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ORIGINAL RESEARCH

Localized Antileptin Therapy Prevents 
Aortic Root Dilatation and Preserves Left 
Ventricular Systolic Function in a Murine 
Model of Marfan Syndrome
Sudeshna Fisch, PhD; Noa Bachner-Hinenzon, PhD; Offir Ertracht, PhD; Liang Guo, MD; Yhara Arad, MSc; 
Danny Ben-Zvi, PhD; Ronglih Liao, PhD; Jacob Schneiderman, MD

BACKGROUND: Marfan syndrome (MFS) is a genetically transmitted connective tissue disorder characterized by aortic root dila-
tation, dissection, and rupture. Molecularly, MFS pathological features have been shown to be driven by increased angiotensin 
II in the aortic wall. Using an angiotensin II–driven aneurysm mouse model, we have recently demonstrated that local inhibition 
of leptin activity restricts aneurysm formation in the ascending and abdominal aorta. As we observed de novo leptin synthesis 
in the ascending aortic aneurysm wall of patients with MFS, we hypothesized that local counteracting of leptin activity in MFS 
may also prevent aortic cardiovascular complications in this context.

METHODS AND RESULTS: Fbn1C1039G/+ mice underwent periaortic application of low-dose leptin antagonist at the aortic root. 
Treatment abolished medial degeneration and prevented increase in aortic root diameter (P<0.001). High levels of leptin, trans-
forming growth factor β1, Phosphorylated Small mothers against decapentaplegic 2, and angiotensin-converting enzyme 1 
observed in saline-treated MFS mice were downregulated in leptin antagonist–treated animals (P<0.01, P<0.05, P<0.001, 
and P<0.001, respectively). Leptin and angiotensin-converting enzyme 1 expression levels in left ventricular cardiomyocytes 
were also decreased (P<0.001) and coincided with prevention of left ventricular hypertrophy and aortic and mitral valve leaflet 
thickening (P<0.01 and P<0.05, respectively) and systolic function preservation.

CONCLUSIONS: Local, periaortic application of leptin antagonist prevented aortic root dilatation and left ventricular valve remod-
eling, preserving left ventricular systolic function in an MFS mouse model. Our results suggest that local inhibition of leptin 
may constitute a novel, stand-alone approach to prevent MFS aortic root aneurysms and potentially other similar angiotensin 
II–driven aortic pathological features.
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Marfan syndrome (MFS) is an autosomal domi-
nant disease of connective tissue found in 
1:5000 individuals, presenting clinically with 

musculoskeletal, ocular, and cardiovascular manifes-
tations. Progressive dilatation of the aortic root in pa-
tients with MFS results in aneurysm formation, which 
is susceptible to dissection and subsequent fatal 
rupture. MFS-related cardiovascular manifestations 

often include cardiac dysfunction, myxomatous de-
generation of the mitral and aortic valve leaflets, and 
main pulmonary artery (MPA) dilatation.1

MFS is associated with mutations in the FBN1 gene, 
which encodes fibrillin-1 microfibrils, a major compo-
nent of the extracellular matrix (ECM). For the past de-
cade, this syndrome has been attributed to excessive 
transforming growth factor β (TGFβ) signaling in the 
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vessel wall.2,3 TGFβ family cytokines are secreted as 
large, latent complexes, which are bound to the ECM 
by fibrillin-1 microfibrils. In response to inflammatory 
proteolysis, fibrillin-1 microfibrils are degraded, which 
releases latent TGFβ from the ECM and increases its 
bioavailability. In MFS, reduced or abnormal fibrillin-1 
leads to a failure in TGFβ sequestration and overactive 
signaling. These events are associated with modulation 
of the vascular smooth muscle cell (SMC) phenotype, 
dysregulation of ECM synthesis, and degenerative 
changes in the vessel wall.4

It remains unclear whether TGFβ drives MFS aor-
tic root aneurysm pathological features. In a seminal 
study, inhibition of TGFβ with neutralizing antibodies 
prevented aortic root dilatation in adult MFS mice 
(Fbn1C1039G/+), suggesting that it has a causal role in the 
process.5 Additional experiments using these mice re-
vealed the involvement of a noncanonical, Small moth-
ers against decapentaplegic (Smad) 2-independent 
TGFβ signaling pathway in nonmyocyte heart cells6 
and SMC. TGFβ has also been implicated in the early 
stages of aortic aneurysm development.7 However, 
an experiment in young MFS mice found no elevated 
TGFβ signaling in aortic SMCs.8 Moreover, a study of 
patients with MFS showed a reverse correlation be-
tween plasma TGFβ levels and increased aortic dil-
atation.9 Wider analysis of aneurysm samples from 
syndromic (such as MFS) and nonsyndromic diseases 
found that both exhibit increased levels of TGFβ and 
phosphorylated Smad2.10 These later findings suggest 
that overactive TGFβ signaling may merely reflect de-
generative processes in the vessel wall, which are un-
related to mutation of FBN1.

As opposed to the controversial role of TGFβ in aor-
tic aneurysm formation, it is clear that MFS-induced 
pathological cardiovascular manifestations are driven 
by activated angiotensin II (AngII) signaling pathway in 
aortic SMCs and cardiomyocytes. AngII signaling oc-
curs mostly through binding to the AngII type 1 recep-
tor (AT1R) and drives aortic and cardiac remodeling.11 
AngII is known to induce TGFβ and TGFβ receptor ex-
pression in a variety of tissues, including the aorta,12 
thereby contributing to degenerative changes in the 
vessel wall and increasing systemic levels of TGFβ.13

We have previously shown that remodeling in 
human cardiovascular organs, like rupture-prone ath-
erosclerotic plaques in carotid arteries, is associated 
with local induction of leptin.14 We have also demon-
strated that leptin drives the formation of abdominal 
and ascending aortic aneurysms in apolipoprotein E–
deficient mice.15,16 As a local mediator of AngII-induced 
cardiovascular remodeling, leptin promotes TGFβ in-
duction,17 generates reactive oxygen species,18 and 
elicits recruitment of inflammatory cells, which produce 
and activate matrix metalloproteinases (MMPs).19,20 

CLINICAL PERSPECTIVE

What Is New?
•	 Periarterial application of a leptin antagonist 

at the aortic root prevents local medial de-
generation and aneurysm formation in Marfan 
syndrome mice. Inhibition of leptin activity in 
the aortic root likely downregulated local angio-
tensin II signaling via reduction of leptin, angio-
tensin-converting enzyme 1, and transforming 
growth factor β expression in the vessel wall.

•	 Preservation of aortic root integrity in Marfan syn-
drome mice prevented left ventricular hypertrophy 
and remodeling of left ventricular valve leaflets, con-
tributing to rescue left ventricular systolic function 
by reducing angiotensin-converting enzyme 1 and 
leptin expression in left ventricular cardiomyocytes.

What Are the Clinical Implications?
•	 Local inhibition of leptin activity in the vessel wall 

may constitute an effective stand-alone thera-
peutic strategy to attenuate the formation of an-
giotensin II/transforming growth factor β–driven 
aortic or peripheral aneurysms.

