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Background and purpose: During development of thoracic aortic aneurysms in a mouse model of Marfan syndrome,
upregulation of matrix metalloproteinase (MMP)-2 and -9 was accompanied by compromised aortic constriction and
endothelium-dependent relaxation. Losartan has been proposed for the prevention of thoracic aortic aneurysm. We hypoth-
esized that losartan would suppress MMP-2/-9 activation and improve aortic vasomotor function in this model.
Experimental approach: A well-characterized mouse model of Marfan syndrome (Fbn1C1039G/+) was used. Starting at 6 weeks
old, Marfan mice were untreated or given losartan (0.6 g·L-1 in drinking water, n = 30). The littermate Fbn1+/+ mice served as
control. Thoracic aortas were studied at 3, 6 and 9 months by histology and by contractility assays in isolated segments in vitro.
Key results: Losartan improved elastic fibre organization and increased aortic breaking stress. Losartan reduced the activity and
protein expression of MMP-2 and MMP-9 at all ages. Aortic constriction in response to membrane depolarization or
phenylephrine was increased by losartan at 3 and 9 months by 100–200%. Active force of aortic smooth muscle was also
increased at 6 and 9 months. Acetylcholine-induced endothelium-dependent relaxation was improved by 30% after 3 months
of losartan treatment, but such improvement disappeared with longer duration of treatment, accompanied by reduced
phosphorylation of endothelial nitric oxide (NO) synthaseSer1177, AktThr308 and AktSer473, compared with the control.
Conclusions and implications: Losartan improved the contractile function of aorta and reduced MMP activation. However,
the endothelial NO pathway remained suppressed in the thoracic aorta during losartan treatment, which might limit its
long-term benefits in Marfan syndrome.
British Journal of Pharmacology (2009) 158, 1503–1512; doi:10.1111/j.1476-5381.2009.00443.x; published online 8
October 2009

Keywords: losartan; Marfan syndrome; thoracic aortic aneurysm; long-term treatment; aortic contractile function; endothelial-
dependent relaxation

Abbreviations: eNOS, endothelial nitric oxide synthase; FBN-1, fibrillin-1; MMP, matrix metalloproteinase; TGF, transforming
growth factor; TIMP, tissue inhibitor of matrix metalloproteinase

Introduction

Marfan syndrome is an autosomal dominant disorder of con-
nective tissue resulting from mutations in the gene encoding
fibrillin-1 (FBN-1). FBN-1 is a principal component of the
extracellular microfibrils, which are crucial as organizing scaf-
folds in the formation and maturation of elastic fibres. Abnor-
mal elastic fibres alter the load-bearing capacity of the aorta
and cause micro-dissection and degeneration of the media in
the aorta. Consequently, thoracic aortic aneurysm, dissection

and rupture account for over 90% of the mortality in Marfan
syndrome (Dietz et al., 1991; Judge and Dietz, 2005). Clinical
management of thoracic aortic aneurysm in Marfan syn-
drome aims to decrease the rate of aortic root dilatation and
reduce the risk of dissection and rupture. Blockade of
b-adrenoceptors with atenolol, propanolol, etc. has been
advocated for preventive therapy (Simpson et al., 1968;
Shores et al., 1994). However, this treatment does not prevent
important clinical end points including aortic regurgitation,
surgery, aortic dissection and death, and no clinical benefit is
observed in patients with marked dilatation (Yin et al., 1989;
Rios et al., 1999; Baumgartner et al., 2006; Gersony et al.,
2007). Therefore, there is need for the development of more
effective pharmacological strategies for the management of
thoracic aortic aneurysms in Marfan syndrome.

