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Abstract Objective Hereditary aortic diseases (hADs) increase the risk of aortic dissections and
ruptures. Recently, we have established an objective approach to measure the rupture
force of the murine aorta, thereby explaining the outcomes of clinical studies and
assessing the added value of approved drugs in vascular Ehlers–Danlos syndrome
(vEDS). Here, we applied our approach to six additional mouse hAD models.
Material and Methods We used two mouse models (Fbn1C1041G and Fbn1mgR) of
Marfan syndrome (MFS) as well as one smooth-muscle-cell-specific knockout (SMKO) of
Efemp2 and three CRISPR/Cas9-engineered knock-in models (Ltbp1,Mfap4, and Timp1).
One of the two MFS models was subjected to 4-week-long losartan treatment. Per
mouse, three rings of the thoracic aorta were prepared,mounted on a tissue puller, and
uniaxially stretched until rupture.
Results The aortic rupture force of the SMKO and both MFS models was significantly
lower compared with wild-type mice but in both MFS models higher than in mice
modeling vEDS. In contrast, the Ltbp1,Mfap4, and Timp1 knock-in models presented no
impaired aortic integrity. As expected, losartan treatment reduced aneurysm forma-
tion but surprisingly had no impact on the aortic rupture force of our MFS mice.
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Hereditary aortic diseases (hADs) with life-threatening
aneurysms and dissections are associatedwith highmorbid-
ity and mortality and are the cause for up to approximately
2% of all deaths in the Western world.1 Syndromic and
nonsyndromic forms of hADs are rare (i.e., prevalence
<1:2,000) but several types have been identified so far.
Despite considerable phenotypic similarity, diseasemanage-
ment can profoundly differ depending on the causative gene,
requiring molecular genetic testing.2,3 The advent of high-
throughput sequencing has enabled genetic data generation
at hitherto unprecedented scale, allowing for novel insights
into the molecular etiology of hereditary aortopathies but
requiring a high level of expertise for appropriate data
analysis and variant interpretation.4 Currently, at least 50
genes have been associated with hereditary thoracic aortic
aneurysms (TAAs) and classified based on the strength of
association.5 However, these genes cannot explain all the

cases of heritable TAAs, suggesting the presence of addition-
al causative genes for hADs.6

Changes in the structural components of the extracellular
matrix (ECM) as well as in chemical and mechanical stimuli
can influence the molecular signaling pathways that regulate
aortic wall homeostasis. Accordingly, hAD-causing sequence
variants (mutations) can affect proper ECM organization,
thereby directly impacting the mechanical properties of the
aorta as well as the mechanoregulation of vascular smooth
muscle cells and their ability to sense matrix-mediated me-
chanical stimuli.7 This can result in impaired aortic integrity
andmechanical dysfunction causing progressiveweakening of
the aortic wall, ultimately leading to arterial dissection and/or
rupture.8 The mechanical properties of the thoracic aorta can
bederived from invivo imaging parameters such as aortic-wall
distensibility and local pulse wave velocity or studied directly
in ex vivo aortic samples.9–11 In humans, however, studies

Conclusion Our read-out system can characterize the aortic biomechanical integrity
of mice modeling not only vEDS but also related hADs, allowing the aortic-rupture-
force-focused comparison of mouse models. Furthermore, aneurysm progression
alone may not be a sufficient read-out for aortic rupture, as antihypertensive drugs
reducing aortic dilatation might not strengthen the weakened aortic wall. Our results
may enable identification of improved medical therapies of hADs.
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assessing the clinically relevant parameter of aortic rupture
(with or without aneurysm/dissection) in hAD are significant-
ly limited. Thus, nonhumanmodels harboring disease-causing
variants in hAD-associated gene(s) provide a valuable alterna-
tive, when combinedwith an appropriate read-out at individ-
ual level.

