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Abstract Marfan syndrome (MFS) is a systemic disorder of
the connective tissue with pleiotropic manifestations due to
heterozygous FBN1 mutations and consequent upregulation
of TGFβ signaling in affected tissues. Myxomatous thicken-
ing and elongation of the mitral valve (MV) leaflets
commonly occur in this condition. Investigation of murine
models of this disease has led to improved understanding of
the mechanisms that underlie many of the phenotypic
features of MFS, including MV disease. Loeys–Dietz
syndrome (LDS) is a related disorder due to heterozygous
mutations in the genes encoding subunits of the TGFβ
receptor, and it may also involve the MV leaflets with similar
elongation and thickening of the MV leaflets. Although the
genetic basis and pathogenesis of nonsyndromic MV
prolapse has been elusive to date, insights derived from
monogenic disorders like MFS and LDS can be informative

with regard to novel gene discovery and investigation into
the pathogenesis of MV disease. This manuscript will review
the prevalence of MV disease in MFS, its pathogenic basis as
determined in mice with Fbn1 mutations, and ongoing
studies that seek to better understand MV disease in the
context of fibrillin-1 deficiency or excessive TGFβ signaling.
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Introduction

Marfan syndrome (MFS) is a systemic disorder of the
connective tissue principally characterized by its cardinal
manifestations of long bone overgrowth, ocular lens
dislocation, and aneurysm of the aortic root. Prior to the
development of noninvasive cardiovascular imaging tech-
nologies, the earliest descriptions of MFS focused more on
its skeletal features. Antoine Marfan first reported a single
interesting child with striking skeletal features [1]. He later
reported 150 additional cases, earning the eponym for this
condition that remains in use today [2]. Following from
early observations of a correlation between aortic aneurysm
and arachnodactyly, McKusick elegantly outlined the
cardiovascular features of MFS in 1955, well before the
widespread use of modern echocardiographic imaging of
the heart and aorta [3, 4]. In this report, aortic disease was
the primary focus, but mitral valve (MV) thickening and
insufficiency were well described. He noted that precordial
systolic murmurs commonly occur in affected individuals,
and he also highlighted the occurrence of endocarditis in
people with MFS [4]. Bowers subsequently described six
cases of primary MV disease in individuals diagnosed with
MFS but who did not have substantial aortic regurgitation
or left ventricular dilation that could secondarily lead to
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MV insufficiency [5]. She highlighted the presence of a
“ground substance” in the MV leaflets that was similar in
appearance to the myxoid degeneration of the aortic root in
patients with MFS, speculating appropriately that the MV
disease was due to the “expression of the inherent defect in
the connective tissue in Marfan patients [5].”

MV Disease in Marfan Syndrome

MV prolapse is a criterion for the clinical diagnosis of
MFS, and it is commonly seen in this condition, though not
invariably so [6]. The recently revised Ghent criteria for the
diagnosis of MFS emphasizes two cardinal features of this
disorder, ectopia lentis (ocular lens dislocation) and aortic
root aneurysm/dissection, and FBN1 mutation analysis
while minimizing the impact of several less specific
manifestations such as MV prolapse [6]. Although prema-
ture calcification of the mitral valve was considered a minor
criterion for the diagnosis in the original Ghent criteria, it is
no longer included [7]. The diagnosis of MFS should now
be established with one of these four scenarios: (1) aortic
root enlargement (Z score ≥2) and ectopia lentis, (2) aortic
root enlargement (Z score ≥2) and a clear FBN1 mutation,
(3) aortic root enlargement (Z score ≥2) and systemic
features of MFS resulting in a score ≥7 points, or (4)
ectopia lentis and an FBN1 mutation that is known to
associate with typical aortic disease in MFS [6]. In the third
of these four scenarios, MV disease contributes to the score
for systemic features with the addition of one point. Other
systemic features included in this category are the tradi-
tional skeletal manifestations of MFS, pneumothorax, dural
ectasia, dermal striae, and severe myopia [6]. The dimin-
ished influence of MV disease in the diagnostic criteria for
MFS is not a reflection of a lack of importance but rather of
its lack of specificity for this condition.

