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ARTICLE INFO ABSTRACT

Article history:

Marfan syndrome (MFS) is a connective tissue disorder caused by mutations in the fibrillin-1 gene (FBN1),
resulting in aortic aneurysm formation and dissections. Interestingly, variable aortopathy is observed even within
MFS families with the same mutation. Thus, additional risk factors determine disease severity. Here, we describe
a case of a 2-month-old Fbn1<1%3%%/* MFS mouse with extreme aortic dilatation and increased vascular inflam-
mation, when compared to MFS siblings, which coincided with unilateral renal cystic disease. In addition, this
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Cystic kidney mouse presented with increased serum levels of creatinine, angiotensin-converting enzyme, corticosterone,
Aneurysm macrophage chemoattractant protein-1, and interleukin-6, which may have contributed to the vascular

pathology.

Possibly, cystic kidney disease is associated with aneurysm progression in MFS patients. Therefore, we propose
that close monitoring of the presence of renal cysts in MFS patients, during regular vascular imaging of the
whole aorta trajectory, may provide insight in the frequency of cystic kidney disease and its potential as a
novel indicator of aneurysm progression in MFS patients.

Marfan Syndrome

© 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Mutations in the fibrillin-1 gene (FBN1) cause Marfan syndrome
(MFS), which is an autosomal connective tissue disorder with an
incidence of 1-2 per 10,000 individuals [1]. Most MFS patients develop
aortic aneurysms with dissections or ruptures as life-threatening conse-
quences. Currently, B-blockers or angiotensin receptor blockers are
used to lower blood pressure to reduce aortic aneurysm growth [2,3].
However, predicting adverse aortic events is still challenging. Known
risk factors for aortic dissections are mainly related to aortopathy fea-
tures or pregnancy [4,5].

Here, we present a young Fbn1¢193%¢/* MFS mouse with unilateral
cystic kidney disease and extreme aortic aneurysm formation. Renal
cysts are commonly observed in the human population; however,
renal cysts are even more prevalent in patients with an abdominal aortic
aneurysm or a thoracic aortic aneurysm [6,7]. Moreover, in a small
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abdominal visceral study in MFS patients, 59% of the MFS patients
showed renal cysts, in contrast to 30% of non-MFS controls [8]. This re-
veals that renal cysts occur more often in MFS, which may be related to
the role of fibrillin-1 in the kidney [9]. We hypothesize that excessive
cystic kidney disease may influence aortic aneurysm development by
promoting vascular inflammation.

2. Methods
2.1. Animal studies

Fbn1€19396/+ MFS mice on a C57BI6 background were used in this
study and generated from a heterozygous breeding colony. At 2 months
of age, the male index MFS mouse underwent echocardiography, and a
cystic kidney was palpated, which was the reason to euthanize. Two
male MFS siblings also underwent echocardiography at 2 months of
age; however, these mice were euthanized and dissected at 4 months
of age. As reference for aneurysm development, the aortic dilatation
and distensibility were measured in 2- and 8-month old male wild-
type (WT) and MFS mice during echocardiography (n=4-6 per
group). The euthanized mice were perfusion-fixed, and heart and
aorta were collected. Animal care and experimental procedures were
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approved by the independent animal experimental committee for Ani-
mal Welfare of the Academic Medical Center in Amsterdam according
to the guidelines of the Academic Medical Center and the Directive
2010/63/EU of the European Parliament.

2.2. Echocardiography

To measure the aortic diameter, transthoracic echocardiograms
were performed in isoflurane-anesthetized mice (4% isoflurane for in-
duction, 2%-3% isoflurane and O, for maintenance of anesthesia) by
using the Vevo770 high-resolution imaging system with a 40-MHz
probe (RMV 704 scanhead) (VisualSonics Inc., Toronto, Canada). A
two-dimensional short-axis view of the aorta was obtained at the
level of the aortic root. The average of three aortic measurements per
mouse per location was calculated.

