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Staiculescu MC, Kim J, Mecham RP, Wagenseil JE. Mechanical
behavior and matrisome gene expression in the aneurysm-prone
thoracic aorta of newborn lysyl oxidase knockout mice. Am J Physiol
Heart Circ Physiol 313: H446–H456, 2017. First published May 26,
2017; doi:10.1152/ajpheart.00712.2016.—Mutations in lysyl oxidase
(LOX) are associated with thoracic aortic aneurysm and dissection
(TAAD). Mice that do not express Lox (Lox�/�) die soon after birth
and have 60% and 40% reductions in elastin- and collagen-specific
cross-links, respectively. LOX inactivation could also change the
expression of secreted factors, the structural matrix, and matrix-
associated proteins that constitute the aortic matrisome. We hypoth-
esized that absence of Lox will change the mechanical behavior of the
aortic wall because of reduced elastin and collagen cross-linking and
alter the expression levels of matrisome and smooth muscle cell
(SMC) genes in a vascular location-specific manner. Using fluores-
cence microscopy, pressure myography, and gene set enrichment
analysis, we visualized the microarchitecture, quantified the mechan-
ical behavior, and examined matrisome and SMC gene expression
from ascending aortas (AAs) and descending aortas (DAs) from
newborn Lox�/� and Lox�/� mice. Even though Lox�/� AAs and
DAs have fragmented elastic laminae and disorganized SMCs, the
unloaded outer diameter and wall thickness were similar to Lox�/�

AAs and DAs. Lox�/� AAs and DAs have altered opening angles,
circumferential stresses, and circumferential stretch ratios; however,
only Lox�/� AAs have increased pressurized diameters and tangent
moduli. Gene set enrichment analysis showed upregulation of the
extracellular matrix (ECM) regulator gene set in Lox�/� AAs and
DAs as well as differential expression of secreted factors, collagens,
ECM-affiliated proteins, ECM glycoproteins, and SMC cell cycle
gene sets that depend on the Lox genotype and vascular location.
These results provide insights into the local chemomechanical
changes induced by Lox inactivation that may be important for TAAD
pathogenesis.

NEW & NOTEWORTHY Absence of lysyl oxidase (Lox) causes
thoracic aortic aneurysms. The aortic mechanical behavior of Lox�/�

mice is consistent with reduced elastin and collagen cross-linking but
demonstrates vascular location-specific differences. Lox�/� aortas
show upregulation of matrix remodeling genes and location-specific
differential expression of other matrix and smooth muscle cell gene
sets.

matrisome; elastin; collagen; mechanics; gene array; aneurysm; dis-
section; tortuosity

LYSYL OXIDASE (LOX) is a copper-dependent enzyme that cross-
links elastin and collagen in the extracellular matrix (ECM).
LOX is part of an enzyme family with four additional mem-
bers: LOX-like 1–4 [LOXL1–4 (38)]. These enzymes share a
highly conserved carboxyl-terminal catalytic domain that in-
cludes the copper-binding site and a cytokine receptor-like
domain. In addition to their cross-linking activity, LOX and
LOXL enzymes can influence cell proliferation, chemotactic
responses, and epithelial-to-mesenchymal transition (29). Mice
that do not express lysyl oxidase (Lox�/�) have fragmented
elastic fibers in the arteries, lungs, and skin and die within a
few hours of birth with a ruptured diaphragm, impaired airway
development, and thoracic aortic aneurysm and dissection
(TAAD) (19, 31, 32). Recently, point mutations in LOX have
been linked to TAAD in humans (16, 27).

A hallmark of TAAD is medial degeneration, characterized
by loss or fragmentation of elastic fibers in the aortic wall (14).
Medial degeneration may be caused by accelerated degradation
of elastic fibers or by impaired elastic fiber assembly. Elastic
fiber assembly is a multistep process that incorporates tro-
poelastin (soluble elastin) into ever more complex structures
leading to mature elastic fibers. This process is coordinated by
LOX and a number of other ECM proteins, including fibrillins
and fibulins (44). Mutations in some of these critical elastic
fiber proteins, including LOX, fibrillin-1, and fibulin-4, are
associated with TAAD, whereas mutations in others, including
elastin and fibulin-5, are not (28). Early models of TAAD
pathogenesis focused on mechanical failure of the aortic wall
due to medial degeneration (28). Mechanical strength and
stiffness of the wall are critical for withstanding physiolog-
ical loads and for maintaining a normal smooth muscle cell
(SMC) phenotype (39). However, in addition to their struc-
tural role, ECM proteins regulate the availability of signal-
ing molecules in the extracellular environment. Contempo-
rary models of TAAD pathogenesis consider the ECM,
associated SMCs, and signaling molecules as an integrated
chemomechanical system (22).

The local chemomechanical environment of the vascular
wall can be defined by expression levels and amounts of
ECM-associated genes and proteins. The “matrisome” is a
collection of proteins that includes ECM core components (i.e.,
elastin and other glycoproteins, collagens, and proteoglycans)
and ECM-associated components (i.e., cross-linking enzymes,
growth factors, and proteases). Quantification of matrisome
proteins has been used to compare and contrast ECM compo-
sition in normal and malignant tissues (35) but has not been
applied to cardiovascular disease. Characterization of the local
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mechanical properties and matrisome signature of the aortic
wall in healthy and diseased states may uncover important
mechanisms of vascular pathologies, including TAAD. We
hypothesized that absence of LOX will change the mechanical
behavior of the aortic wall because of the lack of elastin and
collagen cross-linking and alter the expression levels of matri-
some and SMC phenotype genes because of modulation of cell
signaling in a vascular location-specific manner. We examined
the morphology, wall structure, mechanical behavior, and gene
expression of ascending and descending segments of the tho-
racic aorta in newborn Lox�/� and Lox�/� mice to determine
whether genotype- and vascular location-specific changes in
the chemomechanical environment may be linked to TAAD
pathogenesis.

