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In vivo phenotypic vascular 
dysfunction extends 
beyond the aorta in a mouse model 
for fibrillin‑1 (Fbn1) mutation
T. Curry 1,2, M. E. Barrameda 3, T. Currier Thomas 1,2,3,5,6* & M. Esfandiarei 1,3,4*

In individuals with Marfan Syndrome (MFS), fibrillin-1 gene (FBN1) mutations can lead to 
vascular wall weakening and dysfunction. The experimental mouse model of MFS (Fbn1C1041G/+) 
has been advantageous in investigating MFS-associated life-threatening aortic aneurysms. It is 
well established that the MFS mouse model exhibits an accelerated-aging phenotype in elastic 
organs like the aorta, lung, and skin. However, the impact of Fbn1 mutations on the in vivo 
function and structure of various artery types with the consideration of sex and age, has not been 
adequately explored in real-time and a clinically relevant context. In this study, we investigate if 
Fbn1 mutation contributes to sex-dependent alterations in central and cerebral vascular function 
similar to phenotypic changes associated with normal aging in healthy control mice. In vivo 
ultrasound imaging of central and cerebral vasculature was performed in 6-month-old male and 
female MFS and C57BL/6 mice and sex-matched 12-month-old (middle-aged) healthy control 
mice. Our findings confirm aortic enlargement (aneurysm) and wall stiffness in MFS mice, but 
with exacerbation in male diameters. Coronary artery blood flow velocity (BFV) in diastole was 
not different but left pulmonary artery BFV was decreased in MFS and 12-month-old control mice 
regardless of sex. At 6 months of age, MFS male mice show decreased posterior cerebral artery 
BFV as compared to age-matched control males, with no difference observed between female 
cohorts. Reduced mitral valve early-filling velocities were indicated in MFS mice regardless of sex. 
Male MFS mice also demonstrated left ventricular hypertrophy. Overall, these results underscore 
the significance of biological sex in vascular function and structure in MFS mice, while highlighting 
a trend of pre-mature vascular aging phenotype in MFS mice that is comparable to phenotypes 
observed in older healthy controls. Furthermore, this research is a vital step in understanding 
MFS’s broader implications and sets the stage for more in-depth future analyses, while providing 
data-driven preclinical justification for re-evaluating diagnostic approaches and therapeutic efficacy.

Marfan Syndrome (MFS) is a connective tissue disorder caused by mutations in the fibrillin-1 (Fbn1) gene1,2. 
The Fbn1 gene encodes for a large glycoprotein, a structural component of calcium-binding microfibrils in the 
extracellular matrix (ECM), providing a scaffold and structural support for elastic and non-elastic connective 
tissues3. Therefore, Fbn1 mutations can result in a wide-range of complications in the cardiovascular, musculo-
skeletal, and pulmonary systems, with ascending aortic aneurysm and rupture being the most life-threatening 
phenotypes. MFS individuals with vascular dysfunction present weakening of blood vessel walls and progressive 
dilation. MFS vascular complications are attributed to compromised ECM, medial elastin fiber fragmentation, 
and endothelial dysfunction, all leading to vascular wall stiffening and weakening4–9. Current research targets 
the prevention of aortic root aneurysm and rupture through lifestyle changes and pharmaceutics, but with the 
wide heterogeneity in Fbn1 mutations phenotype, it is necessary to consider the possibility of other associated 
systemic effects.
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Within the ECM, Fbn1 protein acts by binding the latent form of the cytokine transforming growth factor-β 
(TGF-β) via a latent binding protein (LTBP), forming a large sequestering domain. However, the abnormal and 
dysfunctional Fbn1 protein fails to sequester TGF-β in its inactive form. This uncontrolled release of bioavailable 
TGF-β facilitates the activation of downstream signaling molecules involved in inflammatory responses, includ-
ing matrix metalloproteinases (MMPs), whose role in ECM turnover involves elastin degradation7,10,11. To exac-
erbate the dysregulation of these molecules, SMAD2/3, a downstream effector of the TGF-β signaling pathway, 
acts as a transcription factor and positively feedbacks to further increase TGF-β expression and bioavailability11. 
Notably, elastin is highly expressed within the aortic wall, supporting the elasticity and distensibility of the 
ascending aorta. Previous studies in MFS patients and experimental mouse models have demonstrated increased 
expression and activity of MMP-2/-9 and significant fragmentation and disorganization of elastin fibers within 
the aortic media, resulting in potentially fatal outcomes due to aortic root enlargement, aneurysm, and rupture 
if left untreated5,7,10,12. During the last two decades, the aortopathy in MFS patients and animal models has been 
studied in detail by many research groups. Nevertheless, our knowledge of other vascular complications in MFS 
is very limited. A few studies in human MFS population have reported on pulmonary artery dilation in MFS 
patients, as well as coronary artery dilation after aortic replacement surgery13–15. Furthermore, MFS patients 
reportedly have an increased prevalence of cerebral aneurysms and stroke (hemorrhagic and ischemic)16,17. 
Despite the previous reports of other central and peripheral dysfunctions in MFS patients, there is no solid and 
comprehensive study of the structural and functional changes in other types of arteries in the well-established 
experimental mouse model of MFS. One translational study using the mouse model of MFS has shown increases 
in ROS, MMP9, and TGF-β expression in the middle cerebral artery (MCA), all associated an with increase in 
wall thickness/lumen ratio measurements in MFS mice18.

Based on published reports, it is indicated that MFS patients and mice display accelerated and pre-mature 
aging phenotypes within the vasculature including increased vascular wall stiffness, endothelial dysfunction, 
decreased smooth muscle contractility, mitochondrial dysfunction, increased inflammatory infiltrates, and 
elevated reactive oxygen species (ROS) production within the vessel wall6–8,10,19,20. The observed endothelial 
dysfunction associated with accelerated vascular aging can lead to decreased expression of vasodilators and 
anti-inflammatory molecules, resulting in increased vascular inflammation9,10,12. In addition to accelerated vas-
cular aging, MFS patients experience other age-related changes such as worsening of joint pain and stiffness, 
vision problems, hearing loss, skin elasticity, and lung complications1,2,21–23. Evaluation of these aging-related 
characteristics requires further investigations, given that the mechanisms known to contribute to MFS-associated 
symptomology are also implicated in aging-related manifestations such as inflammation, ROS production, arte-
rial remodeling, and elastolysis.

Incidence or prevalence of MFS does not differ by biological sex. On the other hand, MFS patients experience 
varied risks and complications based on sex. While female MFS patients have an increased risk of complica-
tions during pregnancy, male MFS patients have an increased risk of aortic dissection and rupture compared to 
non-pregnant female MFS patients24. Though most preclinical MFS studies have utilized male or combined sex 
analysis, studies utilizing both sexes demonstrate that MFS male mice have enhanced aortic aneurysm growth, 
contractility, stiffness, and elastin fragmentation compared to females4,24–27. Thus, evaluation of sex differences 
beyond the aorta is pertinent for prognosis, understanding potential mechanisms of actions, and personalized 
patient treatment.