Nonstandard Abbreviations and Acronyms

AAA	 abdominal aortic aneurysm
ACE-1	 angiotensin-converting enzyme 1
ACE-2	 angiotensin-converting enzyme 2
AngII	 angiotensin II
AR	 aortic regurgitation
AT1R	 angiotensin type 1 receptor
ECM	 extracellular matrix
EDD	 end diastolic diameter
EF	 ejection fraction
ESD	 end systolic diameter
FAC	 fractional area change
Fbn1	 fibrillin 1
FS	 fractional shortening
LepA	 leptin antagonist
LV	 left ventricular
MFS	 Marfan syndrome
MMP	 matrix metalloproteinase
MPA	 main pulmonary artery
PLGA	 poly lactic-co-glycolic acid
pSmad2	� small mothers against  

decapentaplegic 2
SBP	 systolic blood pressure
SMC	 smooth muscle cell
TGFβ	 transforming growth factor β
WT	 wild type
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Collectively, these factors promote medial degenera-
tion, aneurysm formation, and aortic dissection.21

We have previously demonstrated that local inhi-
bition of leptin activity prevents ascending aortic an-
eurysm in apolipoprotein E–deficient mice, and that 
human MFS aortic aneurysm samples have increased 
local leptin gene expression.16 Therefore, we hypothe-
sized that MFS-associated aortic aneurysms may be 
prevented by local inhibition of leptin activity. The cur-
rent study evaluates local periaortic antileptin therapy 
as a novel approach to preventing the development of 
aortic root aneurysm in MFS mice.

METHODS
Data are available on request from the corresponding 
author.

The Mouse Model
Fbn1C1093G/+ heterozygous Marfan mice (MFS mice) 
(stock No. 012885) were generated at Jackson Labs 
(Bar Harbor, MN) by in vitro fertilization. Six-week-
old male Marfan heterozygous (n=23), and wild-type 
(WT) littermates (n=4) were shipped to the Brigham 
and Women’s Hospital Non-Barrier Housing facility 
in Boston, MA. The experiment was performed in ac-
cordance with the guidelines of Brigham and Women’s 
Hospital Institutional Animal Care and Use Committee 
and under Brigham and Women’s Hospital protocol 
2016N2000266.

After 7 days of acclimatization, all 7-week old mice 
underwent a baseline echocardiography performed on 
conscious animals under light anesthesia (1.5% isoflu-
rane by nose cone inhalation). Echocardiography was 
followed by survival surgery in all MFS mice. In prepa-
ration for surgery, mice were anesthetized using 2.5% 
isoflurane introduced via nose cone and 2% isoflurane 
for endotracheal anesthesia maintenance during the 
thoracotomy procedure.

Before surgery, 2 slow-release preparations based 
on poly lactic-co-glycolic acid (PLGA; Sigma-Aldrich) 
were prepared to obtain PLGA eluting films with or 
without the addition of a leptin antagonist22 (LepA; 
superactive mouse LepA; PLR Rehovot Israel). We 
used PLGA 65:35 (P2066) matrix designed for slow 
release over 6 weeks, and PLGA 75:25 (P1941) suit-
able for extended release over 3 to 6 months. LepA 
is a mutated version of the leptin hormone with a 60-
fold higher affinity for leptin receptor compared with 
native leptin. When applied at the aortic root wall, 
LepA presumably occupies most local leptin recep-
tors, whereas native leptin remains unbound, and 
the pathway is rendered inactive. The surgical pro-
cedure included left thoracotomy performed through 
the third intercostal space to allow exposure of the 

proximal ascending aorta. Two miniature (1×1.5-mm) 
PLGA slow-release films (one P2066 and one P1941) 
were applied to the anterior surface of the aortic root/
ascending aorta. Eleven MFS mice received both 
types of PLGA LepA eluting films, each containing 
5 μg LepA (10 μg total) (referred to as LepA-treated 
MFS mice), whereas in another group of 10 MFS 
mice, each received similar 2 PLGA films that were 
devoid of LepA (referred as MFS mice), and were ap-
plied at the same location. The thoracotomy wound 
was closed with a 5-0 Ethicon stitch. Animals were 
placed on a circulating water heating pad and sub-
cutaneous fluids were given to prevent hypothermia 
and dehydration, respectively. Heart rate and body 
temperature were monitored continuously during the 
surgical procedure and following surgery. Monitoring 
continued after the removal of the endotracheal tube, 
and the animals were returned to regular housing 
once they displayed full alertness, normal respiration, 
no hemorrhage, and no hypothermia.

Postoperatively, animals received analgesia, bu-
prenorphine, SC, 0.05 to 0.1 mg/kg, and ketoprofen, 
SC, 1 to 2 mg/kg, every 12 hours, for the first 48 to 
72 hours. The animals were monitored daily throughout 
the study at a designated housing facility in Brigham 
and Women’s Hospital. Perioperative death occurred 
in 2 mice because of anesthetic complications. Thus, 
21 MFS mice (10 MFS and 11 LepA-treated MFS mice) 
recovered from surgery and were followed up for 
30 days. Mice were euthanized by inhaling an isoflu-
rane overdose. Blood was flushed from the heart and 
aorta by injecting PBS (pH 7.4) into the left ventricle, 
and draining the liquid through the incised right auri-
cle. This was followed by perfusion fixation with 4% 
paraformaldehyde. The heart, lungs, and proximal 
aorta were excised for further fixation in 10% formalin 
for 24 hours.

Echocardiography
All mice underwent echocardiography at baseline 
(21 MFS and 4 WT mice). Longitudinal echocardi-
ography scans were performed at designated time 
points (2-week assessment for randomly selected 5 
MFS and 5 LepA-treated MFS mice; and for all mice 
at 4  weeks). The images captured over time were 
analyzed using Vevolab proprietary software. A com-
bination of structural and functional ultrasound imag-
ing was performed in vivo in all MFS mice and their 
WT littermates by a single imager. The probes used 
for imaging ranged from MX550S to MX400, provid-
ing high-resolution image acquisition of the aorta 
and the heart, at high frame rates. Color-Doppler 
and pulsed-wave modalities were used to assess the 
peak velocities at the level of the aortic outflow tract. 
The Vevolab proprietary software–based analysis 
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package was then used to measure the diameter of 
the aortic root and MPA, as well as the dimensions 
of the left ventricle, to assess systolic function. The 
maximal vessel diameter was measured from B-
mode analyses. Each examination included 3 meas-
urements obtained at the level of Valsalva sinuses. 
The left ventricular (LV) systolic parameters were 
recorded in mildly sedated mice (maintained heart 
rate of ≈500 beats per minute), and later calculated 
from the short-axis M-mode images acquired at the 
mid papillary level. LV parameters included fractional 
shortening percentage, fractional area change per-
centage, ejection fraction percentage, end diastolic 
diameter, and end systolic diameter. LV mass was 
calculated from measured echocardiography pa-
rameters. All cardiac functional measurements were 
averaged over 3 consecutive cycles. Aortic valve 
regurgitant flow and outflow were visualized at the 
same angle for every animal, and color-Doppler al-
lowed differentiation of inflow. The degree of aortic 
regurgitation (AR) was determined by the peaks cap-
tured in the color-Doppler mode. Echocardiography 
studies were evaluated by 2 experienced echocardi-
ography scientists who were blinded to the treatment 
each mouse had received.