MATERIALS AND METHODS

Animals and tissue collection. All animal protocols were approved
by the Institutional Animal Care and Use Committee. Lox�/� mice
were bred to produce Lox�/� and Lox�/� pups (19). Pups were used
within 24 h of birth and euthanized by CO2 inhalation. The thoracic
aorta was cut into two segments: 1) the ascending aorta (AA) from the
aortic valve to the left common carotid artery and 2) the descending
aorta (DA) from the ductus arteriosus to the diaphragm, to analyze
differences between vascular locations. The aortic segments were
used for morphology (n � 5–8 per group), fluorescence microscopy
(n � 3 per group), blood pressure measurement (n � 3–20 per group),
mechanical testing (n � 5–8 per group), gene array (n � 2 per group
of 8 pooled samples), and quantitative PCR (qPCR; n � 3 per group
of 8 pooled samples).

Morphology and fluorescence microscopy. To visualize thoracic
aortic morphology, yellow latex (Ward’s Natural Science) was in-
jected into the vascular tree, as previously described (13). Images
were taken with a digital camera mounted on a dissecting microscope.
To visualize aortic wall structure, frozen section preparation and
fluorescence staining were performed as previously described (26).
Alexa fluor 633 hydrazide (0.6 �M, Life Technologies) was used for
elastin staining (8, 40). CNA35 (kindly provided by Magnus Hook,
Texas A&M University) labeled with Oregon green 488 (Life Tech-
nologies) was used for collagen staining (5 �M) (24). Hoechst 34580
(5 �M, Life Technologies) was used for nuclear staining. Imaging
was performed using a Zeiss �40 oil-immersion lens (numerical
aperture: 1.3) on a Zeiss LSM 710 confocal microscope. Image
postprocessing and quantification were performed using ImageJ (Na-
tional Institutes of Health) and Zen (Zeiss). To quantify elastic fiber
integrity, the average circumferential length of the continuous elastic
lamina within a constant image area was measured as previously
described (9). To quantify cellular organization, the average nuclear
aspect ratio of all cells within a constant image area was calculated by
dividing the long-axis length by the short-axis length.

Blood pressure measurement. Left ventricular (LV) blood pressure
was measured as previously described (43). Pups were anesthetized
with 1.5% isoflurane and placed on a heating pad with additional
radiant heat to keep warm. A 30-gauge needle and tubing filled with
0.2% heparin sodium salt in PBS were connected to a fluid-filled
pressure transducer (Uniflow; Baxter). Under ultrasound guidance
(Vevo 2100, VisualSonics), the needle was advanced through apical
puncture into the LV chamber. After stable pressure data were
recorded, the needle was flushed, and the pressure data were recorded
again to confirm that there were no clots in the needle tip. Mean LV
pressure and heart rate were averaged over the stable range of pressure
data. Assuming that the LV diastolic pressure is zero, the reported
systolic LV pressure is double the measured mean pressure.

Mechanical testing and data analysis. Mechanical testing and data
analysis were performed as previously described (23). The in vivo
stretch ratio (IVSR) in the longitudinal direction was measured from

images of the aortic segments taken before and after dissection. The
aortic segments were stored in physiological saline solution (PSS) for
up to 3 days before mechanical testing (2). Mechanical tests were
performed on the aortic segments using a Myograph 110P (Danish
Myotechnology). The AA or DA was mounted in the myograph bath
on custom stainless steel cannulae, stretched longitudinally to its
approximate IVSR, and pressurized with PSS from 5 to 60 mmHg in
5-mmHg increments. After three preconditioning cycles, the lumen
pressure, outer diameter, and longitudinal force were recorded at 1 Hz
for three additional loading cycles. After mechanical testing, two to
three cross-sectional rings of 150–250 �m in length were cut and
imaged to determine the unloaded thickness and diameter. To deter-
mine residual strain, as measured by the opening angle, a single radial
cut was made in each ring, and images were acquired after a 5-min
equilibration period (7).

Pressure-outer diameter curves were fitted to the following equa-
tion:

do � a1 � a2�1 � exp��
Pa3

a4
�� (1)

where do is the outer diameter, P is the lumen pressure, and ai are
constants determined by regression in MATLAB (MathWorks) (12).
The compliance (CPi

) at each applied pressure was calculated as
follows:

CPi
�

�do

�P �P�Pi

(2)

Average circumferential stretch (��) was calculated as follows:

�� �
1

2� ri

Ri
�

ro

Ro
� (3)

where ri and ro are the loaded inner and outer radii, respectively, and
Ri and Ro are the unloaded inner and outer radii, respectively. Average
circumferential stress (	�) was calculated as follows:

�� �
Pri

ro � ri
(4)

Stress-stretch curves were fit to the following equation:

�� � b1 � b2 exp���
b3

b4
� (5)

where bi are constants determined by regression in MATLAB. The
tangent modulus (EPi

) at each applied pressure was calculated as
follows:

EPi
�

���

���
�

P�Pi

(6)

Gene expression analyses. Aortic segments were processed for
gene array analysis as previously described (23). Segments were flash
frozen in liquid nitrogen and stored at �80°C. Eight aortic segments
from each genotype were pooled together. RNA was isolated using the
RNAeasy Plus Mini Kit (Qiagen), and RNA purity was confirmed by
a measured ratio of absorbance at 260 and 280 nm between 1.8 and
2.0. For two pooled samples per group, the isolated RNA was further
processed by the Genome Technology Access Center (GTAC) at
Washington University for use with the Affymetrix Mouse Gene 2.0
array. Expression Console (Affymetrix) was used by GTAC for
quality control and to generate gene expression values with robust
multiarray analysis background correction, median polish summari-
zation, and quantile normalization. The array-control probe sets and
unknown genes were removed before statistical analysis. All gene
array data are accessible through series record GSE89227 at the
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National Center for Biotechnology Information Gene Expression
Omnibus.