In the present study, using clinically relevant in vivo ultrasound imaging, we aimed to test the hypothesis that 
a missense mutation in Fbn1 (Fbn1C1041G/+) leads to alterations in central (aorta, pulmonary artery, coronary 
artery) and posterior cerebral artery in 6-months old MFS mice (6 M-MFS) compared to sex- and age-matched 
controls (6 M-CTRL), and that the outcomes in 6 M-MFS mice are more similar to phenotypes observed in sex-
matched older healthy control (12 M-CTRL) mice.

Results
Age‑dependent changes in aortic root diameter and wall stiffness in CTRL and MFS mice
To present an overall picture of how aging affects aortic root diameter growth and wall elasticity, we assessed 
these age-dependent changes in a separate small cohort (N = 5–6) of CTRL and MFS mice. The longitudinal 
study required ultrasound imaging of the same experimental mouse at 3, 6, 9, and 12 months of age in both male 
and female subjects. This approach aimed to present the impact of normal aging on these critical phenotypes.

Consistent with our previous published reports28,29, our data reveals that in both male and female MFS 
mice, aortic root diameters at the sinus of Valsalva and PWV (index of aortic wall stiffness) increase with aging 
(Fig. 1A–H). In CTRL mice, no significant age-dependent changes were observed in aortic root diameters in 
male groups, however female CTRL mice demonstrated an increase in aortic root diameter due to age between 3 
and 12M-CTRL (Fig. 1A–C). When comparing age-dependent gradual changes in aortic root diameters between 
sexes, an increase was further confirmed between 3M-CTRL and 12M-CTRL female mice (Fig. 1C), while a 
similar increase was seen between 3M-MFS and 12M-MFS male mice. (Fig. 1D). In both male and female CTRL 
mice, no age-dependent gradual increases were observed in aortic PWV (Fig. 1E–H). Age-dependent gradual 
changes in PWV between sexes were only seen between 3M-CTRL male and female mice, while no other sig-
nificant differences were seen between sexes in CTRL and MFS mice over time (Fig. 1G,H). After establishing 
the age-dependent changes in aortic structure and function, we aimed to compare the observed phenotype in 
young 6M-MFS mice to 12M-CTRL to assess whether the observed vascular changes in young MFS mice are 
similar to those associated with normal aging in healthy controls.
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Measurements of aortic root diameters and wall stiffness in MFS mice
From this point of our study, we utilized a much larger mice cohort (N = 10/group) to compare the vascular 
changes in young 6M-MFS with 12M-CTRL mice in both male and female groups. Ultrasound imaging was 

Figure 1.   Age-dependent changes in aortic root diameters and wall stiffness in control and MFS mice. (A) 
Sinus of Valsalva diameter is increased in MFS male mice compared to age-matched CTRL male mice at 3M, 
6M, and 9M of age. (B) Diameters in this region are increased in MFS female mice compared to age-matched 
CTRL female mice at 3M, 6M, 9M, and 12M of age. (C) 12M-CTRL female mice demonstrate increased 
diameter compared to 3M-CTRL mice, suggesting that age increased aneurysm growth. (D) In MFS mice, 
differences were not seen in aortic diameters between sexes over time, but 3M-MFS and 12M-MFS male mice 
demonstrated an age-dependent increase. (E) Aortic pulse wave velocity measures demonstrate increased 
aortic stiffness at 6M, 9M, and 12M of age in MFS male mice compared to age-matched CTRL male mice. 
(F) Aortic pulse wave velocity measures demonstrate increased aortic stiffness at 3M, 9M, and 12M of age in 
MFS female mice compared to age-matched CTRL female mice. (G) In CTRL mice, a sex-dependent effect 
was demonstrated at 3M where males were increased compared to female 3M-CTRL mice. (H) Sex did not 
contribute to any significant difference within the MFS mice over time.
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utilized to assess aortic root diameters between MFS and CTRL (Fig. 2A,B) as a function of sex (Fig. 2C,D) and 
age (Fig. 2F–K). Increased aortic root diameters are indicative of aortic root enlargement. The aortic annulus 
diameter was increased by 36% in 6M-MFS male mice compared to 6M-CTRL male mice, and by 18% compared 
to age-matched MFS female mice (Fig. 2C). At the sinus of Valsalva, both male (29%) and female (21%) 6M-MFS 
mice display an increase compared to sex- and age-matched CTRL mice without sex differences (Fig. 2D). At the 
sinotubular junction, 6M-MFS male mice demonstrated an increase of 32% compared to 6M-CTRL male and of 
34% compared to 6M-MFS female mice (Fig. 2E). We also compared aortic diameters in all three regions of the 
aortic root between 6M-CTRL, 6M-MFS, and 12M-CTRL of each sex to determine whether the MFS phenotype 
was more similar to older mice, rather than age-matched controls. In males, 6M-MFS and 12M-CTRL mice 
had similar increases in aortic annulus diameters compared to 6M-CTRL male mice (Fig. 2F) but differed at 
the sinus of Valsalva and sinotubular junction diameters (Fig. 2G,H). In female mice, 6M-MFS and 12M-CTRL 
mice had similar increases in aortic annulus diameters compared to 6M-CTRL female mice (Fig. 2I) but dif-
fered at the sinus of Valsalva (Fig. 2J) and showed no differences at the sinotubular junction between the female 
mice (Fig. 2K).

Aortic pulse wave velocity (PWV) is a well-established measure of aortic wall stiffness. Increased PWVs 
are indicative of elevated wall stiffness and vascular rigidity, which is a hallmark of vascular pathology in MFS 
patients and experimental mouse models, making the ascending aorta more vulnerable to aortic root dissection 
and rupture6–8. We utilized ultrasound imaging (color Doppler) to measure PWV in sex and age-matched CTRL 
and MFS mice (Fig. 3A–C). Our data supports previous reports showing an increase in aortic PWV in 6M-MFS 
mice compared to sex- and age-matched CTRL mice (Fig. 3D). A significant difference in PWV values was 
observed in 6M-old male MFS as compared to sex-matched 12M-old healthy CTRL mice (Fig. 3E), indicating 
this outcome measure is unique to the genotype. On the other hand, PWV values in 6M-old female MFS mice 
are comparable to those measured in sex-matched 12M-old mice (Fig. 3F), demonstrating that only female MFS 
mice show aging-like aortic phenotypes.

Measurements of coronary artery peak blood flow velocity in MFS mice
To investigate the impact of MFS on coronary artery function, we used in vivo ultrasound imaging to measure 
the peak blood flow velocity of the coronary artery between CTRL and MFS mice as a function of sex and age 
(Fig. 4A) No difference was seen in coronary artery peak blood flow velocity during diastole in male or female 
MFS mice as compared to sex- and age-matched CTRL mice (Fig. 4B). Furthermore, sex differences were not 
demonstrated in coronary blood flow velocity (Fig. 4B). Peak blood flow velocity was also similar between 
6M-CTRL, 6M-MFS, and 12-CTRL in males (Fig. 4C) and females (Fig. 4D).

