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Sex Differences in Abdominal Aortic
Aneurysm: The Role of Sex Hormones

Georgios Makrygiannis,' Audrey Courtois,"~ Pierre Drion,” Jean-Olivier Defraigne,”
Helena Kuivaniemi,”° and Natzi Sakalihasan,"” Liege, Belgium; and Danville, Pennsylvania

Abdominal aortic aneurysm (AAA) is a complex multifactorial disease with genetic and environ-
mental components. AAA is more common in men, whereas women have a greater risk of
rupture and more frequently have concomitant thoracic aortic aneurysms. Moreover, women
are diagnosed with AAA about 10 years later and seem to be protected by female sex hormones.
In this MEDLINE-based review of literature, we examined human and animal in vivo and in vitro
studies to further deepen our understanding of the sexual dimorphism of AAA. We focus on the
role of sex hormones during the formation and growth of AAA. Endogenous estrogens and exog-
enous 17-estradiol were found to exert favorable actions protecting from AAA in animal models,
whereas exogenous hormone replacement therapy in humans had inconclusive results. Andro-
gens, known to have detrimental effects in the vasculature, in sufficient levels maintain the integ-
rity of the aortic wall through their anabolic actions and act differentially in men and women,
whereas lower levels of testosterone have been associated with AAA in humans. In conclusion,
sex differences remain an important area of AAA research, but further studies especially in
humans are needed. Furthermore, differential molecular mechanisms of sex hormones consti-

tute a potential therapeutic target for AAA.
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INTRODUCTION

Abdominal aortic aneurysm (AAA) is a multifacto-
rial disease with genetic and environmental compo-
nents. It is characterized by inflammation of the
aortic wall, modulation of the extracellular matrix
(ECM), apoptosis of smooth muscle cells (SMCs),
complex atherosclerosis, and oxidative stress.'
Microorganisms such as Chlamydia pneumoniae, Por-
phyromonas gingivalis, Streptococcus mutans, and Borre-
lia burgdorferi have been associated with the
pathogenesis of AAA.””

The prevalence of AAAs that are 2.9—4.9 cm in
diameter ranges from 1.3% in men from 45 to
54 years of age to 12.5% in men from 75 to 84 years
of age. For women, the prevalence ranges from 0%
in the youngest to 5.2% in the oldest age.® In addi-
tion, AAA is diagnosed about 10 years later in
women than in men.” In a recent meta-analysis, fe-
male patients under surveillance for a small AAA
(3.0—5.4 cm) were found to have four times greater
risk of rupture than men, although the growth rates
of AAA were similar in both sexes.® Moreover, for a
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Table I. Smoking and risk for AAA

Male participants

Female participants

N (percent smokers;

N (percent smokers;
percent smokers

with AAA)

Risk from smoking

percent smokers with

AAA)

Risk from smoking

Study design (age of participants,

years)

HR or OR (95% CI)

HR or OR (95% CI)

Country

Study PMID

HR, 6.55" (5.36—7.99)

HR, 10.97" (7.41—16.26) 42,596 (24; NR)"

Women with mammography, 35,550 (19; NR)*

Sweden

24916023

and cohort of men (46—84)

Chicago Heart Association

HR, 2.26°

10,574 (40; NR)®

HR, 3.57¢

8,700 (35; NR)*

USA

12796281

Detection Project in Industry

(40—64)
The Rotterdam Study (>55)

The ADAM study (50—79)

NR

2,217 (25; 38)
122,272 (19; NR)

NR

3,066 (19; 56)

The Netherlands

USA

7503049

3.3 (3.04—3.67)

OR, 3.8 (1.57—9.20)

3,450 (16; NR)
3,424 (31; 66)°

11436084
11479188

OR, 7.37 (3.70—14.69)

2,962 (33; 52)°

OR, 5.82 (2.92—11.58)

The Tromse Study (25—84)

Norway

AAA, abdominal aortic aneurysm; HR, hazard ratio; NR, not reported; OR, odds ratio.

9Baseline characteristics.

YHR for AAA in current smokers versus never smokers.

“HR for AAA in current smokers of 20 cigarettes/day versus none.
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specific diameter, time until rupture is shorter in
women than in men.’

The underlying mechanisms of sex differences in
the prevalence and incidence as well as the natural
history of AAA are not fully understood. Here, we
review human and animal studies summarized in
Tables I, II, and III and discuss the different hypoth-
eses proposed about the sex differences in AAA,
regarding the role of sex hormones.

LITERATURE SEARCH

Studies were identified by MEDLINE searches using
different combinations of keywords ‘“abdominal

aortic aneurysm(s),” ‘‘sex differences,” ‘‘gender
differences,” ‘‘(o)estrogens,”” ‘‘androgens,”” ‘‘17f-
estradiol,”  “‘testosterone,” ‘sex hormones,”
“rodents,” ‘‘metalloproteinases,”” ‘‘prevalence,”
“incidence,” ‘“‘natural history,” “risk factors,”

“pathophysiology,” ‘‘biomechanical properties,”
“elastin,” and ‘“‘collagen.”” For all genes, we use
the approved gene symbols found at www.ncbi.
nlm.nih.gov/gene.