Aortic aneurysm is characterized by impairment of vascular
cell functions, destruction of extracellular matrix integrity
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and deterioration of the mechanical properties of the vessel
wall. We have demonstrated that the progression of thoracic
aortic aneurysm in Marfan syndrome is associated with
upregulation of matrix metalloproteinase (MMP)-2 and -9,
which is concomitant with extensive degeneration of elastic
fibres, alterations in aortic mechanical properties, endothelial
dysfunction and reduction of smooth muscle contractility
(Chung et al., 2007a,b,c; 2008a,b). Recent investigations have
demonstrated that perturbation of transforming growth
factor (TGF)-b/Smad2-signalling contributes to the prominent
clinical manifestations in Marfan syndrome. Antagonizing
TGF-b through TGF-b neutralizing antibodies or losartan, an
angiotensin AT1 receptor antagonist, has been shown to
prevent aortic elastic fibre degeneration, aortic root dilata-
tion, mitral valve prolapse, alveolar septation and skeletal
muscle dysfunction in a mouse model of Marfan syndrome
(Neptune et al., 2003; Judge et al., 2004; Ng et al., 2004;
Habashi et al., 2006; Cohn et al., 2007). Therefore, the pro-
longed administration of losartan as a pharmacological strat-
egy for the management of thoracic aortic aneurysm in
patients with Marfan syndrome is considered to be of great
potential (Lacro et al., 2007; Brooke et al., 2008; Matt et al.,
2008). A multicentre, randomized, clinical trial has been ini-
tiated for the comparison of the effectiveness of losartan and
atenolol in patients with Marfan syndrome (Lacro et al.,
2007). However, we believe that a cautious approach is
needed to address important questions: will the losartan effect
be consistent and offer significant vascular protection over
the long-term? Will losartan modify MMP activation? Will
there be unanticipated side effects during the long-term losa-
rtan treatment?

The present study was designed to fill the gap in the current
knowledge related to the effects of losartan on MMP activa-
tion and aortic vascular function in a mouse model of Marfan
syndrome. In this study, we demonstrated that although losa-
rtan normalized the elastic fibre architecture, suppressed
MMP-2 and -9 activation, and enhanced aortic contractility, it
did not improve the endothelium-dependent relaxation in
the long term. The downregulated endothelial NO signalling
pathway could impair vascular health and such findings
might limit the long-term benefits of losartan in the manage-
ment of thoracic aortic aneurysm in Marfan syndrome.

Methods

Experimental animals and tissue preparation
All animal care and experimental procedures were approved
by the institutional Animal Ethics Board and were in compli-
ance with the Guide for the Care and Use of Laboratory
Animals (Chung et al., 2007a,b,c; 2008a,b). Heterozygous
(Fbn1C1039G/+, the most common class of mutation in
Marfan syndrome) mice were bred with wild-type mice
(C57BL/6) to generate ‘control’ (Fbn1+/+) and ‘Marfan’ mice,
which were housed in the institutional animal facility. To
better translate the current findings into human conditions,
we provided a rough guide of the developmental stages of this
mouse model based on the ‘reproductive stage’. For example,
mice become ‘reproductively mature’ by 6–7 weeks of age;

female mice reach the menopausal stage at the age of 7–8
months.

In the primary prevention study investigating the vascular
effects of losartan, the treatment dosage and timing followed
the previous study (Habashi et al., 2006). Starting at 6 weeks
of age, Marfan mice were given losartan (0.6 g·L-1 in drinking
water, n = 30) or left untreated. The losartan solution was
changed once a week. Mice at the age of 3, 6 and 9 months
were anaesthetized with a mixture of ketamine hydrochloride
(80 mg·kg-1) and xylazine hydrochloride (12 mg·kg-1) i.p. for
experimentation. From each mouse, a segment of aortic arch
(2.5 mm in length) was fixed for histological analysis. A
1.8-mm segment was used for the functional study (ascending
aorta was not used because of its short length). The rest of the
thoracic aorta was flash-frozen for sample homogenization
and protein extraction.

Movat’s staining
Aortic segments were formalin fixed and embedded in paraf-
fin. Because of the limited samples from each mouse, perfu-
sion fixation was not performed. 3 mm cross-sections were
prepared and stained with modified Movat’s pentachrome
(Chung et al., 2007b; 2008a,b). Image acquisition and pro-
cessing were performed using a Nikon MicroPhot microscope.
Average aortic wall architecture score was assessed by three
observers who were unaware of the genotype and treatments.
Elastic fibre integrity was assessed in four representative areas
on a scale from 1 to 4: 1, extensive fragmentation and degra-
dation; 2, local fragmentation and degradation; 3, mild dis-
organization without fragmentation; 4: completely intact
with wavy organization.

Measurement of isometric force
Aortic segments were mounted isometrically in a small vessel
myograph (A/S Danish Myotechnology, Aarhus N, Denmark)
for force generation measurement as described previously
(Chung et al., 2007a,b,c; 2008a,b). They were stretched to the
resting tension (6.0 mN) for 20 min and challenged twice
with 60 mmol·L-1 KCl before experiments were continued.

