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Etiology and pathogenesis of the Marfan syndrome: current 
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Much has changed regarding Marfan syndrome (MFS) over the past few decades. Once described solely 
as a heritable disorder of connective tissue, MFS is now one of a number of conditions recognized to be a 
disorder of abnormal signalling in the TGF-β pathway. The cardinal features of MFS, once encompassed 
by the ocular, skeletal and cardiovascular systems, are now known to encompass many more organ systems, 
especially as people with MFS grow older. They are growing older by several decades compared to the 
1970’s because of profound improvements in diagnosis and management of the cardiovascular features, 
especially dilatation of the aortic root. This dilatation can be detected first in infancy and followed up by 
echocardiography. Progressive enlargement increases the risk of type A dissection and aortic regurgitation, 
the major causes of early mortality, in untreated patients today. Medical therapy with β-adrenergic blockade, 
first shown to be effective in the 1980’s, can retard this dilatation. In the past decade, angiotensin receptor 
blockade, which reduces aberrant signalling through one of the TGF-β pathways, also can be effective. 
However, when dilatation of the root becomes such that the risk of dissection increases to an unacceptable 
degree, surgical therapy becomes necessary. In the mid-1970’s, the composite graft, introduced by Hugh 
Bentall, markedly reduced mortality. In the past decade, a valve-spring aortic root replacement, advanced by 
Tirone David, has become widely adopted. Mid-term results are quite encouraging. Other cardiovascular 
involvement, such as mitral valve prolapse, type B dissection, and dilatation and dissection of aortic branches, 
also require close monitoring. Currently, life-expectancy in people with MFS who are diagnosed early and 
treated prophylactically is approaching that of the general population.
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Keynote Lecture Series

I arrived at the Johns Hopkins Hospital to begin my senior 
residency in medicine and medical genetics fellowship 
still wearing scrubs, having been on-call at the Peter Bent 
Brigham the night before. Within 30 minutes, Victor 
McKusick, the then chief of medicine but also one of the 
founders of the discipline of medical genetics, called me 
into his office to meet a young adolescent with Marfan 
syndrome (MFS). The boy’s father had recently suffered 
a type A aortic dissection, and had been saved by Vincent 
Gott, who performed the first Bentall procedure that he, or 
anyone at Hopkins, had ever attempted. I wound up caring 
for the boy and his extended family for 16 years, altering 

my management as knowledge evolved. The boy was tall 
and lanky and had an aortic root dimension at the upper 
limit of normal. The same was true for both of his sisters, 
who Victor and I also decided had MFS, and treated them 
accordingly. Of course, we were nearly a decade and a half 
from discovering the cause of MFS, so molecular genetic 
testing to prove the diagnoses was impossible.

MFS was one of the seven heritable disorders of 
connective tissue included in Dr. McKusick’s seminal 
monograph of the same name (1), first published in 1956. 
In fact, in 1955, he was the first to label MFS, or any 
condition, a heritable disorder of connective tissue (2).  
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Notions of pathogenesis had not really evolved in the 
subsequent 16 years, as I was educated about MFS by 
reading the 4th edition of that book. The connective tissue 
was “weak”, which accounted for the dilatation of the 
sinuses of Valsalva, aortic dissection, dislocation of the lens, 
scoliosis, and pneumothoraces. Of course, why the long 
bones overgrew was not easily explained, but that did not 
dissuade anyone from the notion of a structural defect in 
the extracellular matrix (3). The so-called “cystic medial 
necrosis” of the dilated aortic wall was assumed to represent 
the on-going damage and the body’s attempt at repair. 
This histopathologic characterization always confounded 
me since there were neither cysts nor necrosis present. 
Eventually, the term “medial degeneration” emerged, even 
if the underlying injury-repair process remained accepted. 

Over several decades, a variety of components of the 
extracellular matrix were “identified” biochemically as being 
abnormal, including several forms of collagen, production 
of hyaluronic acid and defects in elastin. What was clear 
to most clinical investigators over the latter half of the 
twentieth century was that efforts at treatment would best 
be stimulated by pathogenesis rather than etiology. 