Recently, we have established an objective approach to
measure the aortic rupture force (maximum tensile force) of
uniaxially stretchedmurine thoracic aortic rings as a read-out
for the biomechanical integrity of the aorta.12 We have previ-
ously used this approach to clarify whether or not antihyper-
tensive drugs can also strengthen the thoracic aorta (i.e.,
increase rupture force), thereby showing that celiprolol, a
third-generation β-blocker, but not losartan, an angiotensin-
II-receptor-type-1 (AGTR1) inhibitor, can improve the bio-
mechanical integrity of the aortic wall (i.e., beyond the cel-
iprolol’s expected effect of slowing heart rate and lowering
blood pressure).12 Accordingly, our approach provided a pos-
sible explanation for the previous outcomes of clinical and
retrospective studies in vascular Ehlers–Danlos syndrome
(vEDS; OMIM #130050).13–15 This added value of celiprolol,
however, cannot simplybeextrapolated tootherβ-blockers, as
we have previously demonstrated for bisoprolol.16

Here, we applied our established read-out approach12 to
measure the aortic rupture force in six additional mouse hAD
models and compared their aortic rupture force with that of
vEDS mice: (1) we used the two most widely investigated
mouse models of Marfan syndrome (MFS; OMIM #154700)
(Fbn1C1041G and Fbn1mgR),17–19 a rare autosomal-dominant
disease with severe cardiovascular manifestations, such as
TAAs predisposing to aortic dissection and rupture, caused
bymutations in thegeneencodingfibrillin-1 (FBN1 inhumans,
Fbn1 in mice).20 In one of the two mouse MFS models
(Fbn1mgR), we also aimed to clarify whether or not the fre-
quently prescribed losartan, which has been shown to slow
down aneurysm progression in mouse models as well as
humanswithMFS,21–25 also strengthens the potentiallyweak-
ened thoracic aorta. (2) Furthermore, we assessed the aortic
rupture force in an Efemp2 (encoding fibulin-4 [Fbln4])
smooth-muscle-specific knockout (SMKO) model recapitulat-
ing key vascular phenotypic features (aortic aneurysms and
arterial tortuosity)26 of the autosomal-recessive connective
tissue disorder cutis laxa type 1B (OMIM #614437).27,28 (3)
Moreover, we used three novel CRISPR/Cas9-engineered
knock-inmodels (Ltbp1G1132S,Mfap4D42A, Timp1I120T) to assess
the causality of human-equivalent variants in hAD candidate
genes detected by whole-genome sequencing (WGS).6

Methods

Mouse Strains
In this study, multiple mouse strains were used. An overview
can be found in theMajor Resources Table in the Supplemental

Material (available in the online version). Wild-type mice are
referred to as þ/þ. Mice of both sexes were used for the mouse
models and losartan treatment, and measurements of aortic
rupture force were performed blinded for genotype and
treatment.

Fbn1C1041G and Fbn1mgR Mouse Models
For the Fbn1C1041G mouse model (C57BL/6J background), 10-
week-old heterozygous (Fbn1þ/C1041G, n¼10) and wild-type
(Fbn1þ/þ, n¼10)micewere ordered in frozen condition from
Jackson Laboratory (JAX stock #012885, Bar Harbor, Maine,
United States). Tail biopsies were taken to confirm the
genotypes of delivered mice, for which DNA extraction,
polymerase chain reaction (PCR), and subsequent Sanger
sequencing were performed as previously described.12,17

Fbn1mgR mice (C57BL/6J background) were bred and
maintained on a 14-/10-hour light/dark cycle receiving
standard rodent chow and water ad libitum. Mice were
genotyped as described previously.18 In addition, 4-week-old
homozygous (Fbn1mgR/mgR, n¼12) and wild-type (Fbn1þ/þ,
n¼10) mice were randomly assigned and treated for
4 weeks with losartan dissolved in drinking water (prepared
weekly from powder and protected from light by wrapping
drinking bottles in aluminum foil) at a concentration of
600mg/L21 (LTK Labs, St. Paul, Minnesota, United States,
approximately 180mg/kg bodyweight per day); age-matched,
untreated Fbn1mgR/mgR (n¼17) and Fbn1þ/þ (n¼10) litter-
mates receiving normal drinking water served as controls.
Animals were weighed at the beginning and at the end of
the treatment and water consumption was monitored regu-
larly to ensure that control and treatedmice drankcomparable
quantities. At the end of the treatment, micewere euthanized
using CO2 and subsequently frozen. Animal experimentation
and maintenance were conducted in the University of
Kentucky Division of Laboratory Animal Sciences facility in
Lexington, Kentucky, and approved by the University of
Kentucky IACUC (approval reference number: 2016–2437) in
line with the local guidelines.