HUMAN AAA STUDIES
Risk Factors for AAA in Men and Women

Male sex is one of the strongest risk factors for AAA
along with advanced age, smoking, and family his-
tory, whereas hypertension and dyslipidemia have
weaker associations.'’”"” Smoking is the most
important risk factor for AAA, '* and several studies
have demonstrated that smoking is a stronger risk
factor for AAA in women than men. We have sum-
marized these studies in Table I. Three studies found
that the hazard ratio having an AAA was higher
among female than male smokers,'"'*"” 1 study
found statistically undistinguishable odds ratio
(OR) for AAA among ever-smoking men and
women,'” and another study showed that the risk
for AAA among current smokers was higher in
men than in women.'” In conclusion, smoking ap-
pears to be a stronger risk factor for AAA in women.
This is a major health problem, because the number
of women who smoke continues to increase,
whereas the number of male smokers is decreasing.'®

Hypertension is also a risk factor with controver-
sial results between sexes.'” Rodin et al."’ found
that hypertension is a risk factor for men only,'”
whereas the Tromse Study found an opposite result.
Hyperlipidemia has a weak association with AAA,
and the risk for AAA was found to be similar be-
tween sexes.'”'*'’Estrogens may also influence
indirectly the formation and growth of AAA, by
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Table II. Sex differences in human AAA and the influence of sex hormones in AAA

Study PMID Study design Participants Main findings
20061425 Cross sectional 3,620 Men, 70—88 years; 262 with AAA Decreased serum total and free testosterone,
Increased LH in AAA patients
18854591 Prospective observational cohort study 161,808 Postmenopausal women; 184 with AAA HRT not associated with AAA
17512215 Cohort study 104,813 Men and women; 490 men and 115 HRT had no effect on AAA
women with AAA
16824852 The Estrogen Alone trial 10,739 Postmenopausal women with prior AAAs (HR, 2.40; 95% CI, 0.92—6.23) more
hysterectomy frequent, but not individually significant,
in estrogen group
14769684 The Estrogen Plus Progestin trial 16,608 Postmenopausal women No difference in AAA prevalence
21119710 Genetic association, 74 SNPs in 4 genes 1,711 Men, 640 with AAA. One genotype SNP in CYPI9AI associated with aortic
(SRD5A1, CYPI9AI, AR, ESR2) related assessed in an independent cohort of 782 diameter but not in the cohort of large
to sex hormones men, 513 with large AAAs AAAs
15698546 Genetic association: SNPs in ELN, ESRI, 99 AAA and 225 controls (all men) ESR2-Alul associated with AAA
ESR2, PR and TGFBI
22721599 Prospective case-control study; plasma 16 Women and 18 men with AAAs > 5.5 cm, Women with AAAs: Increased MMP9
MMP2, 9, and 13, TIMP1, SERPINE], 20 women with and decreased estradiol compared with
hsCRP; and estradiol by ELISA AAAs < 5.5 cm; 18 women with PAD men. Women with AAAs: Decreased
MMP9 compared without AAA.
23993200 Expression study on AAA tissue, Western 6 Operated AAAs and 4 cadavers ESR1 protein: F > M
blot
24582702 Human AAA tissue, immunohistochemistry NR AAA SMCs and macrophages express
aromatase
24332015 Expression study on AAA tissue 12 Men and 6 women Differential AKT phosphorylation
23395130 Biomechanical analysis of ILT and aortic 90 AAA samples: 78 men and 12 women Women: older AAA thrombi, aortic wall
wall more prone to dissection, more elastin
and less collagen
11532424 Measure the area ratio of ILT in CT images 98 AAA patients Women: correlated with small ILT
17182963 Measure uniaxial tensile stress of AAA 76 AAA tissues from 34 patients (24 M, 10 F) A trend in strength of the aortic wall:
tissues F<M
21397436 FEA of PWS, PWRR 15 Men and 15 women (AAA: 4—6 cm) PWRR slightly increased in women

AAA, abdominal aortic aneurysm; AR, androgen receptor; Cl, confidence interval; CT, computed tomography; CYP19A1, cytochrome P450, family 19, subfamily A, polypeptide 1; ELN,
elastin; ESR1, estrogen receptor 1; ESR2, estrogen receptor 2; F, females; FEA, finite element analysis; HR, hazard ratio; HRT, hormone replacement therapy; hsCRP, high-sensitivity C-
reactive protein; ILT, intraluminal thrombus; LH, luteinizing hormone; M, males; NR, not reported; PR, progesterone receptor; PWRR, peak wall rupture risk; PWS, peak wall stress; SNP,

single nucleotide polymorphism; SRD5A1, steroid-5-alpha-reductase, alpha polypeptide 1; TGFB1, transforming growth factor, beta 1.
The studies are listed with their PubMed IDs. A detailed list of the literature citations is available from the authors.
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Table III. Animal model studies examining sex differences in AAA