Blood Pressure Measurements
Systolic blood pressure was measured via tail cuff, 
using the BP-2000 Series II blood pressure analysis 
system (Visitech Systems). Measurements were per-
formed in 5 randomly selected MFS mice at baseline 
before surgery and in 8 MFS mice from each group, 
30 days postoperatively (POD30). Mice were trained 
on the BP system 3 times before recording of base-
line systolic blood pressure. Two measurements 
were taken per mouse at every round, where each 
assessment consisted of 40 measurements, last-
ing 1 minute. The first 10 measurements were dis-
carded. Outliers were excluded using Chauvenet’s 
criterion. Notably, our analyses were focused only 
on recorded systolic blood pressure, as diastolic 
measurements are inherently inaccurate using tail 
cuff method.23 Although blood pressure was not 

measured in WT mice, multiple reports in the litera-
ture indicate that 7- to 11-week-old C/57 WT mice 
are normotensive.24

Histology
Histochemical analysis was performed on 5-μm thick 
paraffin slides prepared from cross-section of aortic 
root and LV fixed tissues. Slides were stained with 
Verhoeff–van Gieson stain and Masson trichrome.

Immunohistochemistry 

Paraffin slides were treated with antigen retrieve solu-
tion (DAKO), pH 9.0, for 20 minutes, followed by 3% 
H2O2 for 20 minutes, and blocking with avidin and bio-
tin (Vector Labs) and finally R.T.U block (Vector Labs). 
Primary antibody against leptin (R&D Systems, cata-
log No. AF498) was diluted 1:80 in R.T.U block and in-
cubated with the slides overnight. A rabbit anti-goat 
IgG (1:200 dilution) was used as the secondary anti-
body (Vector Labs). Primary antibody against TGFβ1 
(Abcam, catalog No. ab215715) was used at a dilution 
of 1:200. A goat anti-rabbit IgG 1:200 dilution was used 
as a secondary antibody (Vector Labs). Staining was 
developed by using LSAB 2 (DAKO) and Nova Red 
chromogen (Vector Labs). Nonimmune IgG was used 
for negative control.

The following immunohistochemistry analy-
ses were performed on the Leica Bond automated 
staining platform. Antibody to pSmad2 from Cell 
Signaling Technologies (catalog No. 3104, clone 
Ser245/250/255) was run at 1:1000 dilution using the 
Leica Biosystems Refine Detection Kit with citrate an-
tigen retrieval. Antibody Mac-2 from Cedarlane (cata-
log No. CL8942AP, clone M3/38) was used at 1:8000 
dilution using the Leica Biosystems Refine Detection 
Kit with citrate antigen retrieval. Antibody angiotensin-
converting enzyme 1 (ACE-1) from Abcam (catalog 
No. ab75762, clone EPR2757) was used at 1:500 di-
lution using the Leica Biosystems Refine Detection 
Kit with EDTA antigen retrieval. Antibody angiotensin-
converting enzyme 2 (ACE-2) from Abcam (catalog No. 
ab108252, clone EPR44352) was used at 1:200 dilution 

Figure 1.  Local application of leptin antagonist (LepA) inhibits medial degeneration.
Histological characterization of aortic root wall in Marfan syndrome (MFS) mice (30 days postoperatively for MFS and LepA-treated 
MFS mice, 11 weeks for all). (A1-3) Verhoeff–van Gieson (VVG) staining in MFS, LepA-treated MFS mice, and untreated wild-type (WT) 
mice. Note multiple disruptions of medial elastic fibers in MFS vs preserved elastic lamellae in LepA-treated MFS mouse, which was 
comparable to WT. (B1-3) Masson trichrome staining demonstrating depletion of smooth muscle cells and increased deposition of 
extracellular collagenous material in MFS (arrows) compared with LepA-treated MFS and WT untreated mice. Bars=50 μm (A and 
B). C, Number of fractures in medial elastic fibers per viewed field in aortic root from MFS, LepA-treated MFS, and WT mice. D, Wall 
thickness of aortic root from MFS, LepA-treated MFS, and WT mice. (E1, 2) Immunohistochemistry analysis for Mac2 in MFS and LepA-
treated MFS mice. There is macrophage infiltration in the aortic root media of the MFS (white arrows), whereas the LepA-treated MFS 
aortic root media are devoid of inflammatory cells, with macrophages only in the perivascular tissue (black arrows). The white broken 
line defines the medial border. **P<0.01, ***P<0.001. (F1-4) Matrix metalloproteinase 9 (MMP9) antigen was abundantly demonstrated 
within aortic wall and periaortic inflammatory infiltrates in MFS (1), higher magnification (2), absent in WT mice (3), and rarely evident in 
LepA-treated MFS mice (4).



J Am Heart Assoc. 2020;9:e014761. DOI: 10.1161/JAHA.119.014761� 5

Fisch et al� Local Antileptin Therapy Prevents Marfan Aneurysm

using the Leica Biosystems Refine Detection Kit with 
EDTA antigen retrieval. Antibody AGTR1 from Sigma 
(catalog No. 3500209, polyclonal) was used at 1:100 
dilution, and anti-MMP9 antibody (4a3) (nbp2-13173) 

from Novus Biologicals, 1:100, was used with the Leica 
Biosystems Refine Detection Kit with EDTA antigen 
retrieval. In all immunohistochemistry assays, experi-
mental groups were blinded to analysts.
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In total, 10 saline-treated MFS and 11 LepA-treated 
MFS aortic samples were analyzed. Additional 4 WT 
aortic samples from littermate siblings were used to 
establish background baseline. Each aortic sample 
underwent 8 to 10 serial sections for histochemistry, 

and representative histological results are shown for 
the various staining treatments.

Histological slides were examined at ×20 and 
×40 magnification using Olympus microscope BX51. 
Immunohistochemistry slides were reviewed by 2 
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independent observers, blinded to the treatment each 
mouse had received. A total of 6 to 10 regions of inter-
est per slide were examined, all of which were repre-
sentative of the entire section.

Immunohistochemistry signal intensity of leptin, 
ACE-1, ACE-2, and AT1R in the aortic root, as well 
as ACE-1, ACE-2, and AT1R in the myocardium was 
quantified by a custom-built Python script, expressed 
as percentage of positive pixels.

Leptin antigen intensity in the myocardium was 
assessed by ImageJ version 2.0.0-rc-68/1.52e. The 
latter was also used to measure cardiomyocyte cross-
sectional area. To avoid misreading, this analysis was 
performed on selected cells that were visualized with a 
centered nucleus.

Analysis of Aortic Root Wall Architecture
The aortic root wall was assessed in all mice for num-
ber of fractured medial elastin fibers and wall thick-
ness, per viewing field. Ten different representative 
fields per slide from at least 8 mice from each MFS 
group and 4 WT mice were viewed. All histological 
examinations were performed by 2 independent ob-
servers, blinded to the treatment each mouse had 
received.

