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Effects of Increased Arterial
Stiffness on Atherosclerotic
Plaque Amounts
Increased arterial stiffness is associated with atherosclerosis in humans, but there have
been limited animal studies investigating the relationship between these factors. We bred
elastin wildtype (Elnþ/þ) and heterozygous (Elnþ/�) mice to apolipoprotein E wildtype
(Apoeþ/þ) and knockout (Apoe�/�) mice and fed them normal diet (ND) or Western diet
(WD) for 12 weeks. Elnþ/� mice have increased arterial stiffness. Apoe�/� mice develop
atherosclerosis on ND that is accelerated by WD. It has been reported that Apoe�/� mice
have increased arterial stiffness and that the increased stiffness may play a role in athe-
rosclerotic plaque progression. We found that Elnþ/þApoe�/� arterial stiffness is similar
to Elnþ/þApoeþ/þ mice at physiologic pressures, suggesting that changes in stiffness
do not play a role in atherosclerotic plaque progression in Apoe�/� mice. We
found that Elnþ/�Apoe�/� mice have increased structural arterial stiffness compared to
Elnþ/þApoe�/� mice, but they only have increased amounts of ascending aortic plaque
on ND, not WD. The results suggest a change in atherosclerosis progression but not end
stage disease in Elnþ/�Apoe�/� mice due to increased arterial stiffness. Possible contrib-
uting factors include increased blood pressure and changes in circulating levels of
interleukin-6 (IL6) and transforming growth factor beta 1 (TGF-b1) that are also associ-
ated with Elnþ/� genotype. [DOI: 10.1115/1.4039175]

Keywords: elastin, atherosclerosis, compliance, vascular mechanics

Introduction

Increased arterial stiffness is a risk factor for atherosclerosis.
Increased arterial stiffness, as measured by pulse wave velocity
(PWV), is associated with coronary artery disease, peripheral
artery disease, and atherosclerotic vascular damage [1]. PWV is
related to the material stiffness of the vascular wall, as well as the
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internal radius and wall thickness, hence it is a measure of struc-
tural stiffness [2]. Increased PWV changes the interaction of
reflected waves within the circulatory system leading to altera-
tions in shear stress patterns. Prolonged oscillatory shear stress
induces endothelial cell expression of adhesion and inflammatory
molecules [3]. Altered structural stiffness can affect the mechani-
cal stress and stretch experienced by vascular wall cells. Cellular
responses to different levels of cyclic stretch include production
of reactive oxygen species, kinase and transcription factor activa-
tion, cytoskeletal changes, and enhanced metabolism [4]. In vitro,
smooth muscle cell phenotype depends on the material stiffness of
the underlying substrate [5]. Changes in cellular phenotype and
signaling likely converge and contribute to changes in atheroscle-
rosis susceptibility associated with increased arterial stiffness.

Apolipoprotein E knockout (Apoe�/�) mice develop spontane-
ous atherosclerosis on normal diet (ND) [6] that is accelerated
with Western diet (WD) [7] and are the most extensively studied
animal model of atherosclerosis. Agianniotis and Stergiopulos [8]
demonstrated increased structural and material stiffness of
contracted and relaxed Apoe�/� thoracic aorta in vitro for 10–12-
week-old mice on ND. However, Cilla et al. [9] showed no differ-
ences in passive structural or material stiffness of the entire aorta
in situ for Apoe�/� compared to Apoeþ/þ mice on ND for 10–40
weeks. Differences between the two studies could be due to differ-
ences in arterial segments investigated, in vitro versus in situ
methods, or smooth muscle activation state. The first goal of our
study is to quantify passive structural and material arterial stiff-
ness in Apoe�/� and Apoeþ/þ mice on ND and WD to determine
if a predisposition to increased stiffness may play a role in athero-
sclerotic lesion formation. We chose to examine left common
carotid arteries, as they are amenable to in vitro pressure-diameter
studies and do not develop extensive plaques at the early stages of
atherosclerotic disease in Apoe�/� mice [10], so mechanical meas-
urements are not confounded by the stiffness of plaques attached
to the arterial wall.

Arterial stiffness in mice can be altered by genetic modification
of extracellular matrix components. Elastin haploinsufficient
(Elnþ/�) mice have reduced elastin amounts and increased struc-
tural arterial stiffness [11,12]. Elastic lamellae in the Elnþ/� arte-
rial wall are thinner than Elnþ/þ, but are not fragmented or
degraded [13]. The second goal of our study is to significantly
increase arterial stiffness of Apoe�/� mice by crossing them with
Elnþ/� mice and quantify atherosclerotic plaque amounts to
investigate the role of arterial stiffness in atherosclerotic disease.
We put Elnþ/þApoeþ/þ, Elnþ/þApoe�/�, Elnþ/�Apoeþ/þ, and
Elnþ/�Apoe�/� mice on ND or WD for 12 weeks and performed
in vitro pressure-diameter tests on the carotid artery to determine
structural and material stiffnesses. We quantified aortic valve and

ascending aorta plaque amounts, serum cholesterol, blood pres-
sure, and examined arterial wall structure. For the Apoe�/� group,
we also measured serum cytokine levels. Our results suggest that
arterial stiffness is not altered by the lack of Apoe expression and
that increased structural stiffness due to elastin haploinsufficiency,
in addition to contributing factors such as hypertension and altered
levels of circulating cytokines, may alter the progression of athe-
rosclerotic plaque accumulation.

