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Diabetes Reduces Severity of Aortic Aneurysms
Depending on the Presence of Cell Division

Autoantigen 1 (CDA1)
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Diabetes is a negative risk factor for aortic aneurysm,
but the underlying explanation for this phenomenon is
unknown. We have previously demonstrated that cell
division autoantigen 1 (CDA1), which enhances transfor-
ming growth factor-f signaling, is upregulated in dia-
betes. We hypothesized that CDA1 plays a key role in
conferring the protective effect of diabetes against aortic
aneurysms. Male wild-type, CDA1 knockout (KO), apolipo-
protein E (ApoE) KO, and CDA1/ApoE double-KO (dKO)
mice were rendered diabetic. Whereas aneurysms were
not observed in diabetic ApoE KO and wild-type mice,
40% of diabetic dKO mice developed aortic aneurysms.
These aneurysms were associated with attenuated aortic
transforming growth factor-f signaling, reduced expres-
sion of various collagens, and increased aortic mac-
rophage infiltration and matrix metalloproteinase 12
expression. In the well-characterized model of an-
giotensin ll-induced aneurysm formation, concomitant
diabetes reduced fatal aortic rupture and attenuated su-
prarenal aortic expansion, changes not seen in dKO mice.

Furthermore, aortic CDA1 expression was downregu-
lated ~70% within biopsies from human abdominal aortic
aneurysms. The identification that diabetes is associated
with upregulation of vascular CDA1 and that CDA1 dele-
tion in diabetic mice promotes aneurysm formation pro-
vides evidence that CDA1 plays a role in diabetes to
reduce susceptibility to aneurysm formation.

Aortic aneurysm is a major cause of mortality in older
adults (1). Interestingly, although diabetes is associated
with an increased incidence of cardiovascular disease, spe-
cifically related to atherosclerosis, the incidence of aortic
aneurysms has been reported to be reduced in diabetes
(2-5). The underlying mechanisms for this puzzling clini-
cal observation are poorly understood (2,6). Diabetic com-
plications are considered to be closely linked to enhanced
transforming growth factor-f3 (TGF-B) signaling (7-11). An-
eurysm formation is thought to occur as a result of altered
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TGE-B signaling, enhanced inflammation, and activation
of matrix metalloproteinases (MMPs), which leads to in-
creased degradation of extracellular matrix (ECM) and
weakening of the vessel wall (12,13). Genetic mutations and
impaired functions of genes involved in the TGF-f signaling
pathway have been demonstrated to play a causal role in
aortic aneurysm formation (14-22). We have previously
shown that cell division autoantigen 1 (CDA1) is upregu-
lated in diabetes and enhances TGF-§3 signaling, including
in the vasculature (23-25). Based on these findings, we
postulated a role for CDA1 in promoting resistance to an-
eurysm formation in diabetes. In the current study, we have
directly examined if CDA1 contributes to the relative pro-
tection from aortic aneurysm associated with diabetes using
various models of aneurysm formation in the setting of
concurrent streptozotocin-induced diabetes in mice with
and without deletion of CDA1, a molecule implicated in
TGF- signaling.

RESEARCH DESIGN AND METHODS

Mice With and Without Diabetes

The CDA1 knockout (KO) and the CDA1/apolipoprotein
E (ApoE) double-KO (dKO) mouse strains, both on a C57BL/6
background, have been previously described (25). In this
study, male wild-type (WT), CDA1 KO, and ApoE KO and
dKO mice were rendered diabetic by five consecutive daily
injections with streptozotocin (55 mg/kg) or injected with
buffer alone to serve as nondiabetic controls. Animals
were euthanized 20 weeks later for analysis of aortic
tissues and metabolic parameters as previously described
(23-25). The animal studies were approved by the Alfred
Medical Research and Education Precinct Animal Ethics
Committee.

Morphometric Determination of Aortic Size and
Histological and Biochemical Analyses

Aortas were dissected and placed in cold 0.9% sodium chloride
and photographed. A subset of aortas was either fixed in 10%
neutral buffered formalin for histological analysis or snap
frozen in liquid nitrogen for later extraction of total RNA. The
maximum diameters of the ascending, descending, and ab-
dominal aortas were determined by analysis of the photo-
graphed images as previously described (26). Measurements
were taken in duplicate in a blinded fashion.