The typical abnormality of the MV when it is affected in
MFS involves redundant prolongation of one or both
leaflets, often accompanied by myxomatous thickening
with billowing in a pattern similar to Barlow's disease [8]
(Fig. 1). A retrospective review and comparison of MV
morphology at the time of MV surgery in MFS and
myxomatous nonsyndromic MV disease reported that
individuals with MFS presented at an earlier age (41 vs.
57 years, respectively; P≤0.0001) and that the anterior MV
leaflet was longer in MFS than in nonsyndromic MV
disease (40 vs. 33 mm, respectively; P≤0.0007) [9]. As
with many phenotypic characteristics of MFS, the presence
and severity of MV prolapse, thickening, and regurgitation
often vary within families segregating the same FBN1 gene
mutation [10, 11].

Several studies have reported disparate prevalence of
MV prolapse among individuals with MFS. Pyeritz and

Wappel reported in a cohort of 166 individuals with MFS
that 52% had auscultatory evidence of MV insufficiency
and 68% had echocardiographic evidence of MV abnormal-
ities, primarily consisting of MV prolapse [12]. Chordal
rupture was uncommon in this cohort [12]. More recently,
Taub and colleagues reported their analysis of a cohort of
90 individuals with MFS, investigating the prevalence and
spectrum of MV abnormalities [13]. Upon rigorous assess-
ment by echocardiography, only 28% had MV prolapse,
predominantly with bileaflet involvement and thickening.
Within this cohort of individuals with MFS, the group with
MV prolapse also had larger aortic root dimensions [13]. In
contrast, a large international database of people with
mutation-proven MFS reported the diagnosis of MV
prolapse in 77% with mitral regurgitation in 61% [14].
Wide divergence in the reported prevalence of MV disease
in these cohorts may be explained by small cohorts (in
some cases) and by differences in the criteria used to assign
the presence of MV disease. Taking this into consideration,
the prevalence of at least mild MV pathology appears to be
approximately 75% and the prevalence of more severe
myxomatous MV thickening with prolapse appears closer
to 25% among individuals with MFS.

Neonatal MFS is often complicated by severe MV
prolapse and regurgitation. In one series of 22 infants
diagnosed with MFS in the first 3 months of life, MV
prolapse was present in 82%, and MV insufficiency was a
major contributor to the poor prognosis in this subset [15].
Sisk and colleagues described 15 consecutive infants and
children who were diagnosed with MFS prior to age
4 years. In this cohort, all had aortic root enlargement, but
mitral regurgitation was the leading cause of morbidity
[16]. Investigators with the Universal Marfan Database
reported an inverse correlation between age of onset in
children with MFS and prevalence of MV prolapse [17].
Among 320 children diagnosed with MFS at age <18 years,
the prevalence of MV prolapse was 73% among those
classified as having neonatal MFS (diagnosed prior to age
4 weeks), 62% among those diagnosed between age
4 weeks and 10 years, and 59% among those diagnosed
between 10 and 18 years of age [17].

The prevalence of MV disease in MFS should be
considered in the context of its prevalence among healthy
control populations. The fifth examination of the offspring
cohort of the Framingham Heart Study included 3,491
participants, all of whom were assessed for MV prolapse
[18]. Classic MV prolapse was defined as superior
displacement of the mitral leaflets of greater than 2 mm
during systole with maximal leaflet thickness of at least
5 mm, and nonclassic prolapse was defined as displacement
of more than 2 mm during systole, with a maximal
thickness of less than 5 mm. In this cohort, 1.3% had
classic prolapse and 1.1% had nonclassic prolapse [18].
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While earlier publications suggested that MV prolapse
occurs more frequently in healthy controls, they did not
appropriately account for the three-dimensional structure of
the valve and its annulus [19]. MV prolapse occurs in a
familial pattern, but definitive recognition of its genetic
basis has been elusive. To date, standard linkage analyses
have reported three chromosomal loci linked to nonsyn-
dromic familial MV prolapse, chromosome 16p12.1-p11.2,
chromosome 11p15.4, and chromosome 13q31.3-q32.1
[20–22]. Recognition of the genes in which mutations
occur in these loci should lead to improved understanding
of the complex pathogenesis of MV disease.