Materials and Methods

Mice. Apoe�/� mice were purchased from The Jackson Labora-
tory (#002052, Bar Harbor, ME) and bred with Elnþ/� mice [14].
Siblings were mated to obtain male Elnþ/þApoeþ/þ, Elnþ/

þApoe�/�, Elnþ/�Apoeþ/þ, and Elnþ/�Apoe�/� mice. Males were
used for comparison to the previous studies on Elnþ/� [11,12] and
Elnþ/�Ldlr�/� (low density lipoprotein (LDL) receptor) mice [13]
and to eliminate sex as an independent variable. All mice with
Eln�/� genotype die at birth and were not included in the study
[14]. Mice were weaned at three weeks of age, provided with ND
(5% fat, 0% cholesterol) or WD (20% fat, 0.15% cholesterol)
from TestDiet (AIN-76A, St. Louis, MO) for 12 weeks, and then
sacrificed. A total of 97 mice were used for the study. All proto-
cols were approved by the Institutional Animal Care and Use
Committee.

Blood Pressure, Blood Chemistry, and Tissue Collection.
Mice were anesthetized with 2% isoflurane and arterial blood
pressure was measured with a solid-state catheter (Transonic,
Ithaca, NY). Whole blood was collected by cardiac puncture.
Serum was separated and stored at �80 �C until analyzed for lipid
levels by Advanced Veterinary Laboratory (St. Louis, MO) or for
cytokine levels by the Immunomonitoring Laboratory at Washing-
ton University (St. Louis, MO). Levels of inflammatory proteins
(V-PLEX Proinflammatory Panel 1, mouse) and transforming
growth factor beta 1 (TGF-b1) (Human, cross-reacts with mouse)
were measured using electrochemiluminescence immunoassays
(Mesoscale Discovery, Rockville, MD). The numbers of animals
in each group for blood pressure and serum measurements are
listed in Tables 1–3. The proximal section of the heart was
removed and frozen at �80 �C in Tissue Tek OCT for sectioning
of the aortic root (N¼ 9 Elnþ/þApoe�/� ND, 8 Elnþ/þApoe�/�

WD; 9 Elnþ/�Apoe�/� ND; 8 Elnþ/�Apoe�/� WD; 9
Elnþ/þApoeþ/þ ND; 9 Elnþ/þApoeþ/þ WD; 9 Elnþ/�Apoeþ/þ

ND; and 6 Elnþ/�Apoeþ/þ WD). The entire aorta from the base to
the iliac bifurcation was removed and fixed for en face plaque
analysis (N¼ 8 Elnþ/þApoe�/� ND, 8 Elnþ/þApoe�/� WD;

Table 1 Blood pressure was measured under anesthesia using a solid-state catheter. Eln1/2 mice have increased systolic and
pulse pressures. P values are from three-way ANOVA for diet, Apoe genotype, Eln genotype, and all interactions between inde-
pendent variables. Only significant interactions are listed. Significant p values (< 0.05) are shown in italics. N is the number of ani-
mals in each group.

Blood pressure (mmHg)

Diet Apoe Eln Sys Dias Pulse HR (bpm) N

ND Apoeþ/þ Elnþ/þ 113611 7867 3465 553646 10
Elnþ/� 119610 7667 4368 527638 11

Apoe�/� Elnþ/þ 10666 7564 3363 535645 10
Elnþ/� 127611 8368 4567 521634 10

WD Apoeþ/þ Elnþ/þ 11667 7965 3564 550646 12
Elnþ/� 123613 7867 46610 514655 10

Apoe�/� Elnþ/þ 123611 87611 3663 524664 10
Elnþ/� 124613 78610 4569 463653 11

P value diet 0.035 0.137 0.169 0.044
Apoe 0.256 0.091 0.974 0.019
Eln < .001 0.448 <.001 0.002

interactions Eln x Diet (.045) Eln x Diet (.017)
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8 Elnþ/�Apoe�/� ND; 7 Elnþ/�Apoe�/� WD; 4 Elnþ/þApoeþ/þ

ND, 5 Elnþ/þApoeþ/þ WD; 4 Elnþ/�Apoeþ/þ ND; and 4
Elnþ/�Apoeþ/þ WD). The left common carotid artery was
removed and stored at 4 �C for up to three days in physiologic
saline before mechanical testing [15] (N¼ 8 Elnþ/þApoe�/� ND,
7 Elnþ/þApoe�/� WD; 5 Elnþ/�Apoe�/� ND; 7 Elnþ/�Apoe�/�

WD; 6 Elnþ/þApoeþ/þ ND, 7 Elnþ/þApoeþ/þ WD; 6
Elnþ/�Apoeþ/þ ND; and 6 Elnþ/�Apoeþ/þWD).

Mechanical Testing. Before removing the heart or any
arteries, the mouse was placed in the supine position with the
head tilted back for access to the carotid arteries in the neck.
Small particles of activated charcoal were placed on the superior
and inferior end of the left common carotid artery. Images were
taken before and after dissection, and the in vivo axial stretch
was determined by comparing the centerline distance between
particles at each end of the artery. Some Elnþ/�Apoeþ/þ and
Elnþ/�Apoe�/� carotid arteries were tortuous upon removal [12].
For tortuous arteries, we attempted to keep the artery in a single
plane during imaging and the centerline of the artery was traced
along the tortuous path for length measurements. The carotid
artery was then mounted at its in vivo axial stretch ratio in a pres-
sure myograph (110P, DMT-USA, Ann Arbor, MI) in physiologic
saline solution at 37 �C. Arteries were inflated from 0 to
175 mmHg in steps of 25 mmHg (12 s/step), while pressure (P)
and loaded outer diameter (do) were recorded at 1 Hz [12].