Statistical Analysis
All results are presented as mean±SE. Parameters 
were analyzed with 2-way ANOVA with repeated 
measurements, in which the group (WT, MFS, and 
LepA-treated MFS) and time (baseline and 4 weeks) 
were the independent variables. One-way ANOVA 
was used when measurements were taken at a sin-
gle time point, and the group (WT, MFS, and LepA-
treated MFS) was the independent variable. Because 
the WT group consisted of only 4 animals, making 
the assumption of normal distribution void, ANOVA 
on ranks was used to analyze the data. The Holm-
Sidak test was used as post hoc test, whenever a 
significant difference was found by ANOVA. Analysis 
was performed by SigmaStat for Windows version 
3.11 (Systat Software, Inc, San Jose, CA). The Mann-
Whitney U test was used to evaluate the significance 
of differences between MFS (saline-treated group) 

versus LepA-treated group. P<0.05 was considered 
statistically significant.

RESULTS
Experimental Animals and Treatments
The Fbn1C1039G/+ heterozygous mice that were used 
in the current study presented typical features of 
MFS, including kyphoscoliosis of the vertebral col-
umn (Figure S1A and S1B) and lung and peripheral 
air space widening (Figure S1C1, C2). WT littermates 
exhibited normal skeletal structure and lung histol-
ogy (Figure S1C3). More important, MFS mice treated 
locally with a periaortic PLGA patch eluting LepA 
(LepA-treated MFS), or without LepA (MFS), gained 
weight at a rate similar to WT mice (Figure S1D). 
Local LepA application did not impact the (skeletal) 
vertebral column or pulmonary structural manifesta-
tions within 30 days of follow-up, thereby suggesting 
the absence of systemic effects.

LepA Application Prevents Medial 
Degeneration of the Aortic Root in MFS 
Mice
At POD30, we demonstrated advanced medial degen-
eration in aortic roots of MFS versus LepA-treated MFS 
mice or unoperated WT (Figure 1A and 1B). MFS mice 
exhibited significantly more fragmentation of medial elas-
tic fibers (P<0.001; Figure 1C), depletion of SMCs, abun-
dance of collagenous extracellular material (arrows), and 
increased aortic wall thickness (P<0.01; Figure 1D). In 
contrast, LepA-treated MFS mice exhibited preserved 
histological integrity of the aortic root, resembling 
the histological features in WT mice. Infiltrating mac-
rophages observed in the media and adventitia of MFS 
mice were absent in the media of LepA-treated MFS 
mice (Figure 1E1, 2), confirming a local anti-inflammatory 
effect of leptin inhibition. Immunohistochemistry analy-
sis revealed abundance of MMP-9 signal within medial 
and adventitia invaded by inflammatory infiltration in the 
aortic root of MFS mice (Figure 1F1, 2). MMP-9 signal 
was rare in LepA-treated MFS (Figure  1F4) and com-
pletely absent in WT samples (Figure 1F3).

Figure 2.  Aortic root dimensions in Marfan syndrome (MFS), leptin antagonist (LepA)–treated MFS mice, and wild-type (WT) 
mice.
B-mode view of aortic root, at the level of Valsalva sinus in MFS mice, after periaortic application of empty film (saline-treated MFS) or 
LepA-loaded (LepA-treated MFS) poly lactic-co-glycolic acid (PLGA) films. A, Empty (saline-treated MFS) PLGA films applied in MFS 
mice. Aortic root diameter (mm) at baseline (7 weeks), 2 weeks (9 weeks), and 30 days postoperatively (POD30) (11 weeks) (A1-3). B, 
LepA-loaded PLGA film in LepA-treated MFS. Aortic root diameter at baseline, 2 weeks later, and 4 weeks (POD30, 11 weeks) (B1-3). C, 
Aortic root diameter at baseline and after 4 weeks in untreated WT mice (black), MFS (blue), and LepA-treated MFS mice (red) (LepA-
treated MFS vs MFS on POD30 ***P<0.001). D, Gross morphological features of aortic root in MFS, LepA-treated MFS, and WT mice 
displaying difference in outside diameter on POD30 (11 weeks). Bar=1 mm. E, Peak systolic velocity (PSV; (mm/s) in the left ventricular 
outlet in MFS and LepA-treated MFS mice, measured on POD30 (E1, 2). F, PSV (mm/s) at baseline and after 4 weeks in MFS, LepA-
treated MFS, and untreated WT mice. *P<0.05, LepA-treated MFS vs MFS on POD30; ***P<0.001, LepA-treated MFS or WT vs MFS on 
POD30; ††P<0.01 vs baseline; †††P<0.001 vs baseline; ###P<0.001 vs WT.
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Periaortic Application of LepA Inhibited 
Aortic Root Expansion in MFS Mice and 
Preserved Hemodynamic Parameters at 
the LV Outlet
Baseline echocardiography of the aortic root at the 
level of Valsalva sinus performed in 7-week-old MFS 
mice revealed a larger diameter than in littermate WT 

mice (1.78±0.02  versus 1.59±0.07  mm, respectively). 
Echocardiography demonstrated that the aortic root di-
ameter in MFS mice was already increased after 2 weeks 
and grew further to reach a 22% difference compared 
with baseline diameter after 4 weeks (2.17±0.04 mm; 
P<0.001; Figure 2A1-3). In contrast, the aortic root di-
ameter was preserved in LepA-treated MFS mice within 
the same time frame (1.84±0.04 mm; Figure 2B1-3), as 
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well as in WT mice (1.63±0.07 versus 1.59±0.07 mm). 
Thus, the aortic root diameter at 4 weeks in MFS was 
significantly larger than in LepA-treated MFS mice 
(P<0.001; Figure  2C). Echocardiographic measure-
ments of the luminal diameter of the aortic root were in 
agreement with the gross morphological features of the 
same segment (Figure  2D1-3). Peak systolic velocity 
was increased in MFS mice at POD30 compared with 
baseline (P<0.01), and decreased in LepA-treated MFS 
mice (P<0.01), to give a significant difference between 
LepA-treated MFS and MFS mice at 4 weeks (P<0.05; 
Figure 2E1, 2, and 2F).

Echocardiography revealed no AR in MFS mice at 
7 weeks old, but 4 weeks later, a mild to moderate AR 
(grade 1–3) could be seen in 80% of MFS, whereas 
MFS mice receiving periaortic LepA treatment exhib-
ited 73% AR, indicating insignificant difference. The 
presence or severity of AR did not correlate with the 
aortic root diameter in MFS mice. In addition, no AR 
could be demonstrated in the WT mice at any time 
during the experiment.