To determine whether other genes from the Lox family are upregu-
lated to compensate for the absence of Lox, the changes in gene array
expression of Lox and Loxl1–4 for each vascular location and geno-
type were calculated relative to the expression level of Lox in Lox�/�

AAs or DAs. Results for Lox and Loxl1–4 gene expression were
confirmed by qPCR. For qPCR, isolated RNA from three pooled
samples per group was processed using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosciences). qPCR was performed on a
QuantStudio 12K machine (Applied Biosystems) with TaqMan Fast
Advanced Master Mix (Applied Biosystems). TaqMan Gene Expres-
sion Assays (Life Technologies) for Lox and Loxl1–4 were used for
primers, and all experiments were run in triplicate. The threshold
cycle (Ct) from each triplicate was averaged and normalized to the
average expression level of 
2-microglobulin (B2m), hypoxanthine
phosphoribosyl transferase 1 (Hprt), and cyclin-dependent kinase
inhibitor 1B (Cdkn1b).

To investigate the effects of Lox absence on the expression of many
genes that may act in concert, we performed gene set enrichment
analysis (GSEA) according to Subramanian et al. (41). Normalized
expressions for genes in the array were arranged into a list ranked
according to differential expression based on genotype (Lox�/� vs.
Lox�/�, regardless of vascular location) or by genotype and vascular
location (Lox�/� AA vs. Lox�/� AA and Lox�/� DA vs. Lox�/�

DA). The locations within the ranked list of genes making up subsets
that encode ECM core proteins, ECM-associated proteins (34), or
proteins specific to SMC phenotypes (25) were then determined. The
fraction of genes in a subset that match genes located at the top or
bottom of the ranked list, weighted by the fraction of genes not in the
subset and normalized by the size of subset, was used to calculate the
normalized enrichment score (NES). The NES value is high and
positive when genes in the subset are concentrated at the top of the
ranked list, high and negative when genes in the subset are concen-
trated at the bottom of the ranked list, and close to zero when genes
in the subset are randomly distributed in the ranked list. High, positive
NES indicates increased expression of a specific subset in Lox�/�

compared with Lox�/�, whereas high, negative NES indicates de-
creased expression of a specific subset in Lox�/� compared with
Lox�/�. The running enrichment score (ES) for each subset was
calculated up to a given position in the ranked list. The leading-edge
genes in a subset are those that appear before ES is maximal (for
positive NES) or after ES reaches a minimum (for negative NES). The
leading-edge genes contribute the most to the overall NES.

Statistical analyses. Prism (GraphPad) or SPSS (IBM) was used to
perform comparisons between groups using ordinary two-way
ANOVA with Tukey’s post hoc analysis for multiple comparisons or
unpaired, two-tailed Student’s t-test for comparison between two
groups. The sources of variation are reported as genotype, vascular
location, or combination of genotype � vascular location. Data are
shown as means � SE, and P � 0.05 was considered significant. For
GSEA, enrichment of a specific subset was considered significant at a
false discovery rate q value of �0.25 and nominal P value of �0.05.

RESULTS

Aortic abnormalities in Lox�/� mice. The gross morphology
of the thoracic aorta was evaluated by injecting a latex-based
dye into the arterial tree. All Lox�/� mice exhibited tortuosity
in the DA, whereas 22% had patent ductus arteriosus (Fig. 1).
In 28% of Lox�/� mice, aneurysms were visible in the AA and
aortic arch. In 36% of Lox�/� mice, aneurysms or pseudoan-
eurysms were visible in the DA just distal to the left subclavian
artery (Fig. 1, E and F). Aortic tortuosity in Lox�/� mice is
likely due to lengthening of the aorta in vivo (10, 11). Although
we did not measure the entire aortic length in this study, the in

vivo length of the AA from the root to the innominate artery is
1,470 � 70 �m in Lox�/� mice and 1,130 � 60 �m in Lox�/�

mice (P � 0.003).
A more detailed evaluation of the aortic wall structure was

performed using fluorescence microscopy. Example images of
the AA are shown in Fig. 2. DA images were similar (not
shown). Aortas from Lox�/� mice exhibited areas of low
elastin staining compared with Lox�/� mice, interrupting the
continuity of the elastic laminae (Fig. 2, A and B). As a result,
the uninterrupted elastic laminae length in the Lox�/� AA and
DA was two to three times shorter than those in Lox�/� mice,
with genotype accounting for 77% of the variance between
groups (Fig. 2I). We did not quantify collagen organization, as
the collagen staining was highly variable between samples
(Fig. 2, C and D). The cell nuclei were more rounded (aspect
ratio closer to 1) in Lox�/� aortic segments compared with
Lox�/� aortic segments, indicating more disorganized SMCs,
with genotype accounting for 92% of the variance between
groups (Fig. 2, E, F, and J).

Our results indicate that the absence of Lox results in gross
vascular abnormalities with variable penetrance of specific
defects (i.e., tortuosity, aneurysms, and patent ductus arterio-
sus). The morphological abnormalities are accompanied by
microstructural changes in the elastin architecture and nuclear
shape changes in the cells within the wall of the AA and DA.

