
drh
dkh

: ð4Þ

Constitutive Modeling

The data were fit to a HGO constitutive model that
represents the passive strain energy function (W) for
the aortic wall as a fiber-reinforced composite with an
isotropic term (I) and an anisotropic term (A),18

W ¼ WI þWA: ð5Þ

The isotropic term describes a neo-Hookean solid,

WI ¼ c1
2

I1 � 3ð Þ; ð6Þ

where c1 is a material parameter and the first invariant

is I1 ¼ k2h þ k2z þ k2r . The anisotropic term describes

two symmetrically oriented fiber-families with expo-
nential behavior,

WA ¼
X2

k¼1

c2
2c3

ec3 Ik4�1ð Þ2 � 1
� �

; ð7Þ

where c2 and c3 are material parameters and the fourth

invariant is Ik4 ¼ k2hcos
2 ak
� �

þ k2zsin
2 ak
� �

, where a1 ¼
þa; a2 ¼ �a and a is the angle of the fiber families in
the unloaded configuration with respect to the cir-
cumferential direction.

For an incompressible cylinder, the principle stres-
ses can be calculated as,

rii ¼ 2F2
ii

@W

@Cii
� p; ðnot summedÞ ð8Þ

where i = h, r, or z, p is the Lagrange multiplier, the
deformation gradient is½F� ¼ diag kh; kz; kr½ �, and the
right Cauchy–Green strain tensor is

½C� ¼ diag k2h; k
2
z ; k

2
r

� 	
. Inflation and extension in the

absence of shear requiresrrh ¼ rrz ¼ rhz ¼ 0.
The material parameters (c1–c3) and unloaded fiber

family angle (a) were determined by constrained non-
linear regression to minimize the error between the
experimental (Eq. 2) and predicted (Eq. 8) circumfer-
ential and axial stress values for every data point, i,
using the fmincon function in Matlab. The error is
defined as:

Error ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
rhh;exp ið Þ � rhh;pred ið Þ
� �2
P

rhh;exp ið Þ
� �2

vuut

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
rzz;exp ið Þ � rzz;pred ið Þ
� �2
P

rzz;exp ið Þ
� �2

vuut : ð9Þ

The material parameters were constrained to the
positive domain, and a was only allowed to vary
between 0� and 90� with 0� aligning with the circum-
ferential axis. Parameter fitting was performed for each
individual ATA with12 initial starting guesses dis-
tributed across the parameter space and using non-
parametric bootstrapping for 2000 replicates (24,000
runs/ATA).14 This resulted either in a set of parame-
ters tightly distributed around a high R2 or mostly
distributed around a high R2 with some cases where
fmincon was satisfied at a lower R2. We isolated only
the fitted values distributed around the high R2 and
calculated the mean of the fitted parameters and R2 for
each ATA. We used these mean values as the opti-
mized parameters for each ATA.

Representative fitted parameters from a single ATA
in each group were used to determine representative
strain energy, stresses, and linearized moduli under
equivalent loading conditions. The linearized moduli
(f) in the circumferential and axial directions were
calculated by3:

fh ¼ 4k2h
@W

@Chh
þ 4k4h

@2W

@C2
hh

; fz ¼ 4k2z
@W

@Czz
þ 4k4z

@2W

@C2
zz

:

ð10Þ

Imaging

For imaging, three ATAs underwent the standard
drug treatment protocol for each group and then were
fixed at a constant pressure of 100 mmHg in 4%
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paraformaldehyde. Post fixation, ATAs were cut axi-
ally into a top and bottom (basal) half. The top half
was flash frozen in O.C.T. Compound and cut into
10 lm cross-sections using a cryotome. Sections were
placed on bonded slides and cover slipped using Pro-
LongTM diamond antifade mountant. The bottom half
was cut transversely, placed on a bonded slide, and
similarly cover slipped for en face imaging of the
luminal surface. A Leica Sp-8 DIVE Multiphoton was
used to image z-stacks of elastic fibers by autofluo-
rescence (excitation: 880 nm, emission: 495–540 nm)
and collagen by second harmonic generation imaging
(excitation: 880 nm, emission: 420–460 nm). Z-stacks
from en face samples were trimmed using Image J
(NIH) to include only the first layer of elastic fibers
(the internal elastic lamina) and a maximum projection
was made of the internal elastic lamina region. Holes in
the internal elastic lamina, including fenestrations and
larger breaks, were quantified by manual thresholding
in Image J and determination of hole area using a
custom MATLAB code. Hole area was quantified for
the three ATAs imaged in each group and results are
presented in a combined histogram.

