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Abstract

Objective: A cardinal feature of Marfan syndrome is thoracic aortic aneurysm (TAA). The 

contribution of the renin angiotensin system via angiotensin II (AngII) receptor type 1a (AT1aR) 

to TAA progression remains controversial because the beneficial effects of angiotensin receptor 

blockers have been ascribed to off-target effects. This study used genetic and pharmacologic 

modes of attenuating angiotensin receptor and ligand, respectively, to determine their roles on 

TAA in mice with fibrillin-1 haploinsufficiency (Fbn1C1041G/+).

Approach and Results: TAA in Fbn1C1041G/+ mice was found to be strikingly sexual 

dimorphic. Males displayed aortic dilation over 12 months while aortic dilation in Fbn1C1041G/+ 

females did not differ significantly from wild type mice. To determine the role of AT1aR, 

Fbn1C1041G/+ mice that were either +/+ or −/− for AT1aR were generated. AT1aR deletion 

reduced expansion of ascending aorta and aortic root diameter from 1 to 12 months of age in 

males. Medial thickening and elastin fragmentation were attenuated. An antisense oligonucleotide 
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against angiotensinogen (AGT-ASO) was administered to male Fbn1C1041G/+ mice to determine 

the effects of AngII depletion. AGT-ASO administration attenuated dilation of the ascending aorta 

and aortic root and reduced extracellular remodeling. Aortic transcriptome analyses identified 

potential targets by which inhibition of the renin angiotensin system reduced aortic dilation in 

Fbn1C1041G/+ mice.

Conclusions: Deletion of AT1aR or inhibition of AngII production exerted similar effects in 

attenuating pathology in the proximal thoracic aorta of male Fbn1C1041G/+ mice. Inhibition of the 

renin angiotensin system attenuated dysregulation of genes within the aorta related to pathology of 

Fbn1C1041G/+ mice.
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Introduction

Marfan syndrome is an autosomal dominant genetic disorder associated with thoracic aortic 

aneurysm (TAA) that enhance the risk for aortic rupture due to loss of aortic integrity. 1 

The disease is caused by mutations in fibrillin 1 (FBN1 in humans, Fbn1 in mice); a protein 

incorporated into the microfibrils that decorate elastic fibers. 2 To gain insight into the 

mechanisms of the disease, mice have been developed with a heterozygous expression of 

the C1041G mutation of the mouse fibrillin 1 protein, which is analogous to the C1039Y 

mutation in humans.3 These mice have a haploinsufficiency of Fbn1 and mimic some 

pathologies present in patients with Marfan syndrome including progressive expansion of 

the proximal thoracic aorta.
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The renin angiotensin system has been invoked as a mediator of TAA in patients with 

Marfan syndrome.4 Experimental evidence for the role of the renin angiotensin system 

has been based predominantly on the observation that losartan inhibits aortic pathology in 

mice. This was demonstrated initially in Fbn1C1041G/+ mice administered losartan starting 

at the prenatal phase of life.5 Additionally, it has been consistently demonstrated that 

losartan reduces aortic expansion in many other mouse models of TAA.6–11 However, 

losartan has many well-characterized effects independent of AT1 receptor antagonism 

which potentially could compromise interpretation as a pharmacological tool to specifically 

study AT1 receptors.12 Indeed, the benefit of losartan in inhibiting aortic root dilation in 

Fbn1C1041G/+ mice has been attributed to effects such as TGF-β antagonism or nitric oxide 

synthase stimulation.5, 6 To overcome the limitations of pharmacological approaches, there 

is a critical need to determine the role of AT1aR using genetic deletion to specifically 

ascribe a function of AT1 receptors in general and AT1aR specifically.

Additionally, it is unclear whether deletion of AT1 receptors has similar effects on TAA 

compared to depletion of its activating ligands. Previous studies have relied on use of 

angiotensin converting enzyme inhibitors such as enalapril. These studies demonstrated 

that enalapril did not affect TAA or dilated cardiomyopathy in Marfan syndrome model 

mice.8, 13 However, enalapril and other angiotensin converting enzyme inhibitors have 

multiple effects on the cardiovascular system including modulation of the kinin-kallikrein 

system, necessitating a study of the effects of angiotensin ligand depletion alone. Indeed, the 

protective effect of enalapril on hypertension has been attributed to kinin inhibition rather 

than angiotensin converting enzyme inhibition.14 Therefore, we aimed to define if there was 

a differential effect of AT1 receptor deletion and specific depletion of angiotensinogen, the 

sole precursor of angiotensin receptor ligands, on Marfan syndrome associated TAA.