Histology. After mechanical testing, the carotid artery was
fixed in 10% neutral buffered formalin overnight, dehydrated in a
graded series of ethanol, embedded in paraffin, sectioned, stained

with hematoxylin and eosin (H&E), Verhoeff Van Gieson (VVG),
or picrosirius red (PSR), and imaged. Outer and inner wall boun-
daries of the unloaded artery sections were traced on H&E images
(Fig. 2(a)) and fitted with ellipses using IMAGE J software (NIH,
Bethesda, MD). The equivalent circular outer (Do) and inner
diameters (Di) were determined assuming a constant area. Meas-
ured unloaded dimensions were scaled by 110% to account for
shrinkage during histological processing [16].

Data Analyses. The loaded inner diameter of the carotid artery
(di) was calculated from the loaded outer diameter, axial stretch
ratio, and the unloaded dimensions by incompressibility. The
average circumferential stretch (kh) was calculated by

kh ¼
di þ do

Di þ Do
(1)

The average circumferential Cauchy stress (rh) was calculated by
[17]

rh ¼
Pdi

do � di
(2)

To determine the outer diameter for any applied pressure, the
pressure-outer diameter data for one loading cycle were fit to Ref.
[18]

do ¼ a1 þ a2 1� exp �Pa3

a4

� �� �
(3)

Table 2 Cholesterol levels were measured from serum samples. Apoe2/2 mice on WD have increased total cholesterol, increased
LDL, decreased HDL, and no changes in triglycerides (tri). P values are from three-way ANOVA for diet, Apoe genotype, Eln geno-
type, and all interactions between independent variables. Only significant interactions are listed. Significant p values (< 0.05) are
shown in italics. N is the number of animals in each group.

Serum cholesterol (mg/dl)

Diet Apoe Eln Total Tri LDL HDL N

ND Apoeþ/þ Elnþ/þ 132614 66610 761 7166 6
Elnþ/� 125627 61612 562 69613 8

Apoe�/� Elnþ/þ 7806165 225694 67632 47612 8
Elnþ/- 7106134 179668 63627 41613 7

WD Apoeþ/þ Elnþ/þ 206677 73618 1164 104618 7
Elnþ/- 166650 69614 1063 99626 7

Apoe�/� Elnþ/þ 1122660 216675 6416293 2066 8
Elnþ/� 10886126 2546133 4226162 27615 7

P value diet < .001 0.301 <.001 0.317
Apoe < .001 < .001 < .001 < .001
Eln 0.177 0.834 0.091 0.933

interactions Apoe x Diet (< .001) Apoe x Diet (< .001) Apoe x Diet (< .001)

Table 3 Levels of inflammatory cytokines and TGF-b1 were measured from serum samples in Apoe2/2 mice. WD increases levels
of IL6, CXCL1, and TNF. Eln1/2 mice have increased levels of IL6 and decreased levels of TGF-b1. P values are from two-way
ANOVA for diet, Eln genotype, and the interaction between diet and Eln genotype. Significant p values (< 0.05) are shown in italics.
N is the number of animals in each group.

Inflammatory cytokines (pg/ml)

Diet Genotype IL6 IL10 CXCL1 TNF N TGF-b1 (ng/ml) N

ND Elnþ/þApoe�/� 37631 1764 72634 1468 7 76630 6
Elnþ/�Apoe�/� 65639 23624 54614 1162 5 47615 5

WD Elnþ/þApoe�/� 67658 2564 2836214 2568 6 54611 7
Elnþ/�Apoe�/� 1586106 2069 2106127 28612 4 40616 4

P value Diet 0.03 0.64 0.006 < 0.001 0.115
Eln 0.034 0.891 0.451 0.934 0.022

interactions 0.244 0.35 0.649 0.386 0.372
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where ai are constants determined by regression using MATLAB

software (Mathworks, Natick, MA). The mean R2 for Eq. (3) fitted
to the experimental data was 0.9560.01. To compare physiologic
values of different metrics, the measured blood pressures for each
animal were used along with the mechanical testing data to calcu-
late the systolic circumferential stress and stretch ratio, Peterson’s
modulus (Ep), and incremental Young’s modulus (Einc). Peter-
son’s modulus is a measure of structural stiffness that is often
used clinically [2]

EP ¼
di;diasðPsys � PdiasÞ

di;sys � di;dias

(4)

The incremental Young’s modulus is a measure of material stiff-
ness that linearizes the stress–strain curve in the physiologic pres-
sure range [2]

Einc ¼
di;diasdi;sysðPsys � PdiasÞ

ðdo;sys � di;sysÞðdi;sys � di;diasÞ
(5)

Plaque Quantification. For plaque quantification at the aortic
valve, frozen sections of the aortic root were stained with oil red
O in 60% isopropanol [19]. Images were taken of sections at
approximately 10 lm intervals. For each mouse, three images
with clear sections of the aortic valves were analyzed for total oil
red O positive pixels using MATLAB software and averaged. For en
face plaque quantification, the entire aorta was fixed in 10% neu-
tral buffered formalin overnight, stored in phosphate buffered
saline at 4 �C, then cut longitudinally and pinned to black wax in a
petri dish [20]. The aorta was stained with oil red O in propylene
glycol and imaged. As most of the plaque accumulates in the
ascending aorta after 12 weeks on WD [9], only plaque in the
ascending aortic region was quantified. The edges and positive oil
red O pixels in the ascending aorta were manually traced using
IMAGE J software. Plaque area was calculated as a percentage of
positive oil red O pixels over the ascending aortic surface area.