Efemp2 SMKO Model
Efemp2loxP/KO;SM22-CreTg/Tg (SMKO) and wild-type litter-
mates (wild-type for Efemp2 but containing the SM22α-
Cre transgene, Efemp2þ/þ;SM22-CreTg/Tg) with amixed genet-
ic background (C57BL/6J; 129SvEv) were bred and main-
tained on a 12-hour light/dark cycle receiving standard
rodent chow and water ad libitum. Genotyping was per-
formed as previously described.26 Wild-type (n¼11) and
SMKO (n¼11) littermates were euthanized with CO2 at
8 weeks of age and subsequently frozen. Animal experimen-
tation and maintenance were conducted in the Laboratory
Animal Resource Center at the University of Tsukuba, Tsu-
kuba, Japan, and approved by the Institutional Animal Ex-
periment Committee of the University of Tsukuba, Japan
(approval reference number: 21–108).

CRISPR/Cas9-Engineered Mouse Models
Three CRISPR/Cas9 knock-in mouse models (Ltbp1emG1132S,
Mfap4emD42A, and Timp1emI120T) were generated on the
C57BL/6NJ background by Cyagen (Santa Clara, California,
United States), thereby introducing human-equivalent se-
quence variants detected in our WGS cohort of hAD patients
(GRCm38/mm10 chr17(Ltbp1):g.75,315,062G>A, chr11
(Mfap4):g.61,486,071A>C, and chrX(Timp1):g.20,873,395T
>C, modeling human variants LTBP1NM_206943.4: c.3418G
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>A p.(Gly1140Ser), MFAP4 NM_001198695.2: c.191A>C
p.(Asp64Ala), and TIMP1 NM_003254.3: c.356T>C p.
(Ile119Thr), respectively). Founder mice of the three strains
were bred and maintained on a 12-hour light/dark cycle
receiving standard rodent chow and water ad libitum. The
genotypewasdetermined afterweaning at the ageof 4weeks
by PCR and subsequent Sanger sequencing using genomic
DNA extracted of ear biopsies as previously described.12

Primers used for PCR and sequencing are listed in
►Supplementary Table S1 (available in the online version).
One-year-old heterozygous (Ltbp1þ/G1132S, n¼10; Mfap4þ/

D42A, n¼10; Timp1þ/I120T, n¼7), homozygous (Ltbp1G1132-
S/G1132S, n¼10; Mfap4D42A/D42A, n¼8; Timp1I120T/I120T, n¼5),
and hemizygous (Timp10/I120T, n¼9) mice as well as age-
matched wild-type littermates serving as controls (Ltbp1þ/þ,
n¼10; Mfap4þ/þ, n¼9; Timp1þ/þ, n¼8) were euthanized
with CO2 and subsequently frozen (cf. 1-year-old mice were
used to be able to detect any late-onset effects of the
variants). Animal experimentation and maintenance were
conducted in the facility of the Laboratory Animal Services
Center of the University of Zurich, Schlieren-Zurich,
Switzerland, in accordance with institutional and local
guidelines (approval reference number: ZH107/17, Zurich,
Switzerland) conforming to the EU Directive 2010/63/EU for
animal experiments.