The aim of the present study was to define the contribution of the renin angiotensin system 

to the progressive expansion of the proximal thoracic aorta in Fbn1C1041G/+ mice. Aortic 

diameters were measured for a 1-year interval using a standardized ultrasound protocol.15 In 

accord with current guidelines, the study was performed in both sexes of these mice. These 

studies demonstrated a strong sexual dimorphism with greater expansion in Fbn1C1041G/+ 

males and minimal progressive expansion in Fbn1C1041G/+ females. The role of AT1aR 

was determined subsequently using male mice with global AT1aR deletion. The role of 

angiotensin ligands was determined using an angiotensinogen antisense oligonucleotide 

(AGT ASO) that causes a protracted depletion of the unique precursor of AngII. Finally, 

transcriptome analyses were performed using ascending aortas to understand potential 

mechanisms underlying the attenuation of TAA by AGT ASO in Fbn1C1041G/+ mice.

Methods

Tabulated data, including aortic measurements by ultrasonography and read counts of RNA 

sequencing, are available in Supplemental Excel File I-V.

Mice

Studies were performed in accordance with recommendations for design and reporting of 

animal aortopathy studies.16, 17 Studies were performed using littermate controls. Mice and 
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genealogy were tracked with Mosaic Vivarium Laboratory Animal Management Software 

(Virtual Chemistry). Male and female AT1aR deleted (AT1aR-/-) (stock #002682) and 

Fbn1C1041G/+ (stock #012885) mice were obtained from The Jackson Laboratory. Male 

AT1aR heterozygous (AT1aR+/−) x Fbn1C1041G/+ were bred with female AT1aR+/− x 

fibrillin-1 wild type (Fbn1+/+) mice to generate four experimental groups per sex: male 

and female AT1aR wild type x Fbn1+/+ (WT), AT1aR-/- x Fbn1+/+ (AT1aR-/-), AT1aR+/+ 

x Fbn1C1041G/+ (Fbn1C1041G/+), and AT1aR-/- x Fbn1C1041G/+ mice. Littermates were 

separated by sex and genotypes and were randomized when housing mice after weaning. 

For AGT ASO experiments, 2-month-old male Fbn1C1041G/+ mice were procured from 

The Jackson Laboratory and randomized into experimental groups using a random number 

generator. Mice were checked daily for health, and necropsy was performed to adjudicate 

cause of death. Mice were housed up to 5 per cage and maintained on a 14:10 hour 

light:dark cycle. Mice were fed Teklad Irradiated Global 18% Protein Rodent Diet # 2918 

ad libitum and allowed ad libitum access to water via a Lixit system. Bedding was provided 

by P.J. Murphy (Coarse SaniChip) and changed weekly during the study. Cotton pads were 

provided as enrichment. The room temperature was maintained at 21°C and room humidity 

was maintained at 50%. All protocols were approved by University of Kentucky IACUC.

Genotyping

Mice were genotyped twice using tail tissue. Group allocation was based on genotyping 

performed after weaning at postnatal day 28. The genotype of mice was confirmed 

using tissue acquired at the termination of each study. AT1aR deletion was assayed 

using forward primer (5’-AAATGGCCCTTAACTCTTCTACTG-3’) and reverse primer 

(5’-ATTAGGAAAGGGAAC AGGAAGC-3’) covering a neo cassette that disrupts AT1aR 

spanning bps 110–635. The neo cassette removed approximately 0.5 kb and inserted 

approximately 1 kb of neo gene. AT1aR+/+ generated a 631 bp product. AT1aR−/− 

generated a ~1.1 kbp product. Fbn1C1041G/+ was assayed using forward primer (5’­

CTCATCATTTTTGGCCAGTTG-3’) and reverse primer (5’-GCACTTGATGCACATTCA 

CA-3’) covering a single loxP intronic sequence within intron 24 which is not present in 

wild type mice. The protocol used was as described by The Jackson Laboratory. Fbn1+/+ 

generates a 164 bp product. Fbn1C1041G/+ generates a 212 bp product. Post-termination 

validation genotyping was performed by Transnetyx.

Antisense Oligonucleotides—Scrambled control ASO (5’­

GGCTACTACGCCGTCA-3’) and AGT ASO (5’-ATCATTTATTCTCGGT-3’) were 

provided by Ionis Pharmaceuticals. ASOs were 3–10-3 2’ – 4’ constrained ethyl gapmers 

that have demonstrated improved potency and tolerability versus locked nucleic acid or 

2’-O-methoxyethyl gapmers.18 Mice were randomized to study group using a random 

number generator. Two-month-old male Fbn1C1041G/+ mice were administered control ASO 

or AGT ASO (80 mg/kg) subcutaneously at day 1 and 3 of study. Mice were maintained on 

subcutaneous control ASO or AGT ASO (40 mg/kg) every 7 days for the remainder of the 

study.