2.3. B-Galactosidase staining

Aortic arches, containing the ascending aorta, arch, and proximal
thoracic descending aorta, were fixed with 4% neutral buffered formal-
dehyde (Shandon Formal-Fixx, Thermo Scientific). To visualize vascular
inflammation and senescence, the arches were stained for 48 h at 37°C
in buffer containing 1 mg/ml 5-bromo-4-chloro-3-indolyl B-D-
galactoside (X-Gal) (Invitrogen), 150 mmol/L NaCl, 2 mmol/L MgCl,,
5 mmol/L potassium hexacyanoferrate(Ill) (244,023, Sigma-Aldrich),
5 mmol/L potassium hexacyanoferrate(Il) trihydrate (P3289, Sigma-
Aldrich), and 40 mmol/L citric acid/sodium hydrogen phosphate buffer
(pH 6). Unspecified chemicals were from Merck.

2.4. Serum measurements

Serum of the MFS mice was analyzed. Creatinine and angiotensin-
converting enzyme (ACE) measurements were performed by the Depart-
ment of Clinical Chemistry at the Academic Medical Center in Amsterdam.
Corticosterone was measured by an enzyme-linked immunosorbent
assay (Assaypro). To determine macrophage chemoattractant protein-1
(MCP-1) and interleukin-6 (IL-6) levels, the Cytometric Bead Array
Mouse Inflammation Kit (BD Biosciences) was used.

2.5. Immunohistochemistry

Murine hearts and ascending aortas were embedded in paraffin and
cross-sectioned (7 pm). After deparaffinization and rehydration, hema-
toxylin and eosin (H&E) staining was performed to visualize nuclei and
cytoplasm of the cells. Lawson (Klinipath) staining was performed to vi-
sualize the elastic laminae. Immunohistochemical stainings were initi-
ated by quenching endogenous peroxidase activity for 20 min in 1%
H,0,. Antigen retrieval was performed in citrate buffer pH 6 for the
CD45 staining to recognize all leukocytes. Incubation with antibodies
recognizing CD45 (eBiosciences, clone 30-F11) or alpha-smooth
muscle-actin (a-SMA) (DAKO, 1A4) was followed by washing and incu-
bation with a horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
polymer (BrightVision, ImmunoLogic) for CD45 or an HRP-conjugated
goat anti-mouse IgG2A antibody (Southern Biotech) for a-SMA. Diami-
nobenzidine tetrachloride was used as substrate. Hereafter, sections
were embedded in Pertex (HistoLab). Microscopic pictures were taken
with the Leica Microsystem.

2.6. Statistical analysis

Graphs were made with GraphPad Prism 5 software and represent
the mean+S.E.M. Data in text represent mean+S.D. The unpaired
Student’s t test was used. A P value <.05 was considered significant,
represented in the graphs by *P<.05, **P<.01, and ***P<.001.

3. Results
3.1. Enhanced aortic dilatation in an MFS mouse with renal cystic disease

From our experience with the Fbn1'°3¢/+ MFS mice, we know that
they already show minimal but significant aortic root dilatation at
2 months of age: aortic diameter 1.6640.07 mm in MFS versus 1.5+
0.06 mm in WT mice (n=6 male mice per group; P=.009), as also ob-
served by others [10]. The diameter of the ascending aorta is not signif-
icantly different at this age: 1.5340.06 mm in MFS and 1.4440.06 mm
in WT, respectively (P=.34), and as shown previously [11]. Unexpect-
edly, we discovered extensive aortic root dilatation (2.64+0.15 mm)
and ascending aorta dilatation (2.234-0.09 mm) in a male Fbn1¢1039¢/+
MFS mouse at 2 months of age during routine echocardiography
(Fig. 1A-C). The 2-month-old MFS siblings displayed aortic root
diameters of 1.90+0.10 mm and ascending aorta diameters of 1.69+
0.06 mm. The extreme aorta diameters of the index MFS mouse
were actually comparable with dilatation that is usually measured in
8-month-old MFS mice [10], as we also observed (n=4; aortic root
2.164+0.26 mm and ascending aorta 2.064+-0.14 mm) (Fig. 1A and B).
Aortic distensibility of the ascending aorta was reduced considerably
in the index MFS mouse: 14% versus 32% in the MFS siblings. Again,
the index mouse resembled 8-month-old MFS mice with distensibility
of 11%43% (Fig. 1D), suggesting severe elastic lamina loss.
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Fig. 1. Echocardiography in 2- and 8-month-old MFS mice. (A) The diameter of the aortic
root (mm) and (B) the ascending aorta (mm) in 2-month-old MFS mice (two siblings), the
MFS mouse with the cystic kidney (index), and the 8-month-old MFS mice. (C) Two-
dimensional short-axis view revealing the sites of aortic measurement during
echocardiography and the actual aortic images of the index MFS mouse compared to
one of its MFS siblings. (D) Distensibility (%) of the ascending aorta in MFS siblings, the
index MFS mouse, and the 8-month old MFS mice. (E) MFS mouse with the unilateral
cystic kidney. On the left, the normal kidney size can be appreciated.
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The MFS mouse with enhanced aorta dilatation showed signs of dis-
tress, and further examination resulted in discovery of a unilateral cystic
kidney (Fig. 1E), which we had observed once before in yet another MFS
mouse (Fig. S1) but never in WT mice from the same heterozygous MFS
breeding colony.