Assessment of Aortic Aneurysm

Aortic aneurysms were assessed by three techniques in
different experiments. Firstly, isolated aortas were photo-
graphed and morphometrically examined (see above). Secondly,
aortas were examined histologically for areas of balloon-like
bulges under the microscope at a magnification X10. His-
tological features of aneurysm such as medial elastin lamella
breaks, adventitial structural damage, and macrophage in-
filtration were sought (27). Thirdly, aortas were examined
in vivo using ultrasound imaging, and the maximum aortic
diameters were determined at the suprarenal region (see
below).
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Analysis of Aortic Elastin Lamella and Collagen Fibril
Structure

Paraffin-embedded aortic sections (4-pwm thick) were stained
in orcein solution and counterstained by hematoxylin and
eosin (H&E) as previously described (28). The degree of
elastin lamella fragmentation was graded by an observer
blinded to the mouse group using a scoring system (scores
0-4) previously used (29,30). Examples of each grade are
illustrated in Supplementary Fig. 1. Elastin lamella thick-
ness of each sample was randomly measured at 10 random
locations using Photoshop CS4 software (Adobe Systems).
Aortic collagen staining using picrosirius red (31) and con-
focal microscopy examination of the collagen fiber network
(32) have been previously described. Picrosirius red-stained
collagen fiber images were analyzed for fiber anisotropy using
the Fibriltool plugin in ImageJ software (National Insti-
tutes of Health) as described previously (33).

Immunohistochemical Staining

Paraffin-embedded aortic sections were immunohisto-
chemically stained for various fibrotic and inflammatory
proteins, and the staining signals were quantified as pre-
viously described (24,25). For phospho-Smad3 staining, the
percentage of cells with positively stained nuclei among
cells examined were quantified. Antibodies to collagen III
(ab7778), phospho-Smad3 (ab52903), and F4/80 (ab16911)
were purchased from Abcam (Cambridge, U.K.), and anti-
body to collagen IV (GWB-5A65EQ) was from GenWay Bio-
tech (San Diego, CA). Negative control with no primary
antibody and isotype control antibodies (Supplementary
Fig. 2) was performed to confirm the specificity of the im-
munohistochemical staining.

Determination of mRNA Levels in Mouse Aortas
Gene-specific mRNA levels were determined by real-time
RT-PCR as previously described (24,25). RT-PCR was carried
out on the cDNA templates using TagMan Fast Universal
PCR Master Mix (Applied Biosystems, Foster City, CA) with
B-actin gene used as an internal control. The sequences of
primers and probes are shown in Supplementary Table 1.

Angiotensin Il Infusion in Nondiabetic and Diabetic Mice

To further explore the role of diabetes and CDA1 expres-
sion, a well-characterized model of aortic aneurysm forma-
tion was studied, involving angiotensin II (Angll) infusion
(34). Male mice were rendered diabetic by streptozotocin as
described above. Ten weeks later, both nondiabetic and di-
abetic mice were implanted with an Alzet osmotic mini-
pump (model 1004; Alzet, Cupertino, CA) subcutaneously,
which released AnglI at a dose of 1 pg/min/kg for 4 weeks.
Animals found dead were autopsied in order to identify any
evidence of aortic aneurysm rupture as well as the rupture
site. Animals found to be severely sick, which had to be
killed according to the animal welfare guidelines, were in-
cluded as censored in the survival curve comparison analy-
sis. Animals were killed after 4 weeks’ Angll infusion, and
their aortas were examined for the assessment of aortic
aneurysms. Isolated aortas were photographed before being
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either fixed in formalin for subsequent histology or frozen
for further analysis.

Measurement of Inner Diameter of the Suprarenal Aorta
in Live Animals

Ultrasound imaging examination was performed on animals
receiving AnglI infusion in order to analyze the size of the
abdominal aorta (35). Animals were examined on the same
day or <2 days before Angll infusion started in order to
measure the baseline diameter as well as at weeks 1 and
2 after Angll infusion in order to detect the changes in
aortic diameter. High-resolution anterior-posterior images
of motion-mode of aortas in isoflurane-anesthetized ani-
mals were recorded using the Vevo 2100 Imaging System
with a 40-MHz probe (VisualSonics, Toronto, Ontario, Can-
ada). The maximum inner wall to inner wall diameter of the
suprarenal region of the aorta during systole was measured
using the Vevo 2100 1.6.0 software.

Data Analysis

All of the data collected from the animal studies were analyzed
by two-way ANOVA, and pairwise comparisons between ex-
perimental groups were performed using the Newman-Keuls
test or by Fisher exact test. The D’Agostino-Pearson omnibus
normality test was performed to check if the data were nor-
mally distributed. Survival curves were analyzed by Kaplan-
Meier analysis and log-rank test. Any difference with P <
0.05 was defined as statistically significant.