Ultrasound Measurements—Ultrasonography was performed by standardized protocols 

as described previously.15, 19 Briefly, mice were anesthetized using inhaled isoflurane (2–
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3% vol/vol) and maintained at a heart rate of 450–550 beats per minute during image 

capture to reduce anesthesia exposure and maintain consistent heart rate between animals 

(Somnosuite, Kent Scientific). The order by which mice were subject to ultrasound was 

randomized. Ultrasound images were captured in the right parasternal view using a Vevo 

3100 system with a 40 MHz transducer (Visualsonics). Images captured were standardized 

according to two anatomical landmarks: the innominate artery branch point and aortic 

valves. The largest luminal ascending aortic diameter between the sinotubular junction 

and the innominate artery were measured in end-diastole over three cardiac cycles by two 

independent observers.

Measurement of in situ Aortic Diameters—Mice were terminated by overdose of 

ketamine:xylazine followed by cardiac puncture and saline perfusion. The order in which 

mice were terminated was randomized. Aortas were dissected away from surrounding tissue 

and Optimal Cutting Temperature Compound (Sakura Finetek) was introduced into the 

left ventricle to maintain aortic patency.20 A black plastic sheet was inserted beneath the 

aorta and heart to increase contrast and facilitate visualization of aortic borders. Aortas 

were imaged using a Nikon SMZ800 stereoscope and measurements were recorded using 

NIS-Elements AR 4.51 software (Nikon Instruments Inc.). Ascending aortic diameters were 

measured at the largest width perpendicular to the vessel.

Histology—Mice were ranked according to their ascending aortic diameter by ultrasound, 

and the median five per group were selected for histology. Tissue sections (10 μm) were 

acquired from the aortic root to the aortic arch at 100 μm intervals using a cryostat. The 

section corresponding to a region of maximal dilation between the sinotubular junction and 

the arch was analyzed. Elastin fragmentation was visualized by Verhoeff elastin staining 

under 20x magnification and images from three high powered fields (40x) per section were 

recorded for analysis. Individual data were represented as the mean of three high power 

fields. Fragmentation was defined as the presence of discernable breaks of continuous 

elastic lamina. Medial thickness was measured at the greatest thickness from inner to 

external elastic laminae in 3 images using NIS-Elements AR software. Measurements were 

verified by an independent investigator who was blinded to sample identification. More 

detailed descriptions of these protocols are available on protocol.io dx.doi.org/10.17504/

protocols.io.be9mjh46 and dx.doi.org/10.17504/protocols.io.be9sjh6e

AGT Western Blotting—Reducing buffer (Bio-Rad 161–0737 and Sigma M7522) and 

plasma (0.3 μL) from mice administered control or AGT ASO were heated to 95°C 

for 5 minutes. Samples were resolved by SDS-PAGE (10% wt/vol; Bio-Rad 456–8033). 

Proteins were transferred to PVDF membranes via a Trans-blot system (Bio-Rad 170–4256). 

Total proteins were detected by Ponceau S. Membranes were blocked by a solution of 

powdered milk (5% wt/vol; Bio-Rad 170–6404) in TBS-T (0.1% wt/vol). Membranes were 

then incubated with antibodies against AGT (0.1 μg/mL; IBL 28101) for 1 hour at room 

temperature then with an HRP-conjugated goat-antirabbit IgG (0.2 μg/mL; Vector Pi-1000). 

Membranes were incubated with Clarity Max ECL (Bio-Rad 1705064) and signals were 

visualized on a ChemiDoc MP system. Blots were quantified using Bio-Rad CFX software.
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Aortic mRNA Sequencing and Transcriptome Analyses—Ascending aortas were 

harvested from male wild type or Fbn1C1041G/+ mice at 7 to 12 weeks of age. Additional 

male Fbn1C1041G/+ mice were administered control or AGT ASO for 2 weeks. After 

euthanasia using a ketamine:xylazine cocktail, the thoracic cavity was cut open and saline 

(8 mL) was perfused via the left ventricle. After removing periaortic tissues, ascending 

aortas were harvested and endothelial cells were removed using a cotton swab. Four 

aortic samples were pooled in a tube with RNAlater solution (#AM7020, Invitrogen). 

Subsequently, RNA was extracted by a RNeasy Fibrous Tissue Mini Kit (#74704, Qiagen). 

mRNA sequencing was performed with a blinded mode of identification by Novogene 

according to their contract research organization protocols. Briefly, a library was generated 

from total mRNA which was subsequently sequenced on Illumina platform. Quality control 

including validation via error rate distribution, G-C content distribution, and data filtering 

were performed. Alignment and read assignment were performed to allow transcript 

quantification and differential gene expression analysis.