Study PMID Animal species

Drug and/or operation

Main findings

Elastase model

11557662 Mice M/F Oophorectomy
C57BL/6J, Nos2™'~

15331435 Rats M/F 17B-estradiol/aortic
Sprague—Dawley transplantation

15696052 Rats M Tamoxifen
Sprague—Dawley

17182958 Rats M/F
Sprague—Dawley

19111327 Rats M/F 17B-estradiol,
Sprague—Dawley testosterone/

oophorectomy,
orchiectomy

18585678 Rats M/F 17B-estradiol/
Wistar ovariectomy

19767051 Rats M/F
Sprague—Dawley

22316675 Mice M/F
C57/B6

22307671 Mice M/F
C57BL/6, Serpinel ™'~

23993200 Mice M/F
C57

24388399 Mice M/F C57BL/6 Phytoestrogens

24582702 Mice C57BL/6 M/F, wt, ovariectomy
ArKO

24332015 Mice M/F C57BL/6

Angiotensin II model

12083734 Mice M/F
C57BL/6 Apoe’ /Ldlr '~

12855485 Mice M 17B-estradiol
Apoef/ B

15105380 Mice M/F Ovariectomy,
C57BL/6J orchiectomy
Apoef/ -

Nos2~'~: AAA inc. F < M; F Nos2~'~ increased AAA inc. and miAD than fC

M > F AAA inc., miAD, macrophages, and MMP9; lost AAA resistance
after F to M aortic transplantation

mTam decreased AAA diameter, neutrophils, MMP9, increased catalase
than mS.

M > F AAA inc., miAD, macrophages, neutrophils, many cytokine and
chemokine families

mE2 and mC decreased AAA miAD, and macrophages than mS; mCT
increased AD than mCTS; fCE2 decreased miAD and macrophages
than fCE2S

mE2 decreased AAA miAD, MMP2, and MMP9 than mS; fC increased
AAA miAD, MMP2, and MMP9 than {S

M increased AAA inc., miAD, macrophages, neutrophils, Tgftbl, MMP13,
collagen type I and III, and total collagen than F

M increased AAA inc., miAD, macrophages, proMMP9, pro-MMP2, MMP2,
and Mapk8 than F

M increased AAA inc. (wt), miAD (wt), macrophages (wt and Serpinel "),
pro-MMP2, pro-MMP9, MMP2 (wt) and decreased
Serpinel than F

M increased AAA miAD, MMP2, MMP9, and decreased Esrl than F

Phytoestrogens inhibited AAA in M mice

Expression of aromatase in AAA SMCs and macrophages, important
peripheral synthesis of estrogen

Differential AKT phosphorylation between sexes

AAA inc: M > F
mE2 decreased AAA inc., miAD, Icaml, Vcaml, Sele, CCL2, Csfl gene
expression, increased Ppara, Ppard than mS, 17-estradiol reversed

the effects of AnglIl on transcriptional factors.
mC decreased AAA inc. than mS

(Continued)
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Table III. Continued

Study PMID Animal species Drug and/or operation Main findings

18451329 Mice M/F DHT/ovariectomy, mCDht increased AAA inc. than mC; fCDht increased AAA inc. than {C
C57BL/6 orchiectomy
Apoe_/ -

22539767 Mice M/F Testosterone Neonatal testosterone: increased AAA inc. in adult F mice but no effect in
C57BL/6 Apoe™'-Ldlr™"", adult M mice
Agtr1aO¥/10x - Agtr]aSM22KO

24439319 Mice M orchiectomy Removal of endogenous male hormones attenuates aortic lumen expansion
Apoe™'™

Topical elastase
22651981 Mice M/F C57BL/6: macrophages: M > F
C57BL/6 and B6129
Cultured rat aortic SMCs, stimulated with IL1B

16125073 Rats M/F 17B-estradiol MMP9 and Timpl: M > F, not altered by 17p-estradiol
Sprague—Dawley

19041098 Rats M/F 17B-estradiol MMP2, MMP2/Timp2: M > F; not altered by 17B-estradiol
Sprague—Dawley

19592018 Rats M/F; Sprague—Dawley p-Mapkl, t-Mapkl, and pro-MMP2: M > F

ATKO, without aromatase; Agt (Angll), Angiotensin II; Agtrla, angiotensin II receptor, type la; Apoe, apolipoprotein E; CXL2, chemokine (C-C motif) ligand 2; Csf, colony-stimulating
factor 1 (macrophage); Esrl, estrogen receptor 1; F, females; fC, castrated females; fCDht, castrated females treated with dihydrotestosterone; fCE2, castrated females treated with 17-
Bestradiol; fCE2S, castrated control females; fS, sham females; Icaml, intercellular adhesion molecule 1; inc., incidence; KO, knockout; Ldlr, low-density lipoprotein receptor; M,
males; Mapk8, mitogen-activated protein kinase 8 (Jnkl); mC, castrated males; mCDht, castrated males treated with dihydrotestosterone; mCT, castrated males treated with
testosterone; mCTS, castrated control males; mE2, males treated with 17-Bestradiol; miAD, mean increase of the aortic diameter; MMP2, matrix metalloproteinase 2; MMP9, matrix
metalloproteinase 9; MMP13, matrix metalloproteinase 13; mS, sham males; mTam, males treated with tamoxifen; Nos2, nitric oxide synthase 2, inducible; p-Mapk1, phosphorylated
mitogen-activated protein kinase 1 (p-Erk); Ppara, peroxisome proliferator activated receptor alpha; Ppard, peroxisome proliferator activator receptor delta; Sele, selectin, endothelial
cell; Tgfbl, transforming growth factor, beta 1; Timpl, tissue inhibitor of metalloproteinase 1; Timp2, tissue inhibitor of metalloproteinase 2; t-Mapkl, t-mitogen-activated protein
kinase 1 (t-Erk); Vcaml, vascular cell adhesion molecule 1; wt, wild type.