Since hypertension was then a well-accepted association 
with acute aortic dissection in the general population, 
it made sense to control the blood pressure of people 
with MFS. However, studies of turkeys that were prone 
to aortic rupture, either spontaneously or because of 
treatment with β-aminopropionitrile (4) [and eventually  
diethylstilbestrol (5)], suggested a nuance that informed 
the first therapeutic trial in human MFS. Treatment of 
the turkeys with the first drug approved for humans in a 
new class of medications, the β-adrenergic blocking drug, 
propranolol, that reduced their blood pressure if they were 
hypertensive, or did not alter their blood pressure if they 
were naturally hypotensive, reduced the incidence of aortic 
rupture (4). In the latter case, the beneficial effect was felt to 
be a reduction in dP/dt. Propranolol was shown to protect 
the aorta from rupture in the blotchy mouse as well (6).  
Propranolol was first used in a few patients with MFS in 
1971, with little effect, probably because their proximal 
aortas were already substantially dilated (7). But working 
under the hypothesis that the connective tissue architecture 
of the aortic wall, even when minimally dilated, was “weak”, 
we began a randomized, non-blinded trial in adolescents 
and young adults. The doses used to treat the subjects 
were optimized based on reduction of exercise heart rate 
and dP/dt measured from M-mode echocardiograms. 
After a decade, the results showed both a reduction in 

complications and in the rate of aortic root dilatation in 
the treated patients (8). The benefits of β-blockade were 
replicated in most, but not all, subsequent studies. What 
was clear was the need to start treatment before substantial 
aortic root dilatation was present. Propranolol, and quickly 
newer β-blockers, became, in most clinics, the standard 
medical treatment.

Fast forward to 1991 when a pediatric cardiology fellow, 
Hal Dietz, collaborated with me and other colleagues at 
Hopkins first, to precisely map the chromosomal locus of 
the “Marfan gene” (9), and second, to determine that the 
product of that gene (FBN1) was fibrillin-1, an intrinsic 
component of the extracellular microfibril, which, in turn, 
was present in all elastic fibers, was mutated (10). This 
finding also supported the notion of “weak connective 
tissue”. Additionally, a number of other investigators 
contributed greatly to understanding the etiology. Lynn 
Sakai and Eva Engvall first defined fibrillin as a component 
of elastic fibers (11). Lena Peltonen and her group first 
mapped the gene for MFS to human chromosome 15 (12). 
Dianna Milewicz, then a fellow with Peter Byers, showed 
that fibrillin was defective in cell cultures of fibroblasts 
from people with MFS (13). David Hollister and colleagues 
demonstrated immunohistopathologic abnormalities of 
fibrillin in skin biopsies and dermal cell cultures from 
patients (14). The gene for fibrillin-1 is relatively large, 
encompassing 65 exons and nearly 10,000 nucleotides. 
Subsequently, over one thousand mutations in FBN1 have 
been identified to cause MFS (15). Interestingly, mutations 
in FBN1 have been found to cause a variety of other 
disorders, including forms of dwarfism, the antithesis of 
MFS (16). 

However, a few years later, the Dietz lab capitalized 
on the fact that a fundamental function of fibrillin-1 was 
to bind the latent transforming growth factor-β binding 
protein (LTGBP). As a result, control of the cellular 
activity of the growth factor was disrupted. Defective 
fibrillin-1 resulted in excessive activity of transforming 
growth factor-β (TGF-β), which led to a cascade through 
its canonical signaling pathway, resulting in increased 
activity of SMAD2/3. The first proof that excessive TGF-β 
signaling is present in affected tissue, in mice bearing a 
pathogenic human mutation in FBN1, occurred in lung 
tissues, in which the terminal alveolar septae failed to 
mature (17). This is likely the reason patients with MFS 
are susceptible to pneumothoraces. Subsequently, the same 
phenomenon was demonstrated in mitral valve prolapse in 
the same mouse strain (18). These early experiments clearly 
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demonstrated that some manifestations of MFS, at least in 
mice, were not due to “weak connective tissue”. 