Assessments of left pulmonary artery peak blood flow velocity in MFS mice
To investigate pulmonary artery function, peak blood flow velocity was evaluated in vivo between CTRL and 
MFS mice as a function of sex and age (Fig. 5A). 6M-MFS male and female mice demonstrated significantly 
lowered peak blood flow velocity in the left pulmonary artery as compared to sex- and age-matched CTRL groups 
(Fig. 5B). Sex differences were not demonstrated in pulmonary blood flow velocity measurements (Fig. 5B). 
Blood flow velocity values in 12M-CTRL male and female mice were also decreased compared to sex-matched 
6M-CTRL mice, without differences as compared to 6M-MFS mice (Fig. 5C,D), indicating a decrease in pulmo-
nary blood flow velocity due to genotype and aging.

Measurements of posterior cerebral artery peak blood flow velocity in MFS mice
Our understanding of the alterations in structure and function of cerebral arteries in the MFS mouse model 
remains incomplete. In this study, we utilized ultrasound imaging Doppler analysis to assess posterior cerebral 
artery (PCA) peak blood flow velocity between CTRL and MFS mice as a function of sex and age (Fig. 6A,B). 
6M-MFS male mice have decreased PCA peak blood flow velocity compared to sex- and age-matched CTRL 
mice (Fig. 6C) with no difference observed between age-matched female MFS and CTRL (Fig. 6C). Pertinently, 
6M-CTRL female mice also demonstrated lower PCA peak blood flow velocity compared to age-matched male 
CTRL mice, highlighting a fundamental sex difference in this outcome measure (Fig. 6C). As shown in Fig. 6D, 
outcomes of 6M-MFS male and 12M-CTRL male mice are similar, displaying a significantly decreased PCA 
blood flow velocity compared to 6M-CTRL male mice. In females, age did not influence PCA peak blood flow 
velocity (Fig. 6E).

Comprehensive evaluation of cardiac function and structure in MFS mice
In vivo ultrasound imaging was used to evaluate cardiac parameters including cardiac output, stroke volume, 
heart rate, ejection fraction, fractional shortening, and left ventricular mass (Fig. 7A–C). Our data indicates that 
by 6-months of age MFS in mice is not associated with any significant change in the cardiac output, stroke vol-
ume, heart rate, ejection fraction, or fractional shortening compared to age-matched CTRL mice in either male 
or female groups (Tables 1 and 2). Contrarily, left ventricular mass was significantly increased in 6M-MFS male 
mice compared to sex- and age-matched CTRL mice with no difference observed when compared to 12M-CTRL 
male mice (Table 1). However, no differences in left ventricular mass were observed in female 6M-MFS mice 
when compared to sex- and age-matched CTRL mice (Table 2).

Using ultrasound imaging, we also assessed the mitral valve early filling (MV E) wave velocity, mitral valve 
atrial (MV A) filling wave velocity, and the E/A ratio of these velocities (Fig. 8A). Our findings indicate that at 
6 months of age, MFS males and females demonstrate decreased MV E velocities compared to sex- and age-
matched CTRL mice without sex differences seen (Fig. 8B). No differences in MV A velocity or E/A ratio values 
were observed across the experimental groups (Fig. 8C,D). Age did not contribute to differences amongst male 
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Figure 2.   Measurements of aortic root diameters in MFS mice. (A) Representative B-mode image of the aortic 
arch of a 6M-CTRL male evaluated for diameters of the aortic annulus, sinus of Valsalva, and sinotubular 
junction. (B) Representative B-mode image of the aortic arch of a 6M-MFS male with aortic diameters 
analyzed. (C) 6M-MFS male aortic annulus diameters were increased compared to 6M-CTRL male mice as 
well as 6M-MFS female mice. (D) 6M-MFS male and female mice demonstrate increased sinus of Valsalva 
diameters compared to sex- and age-matched CTRL mice. (E) 6M-MFS male sinotubular junction diameters 
were increased compared to 6M-CTRL male mice as well as 6M-MFS female mice. (F) In the Aortic Annulus, 
6M-MFS and 12M-CTRL male mice have increased diameter compared to 6M-CTRL male mice. 6M-MFS 
male mice have increased (G) Sinus of Valsalva and (H) Sinotubular Junction diameters compared to 6M- and 
12M-CTRL males. (I) 6M-MFS females and 12M-CTRL females have increased Aortic Annulus diameters 
compared to 6M-CTRL female mice. (J) 6M-MFS females have increased Sinus of Valsalva diameters compared 
to 6M- and 12M-CTRL female mice. (K) No differences were seen in the Sinotubular Junction diameter of our 
female cohorts.
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MV E, MV A, or E/A ratio measurements (Fig. 8E–J). The values for MV E were significantly decreased in 
6M-MFS male and female mice as compared to sex- and age-matched CTRL mice (Fig. 8E,H). The significant 
drop in MV E values in 6M-MFS females were comparable with those observed in 12M-CTRL female mice, 
highlighting an accelerated aging phenotype in young female MFS mice (Fig. 8H). However, we did not make 
the same observation between 6M-MFS and 12M-CTRL male mice (Fig. 8E). No differences were demonstrated 
amongst the female cohorts in the MV A or E/A ratio measurements (Fig. 8I,J).

Discussion
Prior studies utilizing MFS mouse models have focused on the life-threatening manifestation of aortic aneu-
rysm; thus, few studies have evaluated in vivo alterations in other arteries. Furthermore, minimal studies have 
considered sex differences in preclinical studies. The accelerated aging phenotype is also of interest as it offers 
unique insight into fundamental processes underlying vascular aging with potential relevance for the Fbn1-
associated patient vulnerability to vasculopathies. Results demonstrate that male MFS mice had more robust 
genotypic changes than females in vivo in various vascular beds, and that these genotypic changes tended to be 
more comparable to middle-aged (12M-old) healthy sex-matched CTRL mice than those recorded in 6M-old 
sex-matched CTRL mice.