Determination of Aortic CDA1 Gene Expression Levels in
Human Abdominal Aortic Aneurysm Samples

In order to explore the role of CDA1 in human aneurysm
formation, expression of the CDA1 gene was measured in
human abdominal aortic aneurysm (AAA) biopsy samples.
Ethics approval for the human sample work was obtained
from the Townsville and the Royal Brisbane and Women'’s
Hospitals’ committees. Patients provided written informed
consent. Abdominal aortic specimens were obtained from
15 patients undergoing open surgery to treat AAA and six
organ donors. The maximum infrarenal aortic diameter was
assessed in patients with AAA from axial computed tomog-
raphy angiography images using the viewer function on
a Philips workstation (MxView Visualization Workstation
Software; Philips Electronics, Amsterdam, the Netherlands)
as previously reported (36,37). The definitions of risk fac-
tors such as dyslipidemia, hypertension, diabetes, coronary
heart disease, and smoking were as previously described
(38). Full-thickness aortic wall biopsies were collected in
RNAlater solution (Ambion, Waltham, MA) and stored
at —80°C until assayed. The QuantiTect SYBR Green one-
step RT-PCR Kit (Qiagen, Hilden, Germany) was used ac-
cording to the manufacturer’s instructions with 40 ng total
RNA as template. All reactions were independently repeated
in duplicate. QT00024353 and QT00095431 QuantiTect
Primer Assays (Qiagen) were used to determine CDA1 and
B-actin mRNA, respectively. CDA1 mRNA levels were calcu-
lated by using the concentration—threshold cycle standard
curve method and normalized against the average expression
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of B-actin. The Mann-Whitney U test was performed to
identify differences in CDA1 mRNA levels between AAA
and control biopsies. Statistical significance was defined at
the conventional 5% level.

RESULTS

Diabetic dKO Mice Were Prone to Aortic Aneurysm
Formation

Metabolic parameters at 20 weeks after streptozotocin
injections showed diabetes-associated changes in these mice
as expected (Supplementary Table 2). No aneurysms were
seen in diabetic WT or ApoE KO mice, but interestingly,
aortic aneurysms were identified in 40% (10 out of 25) of
diabetic dKO mice. Eight mice had solitary AAAs, and two
mice had multiple aneurysms within the descending and
abdominal aortas. Examples of these aneurysms are shown
in Fig. 1A. Histological examination on five of the aortas
with aneurysms demonstrated medial elastin lamellae frag-
mentation and macrophage infiltration in these aortas. No
such bulges or histological features of aneurysm were ob-
served in the diabetic ApoE KO mice (n = 27) (Fig. 1B) or in
other groups (WT control, n = 15; WT diabetic, n = 16;
CDA1 KO control, n = 13; CDA1 KO diabetic, n = 17;
ApoE KO control, n = 26; dKO control, n = 14; P <
0.003 vs. diabetic dKO, Fisher exact test).

Diabetic dKO Mice Had Increased Aortic Diameters

A moderate increase in aortic diameter determined by
the morphometric method was observed in the ascending
(1.31 = 0.02 vs. 1.20 %= 0.02 mm; P < 0.002) and descend-
ing (1.10 % 0.12 vs. 0.84 % 0.03 mm; P = 0.036) aortas of
the diabetic dKO mice compared with the diabetic ApoE KO
mice (Fig. 1C and D). A tendency toward an increase in the
aortic diameter in the abdominal region (1.03 * 0.10 vs.
0.88 = 0.03 mm; P = 0.13) was also observed, although this
difference was not statistically significant (Fig. 1E). Further-
more, WT and CDA1 KO mice on the C57BL/6 background,
including both nondiabetic and diabetic groups, had no
difference in aortic diameter (Supplementary Fig. 3).

Extensive Elastin Lamella Breakages at the Sites of
Aortic Aneurysms

Histological examination of orcein- and H&E-stained aortic
sections showed extensive breakage of the elastin lamella
at the aneurysm site in diabetic dKO mice (Fig. 2). Diabetic
ApoE KO mice developed atherosclerotic plaques within the
intima (Fig. 2A). The diabetic dKO mice developed plaques
invading into the media and adventitia, associated with
breakage of elastin lamella at the affected site (Fig. 24). An
approximately twofold increase in the aortic elastin frag-
mentation in ApoE KO and dKO mice was observed when
compared with WT and CDA1 KO mice (Fig. 2B). The di-
abetic dKO group had an ~30% greater elastin fragmenta-
tion compared with the diabetic ApoE KO group (Fig. 2B).
The elastin lamella was thicker in diabetic ApoE KO mice.
This parameter was significantly attenuated in the diabetic
dKO mice (Fig. 20).
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Figure 1—Aneurysms develop in diabetic dKO mice after 20 weeks of diabetes. A: Representative aortas from diabetic dKO mice show multiple
aneurysms (arrows) at thoracic (left) and abdominal (right) sites. B: A representative aorta from a diabetic ApoE KO (ApoE) mouse shows no
aneurysms. Aortic sizes (diameter) at ascending (C), descending (D), and abdominal (E) regions from control (Con) and diabetic (Dia) ApoE KO
and diabetic dKO groups are shown as univariate scatterplots with mean + SD and P value between specified groups.