Statistical Analysis

Two ATAs were excluded from the UNT and
ELA + PGG groups due to leaks that compromised
mechanical testing data and drug treatment efficacy.
One ATA was excluded from the parameter fitting for
the ELA group because it tore before all six mechan-
ical test protocols could be completed. Statistical
analysis was performed in Prism (Graphpad). Mean
values are reported with standard deviation error bars.
Experimental groups were compared using a one-way
ANOVA with Tukey’s multiple comparisons for the
mechanical testing data. Pair-wise comparisons were
also performed since each ATA served as its own
control (presented in supplemental data), but the pair-
wise statistics did not allow comparisons between
treatment groups (i.e. ELA to PGG-ELA). P < 0.05
was considered significant. Imaging data was com-
pared qualitatively to provide possible explanations for
the mechanical changes.

RESULTS

Biaxial Mechanical Behavior

ATAs were subjected to multiple inflation cycles at
constant axial stretch and axial stretch cycles at con-
stant pressure to characterize the biaxial mechanical
behavior with ELA-induced elastic fiber degradation
and PGG treatment. Average pressure-diameter, -axial

force, and -compliance behavior for each treatment
group at the lowest constant axial stretch ratio tested
are shown in Figs. 2a–2c. The lowest axial stretch ra-
tios tested are shown in Fig. 2d. No significant differ-
ences in diameter, axial force, or compliance are found
between PGG and UNT ATAs at any pressure, sug-
gesting that PGG specifically targets degraded elastic
fibers and does not disrupt mechanical behavior of the
native mouse ATA. In comparison, ELA ATAs have
diameters that are 9–54% larger, axial forces that are
reduced by 10–30 mN, and compliance that is
increased by 130–280% at low pressures and decreased
by 50–90% at high pressures compared to UNT ATAs,
demonstrating the mechanical changes in mouse ATA
associated with mild elastic fiber degradation.

Comparing the PGG + ELA and ELA + PGG
ATAs to the UNT and ELA ATAs, there are differ-
ences between preventative and restorative PGG
treatment. The PGG + ELA curves are closer to the
UNT curves in Figs. 2a and 2c, while the ELA +
PGG curves are closer to the ELA curves, indicating
that preventative PGG treatment is more effective at
ameliorating mechanical changes associated with
elastic fiber degradation than restorative PGG treat-
ment. This is supported by the fact that there are sig-
nificant differences in diameter (Fig. 2a) and
compliance (Fig. 2c) between PGG + ELA and UNT
at less of the applied pressure values than there are for
ELA + PGG compared to UNT. It is important to
point out, however, that restorative PGG treatment
appears to stabilize the elastic fibers to a degree, as the
ELA + PGG diameter and compliance is not signifi-
cantly different from UNT at some pressures. Tukey’s
multiple comparison analyses of PGG + ELA vs.
ELA + PGG show differences between the two
treatments for diameter and compliance measurements
at 50 and 75–125 mmHg, respectively (Supp. Table 1).

The differences in pressure-axial force behavior
between UNT/PGG and ELA ATAs (Fig. 2b) are
mostly the result of the applied axial stretch ratio
during testing (Fig. 2d). Due to lengthening of the
ATA with ELA treatment and tearing of the tissue
when stretched beyond an axial stretch ratio of 1.3–1.4,
we could not test the groups under the same axial
loading protocols. Lengthening and decreased axial
distensibility in response to ELA treatment occurs in
dog carotid arteries, human iliac arteries,10 and mouse
ATA5 and is likely caused by uncrimping of collagen
fibers when elastic fibers are degraded.15 We fitted the
HGO constitutive model to our data so that we could
extend our comparisons between groups to similar
loading conditions.

Pairwise comparisons of the diameter, axial force,
and compliance for each ATA at 75 mmHg, near
diastolic pressure in the mouse and the range expected
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to be important for elastic fiber contributions, are
presented in Supp. Figure 1.