Activated AngII Signaling Drives Aortic 
Root Dilatation
By POD30, leptin, a key mediator of AngII activity, was 
abundantly expressed in aortic root samples from 
MFS mice, whereas LepA-treated MFS and WT mice 
exhibited low leptin expression (Figure 3A1-3; P<0.01 
and P<0.05, respectively). These findings support our 
hypothesis that leptin is excessively expressed in the 
MFS-associated aneurysm wall, and suggest a causal 
relationship with the observed medial degeneration. As 
anticipated, MFS mice exhibited high levels of TGFβ1 
and increased pSmad2 nuclear signal, indicative of 
activated TGFβ1 signaling in the aortic root media. In 
contrast, media from LepA-treated MFS, as well as WT 
mice, were both devoid of this TGFβ1 signal (Figure 3B1-
3; P<0.05), and only a few pSmad2-positive nuclei were 
identified (Figure 3C1-3; P<0.001). To investigate AngII 
generation, we assessed the levels of the ACE-1 and 
ACE-2 antigen in the aortic root. Immunohistochemical 

analysis revealed upregulated ACE-1 expression in 
MFS mice versus low expression in LepA-treated MFS 
and WT mice (Figure 3D1-3; P<0.001, for both). Thus, 
decreased ACE-1 synthesis contributing to local at-
tenuation of AngII signaling may account for reduced 
local leptin expression. A low signal of ACE-2 expres-
sion was evident in the aortic roots of mice in both 
treatment groups (Figure 3E1-3). Collectively, immuno-
histochemistry results suggested enhanced AngII syn-
thesis, supporting its augmented activity in the aortic 
root. Interestingly, AT1R, which is involved in most AngII 
signaling activities in vascular SMCs and the heart, was 
equally expressed in all groups of mice (MFS, LepA-
treated MFS, and WT; Figure 3F1-3).

Periaortic Application of LepA Inhibited 
Dilatation of the Adjacent MPA in MFS 
Mice
LepA applied to the surface of the aortic root in MFS 
mice was also attached to the adjacent MPA, thereby 
spreading LepA through diffusion from the PLGA film. 
Echocardiography on POD30 (Figure 4A1, 2 and 4B) 
showed an increase in MPA diameter from base-
line in MFS mice (1.60±0.04  versus 1.47±0.04  mm 
at baseline) but not in LepA-treated MFS animals 
(1.38±0.04  after 4  weeks versus 1.43±0.04  mm at 
baseline). Histological features of MPA samples from 
MFS mice exhibited features of medial degeneration 
(namely, disruption of medial elastic fibers, depletion 
of SMCs, and abundance of ECM) (Figure 4C1) versus 
samples from LepA-treated and WT mice (Figure 4C2, 
3). Also, abundant pSmad2-positive nuclei were evi-
dent in MPA samples from MFS mice, but rarely 
found in samples from LepA-treated MFS or WT mice 
(Figure 4D1-3). These findings imply that MFS-related 
medial degeneration in the MPA is driven by similar 
mechanisms to those proposed for the aortic root. The 
effect of LepA preserving MPA wall integrity may indi-
cate its capacity to inhibit the expansion of any blood 
vessel, subjected to leptin-driven medial degeneration.

Figure 3.  Angiotensin II (AngII) generation and activation in aortic root wall of Marfan syndrome (MFS) mice.
Representative results of immunohistochemistry analysis of aortic root from MFS, leptin antagonist (LepA)–treated MFS (30 
days postoperatively), and untreated wild-type (WT) mice (11 weeks). A, Leptin (brown staining): Note high expression in MFS (1), 
downregulated in LepA-treated MFS (2) mice, comparable to WT (3). Bar=50 μm. MFS vs LepA-treated MFS and WT (percentage 
positive pixels), ** and *, P<0.01 and P<0.05, respectively (4). B, Transforming growth factor (TGF) β1 (brown staining): Note abundant 
expression in the media of MFS (*) (1), vs absence of medial signal in LepA-treated MFS mice (**) (2), and scarcely evident in WT (3). 
Note line defining the medial border. Bar=50 μm. MFS vs LepA-treated MFS and WT (percentage positive pixels),*, P<0.05, for both (4). 
C, Phosphorylated Smad2 (pSmad2; brown staining of nuclei): Note high expression represented by multiple positive nuclei in MFS 
(1) vs the lower signal in LepA-treated MFS (2) and WT (3) mice. Bar=50 μm. MFS vs LepA-treated MFS and WT (positive nuclei per 
field), ***, P<0.001, for both (4). D, Angiotensin-converting enzyme 1 (ACE-1) (brown staining): Note abundance of ACE-1 protein in MFS 
(1), whereas LepA-treated MFS (2) and WT mice (3) exhibit a faint signal. Bar=50 μm. MFS vs LepA-treated MFS and WT(percentage 
positive pixels), ***, P<0.001, for both (4). E, Angiotensin-converting enzyme 2 (ACE-2) (brown staining): Note equally low signal in aortic 
root of MFS (1), LepA-treated MFS (2), and WT mice (3). Bar=50 μm. Quantified ACE-2 signal was similar in MFS and LepA-treated MFS 
mice. F, AngII type 1 receptor (AT1R) (brown staining): An equal signal in MFS (1), LepA-treated MFS (2), and WT mice (3). Bar=50 μm. 
Quantified AT1R signal was similar in MFS and LepA-treated MFS mice. A.U. indicates arbitrary unit. 
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LepA Application at the Aortic Root 
of MFS Mice Was Associated With 
Preservation of LV Systolic Function

Baseline assessment of LV dimensions and sys-
tolic function at 7 weeks of age included measure-
ment of the LV end diastolic diameter, end systolic 

diameter, fractional shortening percentage, frac-
tional area change percentage, and ejection frac-
tion percentage. All these parameters in MFS mice 
were found to be within the normal range obtained 
from WT sibling mice. Echocardiography performed 
4 weeks later (at age 11 weeks) showed that the end 
diastolic diameter had increased in LepA-treated 

Figure  4.  Effects of periaortic leptin antagonist (LepA) application on main pulmonary artery (MPA) diameter and wall 
histological features.
A, B-mode view of MPA in Marfan syndrome (MFS) (1) and LepA-treated MFS (2) mice at 30 days postoperatively (POD30). Note 
preserved vessel diameter in LepA-treated MFS (see Results). B, MPA diameter at baseline in MFS, LepA-treated MFS on POD30, 
and wild-type (WT) mice (11 weeks). Note, MFS vs LepA-treated MFS and vs WT, **, P<0.01 and ***, P<0.001, † P<0.05, vs. baseline; 
respectively. C, Masson’s trichrome staining of MPA wall on POD30 in MFS (1), LepA-treated MFS (2), and untreated WT mice (age 
11 weeks) (3). Bar=50 μm. D, Immunohistochemistry staining for pSmad2 on POD30 in MFS (1), LepA-treated MFS mice (2), and 
unoperated WT mice (11 weeks). Note reduced pSmad2 nuclear signal in MPA wall of LepA-treated MFS as well as in WT mice (white 
arrow). A similar pattern was observed in the adjacent aorta (black arrow). Bar=100 μm.
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MFS mice (P<0.01; Figure  5A), whereas end sys-
tolic diameter was moderately increased, although 
within the normal range for WT baseline. MFS mice 
exhibited no change in end diastolic diameter, but 
presented a highly significant increase in end sys-
tolic diameter (P<0.001; Figure 5B), suggestive of LV 
failure. Systolic dysfunction in MFS mice at 11 weeks 
of age presented a reduction in the values for frac-
tional shortening, fractional area change, and ejec-
tion fraction percentages (P<0.001, for all), compared 
with their own baseline and with LepA-treated MFS 
mice (Figure  5C through 5E). In addition, systolic 
hypertension, observed in 7-week-old MFS mice at 
baseline (149±4 mm Hg) persisted in MFS mice (n=8; 

134±4 mm Hg), but was normalized in LepA-treated 
MFS mice (n=8; 123±4 mm Hg; P<0.05) at 11 weeks 
of age (Figure 5F).