Sequencing libraries were generated using a NEGNext Ultra™ RNA Library Prep Kit for 

Illumina (NEB) from mRNA samples. cDNA libraries were then sequenced by a Next 

Generation sequencer, NovaSeq 6000 (Illumina), in a pair-end fashion to reach more than 

1,500,000 reads. FASTQ sequence data were mapped to mouse genome mm10 using STAR 

(v2.6.1d, mismatch=2).

Statistics—Statistical analyses were performed using R (ver 3.6.2) and Sigmaplot (ver 

14.0). For transcriptome data, edgeR package (ver 3.28.1) was used on R. Visualizations 

were made with BioRender and Adobe Illustrator. Equal variance and normality of data 

determined whether non-linear, logarithmic transformation was performed and whether 

parametric or non-parametric tests were used. A linear mixed effect model with a random 

intercept and slopes was used to compare data obtained sequentially. For data at a single 

timepoint, Two-way analysis of variance (ANOVA) or Student’s t-test was performed for 

parametric comparisons; Holm-Sidak was used for post-hoc tests. Kruskal-Wallis or Rank 

Sum was performed for non-parametric comparisons with Dunn’s method for post hoc tests. 

Data are represented as individual data points, mean ± standard error of mean (SEM), or 

median and interquartile range. P<0.05 was considered as significant. Precise P values are 

described in Supplemental Excel File I.

Results

Progression of Aortic Dimensions was Sexually Dimorphic in Fbn1C1041G/+ Mice

In initial studies, the progression of aortic diameters over a 12-month interval was 

determined in both male and female wild type and Fbn1C1041G/+ mice. Because TAA 

in Fbn1C1041G/+ mice had variable manifestations within the proximal thoracic aorta 

(Supplemental Figure I), several parameters were measured. These included the ascending 

aortic diameter, aortic root diameter, and ascending aortic length.

In wild type mice, there was no statistical difference in aortic root diameters ascending 

aorta diameters, and ascending aortic length between female and male through 1 to 12 

months of age (Figure 1A-C). Compared to male wild type mice, male Fbn1C1041G/+ mice 
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exhibited significantly increased luminal expansions in aortic roots, ascending aortas, and 

ascending aortic lengths over 12 months. In contrast, female Fbn1C1041G/+ mice did not 

demonstrate significant luminal dilatations in aortic roots, ascending aortas, and ascending 

aortic lengths over 12 months (Figure 1A-C). Since female Fbn1C1041G/+ mice had no 

significant differences in the progression of aortic dimensions compared to their wild type 

littermates, most subsequent experiments only used male mice.

AT1aR Deletion Attenuated Aortic Dilation in Male Fbn1C1041G/+ Mice

To study the effects of AT1aR on aortic dilation in Fbn1C1041G/+ mice, Fbn1C1041G/+ 

mice that were either AT1aR+/+ or AT1aR−/− were generated. Fbn1C1041G/+ mice were 

also compared against Fbn1+/+ mice that were also either AT1aR+/+ or AT1aR-/−. Aortic 

dimensions were measured using ultrasound images acquired from a right parasternal view 

at diastole (Figure 2A). Images were acquired from every mouse at the stated intervals up to 

12 months of age, with no deaths of any cause occurring during the study.

Male wild type mice had modest increases in diameters of the ascending aorta (Figure 2B), 

aortic root (Figure 2C), and lengths of the ascending aorta (Figure 2D) during the 12 months 

of observation. These increases were not significantly different from increases in AT1aR−/− 

mice. Meanwhile, Fbn1C1041G/+ mice exhibited significant dilatations in ascending and 

root diameters and aortic lengths (Figure 2B-D), as expected. It is of note that systemic 

AT1aR deletion attenuated the dilatation of ascending aortic diameters and aortic lengths in 

Fbn1C1041G/+ mice. Direct measurements of the maximal aortic diameter on in situ aortas 

also demonstrated a significant attenuation of aortic dilatation in AT1aR−/− x Fbn1C1041G/+ 

mice (Figure 2E, F).

At 1 month of age, male Fbn1C1041G/+ mice had increased diameters of ascending aorta, 

aortic root, and ascending length compared to wild type mice. At this early age, deletion of 

AT1aR had no effect on aortic dimensions (Supplemental Figure IIA, C, E). Consistent with 

previous publications,21 body weight and systolic blood pressure were not correlated with 

ascending aortic dimensions in mice (Supplemental Figure IIIA-C).