Unloaded Dimensions

The unloaded length of the ATA was measured
before and after drug treatment. The length ratio was
unchanged after PGG treatment, but was increased
after ELA, PGG + ELA, and ELA + PGG treat-
ment (Fig. 3a). The length increased by 14 ± 10%
compared to the original unloaded length in all ELA
treated groups with no significant differences between
ELA treated groups. Our results suggest that PGG
treatment does not prevent ATA lengthening associ-
ated with mild elastic fiber degradation. The unloaded

diameter of the ATA was increased 6–11% in the ELA
groups compared to the PGG treated group (Fig. 3b).
Our results suggest that PGG treatment does prevent
the unloaded diameter dilation associated with mild
elastic fiber fragmentation. The unloaded thickness did
not change with drug treatment (Fig. 3c). As there
were no significant differences in the unloaded diam-
eters and thicknesses between the PGG, PGG + ELA,
and ELA + PGG groups and we did not have un-
loaded diameters and thicknesses for the UNT group
(since every UNT ATA was also used in a drug
treatment group), we used the average unloaded
diameters and thicknesses for the PGG, PGG + ELA,
and ELA + PGG groups as the unloaded dimensions
for all UNT ATAs for stretch and stress calculations.

FIGURE 2. Average data from the cyclic pressurization protocol at the lowest constant axial stretch. Diameter-pressure (a), axial
force-pressure (b), and compliance-pressure (c) for experimental groups at the given axial stretch values (d). For A – C,
comparisons are made to the UNT group using one-way ANOVA with Tukey’s posthoc and P values < 0.05 are noted by *, �, �, for
ELA, PGG + ELA, ELA + PGG, respectively. For D, comparisons are made between all groups using one-way ANOVA with Tukey’s
posthoc and significant P values are shown. No significant differences were found comparing PGG to UNT. N = 19 for UNT, N = 3–
6/group for all others.
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For the treatment groups, the individual ATA un-
loaded dimensions were used.

Stresses and Circumferential Tangent Modulus

The biaxial mechanical test data and unloaded
dimensions were used to calculate the circumferential
and axial stresses and circumferential tangent modulus
for the cyclic inflation protocol at the lowest constant
axial stretch (Fig. 4). As each ATA had applied stret-
ches and stresses that depend on the unloaded
dimensions, the stretch–stress curves are not quanti-
tatively compared. Qualitatively, Figs. 4a and 4b show
the similarities between the UNT and PGG groups, the
changes in nonlinearity of the curves with ELA treat-

ment, and the partial recovery of the material behavior
with PGG treatment. Additionally, Figs. 4a and 4b
highlight that preventative PGG + ELA treatment is
more effective than restorative ELA + PGG treat-
ment at returning the material behavior near UNT
values, especially in the circumferential direction. The
pressure-tangent modulus behavior (Fig. 4c) demon-
strates significant stiffening of the ATA at high pres-
sures in the ELA group due to the elastic fiber
degradation. Similar to the pressure-diameter and
pressure-compliance behavior (Figs. 2a and 2c), the
pressure-modulus behavior of the PGG + ELA group
is more similar to UNT, while the ELA + PGG group
is more similar to ELA. The stress and modulus curves
demonstrate that PGG does not change material

FIGURE 3. Unloaded dimensions for different treatment groups. Unloaded length ratio (after/before treatment) (a), unloaded
diameter (b), and unloaded thickness (c) of the ATA for the four treatment groups. Significant p-values from one-way ANOVA with
Tukey’s posthoc are shown. N = 3–6/group.

FIGURE 4. Material behavior from the cyclic pressurization protocol at the lowest constant axial stretch. Circumferential stress-
circumferential stretch (a), axial stress-circumferential stretch (b), and circumferential tangent modulus-pressure (c) for
experimental groups. Error bars are not shown for A and B for clarity and because stress and stretch values varied at each
pressure for each ATA. Statistical comparisons are made in C to the UNT group using one-way ANOVA with Tukey’s posthoc and
P-values < 0.05 are noted by *, �, �, for ELA, PGG + ELA, ELA + PGG, respectively. No significant differences were found
comparing UNT to PGG. N = 19 for UNT, N = 3–6/group for all others.
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behavior of the native mouse ATA and that it partially
ameliorates changes due to mild elastic fiber degrada-
tion associated with TAA.