LepA Application at the Aortic Root 
Attenuates LV Hypertrophy
MFS mice presented with hypertrophy of LV cardi-
omyocytes (P<0.001), and increased ∆LV mass (LV 
mass at 11 weeks versus 7 weeks; P<0.05), compared 
with their LepA-treated MFS counterparts (Figure 6A 
through 6D). Immunohistochemistry analysis re-
vealed that leptin and ACE-1 expression were lower 
in LepA-treated MFS than in saline-treated MFS mice 

Figure 5.  Effects of periaortic leptin antagonist (LepA) application on left ventricular (LV) systolic function and morphological 
features.
Echocardiographic assessment of LV dimensions at baseline (7 weeks) and after 4 weeks at 30 days postoperatively (POD30). A, End 
diastolic diameter (EDD). Note, EDD assessed 4 weeks postoperatively was increased in LepA-treated Marfan syndrome (MFS) vs 
baseline and MFS, ††, P<0.01 and *P<0.05, respectively. B, End systolic diameter (ESD). Note, ESD increased in MFS mice on POD30 
compared with baseline and wild type (WT) at 4 weeks, ††† P<0.001 and *P<0.05, respectively. There was a moderate ESD increase 
in LepA-treated MFS mice vs baseline and vs MFS, † and *, P<0.05, for both. C, Fractional shortening (FS) percentage. Note that FS 
percentage in LepA-treated MFS animals remained comparable to that in WT mice, but decreased in MFS mice (††† and ***, P<0.001 
vs baseline and MFS, respectively). D, Fractional area change (FAC) percentage. On POD30, FAC percentage remained stable in 
LepA-treated MFS and WT mice (11 weeks), but was markedly decreased in MFS mice. LepA-treated MFS, WT, and basal MFS vs 
4 weeks MFS †††, P<0.001 vs Baseline, ***, P<0.001 vs MFS  E, Ejection fraction (EF) percentage. Note that 4 weeks postoperatively, 
EF percentage remained stable in LepA-treated MFS and untreated WT mice, but was markedly decreased in MFS mice. LepA-treated 
MFS, WT, and basal MFS vs MFS on POD30, †††, P<0.001 vs Baseline, ***, P<0.001 vs MFS. F, Systolic blood pressure (Sys BP). Note, 
LepA-treated MFS mice exhibit normalization of Sys BP compared with MFS animals on POD30, ††, P<0.01. BP was not measured 
in WT mice.
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(Figure 6E and 6I). The cytoplasmatic TGFβ1 signal 
was scattered randomly through the LV myocardium 
in both MFS and LepA-treated MFS mice, without 
evidence of preferential expression (Figure  6G). In 

addition, LepA treatment in MFS mice did not affect 
the prevalence of pSmad2-positive nuclei (Figure 6H, 
Figure S2A). LepA treatment did not affect ACE-2 ex-
pression, demonstrating a weak signal in both treat-
ment groups (Figure 6K, Figure S2B). AT1R antigen 
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was similarly expressed in LV cardiomyocytes from 
MFS and LepA-treated MFS mice (Figure 6L, Figure 
S2C).

Periaortic Application of LepA Prevented 
Aortic and Mitral Valve Leaflet Thickening
Eleven-week-old MFS mice exhibited thickening of 
aortic and mitral valve leaflets. Same age LepA-treated 
MFS littermates presented normal thickness of both 
aortic and mitral LV valve leaflets, comparable to leaflet 
thickness in WT sibling (Figure 7A and 7B). The differ-
ence between MFS and LepA-treated MFS mice was 
statistically significant (P<0.01 for aortic, P<0.05 for mi-
tral; Figure 7C and 7D). Leaflet thickening exhibited hy-
perplasia and abundance of ECM, occurring mostly at 
the free end of the leaflet in aortic valves and randomly 
localized in mitral valves.

Notably, although aortic and mitral valve leaflets in 
LepA-treated MFS exhibited normal thickness after 4 
weeks of periaortic treatment, we cannot rule out the 
possibility that MFS mice already had thickened valve 
leaflets at the initiation of the study, and LepA therapy 
drove regression of leaflet lesions. There were no histo-
logical data to establish the thickness of aortic or mitral 
valve leaflets in MFS mice at 7 weeks of age. However, 
LepA-treated MFS mice exhibited LV valve leaflet thick-
ness that was similar to WT at 11 weeks of age.

DISCUSSION
Despite considerable advances in our understanding 
of MFS pathophysiological feature, there is no known 
cure and individuals living with this condition receive 
lifelong systemic medical therapy. Most patients with 
MFS also undergo prophylactic surgery at a young 
age to replace an expanding, dissection-prone aortic 
root. We have previously shown that local inhibition 
of leptin activity reduces the formation of ascending 
aortic aneurysms in a nonphysiological AngII mouse 

model.16 Using an MFS mouse model, herein we dem-
onstrate that inhibiting leptin activity specifically at the 
ascending aorta prevents the medial degeneration 
that underlies MFS aortic root expansion.

In this study, we show that the aortic root of MFS 
mice displays increased levels of TGFβ1 compared 
with WT littermates. We also report that in addition 
to TGFβ1, both ACE-1 and leptin levels are elevated, 
indicating that they may play a role in medial degen-
eration, preceding the development of an aortic an-
eurysm. We and others have previously shown that 
these factors are linked to AngII signaling. Therefore, 
our results suggest that AngII is also involved in the 
process, similarly to the finding that elevated ACE-1 
expression and activated AngII signaling drive the 
development of ascending aortic aneurysm in fibu-
lin-4 deficient mice.25

Local upregulation of ACE-1 levels in the aortic root 
of MFS mice could be occurring via paracrine and au-
tocrine pathways. In a similar manner to previous find-
ings,26 increased levels of TGFβ at the aortic root may 
lead to induction in ACE-1 expression, which, then in 
turn, promotes further AngII production. Leptin has 
also been shown to regulate ACE activity at the sys-
temic level.27 As leptin is abundant at the MFS mouse 
aortic root, it may also be modulating the local induc-
tion of ACE-1. Other possible drivers are leptin-induced 
vascular endothelial growth factor,28,29 increased me-
chanical stress, and the impact of systolic hyperten-
sion on degenerated media.30–32