Blood pressure. LV blood pressure and heart rate were
measured using ultrasound guidance of a small-gauge needle
inserted through the chest wall. The systolic LV pressure of
newborn mice was not significantly different between geno-
types and averaged 23 mmHg (Fig. 3A). The average heart rate
was 20% lower in Lox�/� mice compared with Lox�/� mice

Fig. 1. Gross aortic morphology in newborn lysyl oxidase (Lox) mice. A and
B: representative images of the Lox�/� ascending aorta (AA) and descending
aorta (DA). Ligamentum arteriosum, left over after the full closure of the
ductus arteriosus, was removed during dissection. C and D: representative
images of the Lox�/� AA and DA. The Lox�/� AA was longer than the Lox�/�

AA. The Lox�/� DA was tortuous (arrowheads). The arrows indicate patent
ductus arteriosus, a common occurrence in Lox�/� mice. E and F: additional
images of the Lox�/� thoracic aorta with tortuosity of the proximal DA
(arrowhead), patent ductus arteriosus (arrows), and pseudoaneurysm (*), which
may indicate dissection of the proximal DA wall. B, D, and F show higher-
magnification images of A, C, and E, respectively. Scale bars � 500 �m. n �
5–8 per group.
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(Fig. 3B). The heart rate may be slower in Lox�/� mice
because of cardiovascular and pulmonary abnormalities that
lead to death within a few hours of birth. The sample size for
the Lox�/� group was low (n � 3) because of difficulties in
obtaining Lox�/� mice that were not having difficulty breath-
ing immediately after birth. The results indicate that differ-
ences in aortic structure, mechanical behavior, or matrisome
gene expression between Lox�/� and Lox�/� mice are not due

to differences in the systolic blood pressure applied to the
aortic wall.

Structural and material properties of Lox�/� aortas. The
residual strains and unloaded dimensions of the aortas were
measured to investigate the effects of the absence of Lox on
vascular remodeling. Longitudinal residual strain, as measured
by IVSR, was not significantly different between vascular
locations (AA or DA; Fig. 4A). However, genotype accounted
for 13% of the variation in IVSR between groups. Circumfer-
ential residual strain, as measured by opening angle, was 40%
smaller in Lox�/� aortic segments compared with Lox�/�

aortic segments, with genotype accounting for 55% of the
variation between groups (Fig. 4B). Opening angle did not vary
with vascular location. Unloaded aortic wall thickness was not
significantly different between groups or vascular locations
(Fig. 4C). The unloaded aortic outer diameter was not signif-
icantly affected by genotype, but vascular location accounted
for 40% of the variation between groups (Fig. 4D). The
absence of Lox did not cause significant remodeling of the
unloaded dimensions of the AA or DA wall but did cause
changes in residual strains that may affect the mechanical
stimuli experienced by SMCs.

Mechanical tests were performed to determine the structural
properties of the AA and DA wall. Structural properties depend
on the material and geometry of the vascular wall. For all
groups, the aortic outer diameter increased nonlinearly with
pressure (Fig. 5A), as expected (23, 43). The aortic outer
diameter varied significantly with genotype, vascular location,

Fig. 2. Aortic wall structure in newborn Lox
mice. The elastic laminae structure in Lox�/� (A)
and Lox�/� (B) AAs showed fragmented lami-
nae in Lox�/� compared with Lox�/� mice.
Collagen staining in Lox�/� (C) and Lox�/� (D)
AAs showed abundant adventitial collagen in
both genotypes. Nuclear staining in Lox�/� (E)
and Lox�/� (F) AAs showed more rounded nu-
clei in the Lox�/� AA compared with the Lox�/�

AA. G and H: composite images of Lox�/� (G)
and Lox�/� (H) AAs. L indicates the location of
the vascular lumen. Scale bars � 10 �m. I:
quantification of the uninterrupted elastic lami-
nae length confirmed elastic fiber fragmentation
in the Lox�/� AA and DA. J: quantification of
the nuclear aspect ratio confirmed altered cellu-
lar organization in the Lox�/� AA and DA. n �
3 images/group, with at least 8 elastic laminae
and 20 nuclei per image analyzed. &Genotype
accounted for significant variance between
groups (P � 0.05). *Groups were significantly
different from each other (P � 0.05).

Fig. 3. Left ventricular (LV) blood pressure in newborn Lox mice. A: there was
no significant difference in systolic blood pressure between Lox�/� and
Lox�/� mice. B: heart rate [in beats/min (bpm)] of Lox�/� mice was signifi-
cantly lower than Lox�/� mice. *Groups were significantly different from each
other (P � 0.05). n � 3 for Lox�/� and n � 20 for Lox�/� mice. Blood
pressure was measured in newborn mice before genotyping, and only mice that
appeared to be breathing normally were used.
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and combination of genotype � vascular location at all mea-
sured pressures. The Lox�/� AA had 18–26% larger outer
diameters than the Lox�/� AA and was also significantly larger
than the Lox�/� DA at all pressures. The outer diameters of
Lox�/� and Lox�/� DAs were not significantly different. The
source of variation in the compliance, or slope of the pressure-
diameter curve, changed with applied pressure (Fig. 5B). The
compliance of the Lox�/� AA was 105% larger than the
Lox�/� AA at 5 mmHg and 44–58% smaller at pressures
between 30 and 50 mmHg, just beyond the measured systolic
pressure. The compliance of the Lox�/� DA was not signifi-
cantly different from the Lox�/� DA. Despite similar changes
in morphology and microstructure for Lox�/� AAs and DAs
compared with Lox�/� AAs and DAs, the structural properties
were altered only in the Lox�/� AA.

The unloaded dimensions and mechanical test data were
used to determine the circumferential material properties of the
aortic wall. Material properties are independent of geometry.
Genotype was the major source of variation in the circumfer-
ential stretch ratio (Fig. 6A). The circumferential stretch ratio
of the Lox�/� AA and DA was 17–32% higher than the Lox�/�

AA and DA at all pressures. Genotype was also the major
source of variation in circumferential stress (Fig. 6B). Circum-
ferential stress was higher in the Lox�/� AA and DA compared
with the Lox�/� AA and DA at pressures between 15 and 60
mmHg. As a result of the changes in circumferential stretch
and stress at each pressure, the stretch-stress curves for the
Lox�/� AA and DA were shifted to the right of the Lox�/� AA
and DA (Fig. 6C). The tangent modulus, or slope of the
stretch-stress curves, was significantly different because of
genotype between 15 and 35 mmHg and because of the
interaction between genotype and vascular location at pres-
sures between 30 and 60 mmHg (Fig. 6D). The tangent

modulus of the Lox�/� AA was 83–162% higher than the
Lox�/� AA at pressures between 15 and 60 mmHg. The
tangent modulus was not significantly different between
Lox�/� and Lox�/� DAs. In Lox�/� aortas, circumferential
material properties were altered in a manner consistent with
changes in the microstructural organization and content of the
vascular wall.