The studies are listed with their PubMed IDs. A detailed list of the literature citations is available from the authors.
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elevating high-density lipoprotein (HDL) and
reducing low-density lipoprotein (LDL).'” Diabetes
is known to be inversely correlated with AAA,'®
and in some studies, its protective effect is more
prominent in women than in men,'" although other
studies did not find any difference between the
sexes.'’ Finally, women with AAA have greater co-
morbidity of cerebrovascular disease'” and thoracic
aortic aneurysms'’ than men.

Many studies have demonstrated that family his-
tory is an important risk factor for the development
of AAAs (for a summary of all published studies, see
Sakalihasan et al.?"). In a recent study from our Car-
diovascular Surgery Center, ultrasonography
screening of relatives of 144 AAA patients identified
24 new AAAs among 186 relatives (>50 years)
yielding a prevalence of 13%. The highest preva-
lence (25%) was found among brothers. By
combining the number of AAAs found by ultraso-
nography screening with those diagnosed previ-
ously, the observed lifetime prevalence of AAA
was estimated to be 32% in brothers.” Although
previous studies had suggested that women with
AAA are more likely to have a family history of
AAA,”" our study of 618 Belgian AAA patients did
not find a difference in the sex distribution between
the sporadic (#z = 539) and familial (# = 79) AAA
cases with male AAA patients representing 92% of
the AAA patients in both groups.”’ A population-
based study in Sweden using national registries
found that the relative risk of AAA for the first-
degree relatives of both male and female AAA pa-
tients was similar.””

Role of Sex Hormones in AAA
Development and Growth

Clinical studies in men. In a cross-sectional study of
Australian men, the AAA patients had lower free
and total testosterone and higher luteinizing hor-
mone levels than men without AAA. In addition,
the levels of free testosterone were inversely corre-
lated with AAA (Table 11).”” Lower testosterone
level has been also linked with coronary artery dis-
ease,”” lower extremity peripheral arterial disease,”’
and increased inflammation in human endothelial
cells.”® Indeed, testosterone has beneficial actions
on the muscle mass, endothelium, circulating lipids,
and vascular inflammation and through its anabolic
actions could maintain the integrity of vascular
SMCs and ECM, thus compensating the aortic
medial degradation found in AAA.*’

Genetic studies in men. In ““Health In Men Study,”
74 single-nucleotide polymorphisms (SNPs) located
in 4 genes encoding circulating sex hormones
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(steroid 5 alpha reductase, subfamily A, polypeptide
1 [SRD5A1], cytochrome P450, family 19, subfamily
A, polypeptide 1 [CYPI9AI], androgen receptor
[AR], and estrogen receptor 2 [ESR2]) were
analyzed. As genetic factors appear to have a role
in the production, metabolism, and response to
male sex hormones, an association was found be-
tween small AAAs and 1 SNP located in intron 1 of
CYPI19A1, but this finding was not confirmed in an
independent cohort of large aneurysms.”’

As receptors of female sex hormones mediate
their effects in vascular SMCs and in endothelial
cells, genes encoding for these receptors provide
biologically plausible candidate genes for genetic
studies. A small study with 99 AAA cases and 225
controls revealed a polymorphism in the estrogen
receptor B (ESR2) but not estrogen receptor o
(ESRI), elastin (ELN), progesterone receptor (PR),
or transforming growth factor B1 (TGFBI) genes to
be associated with AAA.*® Larger studies are needed
to draw firm conclusions about the role of genetic
variation in these genes.

Clinical studies in women. In a prospective observa-
tional cohort study, hormone replacement therapy
(HRT) of >5 years decreased the OR for AAA to
0.52 (0.34—0.78),”” whereas another study showed
no effect.’® Moreover, in the ““Estrogen Plus Proges-
tin Trial,”” there was no difference in the number of
AAA cases between the women receiving estrogen
plus progestin and the control group.”’ However,
in the ‘“Estrogen Alone Trial,”” a study on postmeno-
pausal women with prior hysterectomy, AAA events
were more frequent in the group receiving conju-
gated equine estrogen than the control group.’”
This divergence on the results may be attributed to
different duration of treatment as well with differ-
ences in women'’s lifestyles. The earlier after meno-
pause the HRT starts, the better vascular effect the
estrogens have, indicating that time of treatment
onset since menopause is key in cardiovascular pro-
tection.”> On the other hand, HRT can trigger
adverse thrombotic and proinflammatory out-
comes.’’ The vasoprotective effects of 17p-estradiol
are age dependent and may also explain the vaso-
toxic effect of estrogen observed in a clinical trial of
postmenopausal women.’* Finally, a case—control
study using validated questionnaires showed that
women with AAA >5 cm had menopause at a
younger age than women with AAA <5 cm, without
relationship to HRT, suggesting that a shorter period
of sex hormone production, as a consequence of
lower menopausal age, is related to an earlier devel-
opment of AAA or increased growth rate.”’