CDA1 Deficiency Attenuated Diabetes-Associated
Vascular Expression of ECM Genes Leading to Vascular
ECM Remodeling

Aortic mRNA levels for collagens I and III were increased in
diabetic ApoE KO mice compared with nondiabetic controls.
Both of these parameters were significantly attenuated
in the diabetic dKO mice (Fig. 34). Immunohistochemical
staining showed that aortic accumulation of collagens III
(Fig. 3B and C) and IV (Fig. 3D and E) was greater in di-
abetic ApoE KO compared with nondiabetic mice, albeit the
difference in quantification of collagen III staining failed to
reach statistical significance. This effect of diabetes was
significantly attenuated in the dKO mice. Picrosirius red
staining showed that diabetic dKO mice aortas had lost
the well-knitted collagen fiber structure within the aortic
adventitia around the aneurysms (Fig. 44). Collagen fiber

structure within the medial layer of aortic aneurysms within
the diabetic dKO mice was disorganized. This was consis-
tent with the collagen fibril anisotropy finding, as assessed
using ImageJ software (National Institutes of Health). A
higher level of collagen fibril disarray at the lesion sites in
the diabetic dKO mice has been observed, when compared
with the diabetic ApoE KO mice (Fig. 4B). Confocal stacking
images confirmed the disorganized collagen fiber network
around the aneurysms in diabetic dKO mice (Fig. 4C).

TGF-pB/Smad3 Signaling Was Attenuated in the Aortas of
Diabetic dKO Mice

Nuclear staining of phospho-Smad3 in aortic sections by
immunohistochemistry (Fig. 5A) showed a greater positive
staining rate in diabetic ApoE KO mice compared with non-
diabetic mice (>30 vs. ~13%; P < 0.0001). This parameter

220z isnbny ;g uo3senb Aq ypd-yeL0LLAP/LLLLYSISSLIV/L9/Pd-0101e/S8)eqeIp/BI0"S|BUINOISB)aqeIP//:d)Y WOl papeojumo]



diabetes.diabetesjournals.org

Li and Associates 759

i p<0.001

5 67

@ : p<0 05
S i

84 |

5 E
E

32- % E v % ;
==

£ ‘

2

o0

Con Dna Con D|a Con D|a Con D|a
WT  CDA1 ApoE dKO

p<0.05 p<0.001

&tié%?if%

ICc'm Di'a= Icém D'ia; pén D'ia} pén D'ia}
WT CDA1 ApoE dKO

Elastin lamella thickness (um)
-
o

Figure 2—Extensive elastin lamella breaks at the aneurysm site. A: Ocein/H&E staining of aorta sections from 20-week diabetic (Dia) and age-
matched nondiabetic control (Con) WT, CDA1 KO (CDA1), ApoE KO (ApoE), and CDA1/ApoE dKO (dKO) mice show elastin lamellae. Yellow
arrows indicate the elastin lamella breaks. The atherosclerotic plaques are labeled (yellow “p”). Elastin fragmentation scores (B) and elastin
lamella thickness (C) are shown as univariate scatterplots with mean + SD and P value between specified groups.

was attenuated in diabetic dKO mice (~20%; P < 0.0001)
(Fig. 5B). The effect of CDA1 on aortic phospho-Smad3
levels is further confirmed by Western blotting in 14-week
diabetic and nondiabetic WT and CDA1 KO mice (Supple-
mentary Fig. 4).

Diabetes and ApoE Deficiency Are Associated With
Increased Aortic Macrophage Infiltration and MMP12
Expression

Mature macrophage marker, F4/80, was stained in aortas
from diabetic ApoE KO (Fig. 64) and dKO (Fig. 6B) mice
with a twofold greater staining area observed in diabetic
ApoE KO mice compared with controls (Fig. 6C, left panel).
There was no statistically significant difference in F4/80
staining area between diabetic dKO and diabetic ApoE KO
groups. Macrophages mainly accumulated within the ath-
erosclerotic plaques in the intima of diabetic ApoE KO mice
(Fig. 6A), whereas macrophages were abundantly present
within the media as well as in the adventitia in the diabetic
dKO mice at sites of aneurysms (Fig. 6B). When analyzing
the macrophage staining distribution across the sectional
layers of the aortic wall containing a plaque, the F4/80 im-
munohistochemical staining area in the medial-adventitial

layers was approximately fivefold more than that seen in
the intima in diabetic dKO mice, whereas there was more
staining in the intima in the diabetic ApoE mice (Fig. 6C,
right panel). The macrophage is known to be the main
source of MMP12 within the vasculature, which is respon-
sible for elastin degradation (39). Minimal MMP12 gene
expression was detected in the WT and CDA1 KO groups.
ApoE deficiency was associated with a >100-fold increase
in aortic MMP12 mRNA levels in ApoE KO and dKO mice
(P < 0.05) (Fig. 6D). Diabetes further increased the MMP12
mRNA levels in both strains of ApoE-deficient mice.
MMP12 mRNA levels within macrophages isolated from
the peritoneal cavity of ApoE KO and dKO mice were ap-
proximately fourfold higher than those of WT and CDA1
KO mice (Fig. 6E). These findings suggest that the infiltrat-
ing macrophages in the aorta of ApoE-deficient mice con-
tributed to the increased activities of MMP12, leading to
elastin degradation in the aortic wall.