Gene expression analyses of Lox�/� aortas. Gene arrays and
qPCR were used to analyze Lox family gene expression levels
for each genotype and vascular location. The normalized ex-
pression of Lox in the Lox�/� AA and DA was 15% of Lox�/�

AA and DA values from the gene array (Fig. 7A) and 4–6% of
Lox�/� AA and DA values from the qPCR experiments (Fig.
7B). In the AA, there were no significant changes in Loxl1–4
in Lox�/� mice compared with Lox�/� mice by gene array or
qPCR. In the DA, normalized expression levels of Loxl1 in
Lox�/� mice were increased in the gene array from 56% to
70% and in qPCR from 40% to 89%. Loxl2 and Loxl4 expres-
sions were not changed in the Lox�/� DA compared with the
Lox�/� DA. Loxl3 expression in the Lox�/� DA was upregu-
lated in the gene array, but these findings were not confirmed
in the qPCR analysis. Note that expression levels of Loxl2–4
were low compared with Lox and near the minimum detection
limit.

Normalized gene expression, grouped by genotype regard-
less of vascular location or grouped by genotype at each
vascular location, was used with GSEA software to determine
differential expression levels of matrisome and SMC pheno-
type genes. For the matrisome, six gene subsets (ECM glyco-
proteins, proteoglycans, collagens, ECM regulators, secreted
factors, and ECM-affiliated proteins) were downloaded from
http://matrisomeproject.mit.edu (34). For the SMC phenotype,
one gene subset called “Kegg VSMC Contraction” (where

Fig. 4. Residual strain and unloaded dimensions of the AA
and DA from newborn Lox mice. A: genotype accounts for
significant variance between groups for the in vivo stretch
ratio (IVSR) (&P � 0.045); however, there was no signif-
icant difference between Lox�/� and Lox�/� aortic seg-
ments at either vascular location. B: genotype accounts for
significant variance in opening angle (&P � 0.0001).
Lox�/� opening angle was significantly smaller than Lox�/�

in both the AA (*P � 0.001) and DA (*P � 0.01). C:
unloaded wall thickness is not different between Lox�/� and
Lox�/� genotypes or between AA and DA locations. D:
vascular location accounted for significant variance in un-
loaded outer diameter (#P � 0.0007), and there was a
significant difference in Lox�/� mice between AA and DA
locations (*P � 0.0027). There was no difference between
genotypes at either vascular location. n � 5–8 per group.
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VSMC is vascular SMC) (SMC contractility) was downloaded
from http://software.broadinstitute.org/. Two additional SMC
phenotype subsets were defined from Larsson et al. (25) to
describe gene expression patterns associated with SMCs in a
synthetic phase and producing ECM proteins (SMC matrix) or
in a proliferative phase and actively multiplying (SMC cell
cycle). Lox deletion, regardless of vascular location, results in
increased expression levels of genes related to ECM mainte-
nance and remodeling (ECM regulators), secreted factors with
modulatory activity (secreted factors), ECM structural compo-
nents (ECM glycoproteins and collagens), and cell prolifera-
tion (SMC cell cycle; Table 1). The leading-edge genes con-
tributing to the significant enrichment of these subsets are
listed in Supplemental Tables S1–S5 in the Supplemental
Material (Supplemental Material for this article is available at
the American Journal of Physiology-Heart and Circulatory
Physiology website).

Separating the array data by vascular location, to compare
Lox�/� AAs vs. Lox�/� AAs or Lox�/� DAs vs. Lox�/� DAs,
revealed the existence of locational differences in gene expres-
sion (Table 1). The absence of Lox in AAs led to a significant
upregulation of the gene subsets of ECM regulators, secreted
factors, collagens, and ECM-affiliated proteins. The absence of

Lox in DAs resulted in an upregulation of the gene subsets of
ECM regulators, ECM glycoproteins, and SMC cell cycle and
downregulation of ECM-affiliated proteins. The leading-edge
genes contributing to the significant enrichment of these sub-
sets are listed in Supplemental Tables S6–S13.

The only gene subset that was consistently upregulated in
Lox�/� mice in the combined comparison and in the AA and
DA comparisons was ECM regulators. All other gene subsets
were differentially regulated by the absence of Lox in a
vascular location-specific manner. Changes in opposite direc-
tions for the AA and DA for the ECM-affiliated proteins subset
led to a cancellation of their effects in the combined analysis.
Our results show that the aortic chemomechanical environment
is altered through differential expression of matrisome and
SMC genes in response to the absence of Lox, combined with
location-specific changes associated with the AA or DA.

DISCUSSION

Elastin and collagen fibers in the aortic wall provide elas-
ticity and strength as well as a suitable microenvironment for
SMCs and a repository for growth factors (45). Modifications
to ECM proteins affect mechanical properties of the wall, SMC
phenotype, and growth factor signaling. Genetic mutations that
alter this chemomechanical environment are linked to TAAD
in humans (22). Mouse models of TAAD have been instru-
mental in identifying mechanisms for possible therapeutic
intervention. We used newborn Lox�/� mice as a model of
TAAD to investigate the morphological, structural, mechani-
cal, and genetic changes associated with severe reductions in
elastin and collagen cross-linking in the ascending and de-
scending thoracic aorta. Consistent with previous results (19,
31), we found that Lox�/� mice have aortic aneurysms, aortic
tortuosity, and fragmented elastic fibers. Adding to previous
morphological and structural results, we show that Lox�/�

mice have patent ductus arteriosus, aneurysms at consistent
locations along the thoracic aorta, increased aortic length, and
disorganized cells in the aortic wall.