Figure 3.   Measurements of aortic root wall stiffness in MFS mice. (A) Representative image of a 6M-CTRL 
female traced aortic arch in B-mode. (B) PW Doppler Mode waveform of the ascending aortic arch (Time 1, 
T1) with representative times analyzed. (C) PW Doppler Mode waveform of the descending aortic arch (Time 
2, T2) with representative times analyzed. (D) 6M-MFS male and female mice have increased aortic stiffness, 
compared to sex- & age-matched CTRL mice. (E) 6M-MFS male mice have increased aortic stiffness, measured 
as aortic pulse wave velocity, compared to 6M- and 12M-CTRL male mice. (F) 6M-MFS female and 12M-CTRL 
female mice have increase aortic pulse wave velocity compared to 6M-CTRL female mice.
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This study is the first in-depth examination of structural/functional changes in central arteries (including 
aorta, pulmonary, coronary) and cerebral arteries in the well-established mouse model of MFS. In addition, to 
the best of our knowledge, this is the first report to consider sex as a distinct biological variable in many of these 
vascular beds. Though there is no sex-related difference in the incidence of MFS, male patients experience an 
increased risk for aortic dilation and aortic events such as aortic dissection and rupture24,30. In addition, there is 
phenotypic and genotypic heterogeneity amongst MFS and similar connective tissue disorder patients. It has been 
demonstrated that sex plays a role in phenotypic differences. For instance, amongst multiple Fbn1 genetic vari-
ants, males were at increased risk and had more severe cardiovascular phenotype compared to females31. In MFS 
mice, it has also been demonstrated that male subjects have enhanced aortic root aneurysm growth compared to 
females24–27. Aortic contractility and stiffness also demonstrate sex differences in MFS mice. For instance, though 
MFS results in reduced smooth muscle cell contractility, MFS males display higher smooth muscle contractility 
and aortic wall elastin fragmentation compared to MFS females4. Further evaluation of contractility and relaxa-
tion utilizing myography to asses sex differences would be paramount in understanding the mechanisms behind 
these differences32. Sex-related differences in the aorta have been associated with increased mitogen-activated 
protein kinase ERK1/2 phosphorylation, and enhanced activity of endothelial nitric oxide synthase (eNOS) in 
females, underscoring sexual dimorphism and estrogen-associated endothelial protection4,24,25. Investigating 
sex-based differences is critical for a deeper understanding of potential variables that contribute to designing 
care plans for MFS patients through more individually tailored strategies. Thus, our analysis evaluated sex as a 
biological variable throughout the described measures.

There is a need for further research to explore other symptoms and QoL issues in patients with MFS and 
related connective tissue disorders. The current approaches in MFS management and treatment have extended 
the life expectancy of affected individuals from approximately 40 to around 75 years of age33,34. As a result, this 
population could be more susceptible to other vascular complications, including those commonly associated 
with aging. The demonstration of such less well-known features of MFS beyond the aorta has been observed in 
patients. For instance, it was recorded by the German MFS foundation that there is a “dark” side or less known 
complications that are not listed in the diagnostic Ghent nosology and are not regularly monitored in patients35. 
Notably, coronary, pulmonary, and neurological concerns have been observed in MFS patients and may correlate 

Figure 4.   Measurements of coronary artery peak blood flow velocity during diastole in MFS mice. (A) 
Representative image of coronary artery outflow visualized in the parasternal long axis view with pulse wave 
doppler mode waveform analyzed with five consecutive velocity measurements in a 6M-CTRL female mouse. 
(B) Genotype and sex did not induce differences in coronary peak blood flow velocity during diastole at 6M. 
No differences were seen in coronary peak blood flow velocity during diastole as a function of age in (C) male 
cohorts or (D) female cohorts.
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with findings described in this report. For example, complaints of mitral valve prolapse and regurgitation, 
cardiomyopathy, coronary artery disease including spontaneous coronary artery dissection, tortuous arteries 
including in the cerebral arteries, pulmonary valve disease and lung disorders, as well as headache, migraines, 
cognitive dysfunction, and psychological features were described in a review of these less well-known features 
that impact the quality of life (QoL) for this patient population35. The primary complaints contributing to lowered 
QoL in this patient population include pain, mobility issues, fatigue, and anxiety/depression21,34,36,37. In addition 
to the most well-known features, these data also capture relevant vascular dysfunction beyond the aorta in the 
most predominate preclinical model of MFS. These features require awareness and investigation to improve 
treatment and monitoring of these features impacting quality of life. Thus, this preclinical MFS mouse model 
may be utilized to further evaluations of these associated features.

Understanding how MFS affects the vascular system over time will help clinical scientists and clinicians design 
more effective preventive and therapeutic approaches, particularly for aging MFS patients at higher risk for vas-
cular complications. Few studies have addressed the observed vascular aging-associated phenotype in MFS mice. 
One study in MFS mice demonstrated a pre-mature aging phenotype in skin morphology23. The observed mitral 
valve prolapse in MFS patients and experimental mouse models has been correlated with elastin degradation 
similar to aging-related elastolysis, where elastin degradation has been well-established to contribute to normal 
skin and vascular aging38. Another study evaluated Fbn1 mutation-associated elastin fragmentation over time in 
the aorta of MFS mice, where MFS mice indicated pathological aging39. In this study, we aimed to investigate the 
pre-mature and accelerated aging phenomenon in the vasculature in MFS mice by comparing in vivo vascular 
measurements in young (6M-old) MFS to sex- and age-matched CTRL and sex-matched 12M-old CTRL mice. 
Research evaluating MFS-associated vascular dysfunction has demonstrated that one possible mechanism for 
pathology is enhanced TGF-β signaling, but an increase in TGF-β expression is not always present, suggesting 
that other potential mechanisms may be involved. For instance, in aortic wall samples from MFS patients with 
variant Fbn1 mutations, though highly variable, showed inflammatory and mitochondrial dysfunction pathways 
may be associated with MFS-associated manifestations20. This mitochondrial dysfunction hypothesis was further 

Figure 5.   Assessments of left pulmonary artery peak blood flow velocity in MFS mice. (A) Representative 
image of left pulmonary artery outflow visualized in the parasternal long axis view with pulse wave doppler 
mode waveform analyzed with five consecutive velocity measurements in a 6M-CTRL male mouse. (B) 
6M-MFS male and females have decreased left pulmonary artery peak blood flow velocity compared to sex- and 
age-matched 6M-CTRL mice. 6M-MFS and 12M-CTRL mice have decreased left pulmonary peak blood flow 
velocity compared to 6M-CTRL in (C) male and (D) female cohorts.



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:5779  | https://doi.org/10.1038/s41598-024-56438-y

www.nature.com/scientificreports/

evaluated, and found that utilizing nicotinamide riboside to enhance mitochondrial metabolism reverted the 
development of aortic aneurysm and restored histological features of medial degeneration. Though our report 
does not investigate molecular mechanisms contributing to these in vivo alterations, it is important to recognize 
that multiple mechanisms may be independently or collectively contributing to these changes40.