Protein expression in women and men in AAA. As
for protein studies, a small case—control study (16
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women and 18 men with AAAs >5.5 cm and 20
women with AAA <5.5 cm) found higher plasma
levels of matrix metalloproteinase 9 (MMP9) in
women compared with men with equivalent large
AAAs, suggesting a sex difference in proteolytic ac-
tivity of the aortic wall, whereas the levels of estra-
diol were lower in women compared with those in
men. In elderly men, higher levels of estradiol can
be explained by peripheral aromatization and
continued synthesis in the testicles.’® Interestingly,
women with AAAs >5.5 cm had lower levels of
MMP9 compared with women with AAA <5.5 cm,
which could be explained either by MMP9 degrada-
tion in the aneurysmal wall or a reduction in the
MMP9 production as the aneurysm grows.’® Laser
et al.”” found that ESR1 protein levels were 80%
higher in the aortic wall of women than in men
with AAA. Furthermore, aromatase, an essential
enzyme of estrogen synthesis, was expressed in
aortic cells expressing smooth muscle markers
(SMaA) and macrophage markers (CD68 and Mac-
2) in human AAA tissues.’® Finally, aortas from
men with AAA (n = 12) had a significantly higher
phosphorylated AKT-308 (p308)/total AKT ratio
than tissues from women with AAA (n = 6), suggest-
ing that phosphorylation of AKT, which is a serine/
threonine kinase, is important in the upstream regu-
lation of MMP activity and that differential phos-
phorylation contributes to sex differences in AAA.””

Clinical conclusion from human sex hormone
studies on AAA. There is a lack of human studies
examining the role of androgens in AAA. As AAA
is associated with an advanced age, age-related
decline in circulating testosterone could be a
contributing factor, but further studies are required
to establish this connection. Estrogens mediate
beneficial anti-inflammatory effects by direct anti-
oxidant effect, generation of nitric oxide, prevention
of apoptosis, and suppression of cytokines and che-
mokines, but there are scarce human studies exam-
ining the role of endogenous estrogen on AAA.
Furthermore, several human studies documented
contradictory results on the role of exogenous fe-
male sex hormones on AAA.

ANATOMIC AND BIOMECHANICAL
PROPERTIES OF MALE AND FEMALE
AAA PATIENTS

In 1965, Steinberg et al.”” established normal stan-

dards for abdominal aortic diameters. In men, the
mean diameter of the suprarenal aorta was
19.3 mm, and the infrarenal diameter was
18.1 mm with an infrarenal/suprarenal ratio 0.94.

Annals of Vascular Surgery

In women, the mean diameter of the aorta was
smaller than men: suprarenal 17.9 mm, infrarenal
15.8 mm, and infrarenal/suprarenal ratio 0.86.
Moreover, a Scandinavian study reported a 3-mm
sex difference in aortic diameter in 70-year-old
s;ubjects,41 whereas in the ADAM study, the aortic
diameter was approximately 1.4 mm smaller in
women than in men.”” Furthermore, because
aortic size is proportional to the body size, a 5.5-
cm AAA in men is similar to a 5.2-cm AAA in
women, and AAAs with equal diameter represent
a greater proportional dilatation in women than
in men.”’ Likewise, when measuring the uniaxial
tensile stress, women were found to have lower
wall strength compared with men.** In addition,
women present with overall more diseased aortic
neck, such as shorter aortic neck, wider proximal
aortic neck, and more frequent proximal angula-
tion >60°.*

Variation in sex hormone levels between men
and women in every age group influences expres-
sion of important ECM proteins and may modulate
arterial stiffness.”® Although the ECM in human
aorta is complex, it is clear that the collagens pri-
marily convey strength, whereas elastin and related
proteins including fibrillin 1 convey distensibility.*°
In a study on human aortic SMCs, all exogenous sex
steroids reduced collagen deposition compared with
control; however, the reduction was greater with
female sex steroids than testosterone.’® Further-
more, the elastin/collagen ratio was 11-fold higher,
and fibrillin 1 deposition was doubled in the pres-
ence of 17B-estradiol and progesterone compared
with that of testosterone, whereas testosterone
increased both gene and protein expression of
MMP3 compared either to untreated cells or cells
treated with female sex steroids. Besides, in a study
on postmenopausal women, phytoestrogen treat-
ment decreased the aortic stiffness,”” whereas
smoking induced greater stiffening of aortic wall
in women than in men, indicating that the aorta
of women might be more vulnerable to smoking
with regard to stiffening and degenerative changes
than the aorta of men.”® Male AAA patients had
less dry weight percentage of elastin and more
collagen than female patients in the abdominal
aortic wall.”” As the amount of collagen increases,
the cross linking between collagen fibers increases
resulting in greater stiffening.”” In addition, a
decreased distensibility of the vessel happens earlier
in men, who are more susceptible to developing
AAA,’° whereas the compensatory increase of the
aortic wall is greater in women than in men to
reduce the circumferential stress in the aorta.”' In
every age group, women have less stiff aortas than
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men, and this is largely influenced by their smaller
body size and arterial dimensions.’*’’ Further-
more, sex differences in the stiffness of the aorta
may be associated with slightly lower mean arterial
pressure in women”’ and with degenerative
changes related to aging, contributing to the forma-
tion of AAA.”