Female wild type and Fbn1C1041G/+ mice that were either AT1aR +/+ or −/− were generated, 

and aortic dimensions were measured from 1 to 12 months of age. As noted above, beyond 

the initial differences at 1 month of age, progressive changes in aortic dimensions were 

not different between wild type and Fbn1C1041G/+ female mice. Aortic dimensions were 

not different between female wild type and AT1aR−/− or between female Fbn1C1041G/+ and 

AT1aR−/− x Fbn1C1041G/+ mice (Supplemental Figure IVA-C).

AT1aR Deletion Attenuated Aortic Medial Pathology in Male Fbn1C1041G/+ Mice

To determine if AT1aR deletion impacted the structure of the aortic media, histological 

characteristics were determined in aortic tissues acquired at 12 months of age. Since 

the most dramatic differences in changes of dimensions described above were in the 

ascending aorta, this region was selected for tissue characterization using our validated 

and reproducible method (Supplemental Figure VA, B). Ascending aortic tissues from wild 

type mice had elastic fibers with minimal fragmentation (Figure 3A). Neither the extent of 

fragmentation nor medial thickness were altered by the absence of AT1aR in wild type mice 
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(Figure 3B, C). In contrast, Fbn1C1041G/+ x AT1aR+/+ mice had extensive fragmentation of 

elastic fibers and marked medial thickening. Deletion of AT1aR in these mice significantly 

reduced elastin fragmentation and medial thickening.

Depletion of Plasma AGT Concentrations by AGT ASO Attenuated Aortic Pathology in Male 
Fbn1C1041G/+ Mice

We have demonstrated previously that administration of AGT ASO markedly reduces 

plasma concentration of AGT and attenuates AngII responses in mice.22, 23 Using ASO 

against the same target as previous publications, male Fbn1C1041G/+ mice received a loading 

dose (80 mg/kg) of either AGT or control ASO on day 1 and day 4 of the study. Starting on 

day 7, mice received a maintenance dose (40 mg/kg) every 7 days for 6 months. (Figure 4A). 

Mice tolerated the ASO well and displayed minimal toxicity after administration of loading 

doses (Supplemental Figure VI) AGT ASO effectively depleted AGT in plasma (Figure 4B, 

Supplemental Figure VII).

Aortic dimensions were acquired starting at 2 months of age, and every month for 

a further 6 months using the same process described above (Figure 4C) with in situ 

aortic measurements at termination confirming the ultrasound measurement. (Figure 4D). 

Although aortic root diameters were not different significantly (Figure 4F), AGT depletion 

achieved by the ASO administration led to statistically significant difference of diameters 

of ascending aorta diameter (Figure 4E) and length of ascending aorta (Figure 4G) in male 

Fbn1C1041G/+ mice after 6 months of ASO administration.

To determine whether AGT ASO impacted aortic medial structure, histology was performed 

on ascending aortic tissue. Consistent with our previous observation, we detected aortic 

medial remodeling in 8-month-old male Fbn1C1041G/+ mice administered control ASO 

(Figure 5A). Compared to male Fbn1C1041G/+ mice administered control ASO, male 

Fbn1C1041G/+ mice administered AGT ASO exhibited less elastin fragmentation and medial 

thickening (Figure 5B, C).

Aortic Transcriptomic Changes in Male Fbn1C1041G/+ Mice Are Reversed by Inhibition of 
AGT Synthesis

To explore potential mechanisms of aortic pathology in male mice, transcriptomic alterations 

were determined in the ascending aorta of Fbn1C1041G mice. RNA sequencing revealed 

that there were 490 differentially expressed genes in Fbn1C1041G/+ mice compared to wild 

type controls (Figure 6A). It is of note that, none of the major components of the renin 

angiotensin system were differentially altered in ascending aortas of Fbn1C1041G/+ mice 

(Figure 6B).

Next, we determined the effects of depleting AngII through inhibition of AGT synthesis 

on the aortic mRNA transcriptome in the ascending aorta of male Fbn1C1041G/+ mice. 

AGT ASO was administered in Fbn1C1041G/+ mice prior to developing profound disease. 

Differential gene analysis demonstrated a total of 145 genes (Figure 6C). mRNA transcripts 

associated with proliferation were not significantly altered. (Figure 6D) However, several 

genes related to smooth muscle cells were decreased by AGT ASO. AGT ASO also 
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downregulated multiple genes related to contraction, collagen, metalloproteinases, and 

inflammation (Figure 6D) in male Fbn1C1041G/+ mice.