In agreement with previous published work by our group and others, our results from this study also support 
aortic root dilation and loss of wall elasticity in MFS mice, with more prominent changes in MFS male mice. 
Sex differences in aortic diameters have been reported in the general population, where women tend to have 
smaller aortic diameters than men24. To the best of our knowledge these are the first comparisons evaluating sex 
differences in preclinical assessments of in vivo aortic diameters in this mouse model. Our data in mice support 
that both MFS male and female mice demonstrate increased dilation and risk of aortic stiffening compared to 
sex- and age-matched CTRL mice, but the detrimental changes are exacerbated in MFS male mice. MFS males 
demonstrated increased aortic diameter throughout the ascending aorta and increased aortic PWV, a supported 
measure of arterial wall stiffening. Female MFS mice only demonstrated increased aortic diameters in the aortic 
annulus and sinus of Valsalva, which was associated with increased aortic wall stiffness. MFS males demonstrated 
increased diameters in the aortic annulus and sinotubular junction compared to MFS female mice. These obser-
vations suggest that future studies targeting aortic stiffness and contractility should evaluate sex as a biological 

Figure 6.   Measurements of posterior cerebral artery peak blood flow velocity in MFS mice. (A) Representative 
image of color doppler mode of the PCA in a 6M-CTRL female. (B) Representative image of Pulse Wave 
Doppler Mode waveform of the PCA analyzed with five consecutive velocity measurements. (C) 6M-MFS male 
mice and 6M-CTRL female mice demonstrated decreased PCA blood flow velocity compared to 6M-CTRL 
male mice. (D) 6M-MFS and 12M-CTRL male mice have decreased PCA blood flow velocity compared to 
6M-CTRL mice. (E) Female mice showed no differences amongst cohorts.
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variable in this mouse model. MFS mice did not show similarity to middle-aged CTRL mice in the aortic 
measures. This could be attributed to the aorta’s inherent elasticity, suggesting that MFS-associated elastin frag-
mentation and disorganization may exceed those associated with normal aging, inducing further vulnerability.

Though no differences were demonstrated in coronary blood flow velocity in diastole amongst the experi-
mental groups, MFS patients are reported to develop coronary artery dilation that risks aneurysm and rupture, 
particularly with complications after aortic replacement surgery. It is recommended that coronary artery size be 
regularly monitored in MFS patients, especially those with severe aortic phenotypes or after aortic replacement 
surgery15. Thus, future studies evaluating coronary blood flow velocity during systole, as well as to assess preclini-
cal ex vivo analysis of the coronary arteries evaluating stiffness and elasticity in MFS mice are warranted to further 

Figure 7.   Representative M-mode images of parasternal long axis view to visualize the left ventricle in a 
6M-CTRL male mouse. (A) The left ventricle tracing of the anterior and posterior walls is visualized. (B) 
Parasternal long axis left ventricle trace (PSLAX LV trace) analysis allows for tracing of the ventricle over three 
consecutive contractions to measure cardiac parameters and (C) intraventricular wall septum in systole and 
diastole.
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assess this risk for coronary dilation. Furthermore, this change in function may not be detectable in coronary 
blood flow velocity during diastole by 6-months of age in MFS mice but may be prevalent at later time points.

Pulmonary artery dilation has been documented in MFS patients and experimental mouse models and been 
correlated with more severe disease of the ascending aorta in MFS, warranting further investigation13,14,41. A 
preclinical assessment of pulmonary artery dilation in MFS mice showed that by 12 weeks of age, MFS mice had 
increased pulmonary artery diameters compared to aged-matched control mice13. Aging alone has also been asso-
ciated with pulmonary artery dilation, stiffening, and hypertension in clinical and preclinical assessments42–44. 
Pulmonary dilatation would increase the blood flow throughout the pulmonary system due to a decrease in 
resistance. Inversely, blood flow velocity (mm/s) decreases due to the relationship between blood flow (mL/s) and 
cross-sectional area of the blood vessel, where velocity is the distance of the blood flow over time (Flow = Veloc-
ity * Cross-sectional Area)45. Thus, as the diameter or cross-sectional area of the vessel increases, the velocity 
decreases. This relationship is in alignment with the dilatation expected in MFS and aging. Pulmonary artery 
dilatation has been associated with both MFS and pulmonary hypertension, but in MFS patients the pulmonary 
artery enlargement is not associated with hypertension and does not commonly produce pathological symptoms 
related to pulmonary hypertension14,46. Furthermore, this inverse relationship between diameter and velocity 
has been validated in humans47. Blood flow velocity can also be affected by viscosity and blood pressure, which 
were not evaluated in this study but have not been shown to be different in MFS. Our data confirms a decrease in 
peak blood flow velocity in the left pulmonary artery of 6M-MFS mice that is comparable to values reported in 
12M-CTRL mice. It is noteworthy that our data also shows age-associated decline, where 12M-CTRL male and 
female mice show a significantly lower left pulmonary artery peak blood flow velocity as compared to younger 
sex-matched CTRL mice, which is in agreement with previous reports in older human population42.

MFS patients have demonstrated an increased risk for cerebrovascular disease and hospitalization, 
with increased odds of ischemic stroke, carotid artery dissection, and cerebral aneurysm and intracranial 
hemorrhage17. Overall, our results confirm these findings and indicate that MFS male mice demonstrate an 
accelerated cerebrovascular aging phenotype. Blood flow to the brain is supplied by the aorta, to the two internal 
carotid arteries, and then further into the Circle of Willis. The posterior cerebral artery (PCA) is another one 
of the major arteries that supply blood to the brain, it is reasonable to consider it and the associated sex differ-
ences as we extend studies into potential vulnerability of the cerebrovasculature in MFS. Here, we have shown 
that PCA peak blood flow velocity is significantly decreased in 6M-MFS male mice when compared to sex- and 
age-matched CTRL mice. A sex difference was detected between PCA blood flow velocity in 6M-CTRL female 
mice compared to age-matched CTRL male mice, with females demonstrating lowered velocity than males. 

Table 1.   Comprehensive evaluation of cardiac function and structure in MFS male mice. Mean ± SEM 
*Compared to 6 M-CTRL, #Compared to 6 M-MFS, †Compared to 12 M-CTRL. Values are mean ± standard 
error of the mean (SEM). One-way ANOVA p-value displayed. Significant differences for multiple compares 
demonstrated as *Compared to 6M-CTRL, #Compared to 6M-MFS, and †Compared to 12M-CTRL.

Male

6M-CTRL 6M-MFS 12M-CTRL One-way ANOVA p-value

Weight (g) 38.20 ± 1.428† 41.78 ± 1.956 47.60 ± 2.500* 0.009

Heart rate (beats/min) 435.8 ± 14.95 437.1 ± 12.22 449.7 ± 11.94 0.742

Stroke volume (μl) 45.37 ± 1.201 46.48 ± 4.837 51.21 ± 2.270 0.451

Cardiac output (mL/min) 19.71 ± 0.681 20.06 ± 1.953 23.12 ± 1.449 0.241

Ejection fraction (%) 73.01 ± 2.415 74.09 ± 3.716 77.25 ± 2.199 0.603

Fractional shortening (%) 41.85 ± 2.002 43.52 ± 3.280 45.79 ± 2.227 0.591

Left ventricular mass (mg) 119.6 ± 3.371# 174.2 ± 16.15* 146.4 ± 12.70 0.005

Table 2.   Comprehensive evaluation of cardiac function and structure in MFS female mice. Mean ± SEM 
*Compared to 6 M-CTRL, #Compared to 6 M-MFS, †Compared to 12 M-CTRL. Values are mean ± standard 
error of the mean (SEM). One-way ANOVA p-value displayed. Significant differences for multiple compares 
demonstrated as *Compared to 6M-CTRL, #Compared to 6M-MFS, and †Compared to 12M-CTRL.