Lox�/� mice have increased AA length and DA tortuosity.
Newborn fibulin-4 (Fbln4)�/� (23) and elastin knockout
(Eln�/�) mice (43) as well as adult mice lacking fibulin-5
(Fbln5�/�) and with SMC-specific deletion of Fbln4
(Fbln4SMKO) (20) also have aortic tortuosity, indicating that
mechanically functional elastic fibers are necessary for longi-
tudinal aortic stability. A computational model of stress-medi-
ated aortic growth during development suggests that if elastin
is never produced, the aorta will lengthen without bounds (1).
Cells in the Lox�/� aorta are more disorganized than those in
the Lox�/� aorta, as indicated by their nuclei, which are not
preferentially aligned circumferentially between the elastic
laminae. This change in nuclear alignment may be due to
growth and proliferation of Lox�/� SMCs in the longitudinal
direction.

In this study, we analyzed the mechanical behavior of the
Lox�/� aorta in vitro. Quantification of the circumferential
structural and material properties of the Lox�/� aorta is critical
for understanding the contribution of elastin and collagen
cross-links to cardiovascular function and to the mechanical
environment of SMCs in the aortic wall. The structural prop-
erties of the Lox�/� aorta change in a vascular location-specific
manner. The Lox�/� AA has larger outer diameters and re-

Fig. 5. Structural properties of the AA and DA from newborn Lox mice. A:
genotype, vascular location, and genotype � vascular location had a signifi-
cant effect on the variance of the mean outer diameter of the pressurized aorta.
At all pressures, Lox�/� AA outer diameter was significantly larger than the
Lox�/� AA and Lox�/� DA (*P � 0.05). B: effects of genotype, vascular
location, and genotype � vascular location on the aortic compliance varied
with applied pressure. Lox�/� AA compliance was significantly lower than the
Lox�/� AA between 30 and 50 mmHg (*P � 0.05). Genotype (&), vascular
location (#), or genotype � vascular location (%) accounted for significant
variance between groups (P � 0.05). n � 5–8 per group.
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duced compliance values compared with the Lox�/� AA when
pressurized, whereas the Lox�/� DA and Lox�/� DA have
similar diameter and compliance values. The protection of the
Lox�/� DA from structural property changes may be related to
the increased expression of Loxl1, SMC cell cycle, and ECM
glycoproteins observed in this vascular segment. Because of
the structural property changes, the Lox�/� AA will be ~25%
larger and less compliant than the Lox�/� AA in vivo at a
systolic blood pressure of 23 mmHg in newborn mice (21, 43).
The changes in size and compliance of the AA will affect the
local chemomechanical environment of SMCs in the wall as
well as global cardiac output, pulse propagation, and wave
reflection, leading to immediate and long-term changes in
cardiovascular mechanics.

In contrast to the unique structural properties of the Lox�/�

AA, both the Lox�/� AA and DA showed altered material
properties compared with the Lox�/� AA and DA, as evidenced

by the circumferential stretch-stress behavior. The shift in material
properties is consistent with previous results in newborn Fbln4�/�

(23) and Eln�/� (43) aortas and with the loss of elastin contribu-
tion at low stretch (45). The residual circumferential strain, as
measured by the opening angle, is decreased in Lox�/� compared
with Lox�/� aortic segments. We also found decreased opening
angles in newborn Fbln4�/� (23) and Eln�/� (43) aortas. Resid-
ual strain normalizes the strain and stress distribution across the
aortic wall, so that SMCs at the inner and outer boundaries are
under approximately the same loaded conditions (7). Reduced
opening angle would lead to higher strains at the inner wall
compared with the outer wall and may contribute to the disorga-
nization of cell nuclei observed in the Lox�/� aorta. Our results
show that cross-linked elastic fibers are important for the devel-
opment and maintenance of the material properties and residual
stresses that contribute to mechanical homeostasis of the aortic
wall (22).

Fig. 6. Material properties of the AA and DA
from newborn Lox mice. A: mean circumfer-
ential stretch ratio was significantly larger in
the Lox�/� AA and DA compared with the
Lox�/� AA and DA (*P � 0.05). B: mean
circumferential stress was significantly
larger in the Lox�/� AA compared with the
Lox�/� AA at pressures between 15 and 60
mmHg (*P � 0.05). C: circumferential
stress-stretch plots for the Lox�/� AA and
DA were shifted to the right of the Lox�/�

AA and DA. D: the tangent modulus de-
pended on genotype alone from 15 to 35
mmHg and on genotype � vascular location
between 30 and 60 mmHg. The tangent
modulus was significantly larger in the
Lox�/� AA compared with the Lox�/� AA
from 15 to 60 mmHg (*P � 0.05). Genotype
(&) and genotype � vascular location (%)
accounted for significant variance between
groups (P � 0.05). n � 5–8 per group.