The risk of rupture is a cumulative effect of
abdominal aortic geometry, intraluminal thrombus
(ILT) characteristics, tissue properties, and blood
pressure.” Tong et al.*’ found that the luminal
layers of ILT in women were more biaxially exten-
sible but weaker in longitudinal direction, whereas
the abluminal layers had no differences between
sexes. Another study showed that women with
AAA had smaller ILT compared with men, but this
does not explain the higher risk of rupture in
women,’” because AAA wall adjacent to thicker
ILT is weaker and exposed to hypoxia compared
with the AAA wall adjacent to a thinner layer of
ILT.”* Finally, in a study using finite element anal-
ysis, women had higher peak wall rupture risk.”*

SEX DIFFERENCES IN AAA ANIMAL
MODELS

The Role of Endogenous Sex Hormones

In 1970s, before the AAA experimental models,
Fischer et al.”® found that rats receiving estradiol
had a higher aortic elastin/collagen ratio than those
receiving testosterone. More recently, sex differ-
ences in AAA have been studied in different animal
models, which include the intraluminal infusion of
elastase in rats’’ or mice,”® angiotensin II (AngIl)
infusion in mice deficient in apolipoprotein E
(Apoe'7),°? and direct application of elastase at
the anterior wall of the abdominal aorta in mice
(Table I11).%°

In 2001, Lee et al.°' described an increased inci-
dence of AAA in female mice deficient in the induc-
ible form of nitric oxide synthase (Nos2 ")
compared with male mice (80% vs. 40%), suggest-
ing that the interaction between estrogen and
cellular NOS could influence nitric oxide production
and that the absence of NOS2 might have enhanced
local MMP9 activity and promoted aneurysmal
degeneration in a sex-specific manner. Another
study reported a higher incidence and a larger size
of AAA in male than in female mice in Apoe '~
and in low-density lipoprotein receptor (Ldlr’'")—
deficient mice in the Angll AAA model,®* as it
is known that androgens increase the expression
of the renin—angiotensin system components,
including angiotensinogen, renin, and angiotensin
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II receptor type-1 receptors (AGTR1).°” Using the
elastase perfusion model, Ailawadi et al. similarly
found higher incidence and an increase in abdom-
inal aortic diameter in male compared with that in
female rat abdominal aortas. This apparent female
protection was mediated by inhibitory effect of
estradiol on the aortic wall macrophage infiltration
and secretion of MMP9.°* They also noticed that
estrogen-related resistant phenotype was lost after
transplantation of the female aorta into male rats.
Moreover, the male and female aortas had nearly
identical aortic structure before any intervention,
suggesting a postinjury action of estrogen. Sinha
etal.®” focused on the first week after elastase perfu-
sion, and the protective effects of female rats were
associated with a decrease of macrophage and
neutrophil infiltration and lower levels of multiple
members of bone morphogenetic protein, C-C che-
mokine ligand, C-C chemokine receptor, inter-
leukin (IL), transforming growth factor (TGF),
tumor necrosis factor (TNF), and vascular endothe-
lial growth factor (VEGF) families in the early stages
of AAA formation. Furthermore, Cho et al.®® inves-
tigated sex-related changes of ECM proteins and
found that sex disparities were associated with
lower levels of types I and III collagen, Tgfbl, and
higher leukocyte infiltration and MMP13 levels in
male rats.

DiMusto et al.®” examined sex differences in the
c-Jun-N-terminal kinase (Jnk) production, an intra-
cellular signaling molecule with important up-
stream regulation of several enzymes in AAA
formation, inflammation, and cellular death, and
found that significantly more Jnkl or mitogen-
activated protein kinase 8 (Mapk8) resulting in
increase of pro- and active-MMP2 as well as pro-
MMP9 in male versus female mice. In another
study, the same group examined the role of plas-
minogen activator inhibitor 1 now known as Ser-
pinel in Serpinel " mice and found that
overexpression of Serpinel prevented AAA devel-
opment in female compared with male mice.®®
Increased levels of Serpinel decrease MMPs by
reducing plasmin in the blood and can modulate
plasminogen-mediated apoptosis of vascular
SMCs.°® Laser et al.”” showed an increase of aortic
wall Esrl in female compared with male mice
aortas, which was inversely correlated with MMP
activity, suggesting a protective role of Esrl during
AAA formation likely because of a decreased inflam-
mation. Another study concluded that genetic sus-
ceptibility is important in AAA development, as
significantly more macrophages were found in
C57BL/6 male than female mice, but there was no
difference between sexes in B6129 mice.®’
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Moreover, similar to human AAA tissue, male mice
had higher levels of p308 which was correlated with
increased AAA formation compared with female
mice.’” Finally, Johnston et al.”® showed that the
protective effects in female mice were completely
eliminated with deletion of aromatase. Decreasing
estradiol levels were correlated with increasing
aortic diameter.