Female

6 M-CTRL 6 M-MFS 12 M-CTRL One-way ANOVA p-value

Weight (g) 31.00 ± 1.976 30.00 ± 2.206† 37.50 ± 1.918# 0.039

Heart rate (beats/min) 457.3 ± 10.93 450.1 ± 8.787 446.5 ± 9.895 0.735

Stroke volume (μl) 42.23 ± 3.175 35.51 ± 3.865 31.08 ± 3.791 0.103

Cardiac output (mL/min) 19.21 ± 1.313 15.99 ± 1.800 13.71 ± 1.504 0.054

Ejection fraction (%) 71.74 ± 1.845 79.91 ± 2.298 77.58 ± 3.383 0.263

Fractional shortening (%) 40.48 ± 1.562 47.83 ± 2.104 45.82 ± 2.869 0.065

Left ventricular mass (mg) 115.3 ± 6.265 131.2 ± 10.30 134.1 ± 8.998 0.253



12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:5779  | https://doi.org/10.1038/s41598-024-56438-y

www.nature.com/scientificreports/

Figure 8.   Comprehensive evaluation of mitral valve function in MFS mice. (A) Representative Image of Pulse 
wave Doppler Mode of the mitral valve inflow while in the apical four chamber view with measurements for 
peak early filling (MV E), peak atrial filling (MV A), and E/A ratio in a 6M-CTRL male mouse. (B) Male and 
female 6M-MFS mice have decreased MV E filling velocity compared to sex-and age-matched CTRL mice 
but without differences in (C) MV A filling velocity or (D) E/A ratio. (E) MV E filling velocity is decreased in 
6M-MFS males compared to both 6M- and 12M-CTRL male mice. No differences were demonstrated in (F) 
MV A filling velocity or (G) E/A ratio in the male cohorts. (E) MV E filling velocity was decreased in 6M-MFS 
and 12M-CTRL female mice compared to 6M-CTRL female mice. (F) MV A filling velocity and (G) the E/A 
ratio is unchanged in female mice.
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However, such differences were not observed between female 6M-MFS and female 6M-CTRL mice, indicating 
a sex-dependent effect of PCA blood flow velocity, which requires further investigation. Furthermore, it was 
reported that apolipoprotein E (ApoE)-deficient mice with a Fbn1 mutation (ApoE-/-Fbn1C1041G/+) presented with 
accelerated blood–brain barrier degradation, increased inflammatory cytokines (IL-1β, TNF-α), MMPs -2/-9, and 
TGF-β in the MCA and choroid plexus48,49. Increased MMP-2/-9 expression and activity could result in increased 
neuroinflammation and can, directly and indirectly, alter neuronal function and neuroplasticity50. There is an 
increased prevalence of headaches and migraines in MFS patients, suggesting cerebrovascular dysfunction51,52. 
MFS patient case studies also report neurodevelopmental disorders, including attention deficit hyperactivity 
disorder (ADHD) and learning disabilities53–56. Changes in endothelial cell morphology, as described above, 
may contribute to these results. These morphological changes may have a compound effect in vessels where the 
ratio of endothelial cells to smooth muscle cells is increased, such as in smaller vessels like cerebral arteries. In 
addition, aging also plays a role in decline of endothelial cell junctional linearity and reduction in endothelial cell 
surface area, which may contribute to vascular permeability such as increased blood–brain barrier permeability 
displayed in normal aging57. Thus, this change in endothelial cell morphology could contribute to the changes 
seen in the posterior cerebral artery blood flow velocity in MFS and 12M CTRL mice.

In addition, connective tissue disorders such as Ehlers-Danlos syndrome have been implicated in increased 
vulnerability to neurological insult such as traumatic brain injury and higher rates of complication and mortality 
after neuroendovascular procedures58–60. Decreased cerebral blood flow velocity correlated with the function of 
age, increases risks for severity after neurological insult, neuropathology, and cognitive impairment61–65. Due to 
recent findings and the overlapping characteristics displayed with aging, it is plausible that the cerebral vascu-
lature and brain could be affected in MFS patients. Together with the increased risk for cerebral aneurysms and 
stroke (hemorrhagic and ischemic) in MFS patients, further research is needed to understand the magnitude of 
risk, the potential discovery of novel targets for prevention and treatment, and the impact of current treatments 
on neurological concerns16,17,66.

We observed increased left ventricular hypertrophy in 6 M-MFS male mice compared to sex- and age-matched 
CTRL mice but did not demonstrate this difference in females. This finding of left ventricular remodeling where 
the septum and posterior walls were thicker in MFS mice has been reported before but has not been evaluated 
for sex as a variable67. The result of this study further underscores the importance of evaluating sex-based differ-
ences. This presented change in left ventricular mass did not correlate with altered ejection fraction by 6 months 
of age but could result in altered cardiac function as the animal ages. In addition, other cardiac parameters such 
as cardiac output, stroke volume, fractional shortening, and heart rate were not different in MFS male or female 
mice compared to age-matched, sex-matched, or middle-aged (12 M-old) control mice. MFS manifestations are 
heterogenous. Fbn1-deficient mice demonstrate dilated cardiomyopathy, thus altering physical properties and 
chronic mechanical stress with reduced elasticity and increased ERK1/2 and pERK1/2. These phenotypic differ-
ences further support the need for specialized monitoring protocols to improve the standard of care for this and 
similar patient populations68. MFS cardiomocytes replicate the expected Fbn1 accumulation, extracellular matrix 
degradation, TGF-β increased signaling, and increased apoptosis. They also demonstrate reduced contractility, 
confirming previously seen changes in MFS vascular function. It has been shown that the mitogen activated 
P38 signaling pathway and Kruppel-like factor 4 (KLF4) regulate smooth muscle cell apoptosis, thus presenting 
potential targets and mechanisms for these vascular alterations in highly SMC vessels69.

Male and female MFS mice displayed decreased mitral valve early-filling velocities, without statistically sig-
nificant differences in the E/A ratio. MFS females showed similarity to middle-aged CTRL females, suggesting 
an effect of genotype and aging. Though statistical difference was not demonstrated in the E/A ratio, it is clini-
cally relevant to recognize that decreased MV E filling velocities did reduce the overall E/A ratio. In the MFS 
population, Mitral valve prolapse (MVP) is prevalent and shown to be more common in females compared to 
males, where studies have indicated that women with MVP often experience more severe symptoms and are at 
higher risk for complications such as mitral regurgitation and endocarditis70–72.