Increased TGFβ Signaling in Marfan Syndrome

Although some disease manifestations inMFS, such as ocular
lens dislocation, may be readily explained by a reduction or
dysfunction of a structural protein, myxomatous thickening
and prolongation of the MV are less readily attributable to a
structural deficiency due to FBN1 mutation. The striking
similarity of fibrillin-1 with the latent TGFβ-binding
proteins (LTBPs) initially suggested the possibility that
fibrillin-1 binds to the large latent complex of TGFβ. The
TGFβ isoforms are expressed and synthesized intracellularly
as large precursors that are cleaved into mature TGFβ and
propeptide complexes, called “small latent complexes” [23].
Prior to secretion, TGFβ is covalently bound to the LTBPs,
forming a “large latent complex” (LLC). Upon secretion, the
LLC covalently links to the extracellular matrix, sequester-
ing TGFβ [23]. Both fibrillin-1 and fibronectin have been
shown to bind LTBP-1 and the LLC [24, 25].

We hypothesized that elongation and thickening of the
MV leaflets could be caused by increased activation and
signaling of TGFβ. Both heterozygous and homozygous
mice with a fully expressed missense mutation in Fbn1
were compared to wild-type mice. Those with a missense
mutation in Fbn1 had previously been shown to have many
phenotypic features of MFS [26]. MV length and thickness

were increased by postnatal day 6.5 in the heterozygous
mice compared to wild-type mice, and they were also
increased in the homozygous mice compared to the
heterozygous Fbn1 mutant mice [27]. Adult heterozygous
mutant mice were shown to have MV prolapse by high-
resolution echocardiography [27]. These findings correlate
with increased cellular proliferation and decreased apopto-
sis consistent with changes associated with myxomatous
degeneration, as well as increased expression of TGFβ-
responsive genes including regulators of matrix content and
remodeling (collagens, Timp1) [27]. Treatment with a
TGFβ-neutralizing antibody successfully normalized both
the length and the thickness of the MV leaflets in the
mutant mice, further supporting that the valve abnormalities
were caused by increased TGFβ [27]. Similar increases in
the activation and signaling of TGFβ have also been
demonstrated in mice with Fbn1 mutations in the pulmo-
nary alveoli, aortic root, skeletal muscle, and spinal dura
[28–31].

The responsiveness of the MV length and thickness to
excess TGFβ has implications for the identification of
novel genes in which mutations may lead to MV disease.
Furthermore, these results have raised the possibility that
MV disease could be treated with therapies that reduce
TGFβ. Although treatment with TGFβ-neutralizing anti-
bodies successfully improves many phenotypic manifesta-
tions of MFS in mice, this therapy cannot be readily
translated to treatment of human disease in the absence of
FDA-approved humanized antibodies that block TGFβ.
Because of extensive interaction between angiotensin II and
TGFβ signaling, mice with Fbn1 mutation were treated
with losartan, a selective angiotensin II type 1 receptor
(AT1) antagonist, in an attempt to diminish TGFβ signaling
[29, 32]. Remarkably, those mutant mice treated with
losartan had dramatic improvement in their rate of aortic
root growth compared to mutant mice treated with beta-
adrenergic receptor blockers in doses with similar hemo-
dynamic effects, and treatment effects correlated nicely with
direct evidence for attenuated TGFβ signaling in the aortic

Fig. 1 An echocardiogram
demonstrating the typical
findings of MV disease in MFS
a in diastole and b in systole.
Note that the MV leaflets are
elongated and thicker than
normal, with prolapse into the
left atrium during systole
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media [29]. Marked phenotypic improvements are also
evident with losartan treatment in nonhemodynamic tissues,
such as pulmonary alveoli and skeletal muscle [29, 30].
Studies are ongoing now in both murine models of disease
and in people with MFS to assess such treatments for their
ability to improve aortic disease as well as MV prolapse
and regurgitation [33].