Losartan, an AT1 angiotensin receptor blocking 
drug, was shown to protect mouse models of MFS from 
developing aortic aneurysms (19). Not only did the aorta 
not dilate or dissect, but the histopathology appeared 
unaffected. Overexpression of TGF-β was shown to result 
in several of the biochemical findings once thought to 
be primary, such as increased hyaluronan deposition and 
expression of matrix metalloproteinases. Treatment of the 
same mice with β-blockade had a modest effect of aortic 
dilatation without affecting histopathology (19). This fresh 
insight into pathophysiology promptly led to a suggestion 
for a clinical trial of losartan in human Marfan patients. 
After much negotiation with the National Heart, Lung and 
Blood Institute and the National Marfan Foundation, and 
through the Pediatric Heart Network, a trial was designed. 
Unfortunately, patients were resistant to a placebo, so 
the trial was two-armed, with losartan being compared to 
atenolol in a double-blind manner. The trial was limited to 
subjects less than 24 years old, who had an aortic Z-score 
of 3 or greater. Thus, their aortic roots already had at 
least moderate dilatation. The doses of each drug were 
optimized. After 3 years of treatment of 604 randomized 
subjects, there was no significant difference between the two 
groups. In fact, β-blockade was slightly more effective (20).  
Younger subjects tended to benefit more with either drug. 
Additional randomized trials have tended to confirm 
these results; several have compared mono-therapy with 
combination therapy, with mixed results (21).

The canonical pathway of TGF-β signaling is through 
the angiotensin-1 receptor. Thus, neutralization of TGF-β 
or antagonism of AT1 were expected to be equally effective 
in preventing aortic disease in the mouse model. However, 
antagonism of AT1 with losartan was more effective than 
using a TGF-β antibody (22). In fact, early inhibition of 
TGF-β proved detrimental in mice, suggesting that such 
treatment should be avoided at some early stage in humans.

Further studies focusing on the role of increased TGF-β 
have focused on both the canonical signaling pathway 
(through the SMAD2/3 cascade) and noncanonical (non-
SMAD) pathway (involving ERK1/2 and other mediators).

From the early days of treatment, some patients could 
not tolerate β-blockade, and for years calcium-channel 
blockade was recommended as an alternative. Surprisingly, 
first in the mouse model treated with either amlodipine 
or verapamil, and subsequently in retrospective analysis of 
humans, calcium-channel blockade was found to be harmful, 

probably through protein kinase C (PKC) activation (23). 
Interestingly, hydralazine inhibits PKC and might be an 
alternative therapy for those patients who cannot tolerate 
β-blockade or AT1 blockade. These findings have greatly 
altered medical treatment of human MFS. 

Further understanding of the pathogenesis of MFS, 
especially in the human, will undoubtedly lead to more 
effective medical treatments in the future. For example, 
inducible nitric oxide synthase (NOS2) was recently shown 
to stimulate aortic aneurysm formation in mice with MFS 
of in those deficient in the metalloprotease ADAMTS1 (24). 
Inactivation of NOS2 inhibited the development of aortic 
pathology in both strains of mice. Inhibitors of NOS2 
deserve study as potential protectors of aortic aneurysm in 
humans. 

Of course, to date, nothing has benefited people with 
MFS (and the many other forms of heritable disorders of 
the aortic root) more than the introduction and evolution 
of prophylactic surgical repair, first with the composite  
graft (25), and then with valve-sparing root repair (26).

In an ironic turn of events, the family that Victor 
introduced to me my first day at Johns Hopkins, has done 
very well, being followed as having MFS. However, when 
molecular genetic analysis was performed recently, their 
mutation is in SMAD3.
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