Previous studies have shown a potential link between aortic root pathology and increased TGF-β signaling, 
mitochondrial respiration decline, inflammation, redox stress, increased iNOS expression, and endothelial dys-
function. One recent study has shown a significant reduction in mitochondrial transcription factor A (TFAM) 
and oxygen consumption in aortic smooth muscle cells, where intervention with nicotinamide riboside (NR), 
a precursor of NAD+, could restore TFAM levels and normalize mitochondrial respiration40. Another study has 
shown that resveratrol can inhibit aortic root dilatation in MFS mice by promoting elastin integrity and smooth 
muscle cell survival through downregulation of the aneurysm-related micro-RNA-29b in the aorta73. In addition, 
In MFS, nitrotyrosine residues, H2O2 levels, and redox stress protein targets are increased in the tunica media, 
suggesting redox stress that is also associated with an increase in NOX4 expression19.

Another potential mechanism of MFS-associated vascular dysfunction is increased inducible NOS (iNOS), 
where inactivation or pharmacological inhibition of iNOS protected against aortic pathology and reversed aortic 
dilation and medial degeneration in MFS mice74. Though it has been shown that smooth muscle cells play a role 
in MFS aortic phenotypes, the role of endothelial cells and their direct link to eNOS uncoupling are also impor-
tant and may contribute to some of the results displayed in this report. Changes in endothelial function have 
be measured in MFS patients through flow-mediated dilation, which is negatively correlated with the diameter 
of the thoracic aorta75. In MFS mice, using en face analysis of the aorta, it was also shown that endothelial cell 
alignment with blood flow was reduced, endothelial cell roundness was increased, individual endothelial surface 
area was increased, and endothelial cell junctional linearity was decreased57.

The scope of this study, encompassing the examination of various vascular beds, sex-related disparities, and 
age-associated differences, precluded an in-depth analysis of the molecular mechanisms underlying each of 
these findings. However, we believe that the data presented in this report correlate with the pre-mature aging 
phenotype and less-well known manifestations observed in MFS and similar connective tissue disorders patients.
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To our knowledge, this is the first known report comprehensively characterizing vascular function in the pre-
dominate preclinical mouse model of MFS. The observed similarities in vascular functions between young MFS 
mice and middle-aged CTRL mice suggest the possibility of pre-mature and accelerated aging of the vasculature 
in MFS mice (Fig. 9). Our comprehensive examination of cardiac and central/cerebral alterations in MFS mice, 
considering sex differences and potential accelerated aging, lays the groundwork for future studies and thera-
peutic approaches. This research is a vital step in understanding the broader implications of MFS multi-tissue 
pathology and sets the stage for more in-depth future analyses, while providing data-driven preclinical justifica-
tion for re-evaluating diagnostic approaches and therapeutic efficacy. Future mechanistic data would for sure 
add to our understanding of the underlying pathology in different types of arteries.

Materials and methods
Experimental animals
Animal care was conducted according to the National Research Council Guide for the Care and Use of Labora-
tory Animals and the Guidelines for Animal Experiments and the Institutional Animal Care and Use Com-
mittee [IACUC protocols AZ-3006, AZ-2989, & AZ-2936]. All experiments were in compliance with ARRIVE 
guidelines. Mice were group-housed (up to 5 mice per cage) in a 12/12h light–dark cycle with food and water 
available ad libitum. Breeding pairs were obtained from Jackson Laboratory and backcrossed for 8 generations.

A breeding colony of MFS mice was established and maintained. These mice were heterozygous for an 
Fbn1 allele encoding a cysteine substitution in the epidermal growth factor-like domain in Fbn1 to glycine 
(Fbn1C1041G/+), giving the mice the most common type of mutation seen in MFS patients presented with vascular 
dysfunction and aortic root aneurysm. This study utilized adult Fbn1C1041G/+ (MFS) mice at 6 months of age, as 
well as C57BL/6 (CTRL) mice at 6 and 12 months of age. MFS mice present established and evident vascular 

Figure 9.   Summary of results. Depiction of the measured in vivo parameters, presenting the ultrasound 
measurements for both male and female outcomes. These include the Aortic Annulus (AA), Sinus of Valsalva 
(SV), and Sinotubular Junction (SJ) diameters of the aortic root, as well as the aortic Pulse Wave Velocity 
(PWV). Additionally, we have provided summaries for blood flow velocity measurements in the posterior 
cerebral artery, pulmonary artery, and coronary artery, along with cardiac parameters and mitral valve measures. 
The results are compared to 6M-CTRL (6-month-old control group), 6M-MFS (6-month-old Marfan syndrome 
group), and 12M-CTRL (12-month-old control group) for reference.
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defects (e.g., aortic wall elastin fragmentation, aortic root aneurysm, and increased aortic wall stiffness) by 6 
months of age. This time point is equivalent to 30–35 human years and was compared to middle-aged 12-month-
old CTRL mice, to evaluate the MFS-associated accelerated vascular aging phenotype. These MFS mice are 
bred on a C57BL/6 background, making C57BL/6 mice the appropriate controls for this study. Male and female 
CTRL and MFS mice were utilized to investigate sex as a biological variable. After genotyping via tail snip and 
PCR testing, a total of 60 mice were randomly assigned to naïve 6M-old CTRL and MFS (males & females), 
and 12M-old CTRL mice (N = 10/group/sex) and utilized for all measures described. A separate small cohort 
(N = 5) of control and MFS mice were used for the longitudinal and age-dependent study of aortic root and wall 
elasticity using ultrasound imaging.

High‑resolution high‑frequency ultrasound imaging
Vevo2100 ultrasound system (VisualSonics, FUJIFILM, Toronto, Canada) was utilized to conduct evaluation 
of functional and structural properties of the aorta, pulmonary artery, coronary artery, and posterior cerebral 
artery (PCA) along with aortic valves and cardiac function and structure in the same experimental mice for all 
measures. Experimental Mice (N = 10/group/sex) were subjected to in vivo ultrasound imaging equipped with 
a transducer with central frequency of 40 MHz, focal length of 7.0 mm, and a frame rate of 557 fps, at 6M or 
12M of age.

The sample size for experimental groups was calculated based on desired endpoints where power was set 
at 90% and α = 0.05. The Mean ± SD were utilized from our and other previously published data to reach a 20% 
reduction in aortic root dilation (as evident by using ultrasound imaging) in MFS mice in response to interven-
tion (N = 10/group/sex)12,13,28.