Like the pressure-axial force behavior (Fig. 2b), the
differences in axial stress behavior (Fig. 4b) are mostly
the result are different applied axial stretch ratios
(Fig. 2d). However, increased axial stretch would
cause an increase in tangent modulus, exaggerating the
differences already observed in the ELA group
(Fig. 2c). Also, the ELA, PGG + ELA, and ELA +
PGG groups are all at the same axial stretch ratio and
so the axial stresses can be compared. The axial
stresses for the ELA treated groups show that even
though we did observe axial lengthening in all groups
(Fig. 3a), the axial stress behavior associated with de-
graded elastic fibers (ELA) is partially returned toward
UNT values with both preventative (PGG + ELA)
and restorative (ELA + PGG) PGG treatment.

Pairwise comparisons of the circumferential and
axial stresses and tangent modulus for each ATA at
75 mmHg are presented in Supp. Fig. 2.

Constitutive Modeling

The HGO constitutive model was fitted to the
experimental data to evaluate goodness of fit, to pre-
dict contributions of the isotropic and anisotropic
components, and to compare groups under consistent
loading conditions. Representative fits are shown in
Supp. Fig. 3. The model fits the UNT and PGG
groups well (R2 = 0.84 ± 0.03 and 0.88 ± 0.02,
respectively) (Fig. 5a). R2 for the ELA group is only
0.44 ± 0.03, indicating that the effects of elastic fiber
degradation are severe enough that the mechanical
behavior can no longer be well-described by a com-
monly used arterial constitutive model. R2 in the
PGG + ELA and ELA + PGG groups is signifi-
cantly reduced compared to UNT and PGG and sig-
nificantly increased compared to ELA, but is not
significantly different between groups (average
R2 = 0.66 ± 0.08 for both groups). The differences in
R2 with either preventative or restorative PGG treat-
ment compared to ELA indicate that the changes in
mechanical behavior associated with elastic fiber
degradation are ameliorated enough by PGG that a
commonly used arterial constitutive model can better
approximate the behavior.

The parameter (c1) for the isotropic, neo-Hookean
term, typically associated with elastic fibers in the
arterial wall,18 is not significantly different between
UNT and PGG groups (average c1 = 21.4 ± 3.0 kPa
for both groups), but is significantly different between
UNT/PGG and all ELA treated groups (Fig. 5b). The
ELA treated groups are not significantly different from
each other and the average c1 = 0.21 ± 0.38 kPa, or

essentially zero, indicating no contribution from the
isotropic, neo-Hookean component. The parameters
associated with the anisotropic, exponential fibers,
typically associated with collagen fibers in the arterial
wall,18 are difficult to compare directly (Figs. 5c–5f).
However, the ratio of c2

c3
gives an estimate of the relative

nonlinearity of the behavior, with a lower ratio indi-
cating more nonlinear behavior. The ratio (Fig. 5f) is
77% higher in UNT compared to ELA groups, with no
significant differences between UNT and all other
groups, indicating the nonlinear behavior induced by
mild elastic fiber degradation and the partial amelio-
ration of this behavior with PGG treatment. The angle,
a, represents the angle of the fibers in the unloaded
configuration with respect to the circumferential
direction. The angle is increased from 38� in UNT to
44� in PGG + ELA (Fig. 5e), indicating that the
PGG + ELA treatment may affect ATA anisotropy.
Pairwise comparisons of the fitted parameters for each
ATA are presented in Supp. Fig. 4.

To illustrate changes in nonlinearity and anisotropy,
we applied a theoretical equibiaxial stretch of 1.0–2.0
to representative ATAs with parameters near the mean
of each group and calculated the stored strain energy,
stresses, and incremental moduli as a function of
stretch (Fig. 6). All curves show the similarity of the
UNT and PGG behavior, the increased nonlinearity of
the ELA behavior and the partial rescue of the non-
linearity with PGG treatment. In particular, the
amount of stored strain energy in the ELA group is
low in the physiologic stretch range of 1.4–1.8
(Fig. 6b), indicating the lack of aortic elasticity with
fragmented elastic fibers. The UNT, PGG, and ELA
groups are more anisotropic, with increased circum-
ferential moduli compared to axial (Figs. 6e and 6f),
while the PGG + ELA and ELA + PGG groups are
more isotropic, consistent with the variation in fitted
fiber angles (Fig. 5e). The PGG + ELA and ELA +
PGG groups are more similar to UNT in the circum-
ferential direction, but to ELA in the axial direction
(Figs. 6b–6f), indicating that the treatment is more
effective at ameliorating circumferential changes than
axial, as supported by the changes in length ratio
(Fig. 3a) and unloaded diameter (Fig. 3b). Note that
the experimental axial stretch ratios for the ELA,
PGG + ELA, and ELA + PGG groups were only
1.0–1.2, so caution must be taken in interpreting these
curves at the higher axial stretch values.