Since the two RNAseq studies identified multiple genes as targets, we further compared the 

RNAseq datasets to identify possible targets responsible for aortic dilatation in Fbn1C1041G/+ 

mice. In comparing differentially expressed genes between the first and second RNAseq 

datasets, 19 genes were common (Figure 6E). Of interest, 16 genes demonstrated opposite 

responses in the two datasets (Figure 6F). For instance, Igfbp2, Acan, and Rgs17 were 

highly abundant in Fbn1C1041G/+ compared to wild type mice, whereas it was decreased by 

AGT ASO. In contrast, Ppp1r1b, Adra1d, and Gm830 were less abundant in Fbn1C1041G/+ 

mice and AGT ASO increased their abundance. These results indicate that these 16 genes 

may contribute to the pathophysiology of TAA in Fbn1C1041G/+ mice and contribute to the 

protective effects of AGT ASO.

Discussion

There have been consistent demonstrations that losartan attenuates aortic pathology in mice 

with Fbn1 manipulations.5–8, 24–26 However, it has been proposed that losartan may exert 

these beneficial actions independent of AT1 receptor antagonism.6–8 Additionally, it has 

been suggested that AngII may not be responsible for cardiovascular pathology in mice with 

genetically manipulated Fbn1.13 The present study demonstrates that both genetic deletion 

of AT1aR and techniques to reduce AngII availability led to reduced aortic pathology in 

male Fbn1C1041G/+ mice. The protective effects of renin angiotensin system inhibition in 

Marfan syndrome model mice occur by modulating ascending aortic dilation, attenuating 

medial remodeling, and affecting the aortic transcriptome.

Sexual dimorphism of TAA formation in Marfan syndrome has been reported in humans 

and mice.27–29 Consistent with previous reports, the present study demonstrated sexual 

dimorphism of TAA in Fbn1C1041G/+ mice. Although Marfan syndrome is an autosomal 

dominant disease, retrospective cross-sectional studies demonstrated that male patients 

develop more severe aortic dilation compared to female patients.27 A previous study 

reported that androgen accelerates TAA formation with increase of TGF-β signaling in male 

Fbn1C1041G/+ mice.29 However, it is still unclear how the renin angiotensin system interacts 

with TAA formation through androgen. Further research is needed to explore mechanisms 

responsible for sexual dimorphism of TAA in Marfan syndrome.

A previous study have noted that AT1aR deficiency had no effect on expansion of the aortic 

root at 3 and 6 months of age in Fbn1C1041G/+ mice, whereas losartan had a divergent 

effect and decreased aortic root expansion in these mice.6 The beneficial effects of losartan 

were attributed to preservation of endothelial function in an AT1aR independent manner 

through an alternative VEGFR2/eNOS pathway. The basis for the disparity relative to the 

present study is not clear, and comparisons are hampered by the paucity of data on the 

protocol for ultrasound acquisition and on the sex of the mice in each group. However, 

the present study offers better temporal resolution compared to previous studies of AT1aR 

deleted Fbn1C1041G/+ mice through sequential measurement of the aorta. The sequential 

measurement of aortic dimensions over a protracted interval in multiple groups required 
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development of a standardized ultrasound protocol for image acquisition. We have noted 

previously the variance imparted by the differences acquiring dimension at systole or 

diastole.15 Given that this excursion can be as much as 0.2 mm, lack of consistency in 

acquiring data could have a profound effect on data interpretation. The approach used in 

this study also consistently imaged the aorta from the right parasternal view.30 While this 

view is optimal for determining dimensions of the ascending aorta, it reduces precision 

of aortic root measurements. In the present study, there was strenuous adherence to a 

standardized protocol. This degree of measurement validation enabled acquisition of reliable 

data while reducing variability between sequential measurements. Use of more robust 

measurement protocols alongside sequential measurement of the ascending aorta serves to 

increase discriminatory power of ultrasound measurements and may explain these discordant 

observations.

While the results of the present study clearly demonstrate the attenuation of aortic pathology 

in AT1aR deleted Fbn1C1041G/+, it is unclear which cell type is responsible for these 

protective effects. A previous study by Galatioto and colleagues compared the impact 

of AT1aR deletion between endothelial and smooth muscle cells on aortic dilatation 

in Fbn1mgR/mgR mice.31 Endothelial cell-specific deletion of AT1aR exhibited modest 

suppression of aortic dilatations, whereas smooth muscle cell-specific AT1aR deletion 

did not attenuate development of TAA in Fbn1mgR/mgR mice. Cellular specificity can be 

observed in the AngII infusion model of TAA.32 In this model, smooth muscle cell-specific 

AT1aR deletion had no effect on TAA, but AT1aR deletion in endothelial cells showed a 

partial reduction in Ang II-induced TAA formation. However, the effects of cell specific 

deletion of AT1aR have only represented a small component of the reduction, compared to 

mice with global AT1R deletion. Further study is needed to identify the responsible cell type 

exerting the dominant role in TAA attenuation by AT1aR inhibition.