Importance of the Angiotensin II Type 2 Receptor

The remarkable ability of selective AT1 receptor blockade
in mice with an Fbn1 mutation to normalize aortic root
growth and aortic wall architecture, to improve alveolar
septation, and to restore skeletal muscle regeneration has
led to further studies to identify the critical pathophysio-
logic processes that contribute to these manifestations of
MFS, many of which are highlighted in Fig. 2. Today, at
least three categories of medications are available to
diminish angiotensin II signaling through the AT1 receptor.
Angiotensin-converting enzyme (ACE) inhibitors block the
conversion of the inactive angiotensin I to its active form
(angiotensin II), thereby decreasing any interaction of this
ligand with both the AT1 and the angiotensin II type 2
receptor (AT2) receptors [34]. Direct renin inhibitors have
recently been developed, and they also decrease angiotensin
II production [35]. Only the selective AT1 blockers permit
ongoing stimulation of the AT2 receptor. AT1 receptor
blockers were initially developed with the expectation that
they would be better than ACE inhibitors, but studies of
kidney dysfunction and heart failure have failed to show a
benefit of AT1 blockers over ACE inhibitors [36, 37].
Stimulation of the AT2 receptor has many potential thera-
peutic advantages in aortic tissue, such as decreasing
proliferation of smooth muscle cells, decreasing fibrosis,

and decreasing the production of metalloproteinases [32, 38,
39]. However, AT2 stimulation has also been shown to
increase vascular smooth muscle cell (VSMC) apoptosis, and
apoptotic VSMCs have been reported in late-stage aortic
aneurysms [40, 41]. Because of persistent questions about
the advantages and disadvantages of selective blockade of
AT1 vs. ACE inhibitors in Marfan-associated aortic disease,
murine studies were performed to address this question [42].

Mice without the AT2 receptor are viable without
cardiovascular malformations or a known vascular pheno-
type [43]. Mice without AT2 and with a heterozygous Fbn1
missense mutation not only have worsened aortic disease
but also have decreased survival compared to mice with the
Fbn1 mutation alone [42]. Treatment of Fbn1 mutant mice
with a dose of enalapril (an ACE inhibitor) with nearly an
identical hemodynamic effect as losartan resulted in only a
modest reduction in the rate of aortic root growth, far less
than that achieved by treatment with losartan. Furthermore,
aortic root architecture was preserved far better by losartan
than by enalapril in these Fbn1 mutant mice [42].

Analysis of the mechanism of worsened aortic disease
and survival in mice with both an Fbn1 mutation and
absence of the AT2 receptor compared to those with the
Fbn1 mutation and with a normal AT2 receptor led to the
discovery of augmented phosphorylation of the extracellu-
lar signal-regulated kinases 1 and 2 (ERK1/2) in mice
without the AT2 receptor [42]. Since diseased tissue in mice
with an Fbn1 mutation has both increased TGFβ and
increased phosphorylation of ERK1/2 (pERK1/2), studies
were performed to selectively decrease pERK1/2. We
demonstrated that pERK1/2 is a principal effector of
disease in fibrillin-1-deficient mice and that the stimulation
of the AT2 receptor improves aortic disease by decreasing
ERK1/2 activation [42]. Ongoing investigation of this
murine model of MFS will include assessment of MV
disease in relation to both phosphorylation of ERK1/2 and
the role of AT2 in the pathogenesis of MV disease. The
MAPK/ERK pathway has previously been implicated in
valvular interstitial cell (VIC) calcification, conversion of
VICs from a synthetic to a contractile phenotype, and to
serotonin-induced valve fibrosis [44, 45].

MV Disease in Related Disorders

Loeys–Dietz syndrome (LDS) closely parallels many
features of MFS though several important additional
characteristics also occur [46]. LDS typically involves
marked arterial tortuosity and distinct craniofacial abnor-
malities such as hypertelorism (widely spaced eyes), and
cleft palate or a uvula that is bifid or broad based. One
study reported that 4/14 (29%) individuals with LDS had
prolapse of the MV [46]. As in MFS, malar hypoplasia,

Fig. 2 A schematic highlighting many of the interacting pathways
that are known to influence the pathogenesis of MFS
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long bone overgrowth, pectus deformity of the chest,
scoliosis, and joint laxity are commonly seen in LDS. In
contrast, LDS often shows bluish discoloration of the
ocular sclerae, craniosynostosis, and atrial septal defects,
which are not associated with MFS [46]. In addition to
those with typical LDS (type I), a second category of LDS
that closely mimics vascular Ehlers–Danlos syndrome
(vEDS) has been classified as LDS type II [47]. These
individuals have aortic enlargement, visceral rupture, easy
bruising, wide and atrophic scars, joint laxity, and/or
velvety skin in the absence of craniofacial features of
LDS type I, though isolated bifid uvula does not exclude
the diagnosis of LDS type II [47].