Protective Effect of Diabetes in Angll-Induced Aneurysm
in ApoE KO Mice Is CDA1 Dependent

Male ApoE KO and dKO mice injected with streptozotocin,
monitored weekly, demonstrated blood glucose levels
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Figure 3—CDA1 deficiency attenuates diabetes-associated increases in aortic expression of collagens |, lll, and IV. A: Aortic mRNA levels for
collagens | and Ill in control (Con) and 20-week diabetic (Dia) ApoE KO (ApoE) and dKO groups are shown as univariate scatterplots with mean =
SD and P value between specified groups. B-E: Representative immunohistochemical staining for aortic collagens lll (B) and IV (D) of these mice
is shown. The quantification of the immunohistochemical staining for collagens Ill (C) and IV (E) is shown as individual value, mean + SD, and

P value between specified groups. a, adventitia; m, media.

>20 mmol/L, whereas mice injected with buffer alone
had blood glucose levels of ~10 mmol/L. Ten weeks after
streptozotocin injections, diabetic mice had lower body
weight than controls (Supplementary Table 3). Both dia-
betic and control mice were given an Angll infusion for
4 weeks with the Angll dosage adjusted according to the

body weight of individual mouse. The elevated HbA; levels
seen in the diabetic mice and the blood pressure levels in
all groups were not affected by the Angll infusion (Sup-
plementary Table 3). Approximately 53% (9 out of 17) of
nondiabetic ApoE KO mice died of aortic aneurysm rup-
ture, occurring on days 3-13 during the AnglI infusion,
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Figure 4—Picrosirius red-stained aortic sections examined by light microscopy show disorganized collagen fiber structures in the medial and
adventitial layers of diabetic (Dia) dKO mouse aortas, particularly at the aneurysm sites in comparison with WT, CDA1 KO (CDA1), and ApoE KO
(ApoE) groups (A). The collagen fiber orientation anisotropy quantitation at the sites of lesion in diabetic ApoE and dKO mice as determined using
Imaged software (National Institutes of Health) is shown (B). Collagen fiber organization, reconstructed from the backscatter confocal images of
aortas from diabetic dKO mice, shows more disorganization than that from ApoE KO mice (C). a, adventitia; an, aneurysm site; Con, control;

m, media; p, plaque.

whereas diabetic ApoE KO mice had a lower fatal rupture
rate of 19% (4 out of 21) occurring on days 5, 7, 22, and
25 (P < 0.05) (Fig. 7A). This diabetes-associated protective
effect on aneurysm-related mortality was not observed
in Angll-infused dKO mice in which CDA1 had been de-
leted, with similar survival curves for both nondiabetic
and diabetic dKO mice (Fig. 7B). Kaplan-Meier analysis
of all four groups confirmed these findings. Nondiabetic
ApoE KO mice had shorter estimated mean survival
of 17.0 days (95% CI 12.0-22.1) than diabetic mice
(25.3 days [95% CI 22.4-28.2]; P = 0.029, log-rank pairwise
comparison), whereas nondiabetic and diabetic dKO mice
had similar survivals (21.7 days [95% CI 17.4-26.0] vs.
24.7 days [95% CI 20.5-28.9]; P = 0.39). Comparison of
nondiabetic ApoE KO and dKO groups showed no clear
difference, which was confirmed by log-rank analysis of these
groups alone (P = 0.18). These findings demonstrate that
diabetes was associated with reduced severity of aortic
aneurysms induced by an Angll infusion in ApoE KO mice
and, importantly, that this phenomenon was CDA1 dependent.

In this model, most of the fatal aneurysm rupture
occurred in the abdominal aorta with blood clot seen in the
abdomen (Supplementary Figs. 5 and 6). Furthermore,
there was a significantly enlarged diameter in the suprare-
nal region of aortas in these mice (Supplementary Figs. 5
and 6). Aneurysms were identified by the presence of aortic
enlargement in 82% (14 out of 17) of nondiabetic and 60%
(12 out of 20) of diabetic ApoE KO mice and similarly in
81% (17 out of 21) of nondiabetic dKO and 62% (8 out of
13) of diabetic dKO mice (Supplementary Figs. 5 and 6).
These observations and the mortality data suggest that
CDA1 does not affect the onset but rather the severity of
aneurysm in this model.