We used an ASO to decrease the synthesis of the unique precursor of all angiotensin 

peptides to determine whether AT1aR stimulation in aortopathies required AngII as a ligand. 

This approach is advantageous over the more common mode of reducing AngII production 

through inhibiting angiotensin-converting enzyme, which regulates other pathways including 

the kinin-kallikrein system. Additionally, the protracted half-life of ASO leads to persistent 

inhibition of AGT synthesis and profound reductions in plasma AGT concentrations. Use 

of this pharmacologic modality also avoids adverse consequences of genetic deletion of 

the renin angiotensin system components. Previous genetic approaches have included the 

use of mice with global deficiencies of AGT. However, these mice have several major 

developmental abnormalities including poor growth and cardiomyopathy.33 Inhibition of 

AGT synthesis by an ASO reduces plasma concentrations by approximately 90% in the 

postnatal phase with no observable toxicity as demonstrated in the present study and other 

reports.22, 34 Therefore, the use of ASO to deplete AGT demonstrated the need for the 

presence of angiotensin ligands to augment aortic pathology in Fbn1C1041G/+ mice.

Randomized control trials of angiotensin receptor blockers have yielded mixed results in 

Marfan syndrome associated TAA, in contrast to the consistent results that have been 

generated using mouse models of the disease.5–8, 24–26 Most of the mouse and human 

studies have been performed using losartan, which is characterized by a relatively short half­
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life and surmountable antagonism. The deficiencies of this drug were likely to have been 

ameliorated in mouse studies by consistent delivery, via osmotic pumps and diet, leading 

to a persistent inhibition. AT1 receptor antagonists with enhanced pharmacological profiles, 

such as irbesartan and candesartan, would be preferable to test the role of AT1 receptor 

inhibition in humans. Indeed, it has been demonstrated recently that irbesartan significantly 

attenuated aortic root expansion in individuals with Marfan syndrome.35 Conversely, ASO 

affords chronic and persistent inhibition of AGT synthesis to effect long-term depletion of 

angiotensin ligands. These durable effects of ASO enables inhibition of AGT synthesis to be 

tested as a possible approach to reduce TAA in Marfan syndrome.

There is compelling evidence that pharmacological inhibition of AT1aR using losartan 

attenuates TAA formation in Fbn1C1041G/+ mice. 5, 6, 8 The present study reported protective 

effects of systemic AT1aR deletion and inhibition of AGT synthesis in Fbn1C1041G/+ mice. 

However, the molecular mechanism by which the renin angiotensin system contributes 

to development of TAA in Marfan syndrome remains unclear. In fact, our transcriptomic 

analysis revealed that abundance of the renin angiotensin system components was not altered 

in the ascending aorta of Fbn1C1041G/+ mice. Although there was no evidence of local 

activation of the renin angiotensin system, this RNA sequencing analyses identified multiple 

genes as targets. Several molecules in these genes have physiological or pathophysiological 

functions in the cardiovascular system. Aggrecan is a proteoglycan which accumulates in 

TAA and aortic dissection.36 Connective tissue growth factor is implicated in development 

of abdominal aortic aneurysms.37 Igfbp2, known to interact with matrix metalloprotease 

2 and exert a role in angiogenesis, was identified previously via a transcriptome analysis 

using aortas from Fbn1mgR/mgR mice.38 Optc is a protein found to stabilize collagen in 

bone cartilage.39 Ppp1r1b contributes to calcium signaling in cardiac muscle cells.40 It is 

important to elucidate the precise role of these molecules in the pathophysiology of TAA 

and would be interesting to investigate the interaction of these molecules to the renin 

angiotensin system in Fbn1C1041G/+ mice.

In conclusion, our study provided strong evidence that both AT1aR deletion and 

AGT depletion resulted in significant attenuation of ascending aortic dilation in male 

Fbn1C1041G/+ mice. These data are consistent with both AT1aR and angiotensin receptor 

ligands being necessary for TAA progression in male Fbn1C1041G/+ mice and that profound 

and persistent depletion of either component is sufficient to attenuate TAA.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Profound sexual dimorphism of aortic disease was observed in Fbn1C1041G/+ 

mice, with female mice being more resistant and male mice being more 

susceptible.

• Inhibition of the AngII-AT1aR axis attenuated aortic pathology in male 

Fbn1C1041G/+ mice.

• Antisense oligonucleotides targeting angiotensinogen diminished plasma 

angiotensinogen and attenuated thoracic aortic aneurysms.

• Transcriptome analyses identified several genes associated with attenuation of 

aortic dilatation by renin angiotensin system inhibition in Fbn1C1041G/+ mice.
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Figure 1: TAA in Fbn1C1041G/+ mice is sexually dimorphic.
Sequential ultrasound measurements of the A, ascending aorta, B, aortic root, and C, aortic 

length in diastole from 1 month to 12 months of age of male and female wild type (WT) and 

Fbn1C1041G/+ mice.