Extracellular Matrix Structure

Cross-sections of the treated ATAs were imaged to
qualitatively compare changes in the extracellular
matrix structure (Fig. 7) that may explain differences
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in mechanical behavior. In the UNT group, nearly
straight layers of elastic fibers (elastic lamina) are
observed in the medial (middle) layer of the wall, with
wavy collagen fibers visible in the adventitial (outer)
layer of the wall (Fig. 7a). In the ELA and ELA +
PGG groups, there appears to be dissociation of the
elastic and collagen fiber layers at the medial-adventi-
tial border (Figs. 7c and 7e). There is buckling of these
regions which is not expected, since the ATAs were
fixed at 100 mmHg. The buckling may play a role in

the highly nonlinear circumferential mechanical
behavior observed in the ELA and to some extent the
ELA + PGG groups. The dissociation and buckling is
less severe in the ELA + PGG group compared to
ELA, suggesting that restorative PGG treatment can
partially prevent this behavior. The dissociation and
buckling is not apparent in the PGG + ELA group
(Fig. 7d), suggesting that preventative PGG treatment
can block this behavior.

FIGURE 5. Fitting of the HGO constitutive model. Goodness of fit (R2) (a), isotropic constant (c1) (b), anisotropic constants (c2, c3),
fiber angle (a), and ratio of anisotropic constants (c2/c3) are shown. Significant p-values from one-way ANOVA with Tukey’s
posthoc are shown. N = 19 for UNT, N = 3–6/group for all others.
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While all elastic lamina have regions where they
appear to adhere to or merge with other layers, there
appear to be more elastic lamina adhesions in the PGG
treated groups (Figs. 7b, 7d and 7e) compared to
others. While the elastic lamina adhesions do not ap-
pear to affect the mechanical behavior of the PGG
group, they may play a role in preventing mechanical
changes associated with elastic fiber fragmentation in
the PGG + ELA and ELA + PGG groups. PGG
binds hydrophobic regions of extracellular matrix
proteins,29 including elastin and collagen, which may
explain the physical characteristics of PGG preventing
elastic and collagen fiber dissociation and facilitating
elastic lamina adhesions.

The en face images, which show the internal elastic
lamina, also have differences specific to each treatment
group (Fig. 8). ATAs treated with ELA show large
gaps or holes in the elastic fiber structure (Figs. 8c, 8d,
and e) that are different from fenestrations, which are

small round holes present in the internal elastic lamina.
The structural gaps in the internal elastic lamina are
quantified by histograms that display the area of the
holes. The histograms all have a main peak at 10 lm2,
near the expected area of the fenestrations,26 but the
ELA treated groups have additional holes with larger
areas (60–170 lm2). No artifacts specific to PGG
treatment can be seen in the en face images.

DISCUSSION

Previous work focused on the use of PGG to pre-
vent elastic fiber degradation and dilation in animal
models of AAA.9,28,32,35 Here, we present an in vitro
mouse model of ATA dilation due to enzymatic
degradation of the elastic fibers and amelioration of
the associated changes in mechanical behavior by PGG
treatment. We found that preventative treatment with

FIGURE 6. Comparison of representative samples under identical loading protocols. Equibiaxial tests from 1.0 to 2.0 stretch were
simulated using fitted parameters (a) for representative samples in each group. Stored strain energy (b), circumferential (c), and
axial (d) stress and circumferential (e) and axial (f) incremental moduli are shown as a function of stretch.

FIGURE 7. Multiphoton images of ATA cross-sections: UNT (a), PGG (b), ELA (c), PGG + ELA (d), and ELA + PGG (e). Elastin is
shown in green, collagen in red. Arrows point to laminae adhesions and asterisks identify separation and buckling of the
collagenous adventitia. Scale bar = 50 lm.
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PGG + ELA, before enzymatic digestion with elas-
tase, best matched our UNT ATAs for most mechan-
ical parameters. However, restorative treatment with
ELA + PGG, after enzymatic digestion with elastase,
prevented some changes, including the diameter in-
crease in the unloaded condition and the large decrease
in goodness of fit for a traditional arterial strain energy
function. Our results provide motivation for further
investigating the ability of PGG to prevent or restore
mechanical changes in TAAs associated with elastic
fiber fragmentation.