Angll infusion caused suprarenal aortic expansion in
both nondiabetic and diabetic ApoE KO mice (Fig. 7C), with
aortic diameter determined by ultrasound (Supplementary
Fig. 7). Baseline suprarenal aortic diameters had low
individual variation within either nondiabetic or dia-
betic ApoE KO mice. Diabetic ApoE KO mice had a larger
mean diameter at baseline than nondiabetic controls
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Figure 5—Aortic nuclear phospho-Smad3 staining is increased by diabetes in ApoE KO mice and is attenuated in diabetic dKO mice. Nuclear

staining of phospho-Smad3 (Ser*3%/439)

detected by immunohistochemical staining (brown color) is shown in aortas from nondiabetic (Con) and

20-week diabetic (Dia) ApoE KO (ApoE) and dKO mice (A). A part of the ApoE Dia section (boxed) is shown as an enlarged image. Red arrows
indicate positive staining; green arrowheads indicate negative staining. B: The phospho-Smad3 nuclear stained positive cells (%) are quantified
and shown as univariate scatterplots with mean + SD and P value between specified groups. a, adventitia; m, media; p, plaque.

(1.17 = 0.03 vs. 1.03 = 0.02 mm; P < 0.05) (Fig. 70).
After 1 week of Angll infusion, the mean diameters of both
groups were significantly increased (P < 0.001) (Fig. 7C). All
of the mice in the nondiabetic ApoE KO group had an
enlarged aortic size, whereas some mice in the diabetic
group had no change in aortic diameter (Fig. 7C). The aortic
expansion rate at week 1 in response to AnglI infusion was
161 * 11 and 130 * 7% (P < 0.05) in nondiabetic and
diabetic ApoE KO mice, respectively (Fig. 7E).

At baseline, the suprarenal aortic diameter was larger in
dKO mice with CDA1 deleted (1.29 = 0.03 mm) than in
ApoE KO mice (1.03 = 0.02 mm) (P < 0.001) or diabetic
dKO mice (1.1 = 0.06 mm) (P < 0.05) (Fig. 7D). After
1 week of Angll infusion, mean suprarenal aortic diameters
increased relative to those at baseline in both nondiabetic
and diabetic dKO groups (P < 0.05) (Fig. 7D). Unlike ApoE

KO mice, there was no difference in the aortic expansion
rates between nondiabetic and diabetic dKO mice (126 *
10 vs. 125 *= 11%) (Fig. 7F), demonstrating that the in-
hibitory effect of diabetes on aortic expansion in response
to Angll, as observed in ApoE KO mice, was CDA1 depen-
dent. This finding complements the aortic aneurysm rup-
ture data (Fig. 7A and B) and indeed suggests that CDA1
per se mediates the protective effect of diabetes in reducing
the severity of Angll-induced aneurysms in this model.

CDA1 Expression Was Downregulated in Human
Subjects With AAA

In order to explore the dinical relevance of our primary
findings from the preclinical studies, we examined the
mRNA levels of CDA1 in 15 biopsy samples from human
patients with AAA and 6 nonaneurysm control samples.
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Figure 6—Macrophage infiltration and MMP12 expression are increased in 20-week diabetic mice with ApoE deficiency. A-C: Immunohisto-
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scatterplots with mean = SD and P value between specified groups.

The majority of the patients with AAA were male (80%)
and had dyslipidemia (73%). One-third of the patients with
AAA were diabetic (33%). Their average maximum infrare-
nal aortic diameter was 58.9 = 2.8 mm (mean = SEM),
with a trend toward a smaller diameter in subjects with
diabetes (n = 5) than in subjects without diabetes (51.8 =
51mm [n=>5]vs.62.5 * 2.9 mm [n = 10]; P = 0.072). The
average age of the AAA group was greater than that of the
control samples from younger organ donors (P < 0.001),
reflecting the fact that AAA is an age-related disease (Supple-
mentary Table 4). As shown in Fig. 8, CDA1 gene expression

in the AAA samples was downregulated ~70% when com-
pared with the control subjects (P = 0.006). In patients with
AAA, there was no difference in CDA1 expression levels
between participants with diabetes and without diabetes
(Fig. 8).

DISCUSSION

The current study reveals a potential molecular mechanism
to explain, at least in part, the resistance to aneurysm
formation in diabetes, a puzzling and previously poorly
understood observation. Numerous studies have revealed
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shown (C-F).

a decreased incidence of aneurysms in subjects with diabe-
tes, as summarized in a recent meta-analysis (2). Interest-
ingly, metformin, a widely used diabetes medication, has
been observed to be associated with reduced AAA growth
in patients who have diabetes (40,41). Whether this asso-
ciation is due to metformin alone or the effect of diabetes
plus metformin is not clear and requires a randomized trial
to resolve. In the current study, in which metformin was
not administered, diabetic ApoE KO mice had less severe
aneurysms than their nondiabetic controls. It appears likely
that there are multiple mechanisms by which diabetes slows
AAA growth, including the mechanisms highlighted in this
study.