Fig. 7. Normalized gene expression profiles of
Lox and Loxl1–4 in newborn Lox aortas. Nor-
malized gene expression levels of Lox from the
Lox�/� AA and DA from the microarray results
(A) or quantitative (q)PCR (B) were set to 100%,
and expression of all other Lox family genes was
scaled to these values. *P � 0.05. n � 2 per
group of 8 pooled samples for gene array, and
n � 3 per group of 8 pooled samples for qPCR.
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Lox�/� mice have phenotypic similarities to Fbln4�/� mice.
FBLN4 binds to the propeptide of LOX, and the direct inter-
action of these two proteins is important for elastic fiber
assembly (18). Loss of FBLN4 decreases LOX activity and
leads to alterations in collagen localization, organization, and
cross-linking, suggesting that FBLN4 and LOX interactions
are also important for collagen fiber maturation (37). In com-
paring the mechanical changes in newborn Fbln4�/� (23) and
Lox�/� aortic segments, we found key similarities and differ-
ences. The Fbln4�/� AA is larger than the wild-type AA in the
unloaded state, whereas the Lox�/� AA is not. Fbln4�/� mice
have a 94% reduction in desmosine elastin cross-links in the aorta
(33) compared with a 60% reduction in desmosine for the Lox�/�

aorta (19); hence, the AA dilation in the unloaded state may be
related to the almost complete absence of elastin cross-linking in
the Fbln4�/� aorta. Despite the large differences in elastin cross-
linking, we found similar shifts in the structural and material
properties for Fbln4�/� and Lox�/� AAs and DAs compared with
their respective wild-type controls, indicating that FBLN4 and
LOX may work together in elastin and collagen fiber assembly
and cross-linking.

Comparing expression profiles of matrisome genes in
Lox�/� and Lox�/� aortas, we identified a matrix signature
induced by Lox deletion and the reduction of elastin and
collagen cross-linking. On the basis of leading-edge analyses,
we found that 27% of the ECM regulators gene subset were
enriched in Lox�/� compared with Lox�/� aortas, regardless of
vascular location. In the list of leading-edge genes, we found
matrix metallopeptidases (i.e., Mmps, Adamts, and Adams) and
their regulators (i.e., tissue inhibitors of metalloproteinases and
serpins), suggesting that a positive feedback loop is initiated by
the absence of Lox that encourages ECM remodeling (Supple-
mental Table S1). Mmp8, a neutrophil collagenase that de-
grades collagen types I, II, and III, showed the highest upregu-
lation of all Mmp family members and is also upregulated in
the Fbln4�/� aorta (23). The ECM regulators gene set includes
members of the Lox family, but only Loxl3 appeared in the
leading-edge gene list. Examination of expression values for
individual family members by gene array and qPCR confirmed
that Lox had the highest expression in the newborn aorta,

followed by Loxl1 at ~50% of wild-type Lox levels, with little
comparative expression of Loxl2–4. Loxl1 was unchanged in
the Lox�/� AA but was upregulated in the Lox�/� DA, which
may explain the lack of structural mechanical changes in the
Lox�/� DA. Similar expression patterns in the newborn aorta
for Lox family members and a lack of compensation for
inactive Lox were also reported by Lee et al. (27).

Besides ECM regulators, all other matrisome and SMC gene
sets had changes in expression that were specific to vascular
location. Among other characteristics, the AA and DA have
different geometries, flow profiles (4), and SMC embryonic
origins (neural crest for the AA and somatic mesoderm for the
DA) (30) that may be responsible for differential responses to
the absence of Lox. In the AA, 25% of the secreted factors and
16% of the collagens gene subsets were enriched in Lox�/�

compared with Lox�/� mice. The leading-edge genes in the
secreted factors subset were proinflammatory factors such as
Il6 and chemokine (C-C motif) ligand 2 (Ccl2), which have
been linked to aortic dissection in mice (Supplemental Table
S7) (42). The leading-edge genes in the collagen subset for the
Lox�/� AA versus Lox�/� AA did not encode the major
collagens in the aortic wall (collagen types I or III) but
nonfibrillar collagens (Col8a1 and Col8a2) and minor fibrillar
collagens (Col11a1; Supplemental Table S8). Col8a1 is also
upregulated in the Fbln4�/� aorta (23). The results demon-
strate important roles for inflammation and nontraditional col-
lagens in AA remodeling and SMC response to an altered local
chemomechanical environment.

In the DA, 17% of ECM glycoproteins and 80% of SMC cell
cycle gene subsets were enriched in Lox�/� compared with
Lox�/� mice. Elastin is not one of the genes in the leading edge
that contributed to differential regulation of the glycoprotein
subset, implying that elastin cross-linking is not linked to
expression. Genes in the leading edge of the glycoprotein
subset for the Lox�/� DA versus Lox�/� DA included those
related to thrombus formation (i.e., Fgg and Fgb), which are
likely caused by the observed aortic dissections, and matricel-
lular proteins [i.e., thrombospondin (Thbs)1 and Thbs4], which
play important roles in tissue repair (Supplemental Table S11).
Genes in the leading edge of the SMC cell cycle subset

Table 1. Summary of gene set enrichment analysis for Lox�/� aortas compared with Lox�/� aortas, regardless of vascular
location and separately for the AA and DA

Gene Subset Size

Lox�/� vs. Lox�/� Lox�/� vs. Lox�/� AA Lox�/� vs. Lox�/� DA

NES P value NES P value NES P value

ECM regulators 299 2.16 �0.0001* 1.87 �0.0001* 1.85 �0.0001*
Secreted factors 348 1.69 �0.0001* 2.01 �0.0001* 1.06 0.294
ECM glycoproteins 193 1.61 �0.0001* 1.22 0.063 1.49 0.002*
SMC cell cycle 15 1.71 0.012* 1.22 0.202 1.66 0.017*
Collagens 43 1.46 0.041* 1.59 0.011* 1.07 0.332
SMC matrix 36 1.16 0.24 1.25 0.137 0.89 0.701
ECM-affiliated proteins 160 1.11 0.210 1.36 0.017* �1.35 0.03*
Proteoglycans 36 1.08 0.342 1.02 0.401 0.93 0.555
SMC contractility 102 �0.77 0.936 �0.61 0.996 �0.65 0.993