Statistics. The Shapiro Wilk test [21] was used to determine if
the data were normally distributed. All data passed the normality
test except for pulse pressure for Elnþ/þApoeþ/þ ND and Elnþ/

�Apoeþ/þ WD, heart rate for Elnþ/�Apoe�/� WD, and circumfer-
ential stretch ratio for Elnþ/þApoe�/� ND. As there was not one
specific group or measurement that violated the normality
assumption and analysis of variance (ANOVA) is relatively robust
to violations of normality [22], ANOVA was used to test for sta-
tistical differences for all data. Three-way ANOVA was used to
determine the effects of diet, Apoe genotype, Eln genotype, and
their interactions. Two-way ANOVA was used to determine the
effects of diet and Eln genotype and their interactions for serum
cytokine levels in Apoe�/� mice. As Eln genotype was the main
focus of the study, one-way ANOVA with Sidaks’s test for multi-
ple comparisons was used to investigate differences between Eln
genotypes for specific groups (i.e., Elnþ/þApoe�/� WD versus
Elnþ/� Apoe�/� WD). P< 0.05 was considered significant. All
statistical analyses were performed using SPSS Statistics (IBM,
Armonk, NY) or Prism (Graphpad, La Jolla, CA).

Results

Eln1/2 Carotid Arteries Have Altered Pressure-Diameter
Behavior and Reduced Axial Stretch. The in vivo axial stretch
ratio of the carotid arteries was measured by comparing lengths
before and after dissection. Overall, Elnþ/� arteries have 19%
smaller in vivo axial stretch ratios than Elnþ/þ (p< 0.001). Apoe
genotype and diet have no effect on the in vivo axial stretch ratio
and there are no interactions between independent variables.
By one-way ANOVA, there are significant differences between
Elnþ/� and Elnþ/þ arteries for each group (Fig. 1(a)). Carotid
arteries were mounted in the pressure myograph at the measured

in vivo axial stretch ratio and pressurized from 0–175 mmHg.
Overall, Elnþ/� arteries have 6–11% smaller diameters than
Elnþ/þ at all pressures (p¼< 0.001–0.003). Apoe�/� arteries are
4% smaller than Apoeþ/þ at 75 mmHg only (p¼ 0.03) (Figs. 1(b)
and 1(c)). Diet has no effect on arterial diameter and there are no
interactions between independent variables. These results show that
Eln genotype alters arterial pressure-diameter diameter behavior,
while Apoe genotype has minimal effects. The pressure-diameter
behavior is related to the structural stiffness of the arterial wall.

Fig. 1 In vivo axial stretch ratios (a) were measured by imaging
the carotid artery before and after dissection. Individual meas-
urements are shown with mean6SD. P values are from one-way
ANOVA for Eln genotype. Mean carotid artery pressure-
diameter curves from in vitro mechanical tests are shown for
mice on ND (b) or WD (c) for 12 weeks after weaning. Significant
effect of *Eln genotype or #Apoe genotype by three-way
ANOVA.

051007-4 / Vol. 140, MAY 2018 Transactions of the ASME



Carotid Artery Circumferential Cauchy Stress-Stretch
Behavior is Similar Across Groups. Images of H&E stained sec-
tions were analyzed to determine the unloaded diameter and thick-
ness of each carotid artery (Fig. 2(a)). On average, Elnþ/� arteries
have 10% smaller unloaded diameters than Elnþ/þ (p< 0.001).
Apoe genotype and diet have no effect on the unloaded diameter
and there are no interactions between independent variables. By
one-way ANOVA, there are significant differences between Elnþ/

�Apoe�/� WD and Elnþ/þApoe�/� WD unloaded diameters (Fig.
2(b)). Eln genotype, Apoe genotype, and diet have no significant
effects on unloaded thickness; however, there is a significant
interaction between Eln genotype and diet (p¼ 0.005). By one-
way ANOVA, there are significant differences in unloaded wall
thicknesses between Elnþ/�Apoeþ/þ ND and Elnþ/þApoeþ/þ ND
arteries (Fig. 2(c)). The unloaded dimensions and pressure-
diameter behavior were used to calculate the circumferential
Cauchy stress-stretch behavior, which is similar across groups
(Fig. 3). Therefore, changes in loaded pressure-diameter behavior
are balanced by changes in unloaded dimensions for Elnþ/�

arteries to provide circumferential Cauchy stress-stretch behavior
similar to Elnþ/þ arteries. We find no changes in circumferential
Cauchy stress-stretch behavior of the carotid artery due to Apoe
genotype or diet. The circumferential Cauchy stress-stretch behav-
ior is related to the material stiffness of the arterial wall.