Diabetes is a state of enhanced fibrosis with increased
ECM accumulation in the vasculature (7,23). We have pre-
viously shown increased renal and vascular expression of
CDA1 in diabetes, which enhances TGF-B/Smad signaling,
leading to increased ECM accumulation (23-25). Increased
ECM accumulation presumably contributes to the relative
protection against aneurysm formation in subjects with di-
abetes, although it is possible that multiple mechanisms
are involved (2,6,12,42). It has been reported that subjects
with diabetes with chronic complications are less likely
to develop aortic aneurysms than patients with diabetes
without complications (43). In this and in our previous
studies (7,23), diabetic ApoE KO mice did not develop any
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range 0.279-0.564). P = 0.006.

aneurysms in the absence of classic stimuli of aneurysm
formation, such as Angll infusion, and were found to
have greater aortic phospho-Smad3 levels; greater accumu-
lation of collagens I, III, and IV; and greater thickness of
elastin lamella, which could reflect an increase in strength
of the aortic wall. We have previously shown that aortic
mRNA levels of CDA1 (the Tspyl2 gene) are increased by
approximately twofold at 10 weeks after diabetes induction
in ApoE KO mice, which are further increased to greater
than sixfold at 20 weeks after diabetes induction with con-
current increases in aortic CDA1 protein staining, TGF-8
expression, and ECM accumulation (23). We have previ-
ously reported that CDA1 overexpression and CDA1 knock-
down or genetic deletion of CDA1 enhances and attenuates
TGE-B signaling, respectively, as reflected by changes in
TGE-B-stimulated phosphorylation of Smad3 and TGE-
[B-responsive promoter luciferase reporter activities. This
effect of CDA1 on TGF-B signaling is probably at least in
part via influencing expression of TGF- type I receptor
(23-25). In this study, diabetic dKO mice in the absence
of CDA1 showed attenuated TGEF-B signaling, breakage of
elastin lamella, and reduced ECM accumulation, which pre-
sumably would contribute to aneurysm formation (44,45).
The effect of CDA1 on TGF-B signaling in the vascular
smooth muscle cells has been previously described (23).
Indeed, this finding is consistent with a recent report
that impaired TGF-f signaling in the vascular smooth
muscle cells causes aortic aneurysm formation in mice
(22). This increase in aneurysm formation is reflected by
the increased aortic diameter in diabetic dKO mice. This is
potentially clinically relevant because TGF-3 and other TGE-
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B-dependent molecules such as connective tissue growth
factor remain targets for reducing other diabetic complica-
tions such as nephropathy in subjects with diabetes (11,46).
The current study highlights the possibility that aggressive
approaches to interrupt the TGF-f axis could lead to in-
creased susceptibility to aneurysms.

As outlined earlier, numerous dlinical studies, recently
summarized in a meta-analysis (2), have demonstrated re-
duced aneurysms in subjects with type 2 diabetes (T2D).
Indeed, our predlinical experiments are consistent with the
clinical studies with reduced severity of aortic dilation in
response to the proaneurysm stimulus, Angll, in diabetic
mice. Although these studies have focused on an insulin-
deficient model of diabetes, because aneurysms occur in
the older population in whom T2D is more prevalent, it
is worth considering subsequent studies in relevant models
of T2D.

Runt-related transcription factor 2 (Runx2) is known to
be upregulated by TGE-B (47) and is involved in calcifi-
cation in the vasculature. Furthermore, recently, Runx2
was found to be upregulated in aortas of diabetic db/db
mice in association with increased aortic fibrosis and stiff-
ness (48). Whether CDA1 plays a role in affecting Runx2 in
the vascular calcification and vascular fibrosis due to its
ability to influence TGF-f signaling requires further in-
vestigation, although our experiments failed to show this
phenomenon in our model (data not shown), which dis-
plays prominent aneurysm development rather than vascu-
lar calcification.

Macrophage activation and infiltration from the adven-
titia are common features observed in aneurysms (39,49).
Macrophages were mainly located within the atherosclerotic
plaque specifically within the intimal layer of the aorta in
the diabetic ApoE KO mice. By contrast, in diabetic dKO
mice, macrophages infiltrated into the medial and adventi-
tial layers with associated increased elastin breakage in the
medial layer and collagen structural damage in both medial
and adventitial layers. This finding is consistent with the
macrophage distribution pattern previously reported in
other models of aneurysm formation (50,51), which is as-
sociated with increased elastin fiber digestion and aneurysm
or dissection formation (34,39,49,52). The mechanisms
responsible for the differential distribution patterns of
macrophages within the aortas in diabetic ApoE KO and
diabetic dKO mice are still unclear. It is yet to be deter-
mined whether CDA1 deficiency-related ECM remodeling is
responsible for the aortic wall becoming more prone to the
widespread macrophage infiltration into the media and ad-
ventitial layers.