The name of the gene subset, number of genes in the subset (Size), normalized enrichment score (NES), and nominal P values are shown. The gene subsets
are ordered from highest to lowest NES values, based on the lysyl oxidase (Lox)�/� versus Lox�/� results regardless of vascular location. Positive NES indicates
upregulation of the gene set, whereas negative NES indicates downregulation of the gene set in Lox�/� compared with Lox�/� mice. Extracellular matrix (ECM)
regulators were significantly upregulated at both locations. Secreted factors, collagens, and ECM-affiliated proteins genes were significantly upregulated only in
the Lox�/� ascending aorta (AA) compared with the Lox�/� AA. ECM glycoproteins and smooth muscle cell (SMC) cell cycle were significantly upregulated,
and ECM-affiliated proteins were significantly downregulated only in the Lox�/� descending aorta (DA) compared with the Lox�/� DA. Leading-edge genes
for the significantly enriched subsets are listed in Supplemental Tables S1�S13. *P � 0.05.

H453LYSYL OXIDASE AND THORACIC AORTIC ANEURYSMS

AJP-Heart Circ Physiol • doi:10.1152/ajpheart.00712.2016 • www.ajpheart.org

 by 10.220.33.1 on A
ugust 30, 2017

http://ajpheart.physiology.org/
D

ow
nloaded from

 

http://ajpheart.physiology.org/


included Cdc25a, hyaluronan mediated motility receptor
(Hmmr), and hepatoma-derived growth factor (Hdgf), which
have been implicated in SMC proliferation and migration
(Supplemental Table S12) (6, 15, 36). The increases in glyco-
protein and SMC cell cycle gene expression may help protect
the Lox�/� DA from the structural mechanical changes ob-
served in the Lox�/� AA.

The ECM-affiliated proteins subset was upregulated in the
Lox�/� AA compared with the Lox�/� AA and downregulated
in the Lox�/� DA compared with the Lox�/� DA. Genes that
contribute to differential expression of the ECM-affiliated
proteins subset include lectins (i.e., Clec1b and Clec4b1),
which may modulate hemostasis (3), and mucins (i.e., Muc19)
and surfactant-associated proteins (i.e., Sftpa1), which may be
related to the pulmonary defects and diaphragmatic hernias
observed in Lox�/� mice (Supplemental Tables S9 and S13)
(19). Expression of syndecans (i.e., Sdc3 and Sdc1), which play
a role in cell adhesion and ECM assembly (47), also contrib-
uted to the overexpression of ECM-affiliated proteins in the
Lox�/� AA compared with the Lox�/� AA. The GSEA results
highlight the importance of locational differences in gene
expression resulting from the interplay between the absence of
Lox and specific AA or DA characteristics.

As SMC contractile genes have been implicated in TAAD
(17, 46, 48) and we observed changes in cellular morphology
in the Lox�/� aorta, we expected to see changes in genes
related to the SMC phenotype in the Lox�/� aorta compared
with the Lox�/� aorta. However, our results only showed
upregulation of the SMC cell cycle subset in the Lox�/� DA
compared with the Lox�/� DA, emphasizing the role of vas-
cular location in determining the SMC phenotype. Genes in
subsets defining SMC matrix phenotype (25) or SMC contrac-
tility were not upregulated because of the absence of Lox.
These results indicate that it is important to look at several
different SMC phenotype markers.

In conclusion, we investigated the mechanical alterations
and changes in matrisome and SMC phenotype gene expres-

sion in the thoracic aorta of newborn Lox�/� mice. The
absence of Lox results in TAAD characterized by fragmented
elastic fibers and disorganized cells. Although the aneurysm
phenotype in the Lox�/� aorta was of variable penetrance by
gross examination, the Lox�/� AA consistently showed larger
diameters than the Lox�/� AA when pressurized, demonstrat-
ing the need to evaluate cardiovascular phenotypes under
physiological loads. The Lox�/� AA and DA have altered
circumferential stress and stretch ratios compared with the
Lox�/� AA and DA, confirming the role of elastin and collagen
cross-linking in determining the material behavior of the aortic
wall. Our gene expression analysis indicates that TAAD in the
Lox�/� aorta arises from an altered chemomechanical environ-
ment characterized by changes in signaling of ECM regulators
and not from changes in the expression of major ECM struc-
tural components. The GSEA results also highlight the loca-
tional dependence of the gene expression changes. We sum-
marized the morphological, mechanical, and gene expression
changes of the Lox�/� AA and DA in Fig. 8.

Limitations and future directions. For this study, we quan-
tified only the circumferential mechanical behavior of the
aortic segments, although the longitudinal mechanical behavior
and the interaction between the two directions are also impor-
tant (5). The small size of the newborn mouse aorta and
incomplete cleaning of surrounding tissue may affect the struc-
tural behavior and calculations of the material behavior. We
pooled multiple samples for each group for the microarray
analysis, thus reducing the statistical power of our results.
Microarray data are only indicative of the expression level of
the genes, and additional studies are necessary to determine
how altered gene expression is translated into changes in
proteins in the aortic wall. GSEA is sensitive to the size and
comprehensive nature of the included gene subsets. The ma-
trisome gene subsets have been confirmed by proteomics
studies. The gene subsets defining SMC phenotypes were
chosen from published literature and likely represent polarized
states of the synthetic, proliferative, or contractile phenotype.

Fig. 8. Summary of morphological, mechan-
ical, and gene expression data in Lox�/�

AAs and DAs. All changes are described
with respect to the Lox�/� AA and DA.
Changes that were common to both the AA
and DA are shown in the overlapping region.
circ, Circumferential.
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The genetic signatures identified in this study are associated
with the pathogenic and mechanical changes encountered in
TAAD. However, our study cannot determine whether the
enriched genes are necessary and/or sufficient for TAAD.
Future studies are needed that concentrate on pharmacological
or genetic modulation of pathways related to the enriched gene
subsets.
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