Eln1/2 Mice Have Systolic Hypertension and Increased
Carotid Artery Structural Stiffness. To determine the physio-
logic pressure range for each group, we measured arterial pres-
sures under anesthesia using a solid-state catheter. On average,
Elnþ/� genotype increases systolic and pulse pressures, 8 and
30%, respectively, compared to Elnþ/þ (Table 1). Apoe genotype
has no effect on blood pressure. WD increases systolic blood pres-
sure 4%. There are interactions between Eln genotype and diet for
systolic and diastolic blood pressures. Eln genotype, Apoe geno-
type, and WD all decrease heart rate 4–5%. These results indicate
that Eln genotype is associated with isolated systolic hypertension
and increased pulse pressure.

Using the measured blood pressures for each mouse, we deter-
mined the circumferential stress and stretch at systolic pressure
and the structural (Ep) and material (Einc) stiffnesses in the
diastolic–systolic pressure range (Fig. 4). Overall, Elnþ/� carotid
arteries have 28% smaller systolic circumferential Cauchy stresses
(p¼ 0.001) and 29% larger Ep (p¼ 0.014) than Elnþ/þ, with no
significant differences in systolic circumferential stretch or Einc.
Apoe genotype and diet have no effects on systolic circumferential

Fig. 2 Inner and outer carotid artery boundaries were traced
on images of H&E stained sections to obtain unloaded dimen-
sions. Representative sections for four of the eight groups are
shown in (a). Scale bars 5 50 lm. Eln1/2 arteries have smaller
unloaded diameters (b) and thicknesses (c). P values are from
one-way ANOVA for Eln genotype. Results for three-way ANOVA
are given in the text. Individual measurements are shown with
mean6SD.

Fig. 3 Circumferential Cauchy stress-stretch relationships for
the carotid arteries were calculated from the pressure-diameter
behavior and the unloaded dimensions for each group on ND
(a) and WD (b). Mean6SD.
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Cauchy stress or stretch, Ep, or Einc, and there are no interactions
between independent variables. By one-way ANOVA, there are
significant differences between Elnþ/�Apoe�/� WD and Elnþ/þ

Apoe�/� WD for systolic circumferential Cauchy stress (Fig. 4(a))
and Elnþ/�Apoe�/� ND and Elnþ/þApoe�/� ND for Ep

(Fig. 4(c)). The differences in circumferential Cauchy stress high-
light the importance of comparing physiologic values in addition
to stress-stretch behavior. The differences in structural, but not
material stiffnesses, are consistent with coordinated changes in
unloaded dimensions and loaded pressure-diameter behavior for
Elnþ/� arteries.

Carotid Artery Wall Composition and Structure. To relate
the observed changes in mechanical behavior to changes in com-
position of the arterial wall, we stained sections of the carotid
artery for elastic VVG and collagen PSR fibers. Representative
sections from mice on WD are shown in Fig. 5. Arterial sections
for mice on ND are similar. Elnþ/� arteries have an increased
number of thinner elastic laminae across the wall, but there are no
obvious breaks in or fragmentation of the elastic laminae, as
shown previously [13,14]. In Elnþ/þ arteries, collagen fibers
clearly outline each elastic laminae. In Elnþ/� arteries, however,
the collagen staining is more diffuse across the laminae thickness.
The previous biochemical measurements showed that Elnþ/�

carotid arteries have 67% of the Elnþ/þ elastin amounts, with no
change in total collagen amounts [11]. There are no apparent dif-
ferences in wall composition between Apoeþ/þ and Apoe�/�

arteries, supporting the limited differences in mechanical behavior
observed as a result of Apoe genotype.

Atherosclerotic Plaque at the Aortic Root is Decreased, but
Plaque in the Ascending Aorta is Increased in Eln

1/2
Mice.

We compared plaque amounts from aortic root sections for each
group after 12 weeks of ND or WD to determine the effects of

increased structural stiffness in Elnþ/� arteries on atherosclerotic
plaque amounts. There are almost no detectable plaques at the
aortic root for mice on ND or for Apoeþ/þ mice (Fig. 6). By three-
way ANOVA, Eln genotype has no significant effect on plaque
amounts at the aortic root, while Apoe genotype and WD increase
plaque amounts by 6- and 20-fold, respectively (p <0.001 for
both). There are significant interactions between Apoe genotype
and diet, as expected. When each individual group is compared
using a one-way ANOVA for Eln genotype, there is a 105%
decrease in aortic root plaque amounts in Elnþ/�Apoe�/� WD
compared to Elnþ/þApoe�/� WD.

Fig. 4 Physiologic values of the systolic circumferential Cauchy stress (a), systolic circumfer-
ential stretch (b), structural stiffness (Ep) (c), and material stiffness (Einc) (d) for the carotid
artery were calculated using the mechanical test data and measured blood pressures. P values
are from one-way ANOVA for Eln genotype. Results for three-way ANOVA are given in the text.
Overall, Eln1/2 carotid arteries have smaller systolic circumferential Cauchy stresses and larger
Ep than Eln1/1. Individual measurements are shown with mean6SD.