Relevance of In Vitro Studies

Other groups investigated in vivo PGG treatment for
different animal models of AAA. Isenburg et al.22

showed that periadventitial 0.3% PGG treatment
prevented and reversed elastic fiber degradation and
diameter dilation in a rat CaCl2 AAA model. Schack
et al.31 showed that elastic fiber integrity was preserved
and diameter dilation was prevented in a rat elastase
AAA model, but only when 0.6 mg/mL PGG was
delivered for 15 min intraluminally and not through a
drug-eluting stent. Delivery of PGG encapsulated in
nanoparticles coated with an antibody to degraded
elastin reversed elastic fiber degradation, diameter
dilation, and decreases in circumferential strain in
mouse elastase9 and LDLR2/2 Ang II35 AAA models.
However, Anderson et al.2 found that periadventitial
0.3% PGG treatment did not prevent diameter dilation
in elastase or CaCl2 mouse AAA models, but did
partially restore circumferential strain. In these in vivo
studies, elastic fiber stabilization and additional effects
of PGG, including reduced matrix metalloproteinase
production, macrophage infiltration, and/or TGF-b1
activity,9,22,35 may be differentially affected by the

aneurysm model and PGG delivery mode. Controlled
in vitro studies are needed to isolate effects of PGG on
specific factors that contribute to aneurysm progres-
sion, such as degraded elastic fibers.

Importance of TAA-Specific Investigations

We previously investigated in vitro preventative
PGG treatment for mouse carotid arteries after elas-
tase exposure.30 There were two main differences
between the results for our carotid and ATA studies:
(1) PGG did not prevent or reverse the lengthening
observed with ELA treatment in the ATA (Fig. 3a)
and (2) PGG did not affect the pressure-diameter
(Fig. 2a) or -compliance (Fig. 2c) behavior compared
to UNT in the ATA. There are differences in the
amounts of elastin and collagen in the wall13 and the
in vivo stretch34 of ATAs compared to carotids that
may explain these results. We also used a milder
treatment protocol for the elastase digestion and PGG
protection for the ATA studies, with application only
to the lumen of the artery, rather than in the sur-
rounding fluid. As PGG binds to collagen, as well as
elastin,29 the intraluminal delivery, different from
previous whole artery submersion, may have prevented
the stiffening that we previously observed with PGG
treated carotids. PGG is approximately 1 kDa and
solute flux through the ATA wall is expected under our
experimental conditions,8 however PGG would be less
concentrated at the adventitial (outer) surface com-
pared to the intimal (inner) surface after 7 min of
luminal exposure.

Patnaik et al.29 found that restorative PGG treat-
ment was effective at reversing some of the mechanical
effects associated with ELA treatment in in vitro
studies of the pig abdominal aorta. However, there are

FIGURE 8. Multiphoton images of ATA en face sections with a maximum projection of the internal elastic lamina: UNT (a), PGG
(b), ELA (c), PGG + ELA (d), and ELA + PGG (e). Elastin is shown in green. Red arrows point to fenestrations in the laminae and
white arrows point to larger breaks. Scale bar = 20 lm. Histograms of the measured areas of each IEL hole (fenestration or larger
break) are shown below each image (a¢–e¢) (N = 3 images quantified/group).
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reduced amounts of elastin in the abdominal aorta
compared to the ATA13 and the association of genetic
mutations in elastic fiber genes with aneurysm forma-
tion is specific to the thoracic aorta.12,24 Hence, TAA-
specific models are needed to evaluate the potential of
PGG as a treatment option. Although ELA treatment
is a crude model of TAA, it has been informative in
comparing aortic mechanical changes associated with
genetic models of TAA5 and allows well-controlled
in vitro conditions to evaluate PGG effects.