3.2. Aortic aneurysm analysis

Microscopic analysis revealed severe dilatation of the aortic root in
the MFS mouse with cystic kidney disease (Fig. 2A). In addition, aortic
calcification, inflammation, and hemorrhage were detected in the aortic
root. Calcification was observed in the smooth muscle cell-rich medial
layer of the aortic wall (Fig. 2B), whereas inflammation (Fig. 2C) and

hemorrhage (Fig. 2D) were predominantly present in the adventitial
layer surrounding the aortic root, originating from inflammation of
vasa vasorum. In addition, the ascending aorta of the index MFS
mouse contained more extensive elastin breaks (Fig. 2E).

Macroscopic analysis of the aortic arch revealed a substantial saccu-
lar aneurysm at the base of the ascending aorta, which is rather unusual
in MFS (Fig. 2F, arrow). The saccular aneurysm is blue since incubation
of the aortic arch with X-gal substrate showed that cells located in the
saccular aneurysm have excessive beta-galactosidase activity. Macro-
phages have enhanced beta-galactosidase activity since they contain
many lysosomes. After sectioning of the aortic aneurysm and staining
for inflammatory cells, we confirmed infiltration of CD45-positive leu-
kocytes (Fig. 3, left panel), suggesting aortitis-induced aneurysm

Lawson

MFS sibling

MFS sibling

index

Fig. 2. Aortic root and ascending aorta of MFS mice. (A) H&E-stained aortic root, including valve leaflets, of the index MFS mouse compared to its sibling (magnification: 25x). (B)
Calcification in the smooth muscle cell-rich medial layer of the aortic root of the MFS index mouse (200x). (C) Inflammation in the adventitia, localized to the vasa vasorum (200x).
(D) Inflammation-induced hemorrhage in the adventitia surrounding the aortic root (200x). (E) Lawson-stained cross sections of the ascending aorta from the index MFS mouse and
its sibling (25x, inlays: 200x ). (F) Aortic arch of an MFS mouse without (left panel) and with the cystic kidney (middle/right panels). View from the side (middle panel) and from the
heart into the ascending aorta (right panel) (6.5x and 10x, respectively). A large saccular aneurysm is observed, which is blue due to staining with X-Gal, to visualize vascular

inflammation (macrophages).
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Fig. 3. Saccular aneurysm of the ascending aorta. Cytochemical and immunohistochemical stainings of the saccular aneurysm (magnification: 25x upper panels, 200x lower panels). (Left)
Leukocyte staining (CD45; brown) visualizes aortitis. X-Gal-positive cells in the aneurysm are light blue and nuclei are dark blue. (Middle) Lawson staining shows purple elastic laminae,
which are almost absent within the saccular aneurysm. X-Gal-positive cells in the aneurysm are light blue. (Right) Smooth muscle cell staining (a-SMA; brown) reveals limited smooth
muscle cell presence. The light-blue-stained cells are X-Gal-positive cells, and cell nuclei are dark blue.

formation. However, it cannot be excluded that part of the blue X-gal
staining was due to senescent vascular cells since cytoplasmic beta-
galactosidase activity is a hallmark of cellular senescence [12] and cellu-
lar senescence is reported in vascular disease and aneurysms [13,14],
also in the Fbn1€193%¢/+ MFS mice [15].