Our data suggest that LepA locally attenuates 
medial degeneration via several pathways. A major 
effect relates to the local downregulation of ACE-1 at 
the aortic root, which, then in turn, decreases AngII 
production in the region. An additional pathway in-
volves the observed local decrease in TGFβ1 expres-
sion via Smad2 signaling, which may have prevented 
transformation of vascular SMCs from the contractile 
to the inflammatory form at the onset of aneurysm 
formation.33

Figure  6.  Left ventricular (LV) hypertrophy; immunohistochemistry (IHC) analysis of functional effectors in the LV wall 
(11 weeks for all, 30 days postoperatively for Marfan syndrome [MFS] and leptin antagonist [LepA]–treated MFS).
A, Representative gross morphological features of the heart from MFS (1) vs LepA-treated MFS mouse (2). Bar=1 mm. B, Masson 
trichrome staining of LV wall cross-section in MFS (1), LepA-treated MFS (2), and wild-type (WT) mice (3). Bar=50 μm. C, ΔLV mass (11 vs 
7 week LV mass; mg). Note a decrease in LepA-treated MFS or WT vs MFS mice, *P<0.05, for both. D, Cardiomyocyte cross-sectional 
area (mm2). Note the difference in size between MFS and LepA-treated MFS mice, or WT, ***P<0.001, for both (only cardiomyocytes 
that were displayed with a central nucleus were measured). E, IHC staining for leptin antigen. Note a higher leptin signal (brown color) 
demonstrated in MFS vs LepA-treated MFS animals or WT. Bar=50 μm. F, Leptin signal intensity analysis. Note, MFS vs LepA-treated 
MFS or WT, ***P<0.001, for both. G, IHC staining for transforming growth factor (TGF) β1 antigen (brown color). Bar=50 μm. H, IHC 
staining for pSmad2 antigen. Note equally abundant positive nuclei visualized in LV from MFS and LepA-treated MFS mice. Bar=100 μm 
(see Figure S2A). I, IHC staining for angiotensin-converting enzyme 1 (ACE-1) antigen in MFS, LepA-treated MFS, and WT. Note that the 
membranous signal (brown color) was reduced in LepA-treated MFS vs MFS samples. Bar=50 μm. J, ACE-1 signal analysis (percentage 
of positive pixels) in MFS, LepA-treated MFS, and WT. Note, MFS vs LepA-treated MFS and WT, ***P<0.001 and **P<0.01, respectively. 
K, IHC staining for angiotensin-converting enzyme 2 (ACE-2) antigen. Note a low signal similarly demonstrated in all experimental 
groups. Bar=50 μm (see Figure S2B). L, IHC staining for angiotensin II type 1 receptor (AT1R) antigen. Note a similar signal intensity 
(brown color) in all experimental groups. Bar=50 μm (see Figure S2C). ***P<0.001, LepA-treated MFS vs MFS at 4 weeks; +++P<0.001 vs 
baseline; ###P<0.001 vs WT. ACE-I indicates angiotensin-converting enzyme inhibitor; and A.U., arbitrary unit. 
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Local downregulation in AngII, leptin, and ACE-1 
expression may also be related to decreased stress 
in the vessel wall. As leptin has been previously 
shown to locally increase reactive oxygen species 
production,34 LepA treatment likely also leads to de-
creased local oxidative stress.

We found that local LepA treatment inhibits medial 
macrophage infiltration in MFS mice. This was evident 
from both direct staining of macrophages and im-
munohistochemistry analysis of MMP-9 antigen. The 
role of MMP-9 in MFS aortic aneurysms has been 

demonstrated in a different MFS mouse model.35 Using 
an AngII-induced abdominal aortic aneurysm model 
system, we have previously shown increased MMP-9 
expression, which was further augmented by the ad-
dition of periaortic leptin application.14 Our MMP-9 
results in the current study go hand in hand with our 
macrophage data. These findings are consistent with 
clinical data showing that reduced medial infiltration 
by macrophages is associated with downregulation of 
MMP activity,36 and correlates with attenuated expan-
sion of the aortic aneurysm.37

Figure 7.  Local periaortic leptin antagonist (LepA) treatment prevents aortic and mitral valve leaflet thickening in Marfan 
syndrome (MFS) mice (30 days postoperatively [POD30]).
Representative photomicrographs of aortic and mitral valve leaflets from MFS, LepA-treated MFS, and wild-type (WT) mice at 11 weeks 
of age (POD30 for all MFS mice). A, Aortic valve leaflets from MFS (1), LepA-treated MFS (2), and WT (3) mice (arrows). B, Mitral valve 
leaflets from MFS (1), LepA-treated MFS (2), and WT (3) mice (arrows). C, Aortic valve leaflet thickness measured in the 3 groups. 
Note, MFS vs LepA-treated MFS, **P<0.01. D, Mitral valve leaflet thickness measurement. Note, MFS vs LepA-treated MFS, *P<0.05.
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Cardiac dysfunction in patients with MFS has been 
attributed to several causes, including progressive in-
sufficiency of mitral or aortic valve38,39 and primary car-
diomyopathy implicated as a consequence of fibrillin-1 
mutations.40 Heart failure, which is the main cause of 
death in children with MFS, is often associated with 
severe mitral valve disease.41 Although they may man-
ifest negligible valvular pathological features, many 
young patients with MFS still present with dilated car-
diomyopathy and LV systolic dysfunction.42 In adults, a 
quarter of patients with MFS harbor an asymptomatic 
reduction of LV ejection fraction, resulting from im-
paired systolic function.43

Consistent with our results, heterozygous 
Fbn1C1039G/+ mice manifest a mild degree of LV sys-
tolic dysfunction and a low tolerance for increased LV 
workload.6 Although our 7-week-old MFS mice pre-
sented with normal LV function, by 11 weeks of age 
their systolic function had deteriorated, independent 
of aortic valve regurgitation presence, or unrelated 
to its severity. The periaortic LepA application in our 
model rescued LV structure and function. This was 
achieved by inhibiting medial degeneration and pre-
venting expansion of the aortic root. Protected aor-
tic integrity and preservation of its diameter played 
a key role in reducing the progression of LV outlet 
obstruction. In contrast, MFS mice underwent medial 
degeneration underlying aortic root dilatation, which 
promoted increased impedance at the LV outflow, 
associated with LV systolic dysfunction. Therefore, 
we have concluded that conserved hemodynamic 
conditions at the aortic outlet maintaining low LV 
workload were sufficient to preserve LV systolic func-
tion in Fbn1C1039G/+ mice. These results are consistent 
with our previous findings in LepA-treated AngII-
infused apolipoprotein E–deficient mice.16

Our current results, which underscore the im-
portance of aortic root integrity in MFS on LV mor-
phological features and function, may downplay the 
contribution of primary cardiomyopathy in driving 
LV dysfunction. It is likely that aortoventricular cou-
pling decreased the intraventricular wall pressure in 
LepA-treated MFS mice, resulting in downregulation 
of AngII, leptin, and ACE-1 expression. Subsequently, 
decreased ACE-1 may further reduce AngII produc-
tion in cardiac myocytes. Preservation of LV systolic 
function in LepA-treated MFS mice could be at-
tributed, at least in part, to reduction in leptin and 
AngII activity, both of which promote LV systolic dys-
function.44,45 We have found further evidence that 
local LepA treatment attenuates LV remodeling in 
MFS mice. The significant thickening of aortic and mi-
tral valve leaflets observed in MFS mice did not occur 
in LepA-treated MFS mice. A similar response was 
revealed in LepA-treated AngII-infused apolipoprotein 
E–deficient mice,16 suggesting that decreased leptin 

and AngII expression levels in LV cardiomyocytes 
play a role in attenuating LV valve remodeling.