Preventative vs. Restorative PGG Treatment

Our results for an in vitro mouse elastase TAA
model indicate that preventative PGG treatment is
more effective than restorative PGG treatment in
maintaining mechanical behavior near UNT and dif-
ferent from ELA (Figs. 2, 5). As there are no live cells
in our study to repair or regenerate extracellular matrix
after ELA + PGG treatment, we believe that the
restorative behavior is caused by preventing additional
damage that occurs after treatment. We speculate that
in our protocol, ELA treatment at the minimum axial
stretch and 100 mmHg degrades some elastic fibers
and connections between extracellular matrix fibers
and that subsequent PGG treatment prevents addi-
tional degradation that occurs over time or with re-
peated mechanical testing cycles. This is supported by
the differences in collagen and elastic fiber buckling
and elastic laminae adhesions in the cross-sectional
images in Fig. 7. These results suggest that mechanical
stabilization of extracellular matrix alone, without the
additional expected beneficial effects of PGG
in vivo,9,22,35 may be effective at slowing or preventing
TAA dilation. As TAAs can be linked to genetic
mutations that may be diagnosed by family history
before significant aortic dilation occurs,12 preventative
or early restorative PGG treatment to stabilize elastic
fibers may be a viable clinical care strategy.

PGG Effects on Biaxial Mechanical Behavior

In vivo, the ATA is deformed biaxially, with signifi-
cant circumferential strain due to blood pressure and
axial strain due to motion of the heart.4 In the current
study, we investigated ATA biaxial mechanical behav-
ior, rather than circumferential behavior only as we did
for carotids,30 which is critical to mimic the in vivoATA
environment. Biaxial mechanical data at the lowest
constant axial stretch (Fig. 4) and simulated equibiaxial
stretch data using material parameters from represen-
tativeATAs (Fig. 6) demonstrate that PGG treatment is
more effective at maintaining mechanical behavior near
UNT and different from ELA in the circumferential
compared to the axial direction. Restoration of the cir-

cumferential mechanical behavior with PGG treatment
is consistent with previous studies on mouse carotids,30

mouse abdominal aorta,35 and pig abdominal aorta.29

To our knowledge, Patnaik et al.29 is the only group that
performed biaxial mechanical testing in an aneurysm
model with PGG treatment and they also found PGG to
be more effective at restoring circumferential, rather
than axial, mechanical behavior. Our interpretation of
the axial mechanical behavior is hampered by the lim-
ited axial stretch that we could apply experimentally to
the ELA treated groups. However, the changes in axial
mechanical behavior should be considered and further
investigated as theymay contribute to arterial tortuosity
that is a known characteristic and possible risk factor in
some genetic TAAs.27

Limitations

Our mechanical characterization was limited by
assuming the unloaded dimensions of the UNT ATAs,
rather than measuring these values directly, and by the
reduced range of experimental axial stretch values
possible in the ELA treated groups. Our study used an
in vitro TAA model and PGG delivery, rather than a
more clinically relevant in vivo model. Possible in vivo
PGG delivery methods include nanoparticles targeted
to degraded elastin,9,35 drug-eluting stents,31 and
weeping balloons.32 In vivo chemically-induced TAA
models in mice include elastase application to the
thoracic aorta23 and various combinations of b-
aminoproprionitrile (BAPN), which inhibits elastin
and collagen crosslinking, with AngII, which induces
hypertension and an inflammatory response.37 Genetic
mouse models of TAA are also available12 that do not
require chemical interventions and may more closely
represent the human disease process. Our in vitro
studies focused on passive mechanical and structural
changes in the ATA associated with elastic fiber
degradation and restoration or prevention by PGG
treatment. Hence, we did not take advantage of addi-
tional beneficial aspects of PGG treatment on viable
aortic wall cells that have been previously observed,
such as reduced matrix metalloproteinase production,
macrophage infiltration, and/or TGF-b1 activity.9,22,35

As TAA and AAA have known differences in causes,
progression, and clinical outcomes that have been
linked to these pathways, additional in vivo studies to
evaluate these effects are needed.

CONCLUSIONS AND FUTURE STUDIES

PGG efficacy in ameliorating dilation and mechan-
ical changes associated with elastic fiber degradation
and aneurysms depends on the artery investigated,
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aneurysm model, PGG delivery method, and direction
of mechanical loading. Our study on ATA biaxial
mechanical behavior and wall structure with in vitro
intraluminal delivery of PGG in a mouse elastase
model of TAA is an important addition to the body of
work investigating the efficacy of PGG for aneurysm
treatment. Future work should include in vivo PGG
delivery methods to investigate its efficacy in prevent-
ing and restoring aortic dilation associated with elastic
fiber degradation and other mechanisms of aneurysm
progression in mouse models of genetic TAA.
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