Fig. 5 Representative carotid artery sections stained with VVG
(top) and PSR (bottom) for groups on WD. VVG stains elastic
fibers black, muscle brown, and collagen pink. PSR stains col-
lagen red on a pale yellow background. (Please refer to online
article for color figures.) Note the additional layer of elastic
fibers in Eln1/2 VVG images (white arrows) and the clear outline
of collagen fibers around the elastic fibers in Eln1/1 PSR
images (black arrows). Scale bars 5 10 lm.
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We also compared the percentage of the ascending aortic lumen
area covered in plaque from en face preparations. Only 1% of the
ascending aortic area has plaque in Elnþ/þApoe�/� mice on ND;
however, 8% of the ascending aortic area has plaque in Elnþ/

�Apoe�/� mice on ND (Fig. 7). After 12 weeks on WD, both
Elnþ/�Apoe�/� and Elnþ/þApoe�/� mice have 18% of the ascend-
ing aortic area covered in plaque. In the ascending aorta, Elnþ/�

mice have 45% more plaque overall than Elnþ/þ (p¼ 0.006);
Apoe�/� mice have 485% more plaque overall than Apoeþ/þ

(p< 0.001), and mice on WD have 191% more plaque overall
than mice on ND (p< 0.001) by three-way ANOVA. There are
interactions between Eln and Apoe genotype (p¼ 0.024), Eln
genotype and diet (p¼ 0.004), and Apoe genotype and diet
(p< 0.001). When each individual group is compared for Eln
genotype using a one-way ANOVA, there is a 581% increase in
ascending aortic plaque area in Elnþ/�Apoe�/� ND mice com-
pared to Elnþ/þApoe�/� ND.

Our results indicate that increased structural stiffness in Elnþ/�

arteries modulates plaque amounts in Apoe�/� mice in a vascular
location specific and diet-dependent manner. Since Apoe�/� mice
on ND represent an earlier stage of atherosclerotic disease than
Apoe�/� mice on WD [7], it is possible that Elnþ/� mice have an
altered disease progression compared to Elnþ/þ mice.

Alterations in Plaque Amounts are Not Due to Differences
in Serum Cholesterol Levels in Eln1/2 Mice. To see if altered
cholesterol levels due to elastin haploinsufficiency may cause
some of the changes in plaque amounts between groups, we meas-
ured serum levels of total cholesterol, triglyceride, LDL, and high
density lipoprotein (HDL) levels. Eln genotype does not have a
significant effect on any measures of cholesterol. Apoe�/� mice
have six-fold more total cholesterol, three-fold more triglycerides,
36-fold more LDL, and 2.5-fold less HDL than Apoeþ/þ

mice (Table 2). WD causes a 1.5-fold increase in total cholesterol
and a 7.6-fold increase in LDL compared to ND. There are interac-
tions between Apoe genotype and diet for total cholesterol, LDL,
and HDL. Apoe�/�mice on WD have the expected cholesterol pro-
files and Elnþ/� mice do not have any changes in cholesterol that
may account for the differences in atherosclerotic plaque amounts.

Altered Plaque Amounts in Eln
1/2

Apoe
2/2

Mice May be
Linked to Serum Level Changes in Interleukin-6 or Trans-
forming Growth Factor Beta 1. We further focused on Apoe�/�

mice to investigate biochemical mechanisms for modulation of
atherosclerotic plaque amounts by elastin haploinsufficiency. A
multiplex panel of inflammatory cytokines was used, but only
interleukin-6 (IL6), interleukin 10 (IL10), chemokine (C-X-C
motif) ligand 1 (CXCL1), and tumor necrosis factor (TNF) were
present in detectable levels in the mouse serum. The proinflamma-
tory cytokines [23], CXCL1 and TNF, are increased 290% and
120%, respectively, with WD, and are not affected by Eln geno-
type (Table 3). Levels of IL10 are not affected by diet or Eln
genotype. Levels of IL6 are increased 120% with WD and 120%
with Eln genotype. TGF-b1 levels were also measured in Apoe�/�

mice, as TGF-b1 is known to play a role in atherosclerosis forma-
tion [24]. Serum levels of TGF-b1 are decreased by 34% with Eln
genotype and are not affected by diet. There are no interactions
between diet and Eln genotype for any of the serum cytokine lev-
els. Increases in IL6 and decreases in TGF-b1 may alter athero-
sclerosis progression in Elnþ/�Apoe�/� mice.

Discussion

Our results support those of Cilla et al. [9] that show no differ-
ences in structural or material stiffness between Apoe�/� and
Apoeþ/þ arteries in young adult mice on ND. Cilla et al. [9] tested
the entire aorta in situ, while we tested the left common carotid
artery in vitro, demonstrating that similar results can be obtained
for different testing methods and artery segments. Differences
between our results and those of Agianniotis and Stergiopulos [8],
who found that Apoe�/� thoracic aorta has increased stiffness,
may be due to differences in vascular tone or to the higher axial
stretch ratios (1.6–2.0) used in their study. We performed our
experiments in the passive state, with no attempt to modulate arte-
rial tone, while they performed experiments with fully activated
or relaxed smooth muscle cells [8]. Huang et al. [25] found the
global aortic stretch ratio of mouse aorta to be 1.4. Wagenseil
et al. [12] showed that the pressure-diameter behavior of mouse
arteries is insensitive to changes in axial stretch at or below the

Fig. 6 Quantification of total plaque area at the aortic root (a). P value is from one-way ANOVA for Eln genotype. Results for
three-way ANOVA are given in the text. Individual measurements are shown with mean6SD. Representative images of Apoe2/2

aortic root sections stained with oil red O are shown in panels (b)–(e).
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in vivo value, but sensitive to changes above the in vivo value.
Apoe�/� aorta may be more sensitive to changes in the axial
stretch ratio than Apoeþ/þ. Bersi et al. [26] recently quantified
passive in vitro biaxial mechanical behavior of different arterial
segments of Apoe�/� mice. Although not directly compared to
Apoeþ/þ arteries, the mechanical parameters calculated at systolic
pressure, including circumferential and axial Cauchy stresses and
material stiffnesses, appear similar to the mechanical parameters
calculated for wild-type arteries in a different study by the same
laboratory [27].