Mechanical properties of the aorta
The measurement of ‘breaking stress’ was performed as previ-
ously described (Chung et al., 2007b; 2008a,b). Briefly, in a
small vessel myograph, the aortic segment was stretched by
increasing the distance between the two stainless wires. Ini-
tially, two wires were adjusted to Lo, at which the vessel was
not stretched. Inside circumference of the aortic segment was
measured as twice the distance between two wires, plus the
wire circumference, plus two wire radii (2 ¥ 20 mm). The
distance between the two wires was then increased by
100 mm, and the new length was noted as ‘L’. The developed
force (mN) was divided by the surface area (= inside circum-
ference of the segment ¥ length of the segment) of the aorta
segment (mm2) to calculate the wall stress (mN·mm-2). The
procedure was repeated until the vessel was unable to main-
tain its resting tension. The stress at which rupture occurred
was reported as ‘breaking stress’.
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‘Active force’ is the difference between ‘Total force’ and
‘Passive force’. ‘Passive force’ was measured by repeating the
above procedures in a calcium-free Krebs solution prepared by
replacing CaCl2 with 320 mmol·L-1 EGTA to eliminate smooth
muscle cell contractility. ‘Total force’ was determined by
assessing the active contractility at each level of stretch in
response to 60 mmol·L-1 KCl.

Gelatinolytic zymography
The gelatinolytic activity was analysed by separating protein
on 8% SDS-PAGE gels copolymerized with gelatin (2 mg·mL-1)
(Chung et al., 2007b; 2008b). The gelatinolytic activity was
identified as transparent bands against the background of
Coomassie blue-stained gelatin.

Western immunoblotting
Because of the limited sample from each mouse, aortic seg-
ments were pooled during homogenization in groups with the
same strain and age. The procedures of protein homogeniza-
tion and Western immunoblotting were previously described
(Chung et al., 2007a,b,c; 2008a,b). In brief, protein samples
were separated on 6% (for endothelial nitric oxide synthase;
eNOS) or 9% (MMP-2, MMP-9), or 13% (for Akt, tissue inhibi-
tor of matrix metalloproteinase [TIMP]-1, TIMP-2 and b-actin)
sodium dodecyl sulphate-polyacrylamide gel electrophoresis,
and the separated proteins were transferred to polyvinyldifluo-
ride membranes. The membranes were then incubated with
the appropriate antibodies as follows: monoclonal antibodies
to MMP-2, MMP-9 (1:250), TIMP-1, TIMP-2 (1:400), eNOS
(1 mg·mL-1) and b-actin (1:5000); rabbit polyclonal antibody to
phospho-eNOSSer1177 (1:1000), Akt (1:1000), phospho-AktThr308

(1:1000) or phospho-AktSer473 (1:1000). Afterwards, membranes
were incubated with anti-rabbit or anti-mouse IgG peroxidase-
conjugated secondary antibodies (1:2500).

Data analysis
Data are reported as mean � standard error mean. Statistical
analysis and stress-strain exponential curves were prepared
using GraphPad Prism software (San Diego, CA, USA).
Unpaired Student’s t-test and one-way ANOVA were used for
comparisons between two and multiple groups respectively.
Statistical significance was defined as P value <0.05.

Materials
Ketamine hydrochloride and xylazine hydrochloride
(Research Biochemicals International, Natick, MA, USA); phe-
nylephrine, acetylcholine, KCl, chemicals for preparing Krebs
solution, monoclonal b-actin antibody, anti-rabbit and mouse
IgG peroxidase-conjugated secondary antibodies (Sigma-
Aldrich, Oakville, ON, USA); MMP-2, MMP-9, TIMP-1 and
TIMP-2 antibodies (Calbiochem, San Diego, CA, USA); Akt,
phospho-eNOSSer1177, phospho-AktThr308, phospho-AktSer473

antibodies (Santa Cruz, Santa Cruz, CA, USA); eNOS antibody
(BD Biosciences, Mississauga, ON, USA); ECL western blotting
detection kit (Amersham Life Sciences, Arlington Heights, IL,
USA).

Results

Losartan improves structural integrity of elastic fibres in thoracic
aorta from Marfan mice
The structure of elastic fibres in aorta is shown in histological
slides with Movat’s staining (Figure 1A), and the averaged
architecture score of aortic wall is reported in Figure 1B. Com-
pared with control, Marfan aortic elastic fibre exhibited severe
fragmentation, thinning and disorganization. Losartan treat-
ment greatly improved the elastic fibre structure and restored
its wavy organization which was indistinguishable from that
in the control, non-Marfan mice (Figure 1).