Mice were anesthetized with 3% isoflurane and 2L/min 100% oxygen in an induction chamber and kept 
anesthetized using a nose cone at 2% isoflurane and 1L/min 100% oxygen, while on a heated and maneuverable 
platform and body temperature monitored via rectal probe; anesthetized state was confirmed by loss of righting 
reflex and toe pinch. Throughout the procedure, heart and respiratory rate were monitored via an electrocar-
diogram (ECG) by securing the limbs to ECG electrodes embedded in the heated platform. Hair was removed 
using a depilatory cream at the sight of imaging (top of the head and chest). All ultrasound imaging data were 
analyzed using the Vevo LAB software by two investigators blinded to age, sex, and genotype during analysis, 
and the data was reported as average of the two investigators.

Due to evident phenotypic differences in the mice, the ultrasound technician that performed image acquisi-
tion was not blinded to genotype, and sex. To mitigate this concern, the images gathered from the imaging were 
de-identified, coded, and analyzed by two blinded independent investigators. Data reported are the averages of 
the two investigators. In the case of difficult imaging, not all measurements could be taken for each animal. All 
data display the individual data points to help discern this in data interpretation.

Aortic root diameters and aortic pulse wave velocity measurements
Using a MS550 transducer and B-mode aortic arch view, we measured aortic root diameters at three different 
regions of the aortic root (aortic annulus, sinuses of Valsalva, and sinotubular junction) in 6-month-old male 
and female CTRL and MFS mice, and sex-matched 12-month-old CTRL mice. The aortic annulus was measured 
as the diameter of the transition point between the left ventricle and aortic root. The sinus of Valsalva was meas-
ured parallel to the aortic annulus at the largest width of the aortic root. The sinotubular junction was measured 
parallel to the other diameters and at the junction between the aortic root and the aortic arch (Fig. 2A,B)28,29.

We also measured aortic pulse wave velocity (PWV), as a reliable indicator of aortic wall stiffness. As explained 
in our previous report, aortic peak velocities from the ascending and descending aorta were measured in PW 
Doppler aortic arch view28,29. The aortic arch distance (mm) was traced along the central axis of the aortic arch 
at the time of imaging such that the ascending and descending aortic peak velocity coincide with the aortic arch 
distance (Fig. 3A). This distance was measured in B-mode. Transit time, or the time for the pulse wave to travel 
the aortic arch distance, was calculated as the average of ten consecutive and replicable descending aortic peak 
velocities minus the average of ten consecutive and replicable ascending aortic peak velocities (Fig. 3B,C). The 
PWV was calculated as PWV =

aortic arch distance

transit time

28,29.

Coronary and pulmonary peak blood flow velocity measurements
To assess coronary and pulmonary peak blood flow velocity, a MS550 transducer was utilized. These measures 
were taken in parasternal long axis (PLAX) view in B-mode to visualize the heart. Color Doppler mode was 
activated to assess blood flow and identify the arteries of interest. The pulse-wave Doppler sample volume cursor 
was positioned over the coronary artery and then the size and angle were adjusted, and velocity measured. The 
same was done to assess the pulmonary artery outflow. The velocity waveforms were analyzed as the average 
of five consecutive and replicable peaks per artery per animal by two independent investigators. All waveform 
measurements were represented as positive values.

Posterior cerebral artery peak blood flow velocity measurements
To assess PCA peak blood flow velocity, the MS250 transducer was employed. This measure was completed first 
such that the mouse was anesthetized for no longer than 5–10 min to avoid hyperoxic effects on cerebral blood 
flow. In B-mode, a coronal section of the mouse cranium was visualized, and color Doppler mode activated to 
visualize posterior cerebral artery blood flow (Fig. 6A). Utilizing pulsed-wave Doppler, the size and angle of flow 
was adjusted to meet the target artery and a waveform generated (Fig. 6B). Five consecutive and replicable peak 
measurements were analyzed and averaged by two blinded investigators per animal, where the reported values 
are the average of the investigators.
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Cardiac parameter measurements
Cardiac parameters determined from the left ventricular trace were obtained as previously described28,29. Using 
the MS550 transducer, the parasternal short axis view of the left ventricle (LV) was visualized in B-mode. The 
M-mode cursor was then positioned in the middle of the LV and a cross-sectional view of the LV was generated 
(Fig. 7A). During analysis, the LV trace function was utilized to evaluate the functional parameters of heart rate, 
stroke volume, cardiac output, ejection fraction, fractional shortening, and LV mass (Fig. 7B). Three contraction 
cycles (systole & diastole) were measured per animal and analyzed by two independent blinded investigators 
and the averaged results are reported.

Mitral valve measurements
Mitral flow velocity was measured using the MS550 transducer in apical four chamber view. Using color doppler, 
mitral flow was visualized, and PW doppler cursor size and angle adjusted to generate the velocity waveform. 
Mitral flow velocity including both early (MV E) and atrial (MV A) velocities were acquired (Fig. 8A). During 
analysis three consecutive and reproducible inflow velocities were assessed for the MV E and MV A velocities 
for each animal as analyzed by two blinded independent investigators. The E/A ratio of these velocities was also 
reported to evaluate mitral valve function29.

Statistical analysis
All graphs, curves, and each statistical significance were determined and created with GraphPad Prism soft-
ware. Two-way ANOVA test was performed on data sets with two independent variables (e.g., genotype & sex). 
One-way analysis of variance (ANOVA) test was performed on data sets with one independent variable (e.g., 
phenotype). Due to the exclusion of 12M-MFS cohorts, Two-way ANOVA tests could not be performed on data 
sets of 6M-CTRL, 6M-MFS, and 12M-CTRL. Our assessment evaluated the phenotypic similarity and differ-
ences between these cohorts thus 6M-MFS and 12M-CTRL mice were evaluated for the independent variable 
of phenotype. Tukey post-hoc was performed on ANOVA tests. All data sets were tested for outliers utilizing 
ROUT (Q = 1%) and if determined were excluded and evaluated for Gaussian distribution to test for normality 
of residuals. Significance was determined as a P-value ≤ 0.05. P-values are reported in the graphs and raw data 
can be accessed by contacting the corresponding author. Personnel were blinded to genotype, age, and sex dur-
ing analysis. Phenotypic differences induce difficulty with blinding during ultrasound imaging, thus all images 
were de-identified, re-coded, and blinded for analysis by two independent investigators. Pre-determined wel-
fare exclusion criteria include removing any mouse from the study with visible wounds requiring veterinarian 
intervention or vocalization of pain which cannot be managed. No animals required exclusion due to welfare 
concerns. In some circumstances, not all measurements could be assessed for each animal due to difficult imag-
ing such as “sternum shadow” interferences, leading to inaccurate measures that were excluded from analysis.

Ethics statement
Animal care was conducted according to the National Research Council Guide for the Care and Use of Laboratory 
Animals and the Guidelines for Animal Experiments and the Institutional Animal Care and Use Committee. All 
experiments were in compliance with ARRIVE guidelines. The animal study was reviewed and approved by the 
Institutional Animal Care and Use Committee [IACUC protocols AZ-3006, AZ-2989, & AZ-2936] at Midwestern 
University-Glendale, Arizona.
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