Exogenous Estrogens in AAA

The vasoprotective effect of exogenous estrogens is
well described in animal models of AAA. Male rats
treated with 17B-estradiol had smaller aortic diam-
eter, less macrophage infiltration, and elastin frag-
mentation as well as lower levels of MMP9 mRNA
compared with the sham group.®* The protective ef-
fects of estrogens were confirmed by other
studies.®””" Additionally, Martin-McNultry et al.”*
demonstrated that infusion of Angll induced AAA
in 90% of Apoe™’~ mice, whereas with 17p-estradiol
treatment, only 42% of mice developed AAAs. In
another AAA study, tamoxifen, a selective estrogen
receptor modulator, decreased neutrophil infiltra-
tion and increased catalase expression.”” Catalase
is an antioxidative enzyme involved on hydrogen
peroxide metabolism and can block the activation
of MMP2 in SMCs.”” Finally, dietary phytoestrogens
inhibited experimental AAA formation in male mice
through a reduction of the inflammatory response
in the aortic wall.””

The Role of Exogenous Testosterone in
AAA Development

Female and male rats treated with testosterone dis-
played similar increase of aortic diameter and
macrophage infiltration, although 30% of AAAs
ruptured early in the male testosterone group.®’
Zhang et al.”* found that the mRNA levels of angio-
tensin I receptor subtype la (Agtrla) were increased
in abdominal but not in thoracic aortas, and as a
consequence, the incidence of Angll-induced
AAAs was increased in adult female mice but not
in adult male mice administered testosterone as ne-
onates. In SMCs cultured from abdominal aortas of
female mice, but not from male mice, testosterone
promotion of Agtrla was heritable, and the authors
proposed that epigenetic mechanisms contribute to
sexual dimorphism seen in the effects of testos-
terone. This study showed that long-lasting effects
that persisted into adulthood did not require
continued presence of high concentrations of testos-
terone in serum.
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The Effect of Castration on AAA
Parameters

Conflicting results have been obtained in studies
focused on rodent female castration and its effects
on AAA formation. Oophorectomized Nos2 '~
female mice showed a decreased incidence and
diameter of AAA compared with noncastrated
Nos2~'~ females, suggesting that the lack of estrogen
reverses the accelerated AAA development and em-
phasizes the close interaction between estrogen and
cellular NOS.°" Another study did not find a differ-
ence in the aneurysm size or the number of macro-
phages between ovariectomized female rats and the
control group, suggesting that persistent circulating
estrogen or estrogen receptors can provide
continued protection against AAA formation. In
addition, they demonstrated that exogenous estro-
gens have prominent protective effects, as castrated
females treated with 17f-estradiol presented
smaller AAAs and lower macrophage counts
compared to only castrated females.®” Wu et al.”’
found SMCs disorganization, inflammatory cell
infiltration, partial elastic fiber degradation, larger
aneurysm size, and increased MMP2 and MMP9
mRNA levels in ovariectomized female rats, illus-
trating also the anti-inflammatory/antiproteolytic
effects of estrogen in the elastase-induced AAA
model. On the other hand, Henriques et al.””
showed that murine ovariectomy failed to signifi-
cantly modify neither the incidence nor the severity
of the Angll-induced AAAs, indicating that the
endogenous ovarian hormones are not the primary
mediators of sex differences in Angll-induced AAA.
Finally, aromatase deletion further increased aortic
dilatation compared with wild-type ovariectomized
females, suggesting that the protective effect of fe-
male sex on AAA requires the presence of both
ovarian and extragonadal/peripheral aromatase.’®

In contrast, testosterone has been shown to be a
primary mediator of sex differences in Angll-
induced AAAs. The incidence of AAA was strikingly
reduced in orchiectomized male mice compared
with sham controls (18% vs. 85%) and was similar
to the incidence observed in female mice (25%).””
Castrated male mice and rats treated with dihydro-
testosterone and testosterone, respectively, showed
a significant increase in the incidence of AAA
compared with only castrated males.””’° Recently,
a study by the same group showed that castration
reduced the progressive lumen dilatation of estab-
lished AAAs, suggesting that androgens also play a
role in the progression of AAAs in male mice and
that TGFb and Serpinel may be targets of testos-
terone action in the progression of AAA.””
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In Vitro Studies Using Cultured SMCs

Woodrum et al.”® examined sex differences of
MMP2 in rat aortic SMCs (RASMCs). MMP2
mRNA levels and the MMP2/Timp2 ratio as well as
the protein levels and gelatinolytic activity of
MMP2 were higher in male compared with those
of female RASMCs. Exogenous 17B-estradiol did
not change MMP2 activity in vitro in male or female
RASMCs, but in vivo pretreatment greatly
decreased male aortic MMP2 production. Similar re-
sults were found in MMP9 levels in RASMCs.”” Ehl-
richman et al.*" focused on the mitogen-activated
protein kinases (MAPKs) which are known to
have a significant role in increasing MMP9 activity.
Levels of phosphorylated extracellular-signal-
regulated kinase (Erk), also known as Mapkl,
were higher in male than those in female RASMCs
and were associated with higher levels of pro-
MMP2, providing a potential explanation of sex
differences.®’ Finally, male RASMCs had more
phosphorylated AKT than female cells.””