Crossing Apoe�/� with Elnþ/� mice increases the structural
arterial stiffness and allows investigation into the role of arterial
stiffness in atherosclerotic disease. The increases in structural
arterial stiffness for Elnþ/� compared to Elnþ/þ mice are consist-
ent with the changes associated with increased atherosclerosis in
humans [28]. Despite the association between increased arterial
stiffness and atherosclerosis in humans, we found that atheroscler-
otic plaque amounts in Elnþ/�Apoe�/� mice at the aortic valve
were lower than and in the ascending aorta were similar to Elnþ/

þApoe�/� mice after 12 weeks on WD. However, we found that
plaque amounts in the ascending aorta were significantly
increased in Elnþ/�Apoe�/� mice compared to Elnþ/þApoe�/�

mice after 12 weeks on ND, suggesting that elastin haploinsuffi-
ciency alters atherosclerosis progression.

Our results confirm and extend the previous studies where we
found that Elnþ/� mice crossed with Ldlr�/� mice had similar or
reduced amounts of plaque in the aortic valve and ascending aorta
after 16 weeks on WD [13]. The time course of plaque develop-
ment and the response to ND and WD are different in Ldlr�/� and
Apoe�/� mice. Our two studies were designed so that we
could achieve approximately equivalent atherosclerotic lesions in
Ldlr�/� and Apoe�/� mice on WD (stage 3 [7]). Consequently,
the mice on ND were at very different stages of lesion formation,
with Ldlr�/� mice having no lesions and Apoe�/� mice having

lesions between stages 1 and 2. Based on the plaque increase in
Elnþ/� Apoe�/� ascending aorta on ND, but not WD, we propose
that increased structural arterial stiffness in Elnþ/� mice acceler-
ates atherosclerotic plaque accumulation in mice.

The previous animal studies have shown increased atheroscler-
otic plaques in models with increased arterial stiffness, but they
have not focused on early stages of atherosclerosis and many of
the models have alternative explanations for the differences in dis-
ease progression. For example, chronic infusion of angiotensin II
(Ang II) in Apoe�/� mice on ND leads to increased systolic blood
pressure, increased aortic stiffness, and increased plaque area
compared to vehicle treated mice [29]. Ang II promotes apoptosis,
fibrosis, and inflammation [30], all of which may contribute to
increased plaque area. Increased arterial stiffness in mice with a
mutation in the fibrillin-1 gene (C1039Gþ/�) crossed into the
Apoe�/� background and fed WD leads to higher plaque amounts
at the aortic root and increased plaque instability compared to
C1039Gþ/þApoe�/� mice [31]. Plaque rupture in C1039Gþ/�

Apoe�/� mice on WD is attributed to elastic fiber fragmentation
which causes the increase in arterial stiffness [32]. C1039Gþ/�

mice also have alterations in TGF-b signaling [33] that may affect
atherosclerosis progression [24]. Treating Apoe�/� mice on WD
with a collagen crosslink inhibitor, beta-aminopropionitrile,
decreases arterial stiffness and decreases atherosclerotic plaque
area [34]. However, preventing crosslinking of collagen during
plaque formation may limit the support matrix necessary for pla-
que accumulation.

Our study also offers several alternative explanations for the
increased plaque amounts in Elnþ/�Apoe�/� mice on ND, besides
increased structural arterial stiffness. One alternative explanation
is increased blood pressure. Increased blood pressure may be
caused by increased arterial stiffness [35] or by other mechanisms
such as increased peripheral resistance and activation of the renin-
angiotensin pathway [36]. Elnþ/� mice have alterations in

Fig. 7 Quantification of the percentage of the ascending aorta lumen area covered in plaque (a). P value is from one-way
ANOVA for Eln genotype. Results for three-way ANOVA are given in the text. Individual measurements are shown with
mean6SD. Representative images of Apoe2/2 ascending aorta en face preparations stained with oil red O are shown in panels
(b)–(e).
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resistance vessel structure and contractility [37] and increased
renin levels [11] that may contribute to changes in blood pressure
and atherosclerosis progression. Additionally, we found that TGF-
b1 levels in Elnþ/þApoe�/� mice are similar to those measured in
wild-type mice [38], but are reduced in Elnþ/�Apoe�/� mice. The
previous animal studies have shown relationships between
decreased TGF-b levels and accelerated atherosclerosis [24]. In
humans, circulating active TGF-b levels are negatively correlated
with coronary atherosclerosis [39].

The development and progression of atherosclerosis depend on
signaling of inflammatory molecules. IL6, CXCL1, and TNF are
proinflammatory molecules [23] that are upregulated with WD
and the resulting increased amounts of atherosclerotic plaque. IL6
is also upregulated in Elnþ/�Apoe�/� mice, independent of diet.
Increased IL6 may be a cause or consequence of the acceleration
of plaque accumulation in Elnþ/�Apoe�/� mice. IL6 levels in
humans positively correlate with coronary atherosclerosis [39].
IL6 expression is differentially regulated by cyclic stretch in vas-
cular smooth muscle and endothelial cells [40], so increased arte-
rial stiffness may lead to alterations in IL6 signaling. There is
extensive crosstalk between TGF-b and IL6 signaling [41], so
altered TGF-b1 levels in Elnþ/�Apoe�/� mice may also lead to
changes in IL6 levels. TGF-b can have anti- or proinflammatory
effects depending on the cellular context and presence of other
signaling molecules [42]. Additional work is needed to understand
how changes in circulating cytokines could mediate atheroscler-
otic plaque amounts in Elnþ/�Apoe�/� mice.