Aortic parameters were compared using a linear mixed effect model with a random intercept 

and slopes. * p<0.05, *** p<0.001 Male wild type vs Fbn1C1041G/+ mice. † p<0.05, †† 

p<0.01, male Fbn1C1041G/+ vs female Fbn1C1041G/+ mice (n=9–15/group).
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Figure 2: AT1aR deletion attenuated ascending aortic dilation in male Fbn1C1041G/+ mice.
A, Representative ultrasound images of the thoracic aorta in male wild type, AT1aR-/-, 

Fbn1C1041G/+, and AT1aR-/- x Fbn1C1041G/+ mice. Green bar=1 mm. Sequential ultrasound 

measurements of the B, ascending aorta C, aortic root and D, aortic length. ** p<0.01, 

*** p<0.001 of male wild type vs Fbn1C1041G/+ mice; †† p<0.01, ††† p<0.001 of male 

Fbn1C1041G/+ vs AT1aR-/- x Fbn1C1041G/+ mice. n=11–15/group. E) Representative in situ 
images of the thoracic aorta. F) Measurement of in situ aortic dimensions taken at the 

maximal aortic diameter. ** p<0.01; *** p<0.001. (n=10–15/group).

Chen et al. Page 17

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: AT1aR deletion attenuated medial remodeling in male Fbn1C1041G/+ mice.
A, Representative images of Verhoeff’s elastin staining in ascending aortic sections from 

male WT, AT1aR-/-, Fbn1C1041G/+, and AT1aR-/- x Fbn1C1041G/+ mice. Green bar=100 μm. 

B, Number of breaks per high powered field detected in aortic sections. C, Medial thickness 

as measured by the distance between the inner elastic lamina and external elastic lamina in 

aortic sections. * p<0.05, *** p<0.001. (n=5/group).
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Figure 4: AGT ASOs depleted AGT and attenuated TAA in male Fbn1C1041G/+ mice.
A, Study design and administration schedule of ASOs in male Fbn1C1041G/+ mice. A loading 

dose of control ASO or AGT ASO (80 mg/kg) was administered day 1 and 4 of study. 

Maintenance doses of control ASO or AGT ASO (40 mg/kg) was administered every 

7 days. B, Western blot of plasma AGT and total plasma protein in 8-month-old male 

Fbn1C1041G/+ mice administered either control ASO or AGT ASOs. Blot represents one 

of two experiments. *** p<0.001 (n=6/group). Representative C, ultrasound and D, in situ 
images of aortas from 8-month-old Fbn1C1041G/+ mice administered either control ASO 
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or AGT ASO. Green bar=1 mm. Sequential ultrasound measurements of the E, ascending 

aorta, F, aortic root, and G, aortic length in diastole from 2 months to 8 months of age 

in male Fbn1C1041G/+ mice dosed with either control ASO or AGT ASO.** p<0.01, *** 

p<0.001. (n=8–10/group).
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Figure 5: AGT ASOs attenuated medial remodeling in male Fbn1C1041G/+ mice.
A, Representative images of Verhoeff’s elastin staining in aortic sections from male 

Fbn1C1041G/+ mice administered either control ASO or AGT ASO for 6 months. B, Number 

of breaks per high powered field detected in aortic sections. C, Medial thickness as 

measured by the distance between the inner elastic lamina and external elastic lamina in 

aortic sections. * p<0.05, *** p<0.001. (n=5/group). Green bar=100 μm.

Chen et al. Page 21

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Impact of AGT ASO on transcriptomic alteration of the ascending aorta in 
Fbn1C1041G/+ mice.
A, Volcano plot of the transcriptomes and B, box plots for mRNAs related to the renin 

angiotensin system in wild type and Fbn1C1041G/+ mice (n=4/group). C, Volcano plot in 

Fbn1C1041G/+ mice with either control ASO (Control) or AGT-ASO (ASO) injection. n=5/

group. D, Heatmap for mRNAs associated with smooth muscle contraction, collagens, 

metalloproteinases, and inflammation in Fbn1C1041G/+ mice administered control ASO vs 

AGT ASO. E, Venn’s diagram of the number of differentially expressed genes in each 
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RNAseq. F, Heatmap for mRNAs showing opposite alterations in RNAseq #1 and #2. 

Color scale indicates Log2 fold changes in each comparison; RNAseq #1 - wild type vs 

Fbn1C1041G/+ and RNAseq #2 - control vs AGT-ASO in Fbn1C1041G/+ mice.
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