To investigate the structural stability of the aorta, we mea-
sured the breaking stress, which represents the breaking of the
association of elastic fibre and smooth muscle, and at which
the vessel could no longer maintain a stable resting tension.
Marfan syndrome lowered the breaking stress of the thoracic
aorta at 6 and 9 months of age by 33% and 22% respectively,
but losartan significantly improved the breaking stress, to the
values in aortas from control mice (Figure 2).

Losartan downregulates MMP-2 and -9
We have demonstrated that the extensive elastic fibre degra-
dation in Marfan syndrome could be associated with elevated
activities of MMP-2 and -9 in the thoracic aorta (Chung et al.,
2007b; 2008b). In the present work, losartan markedly
reduced the gelatinolytic activity of MMP-9 at 3 and 6 months
of age, and prevented the upregulation of MMP-2 activity
(Figure 3A).

The endogenous protease inhibitor, TIMP-1, has preferen-
tial inhibitory capability against MMP-9, while TIMP-2 at
high concentration selectively inhibits MMP-2 activation. At
3 and 9 months, the ratio of MMP-9/TIMP-1 protein expres-
sion in the losartan group was reduced to 60% and 40%,
respectively, of that in the age-matched untreated group
(Figure 3C). At 3 months, MMP-2/TIMP-2 protein expression
was not altered by losartan. However, at 6 months, losartan
effectively suppressed the increased MMP-2/TIMP-2 ratio in
the Marfan group, and this ratio was further reduced by 65%
compared with the untreated at 9 months (Figure 3D).

Losartan improves aortic smooth muscle contractile function
Aneurysm formation is accompanied by a significant reduc-
tion in aortic contractility (Chung et al., 2007a,b,c; 2008a,b).
However, we found that losartan improved the depressed
KCl-stimulated contraction in the Marfan aorta by 100–200%
(Figure 4A). Similarly, the reduced phenylephrine-contraction
in the Marfan aorta at 3 and 9 months was greatly improved
by losartan treatment. Losartan also increased the sensitivity
to phenylephrine-contraction, denoted as pEC50 values, to 7.0
from 6.7 in the age-matched untreated group at 9 months of
age. However, it remained significantly reduced compared
with the control (P < 0.05).

To further investigate the contribution of smooth muscle in
the development of contractile force, we measured the active
force in segments from aortas of Marfan mice during KCl-
stimulated contraction. The active force in the untreated
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Marfan group was significantly less compared with the
control at all ages. However, after 3 months of treatment,
losartan normalized the active force to the control values
(Figure 5A). At 6 and 9 months, the aortic segments from the
losartan-treated group of Marfan mice exhibited an active
force, comparable to that in the control group, over a strain
range <2.0. Over the strain ranges between 2.0 and 3.0, these
aortic segments had higher active force compared with the
control (Figure 5B,C).

Endothelium-dependent relaxation remains downregulated with
losartan treatment
The ACh-stimulated endothelium-dependent relaxation was
attenuated in the Marfan aorta compared with the aortas
from control mice at all ages (Figure 6A,B). Although losartan
treatment of Marfan mice improved the ACh-relaxation
(Emax = 73%; pEC50 = 8.2) at 3 months of age, such benefits

Figure 1 Structural integrity of elastic fibres in aorta. (A) Organization of elastic fibres was examined in Movat’s stained, cross-sections of
thoracic aorta from control mice, Marfan mice and Marfan mice treated with losartan (LOR), at 3, 6 and 9 months of age. Elastic fibres are
stained as black fibrils. (B) Averaged architecture score of aortic wall. Three aortic segments from each mouse of each group were examined
and scored as described in the Methods. n = 7–10, #P < 0.05 vs. age-matched control; *P < 0.05 vs. age-matched Marfan.

Figure 2 Measurement of breaking stress (mN·mm-2) of thoracic
aorta at 3, 6 and 9 months of age during losartan (LOR) treatment of
Marfan mice, n = 7–10, #P < 0.05 vs. age-matched control; *P < 0.05
vs. age-matched Marfan mice.
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were lost with longer treatment periods. Thus at 9 months,
aortic segments from the losartan-treated group exhibited
relaxation to ACh similar to that in the untreated Marfan
group (Figure 6A–C).