Aortic Rupture Force Measurements
All euthanized mice were kept in a frozen state (enabling
storage over a longer period of time) and thawed immedi-
ately before the aortic rupture force was measured. For all
mousemodels, themaximum tensile force at rupture (inmN)
of three uniaxially stretched 1.5-mm thoracic aortic
rings/segments (segment S1, ascending aorta, after heart;
segment S2, descending aorta, after aortic arch; segment S3,
descending aorta, adjacent to S2; cf. graphical abstract and
note that S1–S3 are ring-shaped) per mouse was measured
and relative rupture force was calculated by setting the

arithmetic mean of the respective wild-type S1 to 100% as
previously described.12 The measured aortic segments were
damaged by rupture and were therefore discarded after the
measurements. The stretching positions of the tissue puller
until both 5 mN (load-free aortic diameter) and maximum
force (rupture of aortic segment)were determined (in µm) as
moved distance of themounting pins during stretching.Mice
were randomized and all measurements were performed
blinded to genotype and losartan treatment for the
investigator.

Statistical Analyses
For arithmetic means, 95% confidence intervals (CIs) were
calculated using two-tailed critical values of t-distribution
(vassarstats.net/conf_mean.html). For means with non- or
slightly (<2% of means) overlapping 95% CIs compared in the
text, two-tailed p-values were calculated by two-sample
t-test (equal sample variances according to F-test) orWelch’s
t-test (unequal sample variances according to F-test),
assuming normal distribution of independent samples
(vassarstats.net/tu.html). Valid outliers were identified by
manual evaluation of data with >2 standard deviations and
excluded from the study in justified cases, such as damaged
aortic segments. For proportions, 95% CIs were calculated
with continuity correction (vassarstats.net/prop1.html). For
additional information, see the Supplemental Material

(available in the online version).

Results

Fbn1C1041G Mouse Model
Compared with Fbn1þ/þ mice, the aortic rupture force of
Fbn1þ/C1041G mice was significantly decreased in all three
aortic segments (S1, S2, and S3) (►Fig. 1A;►Supplementary

Table S2, available in the online version). No significant
difference in stretch was detected for any of the three aortic
segments of 10-week-old Fbn1þ/þ and Fbn1þ/C1041G mice

Fig. 1 Aortic parameters of the Fbn1C1041G mouse model. (A) Relative aortic rupture force (%) of three aortic segments (S1–S3) of 10-week-old
Fbn1þ/þ and Fbn1þ/C1041G mice. (B) Stretch (in μm) of aortic segments at 5 mN (load-free aortic diameter) and maximum force of 10-week-old
Fbn1þ/þ and Fbn1þ/C1041G mice. Bars represent arithmetic means and error bars indicate 95% confidence intervals (95% CIs). The sample
size (n) is displayed. For mean values with non- or slightly overlapping 95% CIs compared in text, two-tailed p-values of unpaired t-tests are shown
(applies to panel A only).
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when stretch was measured at 5 mN or maximum force
(►Fig. 1B;►Supplementary Tables S3 and S4, available in the
online version). The relative aortic rupture force and stretch
values of Fbn1þ/þ and Fbn1þ/C1041G mice were comparable in
both sexes (►Supplementary Figs. S1 and S3A, available in
the online version).

Fbn1mgR Mouse Model
During 4 weeks of losartan treatment started at 4 weeks of
age, themortality rate of treated Fbn1mgR/mgRmice (8.3% [95%
CI: 0.4–40.2%]) was not significantly lower than that of
untreated Fbn1mgR/mgR mice (11.8% [95% CI: 2.1–37.7%]),
but nowild-type littermatemice died (►Fig. 2A). On average,
males were heavier than females,29 but body weight did not
differ significantly between untreated and treated mice of
the same sex and genotype either before initiation of treat-
ment (at 4 weeks of age) or after 4 weeks of treatment
(at 8 weeks of age) (►Fig. 2B).