Regardless of the molecular mechanisms leading to increased
plaque amounts at early stages of atherosclerotic disease, we saw
reduced or similar amounts of plaque at later disease stages in
Elnþ/�Apoe�/� mice. At the aortic valve, there is a decrease in
plaque amounts in Elnþ/�Apoe�/� mice compared to Elnþ/þ

Apoe�/� on WD. There is also a reduction in carotid artery cir-
cumferential Cauchy stress in Elnþ/�Apoe�/� mice compared to
Elnþ/þApoe�/� on WD, mostly due to the reduction in systolic
inner diameter. The systolic inner diameter of the carotid artery
is 20% smaller in mice with Elnþ/� genotype compared to Elnþ/þ

in the current study (not shown), which is comparable to results
for the ascending aortic diameter at systole in Elnþ/� compared to
Elnþ/þ mice from in vivo ultrasound studies [43]. For similar car-
diac output values [43], the mean wall shear stress scales with the
1/radiuŝ3, so a 20% decrease in radius would lead to a 95%
increase in mean wall shear stress. Higher wall shear stresses may
be protective [44] against large amounts of atherosclerotic plaque
build-up at the Elnþ/� aortic root. However, the ascending aorta
was not protected from plaque formation in Elnþ/�Apoe�/� com-
pared to Elnþ/þApoe�/� mice on WD. Shear stress depends on
many factors besides inner diameter, including arterial curvature
and branching pattern, and blood flow rate and waveform shape
[45]. The curvature and branching angles are altered in Elnþ/�

arteries [43], and the blood flow rate and waveform shape are
affected by increased arterial stiffness. Computational models and
detailed experimental measurements are necessary to calculate
wall shear stress at different locations and determine whether
local shear stress is increased or decreased in Elnþ/� arteries.

Our results show that elastin haploinsufficiency increases
plaque amounts at early stages of atherosclerotic disease, but
does not increase plaque amounts at later disease stages. Elnþ/�

Apoe�/� mice have changes in structural stiffness and circumfer-
ential Cauchy stress in the carotid artery, increased blood pres-
sure, and alterations in circulating IL6 and TGF-b1 levels, that
lead to increased plaque amounts in the ascending aorta com-
pared to Elnþ/þApoe�/� mice on ND, but no increases in plaque
amounts in the ascending aorta on WD. It is likely that the
effects of altered arterial mechanics, blood pressure, and circu-
lating cytokine levels cannot be completely separated, but it is
possible that modulating one or several factors may alter athero-
sclerotic disease progression. Modulating arterial mechanics,
blood pressure, and/or circulating cytokine levels will be impor-
tant for managing atherosclerotic disease in humans with elastin

haploinsufficiency [14], essential hypertension [46], increased
arterial stiffness in aging [1], and extracellular matrix defects
that modulate TGF-b availability [47].

Limitations and Future Directions. Limitations of the current
study include the use of mouse models that do not precisely mimic
human atherosclerotic disease, the relatively short disease pro-
gression investigated at a single time point, and the lack of charac-
terization of plaque composition. There are likely differences in
atherosclerotic plaque progression, such as macrophage type and
localization and fibrous cap thickness, that depend on elastin hap-
loinsufficiency and were not captured in our gross examination of
plaque amounts. Future studies with more detailed plaque compo-
sition analyses, macrophage phenotypes, and a time course of dis-
ease progression could identify subtle differences between
genotypes. More detailed plaque analyses may also help identify
the cellular source of the alterations in circulating IL6 and TGF-
b1. We measured arterial stiffness in the carotid artery, but athero-
sclerotic plaque amounts at the aortic root and in the ascending
aorta. The previous work has shown consistent changes in arterial
mechanical behavior due to elastin haploinsufficiency in mice
[11,12], but additional mechanical measurements could be per-
formed at the plaque sites. In our previous study with Elnþ/�

Ldlr�/� mice, we measured arterial stiffness and plaque amounts
in the ascending aorta and found similar trends to the current
study for mice on WD [13]. We propose that increased structural
arterial stiffness is a factor that accelerates atherosclerotic plaque
accumulation in Elnþ/�Apoe�/� mice. Our hypothesis could be
further investigated using other genetic mouse models with
increased arterial stiffness.
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Nomenclature

Apoe ¼ Apolipoprotein E
CXCL1 ¼ chemokine (C-X-C motif) ligand 1

Eln ¼ elastin
Einc ¼ incremental Young’s modulus

Ep ¼ Peterson’s modulus
H&E ¼ hematoxylin and eosin
HDL ¼ high density lipoprotein

IL6 ¼ interleukin-6
IL10 ¼ interleukin-10
LDL ¼ low density lipoprotein

ND ¼ normal diet
PSR ¼ picrosirius red

PWV ¼ pulse wave velocity
TGF-b1 ¼ transforming growth factor beta 1

TNF ¼ tumor necrosis factor
VVG ¼ Verhoeff Van Gieson
WD ¼ western diet
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