Systolic hypertension diagnosed in 7-week-old 
MFS mice was corrected by 11 weeks in subjects re-
ceiving periaortic LepA. Normalization of systolic hy-
pertension in LepA-treated MFS mice was not driven 
via AT1R blockage or by a systemic mechanism. 
Therefore, it may be attributed to reduction in car-
diomyocyte AngII and leptin, as well as improvement 
of LV systolic function and stabilization of hemody-
namic conditions in the ascending aorta. It has been 
suggested that the cell surface AngII type 2 receptor 
may drive AT1R-opposing effects by exerting vaso-
dilatation when activated by pathological conditions 
of inflammation, hypertension, or acute myocardial 
infarction.46 However, an AngII type 2 receptor ag-
onist, which was tested recently in an MFS mouse 
model, failed to attenuate aortic root dilatation com-
pared with losartan therapy,47 thus suggesting that 
AngII type 2 receptor is likely not involved in MFS 
aortopathy.

Early studies in MFS mice have shown that medial 
degeneration involving the aortic root starts in utero.5 
Degenerative changes and rapid expansion of the aor-
tic root in children with MFS frequently render the ves-
sel wall vulnerable to acute type A dissection,48 forcing 
many patients with MFS to undergo early prophylac-
tic aortic replacement.49 Medical treatment initiated at 
infancy or childhood frequently addresses advanced 
remodeling with pathological aortic root dilatation. 
Patients with MFS are routinely treated with β block-
ers, shown to reduce TGFβ expression and aortic stiff-
ness.50 This treatment also attenuates hemodynamic 
perturbations by decreasing heart rate, its oxygen con-
sumption, myocardial contractility, and systolic blood 
pressure. Unfortunately, frequent adverse effects, 
such as hypotension and bradycardia, may necessi-
tate alternative treatment, or require combined therapy 
with other agents, such as the AngII type 1 receptor 
blocker, losartan. Inhibiting AngII signaling through the 
use of AngII type 1 receptor blocker or angiotensin-
converting enzyme inhibitor has been shown to atten-
uate medial degeneration, stabilize LV performance, 
and reduce blood pressure.51 Nevertheless, the effi-
ciency of these medications in counteracting AngII 
signaling pathway may be affected by the type and se-
verity of the MFS mutation.52 Thus, at the present time, 
despite strong patient compliance, currently available 
therapies may not provide a durable and complication-
free solution for control of the cardiovascular manifes-
tations associated with MFS.53 There is an unmet need 
for a safe and effective mode of therapy that will uni-
versally inhibit aortic aneurysm formation, and prevent 
related cardiac complications.

In summary, this study presents evidence that 
local periaortic antileptin therapy can be effective 
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in preventing the development of aortic root aneu-
rysm in a mouse model of MFS. We identify locally 
expressed leptin as a uniform culprit effector driving 
medial degeneration in MFS, as well as in a variety 
of systemic diseases. Periaortic application of LepA 
attenuates local leptin-driven deleterious effects 
and downregulates AngII signaling pathway at the 
site of therapy, likely via local reduction of TGFβ and 
ACI-1 expression. MFS aortopathy promotes local 
hemodynamic perturbations, and thereby increases 
LV workload. Pressure-induced overexpression of 
leptin and ACI-1 in LV cardiomyocytes drives hy-
pertrophy and systolic dysfunction. Thus, periaor-
tic LepA therapy preserving aortic root integrity 
prevents LV functional deterioration (Figure 8). Our 
results suggest a stand-alone local therapy that 
may prove to be a viable alternative to life-long sys-
temic treatment to counteract MFS-related aortop-
athy, free of systemic complications. On the basis 
of its protective properties, we anticipate a pos-
itive therapeutic response when using local LepA 
application in variable aneurysms (namely, aortic, 

peripheral, and visceral lesions), which are driven 
by AngII or TGFβ signaling, including TGFβ receptor 
mutations.54

LIMITATIONS OF THIS STUDY
This study does not include the long-term follow-
up (beyond 30  days) to reveal the full effects of 
local LepA therapy on gross morphological fea-
tures, histological changes, and susceptibility to 
acute dissection in the aortic root, as well as its 
impact on related cardiac structure and function. 
In addition, although we demonstrated the ben-
eficial therapeutic potential of LepA in young MFS 
mice, the current study does not include testing 
on older mice, which may respond differently with 
respect to the prevention of aortic root dilatation 
and salvaged LV function. Other limitations of the 
study are lack of female MFS mice in our series 
and unavailable data on the kinetics of locally ap-
plied LepA, which warrant a separate dedicated 
study.

Figure 8.  Radar plot of the main physiological results described in this study.
Each axis shows the standard score (number of SDs) of the mean value of leptin antagonist (LepA)–
treated Marfan syndrome (MFS) (full red) and MFS (full blue) mice at 30 days postoperatively with respect 
to mean baseline MFS levels (dashed blue line). BW indicates body weight; EDD, end diastolic diameter; 
EF, ejection fraction; ESD, end systolic diameter; FAC, fractional area change; FS, fractional shortening; 
LV, left ventricular; PSV, peak systolic velocity; SBP, systolic blood pressure; AV, aortic valve and MV, 
mitral valve.
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Figure S1. MFS phenotype at 11 weeks - Extravascular MFS features; Weight gain. 

 



Kyphoscoliosis in Fbn1C1039G/+ mouse (A), also deformed spine visualized through an open chest 

(B) (arrow). Dilatation of peripheral lung air spaces in MFS mouse (C1), a, similar dilatation of 

air spaces in a LepA-treated MFS mouse (C2), vs. normal lung histology of peripheral lung 

segment in a sibling WT mouse (C3). Body weight in MFS, LepA-treated MFS and WT mice at 

baseline and after 4 weeks (D).  

++ p < 0.01, MFS at 4 weeks vs. baseline; +++ p < 0.001, LepA-treated MFS or WT at age 11 

weeks vs. baseline. 

*** p < 0.001, LepA-treated MFS vs. MFS at 4 weeks; +++ p < 0.001, MFS or LepA-treated MFS 

at 4 weeks vs. baseline; ### p < 0.001, MFS or LepA-treated MFS vs. WT.  



Figure S2. IHC results of pSmad2, ACE-2 and AT1R expression in LV from MFS, LepA-

treated MFS and WT mice. 

 

A. pSmad2 expression (number of positive nuclei per field). Note, MFS vs. LepA-treated MFS 

yielded insignificant statistical difference 

B. ACE-2 expression. Insignificant statistical difference 

C. AT1R expression. Insignificant statistical difference.  

 