Compared with untreated Fbn1þ/þ mice, the aortic rup-
ture force was significantly decreased in all three aortic
segments of both untreated and losartan-treated Fbn1-
mgR/mgR mice, also revealing that losartan did not strengthen
the weakened aortic wall of Fbn1mgR/mgR mice (►Fig. 3A;
►Supplementary Figs. S2 and S3B, available in the online
version; ►Supplementary Table S5, available in the online
version). The stretch of aortic segment S1 at both 5 mN and
maximum force was significantly increased in untreated
Fbn1mgR/mgR mice compared with untreated Fbn1þ/þ mice,
which was more pronounced in males (►Fig. 3B;
►Supplementary Tables S6 and S7, available in the online

version). While losartan treatment of Fbn1þ/þ mice had no
effect on S1 stretch (►Fig. 3B; ►Supplementary Tables S6

and S7, available in the online version), losartan treatment
of Fbn1mgR/mgR mice reduced S1 stretch at both 5 mN
and maximum force regardless of sex (►Fig. 3B;
►Supplementary Tables S6 and S7, available in the online
version); in S2 and S3 therewere no considerable differences
in stretch, so these data are not shown). Thus, our data
demonstrate that losartan did not significantly alter S1–S3
rupture force but did affect S1 stretch in Fbn1mgR/mgR mice
modeling MFS.

Efemp2 SMKO Mouse Model
Compared with wild-type mice, our measurements showed
significantly reduced relative aortic rupture force in the
ascending thoracic aorta (S1) but no difference in the
descending aorta (S2 and S3) of SMKO mice (►Fig. 4A;
►Supplementary Table S8, available in the online version).
Furthermore, in SMKO mice the stretch at both 5 mN and
maximum force was significantly higher in the ascending
aorta (S1) but significantly lower in the descending aorta (S3)
atmaximum force (►Fig. 4B;►Supplementary Tables S9 and
S10, available in the online version). Increased stretch of S1 at
5 mN was associated with a lower rupture force
(►Supplementary Fig. S3C, available in the online version).

Ltbp1, Mfap4, and Timp1 CRISPR/Cas9 Knock-In Mouse
Models
During the 1-year period of aging, no Ltbp1,Mfap4, or Timp1
CRISPR/Cas9 knock-in mice died due to aortic rupture.

Fig. 2 Survival and bodyweight of the Fbn1mgR mouse model treated with the AGTR1-inhibitor losartan. (A) Kaplan–Meier curve for the survival
of untreated Fbn1þ/þmice (n¼ 10) and Fbn1mgR/mgRmice (n¼ 17), and Fbn1þ/þ (n¼ 10) and Fbn1mgR/mgR (n¼ 12) mice receiving losartan between
the age of 4 and 8 weeks. Note that the survival curve of losartan-treated Fbn1þ/þ mice is masked by that of untreated Fbn1þ/þ mice. 95%
confidence intervals (shaded areas) are shown for Fbn1mgR/mgR mice with survivals differing from 100%. (B) Bodyweights of mice surviving the
treatment period of 4 weeks measured before and after treatment at the age of 4 and 8 weeks, respectively. The sample size (n) is displayed. Bars
represent arithmetic means and error bars indicate 95% confidence intervals. Significant two-tailed p-values of unpaired t-tests are shown
(p< 0.05). For the comparison between female and male mice, the respective groups were pooled prior to p-value calculation.
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Moreover, the rupture force of the aortic segments S1, S2,
and S3 showed no considerable difference between wild-
type controls and hetero-, homo-, or hemizygous mice of
Ltbp1, Mfap4, and Timp1 CRISPR/Cas9 knock-in mice
(►Fig. 5; ►Supplementary Table S11, available in the online
version).

Discussion

Inbredmouse hADmodels are valuable tools for the investiga-
tion of medical therapeutic approaches and for the establish-
ment of gene–disease association. Mouse hAD models have
also been widely adopted for the identification of cardiovas-
cular abnormalities by assessing aortic diameter,morphology,
and wall thickness as well as by considering histological
staining, omics data, or survival rate.30–36 Although these

methods provide observational insights, they cannot
directly/objectively reveal at individual level how medical
therapy or sequence variants influence the strength (i.e.,
rupture force) of the aortic wall. In this study, rupture force
measurements provide individual insights into the bio-
mechanical integrity of the thoracic aorta in three established
(Fbn1C1041G, Fbn1mgR, and Efemp2 SMKO) and three novel
candidate-gene (Ltbp1,Mfap4, and Timp1)mousehADmodels.