The activity of eNOS is upregulated via phosphorylation at
Ser1177 by Akt phosphorylated at Thr308 or Ser473 (Dimmeler
et al., 1999). At 3 months, the protein expression of eNOS and
phosphorylated eNOS, an indicator of eNOS activation, in
aortic tissue from the losartan-treated group of Marfan mice
was similar to that in the control and untreated Marfan
groups. However, from 6 months onward, expression of
phosphorylated-eNOS in aorta was clearly reduced in the
losartan-treated group compared with that in the control
group. At 9 months, both eNOS and phosphorylated-eNOS in
the losartan group were reduced compared with the untreated
Marfan group (Figure 6D).

In the losartan-treated group, at the age of 6 months, the
phosphorylated AktThr308 began to be downregulated and
gradually reduced with longer treatments. Levels of phospho-
rylated AktSer473 in aortas from the losartan group were similar
to those in the untreated Marfan group. The level of phos-

phorylated Akt was comparable to the level of phosphory-
lated eNOS (Figure 6D). The basal level of Akt was not
different among groups (data not shown).

Discussion

Despite major advances in the medical and surgical manage-
ment of Marfan syndrome, morbidity persists. Existing
medical therapies, that is, b-adrenoceptor blockers and
calcium channel blockers, only reduce the haemodynamic
stress on the aorta (Simpson et al., 1968; Shores et al., 1994),
but do not target the pathogenic basis for Marfan syndrome.
Recent publications have demonstrated that deficiency of
FBN-1-containing microfibrils results in excessive TGF-b acti-
vation, and antagonism of TGF-b by losartan has been shown
to prevent aortic root dilatation, mitral valve prolapse, lung
disease and skeletal muscle dysfunction in a mouse model of
Marfan syndrome (Neptune et al., 2003; Judge et al., 2004; Ng
et al., 2004; Habashi et al., 2006; Cohn et al., 2007). The
present study is the first to investigate the long-term effects of

Figure 3 (A) Gelatinolytic zymograms showing activities of MMP-2 and -9 in homogenized aortic samples (8mg) from control, Marfan, and
Marfan mice treated with losartan (LOR). (B) Western immunoblots showing the immunoreactivity of MMP-2 and -9, and TIMP-1 and -2 in
homogenized aortic samples (30mg). Densitometric analysis showing the ratio of protein expressions of (C) MMP-9/TIMP-1 and (D)
MMP-2/TIMP-2. *vs. Marfan, P < 0.05; #vs. age-matched control, P < 0.05, n = 7–10. MMP, matrix metalloproteinase; TIMP, tissue inhibitor
of matrix metalloproteinase.
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losartan on the aortic vasculature during the progression of
Marfan syndrome in a mouse model. There are three new
findings in this study: first, during losartan treatment, activa-
tion of MMP-2 and -9 was markedly suppressed, suggesting
cross-talk between TGF-b and MMP in the pathogenesis of the
disease. Second, losartan effectively enhanced aortic contrac-
tility and improved endothelial-dependent relaxation during
short-term treatment. Finally,the improvement in endothelial
function was lost over the longer term, probably because of
the downregulation of Akt/eNOS signalling. The results from

this study indicate that although losartan offered short-term
aneurysm-suppressing effects, its long-term benefits might be
limited because of the lack of improvement in endothelial
function.

Although a clinical trial has been initiated for the compari-
son of effectiveness of losartan and atenolol in patients with
Marfan syndrome (Lacro et al., 2007; Brooke et al., 2008; Matt
et al., 2008), we believe that a cautious approach is needed in
order to address several important questions: will losartan
inhibit MMP activation, another crucial mediator in aneu-
rysm formation? Will losartan offer significant vascular
protection over the long term?

To address the above questions at the pre-clinical level,
this study was designed to elucidate the underlying mecha-
nisms of beneficial effects of losartan. We have previously
shown that the disruption of the MMP/TIMP balance could
be associated with the excessive elastic fibre degradation in

Figure 4 Contractility of thoracic aorta. Maximum force generated
in the aortic segments from control, Marfan, and Marfan mice treated
with losartan (LOR), from 3 to 9 months, in response to (A)
60 mmol·L-1 potassium chloride (KCl), and (B) 3 mmol·L-1 phenyle-
phrine (PE). (C) pEC50 values of PE. *vs. Marfan, P < 0.05;
#vs. age-matched control, P < 0.05, n = 7–10.