DISCUSSION

Based on the studies summarized in this review,
males and females with AAAs, in human and animal
studies, exhibited significant epidemiological,
biomechanical, and pathophysiological differences.
Sex steroids likely play an important role in medi-
ating sex differences in AAA through regulation of
the ECM and the inflammation of aneurysmal
wall. In addition, sex steroids influence abdominal
aorta stiffness through modulation of expression of
ECM proteins and their regulators.

Estrogens, mainly estradiol, exert pleiotropic ac-
tions via signaling through ESR1, ESR2, and G-pro-
tein-coupled estrogen receptor mainly on
endothelial cells and SMCs.** Studies on AAA ani-
mal models showed that female sex hormones regu-
late certain cytokines, chemokines, and other
proteins with the majority consisting of members
of MAPKs, such as AKT, JNK, ERK, and as a result,
they inhibit the expression and activity of certain
MMPs, especially MMP2 and MMP9, providing a
protective role in aneurysm formation. Moreover,
the anti-inflammatory effects of estradiol are medi-
ated through downregulation of several nuclear fac-
tor kB (NFkB)—dependent proinflammatory
mediators such as intracellular adhesion molecule
1, vascular cellular adhesion molecule 1, selectin
E, monocyte chemotactic protein 1 (Mcp-1), and
macrophage colony-stimulating factor in the
aorta,”' while there is evidence of reciprocal antag-
onism between estrogen receptors and NF-kB
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activity.®” As a result, macrophage and leukocyte
infiltration is decreased in the aortic wall and the
subsequent production of MMPs, preventing the
degradation of ECM in the aortic wall. In addition,
estrogen causes a decrease in the CXC chemokine
family, thus reducing early inflammatory response
to endoluminal vascular injury.®* The deletion of
aromatase was associated with increase in Mcp-1
and IL-1B provoking infiltration of inflammatory
cells.”® Estrogen mainly through ESRI1 activates
NOS2 and endothelial NOS (NOS3) pathways, re-
duces the oxidative stress of AAA, decreases
MMP2 and MMP9, and exerts vasodilatory effects
via nitric oxide.®"®>*? Changes in gene activation
of NOS3 and collagen via ESR1 and ESR2 in the me-
dia reduce the response of blood vessels to injury.®®
In addition, the antiapoptotic mechanisms of estro-
gens and the interaction with the fibrinolytic system
through an increase of Serpinel may prevent the
destruction of the aortic wall.°*®* Estrogens may
also influence indirectly the formation and growth
of AAA, because they elevate HDL and reduce
LDL."”

Males, in animal studies, developed larger AAAs
than females, more frequently associated with
increased leukocyte infiltration, which was preceded
by a reduction in Tgfb1 and collagen types I and II1.°°
Tgfbl stimulates expression of collagen and elastin,
decreases inflammation, promotes vascular SMC
growth, and inhibits MMP-dependent proteolysis.“®
Testosterone upregulated JNK, a protein which
stimulates apoptosis signaling pathway.®” Andro-
gens increased the incidence of Angll-induced AAA
in mice and had the ability to stimulate MMP2
expression.”” The effects of androgens on AAA for-
mation include stimulation of components of the
renin—angiotensin system producing either in-
creased synthesis or responsiveness to AngIl.”’
Despite the many detrimental effects of testosterone,
some studies revealed that androgens exert athero-
protective effects against cardiovascular disease at
least in the elderly people, mediated by the androgen
receptors.SS Besides, lower levels of testosterone had
harmful effect on AAA and on the cardiovascular
system in men.”’

In conclusion, there are still many controversies
and unanswered questions about the sex differences
in AAA. Despite the detrimental effects of male sex
hormones in experimental AAAs, it seems that
lower testosterone levels in men are associated
with aortic dilatation, and physiological levels of
endogenous male sex hormones mediate protection
on the vasculature, but further studies are required
to establish more conclusive results. Endogenous
estrogens exert multiple vascular actions, but the



1956 Makrygiannis et al.

protection of estrogens against AAA development
and the contradictory role of female sex in the risk
of rupture are not clear, although there are several
animal studies suggesting a protective role of estro-
gens. The use of exogenous female sex hormones
in menopausal women was found to have contra-
dictory results. Finally, the molecular mechanisms
of sex steroids in AAA might provide potential ther-
apeutic targets for AAA once the discrepancies in the
current literature have been resolved.
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