By measuring the aortic rupture force in both mouse MFS
models (i.e., the phenotypically milder heterozygous
Fbn1C1041G and the phenotypically more severe homozygous
Fbn1mgR mice), we demonstrated, to the best of our knowl-
edge, for the first time a significant weakening of the aortic
wall due to reduced rupture force values compared with
wild-type littermates. Indeed, reduced rupture force is one
indicator of impaired biomechanical integrity, which was

Fig. 3 Aortic parameters of the Fbn1mgR mouse model treated with the AGTR1-inhibitor losartan. (A) Relative aortic rupture force (%) of three
aortic segments (S1–S3) of 8-week-old Fbn1þ/þ and Fbn1mgR/mgR mice after 4-week-long treatment with losartan. Untreated Fbn1þ/þ and
Fbn1mgR/mgR mice served as control. (B) Stretch (in μm) of the aortic segment S1 at 5 mN (load-free aortic diameter) as well as at maximum force
in losartan-treated and untreated Fbn1þ/þ and Fbn1mgR/mgR mice separated according to sex. Bars represent arithmetic means and error bars
indicate 95% confidence intervals (95% CIs). The sample size (n) is displayed. For mean values with non- or slightly overlapping 95% CIs compared
in text, two-tailed p-values of unpaired t-tests are shown.

Fig. 4 Aortic parameters of the Efemp2 SMKOmouse model. (A) Relative aortic rupture force (%) of three aortic segments (S1–S3) of 8-week-old
wild-type and SMKOmice. (B) Stretch (in μm) of aortic segments at 5 mN (load-free aortic diameter) as well as at maximum force in wild-type and
SMKO mice. Bars represent arithmetic means and error bars indicate 95% confidence intervals (95% CIs). The sample size (n) is displayed.
For mean values with non- or slightly overlapping 95% CIs compared in text, two-tailed p-values of unpaired t-tests are shown.
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most noticeably present in the ascending aorta (S1 in ►Figs.

1A and 3A). However, since both MFS mouse models showed
a comparable reduction in rupture force, although Fbn1-
mgR/mgR mice are more prone to die from spontaneous aortic
rupture, neither aortic rupture force nor genotype alone is
sufficient for fatal aortic events. The aortic wall of Fbn1þ/

C1041G mice is known to be normal in (histological) appear-
ance until approximately 2 months of age, but thereafter
medial thickening and/or progressive deterioration within
the medial layer, including fragmentation of elastic fibers,

may be observed.17 As Fbn1þ/C1041G mice used in this study
were 10 weeks (2.3 months) old, our read-out system can
detect impaired aortic wall integrity at an early stage of
progressive aortic wall damage and before the development
of aortic aneurysms.

Compared with wild-type controls and in contrast to
Fbn1þ/C1041G mice, the ascending aorta of Fbn1mgR/mgR mice
showed significantly increased stretch at both 5 mN and
maximum force (cf. ►Figs. 1B and 3B; ►Supplementary

Fig. S3B, available in the online version); note that the stretch

Fig. 5 Aortic rupture force of the Ltbp1, Mfap4, and Timp1 CRISPR/Cas9 knock-in mouse models. (A–C) Relative aortic rupture force (%) of three
aortic segments (S1–S3) of 1-year-old wild-type and hetero- as well as hemi- and homozygous Ltbp1 (A), Mfap4 (B), and Timp1 (C) CRISPR/Cas9
knock-in mice. Bars represent arithmetic means, error bars indicate 95% confidence intervals (95% CIs). The sample size (n) is displayed.
Note the absence of non- or slightly overlapping 95% CIs per aortic segment. Circle, female; triangle, male.
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of ring-shaped S1–S3 reflects half the circumference of the
aorta and thus the aortic diameter). Increased aortic stretch
was even more pronounced in male than in female mice,
which is in line with previously published aortic diameters
using ultrasound measurements.37,38 Indeed, sex is a well-
known risk factor for cardiovascular diseases and several
clinical studies have shown that sex also strongly influences
the outcome of MFS, with men having a higher risk for aortic
dilatations and other arterial events.39–41