Figure 5 Active force from smooth muscle cells generated by stimu-
lation with 60 mmol·L-1 potassium chloride (KCl) in the thoracic aorta
from control, Marfan, and Marfan mice treated with losartan (LOR) at
(A) 3, (B) 6 and (C) 9 months of age.
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thoracic aortic aneurysm (Chung et al., 2007b; 2008b).
Therefore, the remarkable reduction of MMP/TIMP ratios by
losartan suggested that proteolytic activity in the vascula-
ture and vascular remodelling during aortic dilatation could
be reduced by losartan treatment. Furthermore, the normal-
ization of the elastic fibre architecture of the thoracic aorta
treated by losartan could contribute to the favourably
increased the threshold of breaking stress, which could
explain the reduced incidence of aortic dissection and
rupture (Habashi et al., 2006).

We suggested that the aneurysm-suppressing effect of losa-
rtan could be associated with the inhibition of MMPs. Evi-
dence for cross-talk between MMP and TGF-b has been
extensively presented. TGF-b over-expression and its down-
stream signalling (TGF-b receptor/Smad) are associated with
MMP upregulation at the transcriptional and translational

levels, and MMP-2 and -9 have been identified as latent TGF-b
activators (Han et al., 2001; Nataatmadja et al., 2003; Jones
et al., 2005; Ikonomidis et al., 2006). Within the aortic wall
during aging, TGF-b activation is dependent on the age-
associated increase in MMP-2 activity (Wang et al., 2006).
Increased TGF-b signalling could cause valve calcification and
dysfunction through apoptotic events and increase in MMP-9
(Clark-Greuel et al., 2007). Over-expression of TGF-b and the
concomitant upregulation of various MMPs and TIMPs are
associated with the increased apoptosis, impaired progenitor
cell recruitment and abnormal directional migration, all of
which are likely to contribute to aneurysm development in
Marfan syndrome (Nataatmadja et al., 2003; Ikonomidis et al.,
2006). Dura from homozygotes stained for increased presence
of activated TGF-b and MMP-2 and suggested that dural
ectasia in Marfan syndrome may be due to TGF-b

Figure 6 Endothelial-dependent relaxation in the thoracic aorta. (A) Acetylcholine (ACh)-induced maximum relaxation (Emax) and (B) pEC50

values in the thoracic aortas from control, Marfan, and Marfan mice treated with losartan (LOR) from 3 to 9 months. Aortic segments were
precontracted with 3 mmol·L-1 phenylephrine before addition of ACh (n = 6–10, *P < 0.05 vs. Marfan; #vs. age-matched control). (C)
Concentration-response curves showing the ACh-induced relaxation in the phenylephrine-precontracted aortae at 6 months of age. (D)
Western immunoblotting showing protein expression of eNOS, phosphorylated-eNOSSer1177, phosphorylated-AktThr308, and phosphorylated-
AktSer473 in homogenized aortic samples (20 mg). Expression of b-actin served as loading control. eNOS, endothelial nitric oxide synthase.
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over-activation and MMP-2-mediated elastolysis and collagen
breakdown (Jones et al., 2005).

The significant improvement in the aortic contractility fol-
lowing the losartan treatment could be explained by the nor-
malization of elastic fibre integrity. It has been shown that
growing smooth muscle cells on elastin preserves the contrac-
tile phenotype, as demonstrated by the presence of contrac-
tile myofilaments, and that mice deficient in elastin would
develop less contractile force (Karnik et al., 2003). From ultra-
structural analysis, elastic laminae connect to adjacent endot-
helial and smooth muscle cells through an intermediate
structure composed of microfibrils (Davis, 1993; 1994). It has
been shown that the RGD sequence of FBN-1 can support
cellular adhesion via integrin a5b3 (Pfaff et al., 1996; Sakamoto
et al., 1996; D’Arrigo et al., 1998), and these interactions are
believed to contribute to the structural integrity of the vessel
wall and to coordinate contractile and elastic tensions (Davis,
1993). Additionally, during losartan treatment the reduction
of MMP could improve the contractility as increased levels of
MMP-2 and -9 are associated with impaired contraction
(Chew et al., 2004; Chung et al., 2007b; 2008b). Nevertheless,
TGF-b has been demonstrated to impair vasoconstriction
directly. For example, in mouse cerebral artery, high TGF-b
inhibited endothelin-1-induced contraction by inducing
MAP-phosphatase 1 (Tong and Hamel, 2007). TGF-b could
cause vascular dysfunction of early diabetes by inhibiting
calcium transients and impairing angiotensin II-induced con-
traction in vascular smooth muscle cells (Sharma et al., 2003).