Therefore, this study suggests the importance of in-
flammation and the attenuation of profibrotic pathways in
the pathogenesis of aortic aneurysm. Deletion of CDA1, a molecule
dosely linked to the TGF-3 axis, led to enhanced aneurysm
formation in the context of the generally profibrotic milieu
of diabetes. The role of the TGF-8 axis in aneurysm forma-
tion has been extensively explored, with a large body of
experimental and clinical data (14-21,53) emphasizing
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that dysregulation of this pathway, both enhanced and reduced
TGEF-B signaling, is associated with aneurysm formation.

Based on the results of our studies, part of the protec-
tive role of diabetes in the pathogenesis of aneurysms is
postulated to be mediated by CDA1. Indeed, AnglI infusion
caused development of severe AAA mainly in the suprarenal
region of aortas in ApoE KO and dKO mice, as reflected by
rapid death due to aortic aneurysm rupture within a few
days and significant expansion of the suprarenal aorta in
response to Angll. These parameters were significantly
attenuated in the diabetic ApoE KO mice. By contrast,
diabetic CDA1-deficient dKO mice failed to show attenua-
tion of these parameters when compared with their non-
diabetic dKO counterparts. Thus, these findings clearly
demonstrate a role for CDA1 in mediating the protective
effect of diabetes on aneurysms. Because the occurrence
rate of aneurysm was similar in both ApoE KO and dKO
mice, it appears that CDA1 reduces aneurysm severity, but
not the formation of aneurysms in this model. This is
consistent with the notion that CDA1 promotes the TGE-
B/Smad/ECM pathway, leading to increased accumulation
of ECMs in the vasculature in diabetes (23), hence limiting
the growth of the aneurysms induced by Angll.

In this study, the two mouse strains (ApoE KO and dKO)
appeared to differ in response to the Angll infusion, as
reflected by a trend toward higher survival and less aortic
expansion in dKO mice, albeit these differences are not
statistically significant, probably due to a small group size. A
comparison between the nondiabetic and diabetic litter-
mates of ApoE KO mice showed a diabetes-associated
protection in the Angll infusion groups with respect to
fatality and aortic expansion (Fig. 7A and E). This phenom-
enon of diabetes-associated protection of aneurysm devel-
opment was not seen in the dKO groups (Fig. 7B and F).
Use of a CDAl-transgenic mouse strain to overexpress
CDA1 in relevant vascular cells or a pharmacological en-
hancer of CDA1, if available, would be very useful to con-
firm the role of CDA1 in protecting aneurysm development
in this animal model.

The potential clinical relevance of these preclinical
findings was explored, and CDA1 expression was found to
be reduced ~70% in human AAA samples when compared
with control subjects without AAA. These AAA samples
have been previously shown to have reduced expression
of the TGF-B type II receptor (21). This is consistent with
our previous experimental results that CDA1 deficiency was
associated with decreased TGF-B signaling (23-25). This
finding in humans supports the potential likelihood that
CDA1 plays a protective role in human aneurysms. We
have previously described that CDA1l expression is in-
creased in experimental atherosclerosis in a model without
aneurysms (23) and found that CDA1 was strongly stained
in human atherosclerotic plaques (A. Dai, Z. Chai, unpub-
lished observation). These findings may reflect distinct roles
for CDA1 in vascular ECM remodeling and the obviously
different pathogenic factors involved in the development of
atherosclerosis and aneurysms (54). In this study, subjects
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with diabetes with AAA had reduced CDA1 gene expression
consistent with CDA1 playing a key protective role in an-
eurysm formation in those individuals who are suscepti-
ble to this condition. With limited availability of appropriate
human aneurysmal tissue, protein levels of CDA1 could not
be measured, and this is a limitation of this study.

In conclusion, this study demonstrated that CDA1-
deficient mice with concurrent diabetes developed aneur-
ysms, but diabetic mice in the presence of CDA1l were
protected from severe aneurysms. With evidence of reduced
CDAL1 expression in human AAA, these findings are consistent
with the postulate that CDA1 may play a protective role
against aneurysm formation. Our findings suggest that CDA1
may be a therapeutic target to prevent or retard the pro-
gression of human aneurysms and that this protein may play
a key role in explaining the dinical observation that subjects

with diabetes are less susceptible to aneurysm formation.
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