In addition, the antihypertensive drug losartan recogniz-
ably reduced S1 stretch, which reflects aortic diameter, but
had no impact on S1–S3 rupture force in Fbn1mgR/mgR mice
(►Fig. 3; ►Supplementary Fig. S3B, available in the online
version), implying that the thoracic aorta treated with los-
artan remains susceptible to rupture despite the reduction in
aortic stretch/diameter. Further studies are needed to clarify
the reason for this incomplete effect of losartan, such as (1)
reduction of aortic wall stress by lowering blood pressure
load/spikes, (2) blood pressure-independent reduction of
aortic dilatation by improving elastic properties, but not
biomechanical integrity, of the thoracic (ascending) aortic
wall, or (3) the time dependence of the treatment.42–44 For
example, it is possible that losartan treatment could impact
rupture force if the treatment had lasted longer and/or a
different time point in the disease process was evaluated.
Nevertheless, aortic rupture force, beyond aortic diameter,

may be useful for the investigation of potential drug thera-
pies in mouse models of hAD characterized by aneurysms.
We propose that our read-out system provides clinically
relevant information allowing novel insights into the evalu-
ation of medical therapies for the prevention of arterial
events in hADs that cannot be obtained by assessment of
the aortic diameter alone.

In the Efemp2 SMKO mouse model, our data show that
the absence of Fbln4 in the aortic ECM results in signifi-
cantly reduced rupture force and increased stretch of the
ascending aorta, indicating impaired biomechanical integ-
rity of the aortic wall (►Figs. 4; ►Supplementary Fig. S3C,
available in the online version). This is likely related to the
effect of Fbln4 on elastogenesis45 and collagen biosynthe-
sis26 involved in the development of ascending aortic
aneurysms,46,47 as previously described. Considering that
the ascending aorta is subjected to the highest hemody-
namic stress, it is not surprising that knockout of Efemp2 in
vascular smooth muscle cells has a stronger effect on the
ascending than on the descending aorta (i.e., S1 compared
with S2 and S3), despite the higher elastin content of the
ascending aorta.48,49

Compared with the previously reported Col3a1m1Lsmi

mouse vEDS model,12,16 the aortic rupture forces of both
Fbn1þ/C1041G and Fbn1mgR/mgR mouse MFS models were sig-
nificantly higher in all three aortic segments (►Fig. 6;

Fig. 6 Aortic rupture force of the Fbn1C1041G, Fbn1mgR, and Efemp2 SMKO mouse models compared with Col3a1m1Lsmi mice modeling vEDS.
Relative aortic rupture force (%) of three aortic segments (S1–S3) of the mouse models Col3a1m1Lsmi (data as described previously),12 Fbn1C1041G,
Fbn1mgR, and Efemp2 SMKO (cf. wild-type controls of the Fbn1C1041G, Fbn1mgR, and Efemp2 SMKO mouse models were pooled). Bars represent
arithmetic means, error bars indicate 95% confidence intervals (95% CIs). The sample size (n) is displayed. For mean values with non- or
slightly overlapping 95% CIs compared in text, two-tailed p-values of unpaired t-tests are shown. Col3a1þ/þ and Col3a1þ/m1Lsmi denote wild-type
and heterozygous mice of the Col3a1m1Lsmi mouse model, respectively.
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►Supplementary Table S12, available in the online version).
This relative aortic weakness of the Col3a1þ/m1Lsmi mice is
consistent with their higher mortality rate compared with
Fbn1mgR/mgR mice (►Supplementary Fig. S4, available in the
online version; note that survival rate does not reflect aortic
rupture force at the individual level, as not all mice with
significantly reduced rupture force showed reduced surviv-
al). In contrast, SMKO mice showed in the ascending aorta
(S1) relative aortic rupture force values comparable to or
lower than those of micemodeling vEDS, but in the descend-
ing aorta (S2 and S3) the relative rupture force of SMKOmice
was comparable to that of mice modeling MFS (►Fig. 6;
►Supplementary Table S12, available in the online version).