Although losartan exerted beneficial effects on aortic con-
tractile function at all ages in the Marfan mice, the improve-
ment in endothelial function was lost over long-term
treatment and was concomitant with the downregulation of
eNOS/Akt signalling. The short-term improvement in
endothelium-dependent relaxation with losartan at 3 months
of age could be due to the reduction of MMP-2 which has
been shown to be reciprocally related to NO bioavailability
(Wang et al., 2005). The increased relaxation response could
also be the result of the preservation of elastic fibres, as func-
tions of endothelial cells could be modulated by matrix integ-
rity (Davis, 1994; Cohn et al., 2007). However, such vascular
benefits disappeared during the long-term treatment, prob-
ably because of the prolonged inhibition of the cardioprotec-
tive effects of TGF-b. Low blood levels of TGF-b are associated
with the pathogenesis of atherosclerosis, vascular hypertro-
phy and the severity of vascular disease (Grainger et al., 1995;
Schleicher and Sessa, 2008). The protective effect of TGF-b on
endothelium has been demonstrated in the epicardial coro-
nary artery and splanchnic artery during occlusion with
reperfusion (Karasawa et al., 1991; Kenny et al., 1994). The
TGF-b-mediated stimulation of PI3K/Akt and p42/p44 MAPK
signalling cascades is essential for endothelial cell survival
and formation of capillary-like structures during angiogenesis
(Viñals and Pouysségur, 2001). Through the transcriptional
activation of the eNOS gene promoter, TGF-b and the down-
stream nuclear translocation of Smad-2 increase eNOS expres-
sion and NO production in endothelial cells (Inoue et al.,
1995; Saura et al., 2002). It is widely believed that NO
mediates vasorelaxation but it also regulates the balance of
vascular smooth muscle cell proliferation and apoptosis, gov-
erning important aspects of vessel caliber and remodelling

(Schleicher and Sessa, 2008). Therefore, the downregulation
of nitric oxide signalling during the losartan treatment might
exert negative effects on vascular health and be associated
with aberrant vascular remodelling.

The findings from this study may have significant implica-
tions in the use of angiotensin receptor blockers for treatment
of aortic aneurysm in Marfan syndrome. We believe that data
generated from the mouse aorta could be extrapolated to the
human aorta. Elastin is the dominant arterial extracellular
matrix protein, comprising 50% of the dry weight of the
mammalian aorta (Davis, 1993). Elastin, collagen and smooth
muscle in the aortic media are oriented in concentric layers
called lamellar units, which account for viscoelastic properties
that determine the static and dynamic mechanical features. It
has been reported that the number of lamellar units in the
media of adult mammalian aortas is nearly proportional to
aortic diameter regardless of species, animal body weight or
medial thickness. Importantly, the average tension per lamel-
lar unit of an aortic media was remarkably constant indepen-
dent of species (e.g. mouse, pig, sheep, dog, human, cow)
despite wide variation in aortic diameter and stress (Wolinsky
and Glagov, 1967).

In conclusion, we are the first to show that losartan offered
short-term aneurysm-suppressing effects, with reduced MMP
activation and improved aortic contractile and endothelial
function in a mouse model of Marfan syndrome. However,
losartan did not improve endothelial function in the long-
term treatment. The compelling results of losartan therapy in
the management of thoracic aortic aneurysm in mice with
Marfan syndrome indeed prompted a desire to translate these
results systematically to humans (Habashi et al., 2006). A mul-
ticentre, randomized, clinical trial has been initiated to
compare aortic root growth and other short-term cardiovas-
cular outcomes in individuals with Marfan syndrome ran-
domized to either atenolol or losartan for 3 years (Lacro et al.,
2007; Brooke et al., 2008; Matt et al., 2008). However, based
on the data obtained in the present study, we believe that the
long-term use of losartan should be monitored carefully for
the potential adverse effects because of the compromised vas-
cular endothelial function. Our study offers better under-
standing of optimal treatment for Marfan syndrome, which is
important to lessen the risks of aortic dilatation, dissection
and rupture, and reduce the associated morbidity and
mortality.
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