Both presentations of LDS are caused by heterozygous
mutations in either TGFBR1 or TGFBR2, genes encoding
subunits of the TGFβ receptor [46]. These mutations are
typically missense alterations of highly conserved amino
acids in the kinase domains of the encoded receptor.
Despite initial suspicions that these mutations would
decrease activity of the TGFβ receptor by disruption of
the kinase domain, immunostaining of diseased tissues
from affected individuals shows evidence of increased
TGFβ activity, such as increased nuclear accumulation of
phosphorylated Smad2 and increased connective tissue
growth factor, which is induced by TGFβ [46].

Because an individual with LDS may meet phenotypic
criteria for MFS and because LDS is associated with aortic
dissection at smaller aortic root diameter and shortened
survival, one must look for phenotypic features of LDS
among individuals who are considered to have MFS. For
individuals whose diagnosis could be either MFS or LDS,
molecular genetic testing for mutation in FBN1, TGFBR1,
and TGFBR2 should be considered, along with clinical
genetic counseling. Similarly, among individuals who could
have either vEDS or LDS type II, a molecular diagnosis
should be strongly considered, either through collagen
studies on cultured dermal fibroblasts or molecular genetic
testing, since LDS type II patients seem to have better
surgical outcomes and improved rates of survival compared
to vEDS patients [47].

The prevalence of MV disease appears to be greater in MFS
than in LDS, although variability in the criteria used for MV
prolapse and regurgitation may contribute to these differences.
One group reported direct comparison of 71 individuals with
TGFBR2 mutations, 243 with FBN1 mutations, and 50
unaffected family members [48]. They found a substantially
higher prevalence of both MV prolapse and regurgitation in
the cohort with FBN1 mutations than with TGFBR2 mutations
(45% and 56% vs. 21% and 35%, respectively) [48].

Recently, three unrelated Dutch families with a compa-
rable disorder were reported to have inactivating heterozy-
gous mutations in MADH3 encoding Smad3 [49]. This
condition is characterized by aortic aneurysms with arterial

tortuosity, craniofacial features similar to LDS, and
early-onset osteoarthritis. It was given the eponym of
“aneurysms–osteoarthritis syndrome” or AOS in this
report [49]. Among the affected individuals, MV abnor-
malities were common and ranged from mild to severe;
10/22 (45%) had MV prolapse and 6/22 (27%) had MV
regurgitation. The prevalence of MV abnormalities in this
cohort was compared to published frequencies in LDS
type I, LDS type II, and MFS [49]. Once again, analysis of
the diseased tissue from affected individuals with MADH3
mutations showed evidence of increased TGFβ activity,
including increased TGF-β1, increased nuclear accumula-
tion of phosphorylated-Smad2 and Smad3, as well as
increased connective tissue growth factor, which is
induced by TGFβ signaling [49].

Summary

MVdisease commonly occurs in MFS and similar monogenic
disorders. Both human and murine studies of MV disease in
the setting of fibrillin-1 mutations indicate that a genetically
induced reduction in extracellular matrix binding of latent
TGFβ leads to localized increase in TGFβ activity, with
consequent elongation and excessive thickening of the MV
leaflets. MV prolapse and regurgitation also commonly occur
in related conditions with increased TGFβ activity due to
mutations in the TGFβ receptors or its downstream canonical
signaling pathway. The variability of MV disease in these
conditions, even within families who share the samemutation,
indicates that additional genetic and environmental modifiers
influence MV pathology. The response to TGFβ-neutralizing
antibodies in Fbn1 mutant mice suggests that targeted
treatments may be able to modulate pathologic growth of
the MV. Ongoing studies of selective AT1 blockade will
include analysis of MV regurgitation and its progression in
response to losartan or atenolol, a beta blocker. Improved
understanding of the pathogenesis of MV disease in MFS
and similar conditions is likely to inform the search for genes
with mutations resulting in nonsyndromic MV disease.
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