Given that our measurements demonstrated reduced
aortic rupture force of established hAD mouse models in
this study (Fbn1C1041G, Fbn1mgR, and Efemp2 SMKO) and
elsewhere (Col3a1m1Lsmi),12,16 we also evaluated aortic rup-
ture force in three CRISPR/Cas9-engineeredmousemodels of
hAD candidate genes. In humans, these three genes (LTBP1,
MFAP4, and TIMP1) are expressed at higher levels in arterial
tissue than in any other tissue studied in GTEx (gtexportal.-
org/home). LTBP1 interacts with ECM proteins, such as MFS-
associated FBN1, and regulates transforming growth factor
(TGF)-β,50which plays an important role in the pathogenesis
of hADs.51 MFAP4, an ECM protein found in elastic fibers,
interacts with FBN1, FBN2, and type I collagen as well as
actively promotes tropoelastin self-assembly by binding
tropoelastin.52 TIMP1 is a strong inhibitor of many MMPs,
thereby preventing excessive ECM degradation.53 Knockout
mouse models of Ltbp1, Mfap4, and Timp1 showed cardio-
vascular phenotypes,54–59 indicating that mutations in these
genes could be the cause of hAD.

In contrast to established hAD mouse models (i.e., mice
with mutation in the genes Fbn1, Efemp2, or Col3a1), howev-
er, our read-out system revealed no significantly reduced
aortic rupture force for any genotypes of the three novel
knock-in mouse models Ltbp1G1132S, Mfap4D42A, and Tim-
p1I120T at the age of 1 year (►Fig. 5). This indicates and
clarifies the lack of aortic significance of the human-equiva-
lent sequence variantswith unknownpathogenicity knocked
into our mouse models. The nonreduced aortic rupture
forces of the three knock-in mouse models are consistent
with their nonincreased aortic stretch and nonreduced
survival rate (data not shown). Further studies are needed
to assess the clinical significance of the genes LTBP1, MFAP4,
and TIMP1 in hAD, also considering a disease-modifying
(synergistic) effect of these genes as well as mice with a
different genetic background.60

Taken together, this study demonstrates that the mea-
surement of aortic rupture force can not only explain the
aortic phenotype of established mouse hAD models but also
clarify the unknown/uncertain aortic significance of candi-
date genes, variants, and drugs, thereby paving the way for
better molecular diagnosis and medical therapies in hAD.
Thus, rupture force can be a valuable parameter to consider
in future studies of aortic aneurysms and dissections, espe-

cially in evaluating the beneficial effects of pharmacological
therapies to attenuate the risk of these life-threatening
conditions.

What is known about this topic?

• Hereditary aortic diseases (hADs) can lead to aneur-
ysms, dissections, and ruptures, depending on the
genetic cause, blood pressure load, age, and other
factors weakening the aortic wall.

• Biomechanical properties of hADs and drug treat-
ments of aortic weakness remain understudied.

• Methods with objective read-out are required that can
assess aortic-wall weakness at an individual level even
in the absence of arterial events.

What does this paper add?

• In mice modeling the hAD Marfan syndrome, losartan
treatment reduced thoracic aortic aneurysm forma-
tion without affecting aortic rupture strength, and the
measurement of aortic rupture force showed weak-
ened thoracic aorta prior to micro- and macroscopic
changes.

• Smooth-muscle-cell-knockout of Efemp2 significantly
impaired the rupture force of the murine ascending
aorta.

• Aortic rupture force measurements could also clarify
the causality of candidate gene(s)/variant(s) in mouse
models of aortic diseases.
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