Severe elastin fragmentation was observed in the saccular aneu-
rysm, and in certain areas, elastin was no longer present (Fig. 3, middle
panels), which is presumably caused by excessive proteolytic activity of
the inflammatory cells (Fig. 3, left panels). In addition, the medial
smooth muscle cell layer was compromised, indicating enhanced
smooth muscle cell loss (Fig. 3, right panels).

3.3. Systemic parameters in MFS mice

As measure for kidney function, serum creatinine was analyzed
(Table 1). A 1.8-fold increase in serum creatinine levels was observed
in the MFS mouse with cystic kidney disease. The low creatinine levels
in the MFS siblings seem to support that, under normal circumstances,
reduced fibrillin-1 expression does not influence kidney function.

In MFS patients, blood pressure regulation is standard practice to di-
minish aorta pathology. As a measure for blood pressure regulation, ACE
levels were analyzed and were comparable with documented ACE
levels in mice [16]. ACE generates the hormonal peptide angiotensin-
II, which activates the angiotensin-II receptors. Given that ACE was in-
creased 1.2-fold in the index MFS mouse (Table 1), this may potentially
have led to a modest increase in angiotensin-IIl and consequently in

Table 1
Serum measurements

MES siblings MFS index Fold induction
Creatinine (pmol/L) 10 19 1.8
ACE (U/L) 374 449 1.2
Corticosterone (ng/ml) 93 219 24
MCP-1 (pg/ml) 4 22 54
IL-6 (pg/ml) 0 91

The absolute values and fold increase of serum variables in the index MFS mouse with
renal cystic disease and the MFS siblings (average of the two mice).

enhanced blood pressure and aortic inflammation, which are known
to influence aneurysm formation in mice [17].

We have shown previously that the glucocorticoid methylpredniso-
lone promotes aorta pathology in the Fbn11939¢/* MFS mouse model
[18], suggesting that a chronic increase in corticosterone may be harm-
ful. The stress hormone corticosterone was indeed 2.4-fold higher in the
index MFS mouse as compared to its siblings (Table 1).

The proinflammatory chemokine MCP-1, as well as cytokine IL-6, is
strongly associated with aneurysm formation [19,20]. We observed a
5.4-fold increased level of MCP-1, and the IL-6 concentration was
91 pg/ml in the index MFS mouse, while it was undetectable in the
MES siblings (Table 1). Probably, these cytokines were involved in the
recruitment of inflammatory cells to the damaged vascular wall [21].

4. Discussion

In the current study, we presented a case of a young Fbn11039¢/+
MFS mouse with a cystic kidney and extreme aneurysm formation in
the aortic root and ascending aorta. Interestingly, the augmented aortic
dilatation was associated with excessive vascular inflammation, which
is unusual in MFS. In addition, a saccular aneurysm was present which
most likely was caused by aortitis in the index MFS mouse, as has
been presented in an MFS patient once [22]. Aortitis is known to cause
saccular aneurysm formation by local destruction of the extracellular
matrix and smooth muscle cells [23]. The association of renal cysts
and aorta pathology seems relevant since an extensive study including
over 500 (non-MES) aortic dissection patients showed renal cysts in
38% of the patients versus 22% in over 1300 nondissected control pa-
tients [24]. Moreover, 59% of MFS patients versus 30% of non-MEFS controls
presented with renal cysts after an abdominal visceral evaluation [8].
Unfortunately, in the latter study, it was not determined whether MFS
patients with renal cysts showed enhanced aneurysm growth.

The relationship between renal cysts and aneurysm formation is
already established in a genetic form of cystic kidney disease in patients
with autosomal dominant polycystic kidney disease (ADPKD). ADPKD is
caused by mutations in the polycystin genes (PKD1 and 2) [25]. This
disease is associated with aneurysm formation and ruptures in
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intracerebral arteries, causing stroke. Patients with ADPKD have a 12%
risk to develop cerebral aneurysms, which is even higher (22%) in pa-
tients with a family history in aneurysm formation [26]. In ADPKD pa-
tients, aortic aneurysms and dissections occur occasionally and seem
related to the PKD mutation [27,28]. In mice heterozygous for both
Pkd1 and Fbn1, excessive elastin fragmentation has been observed in
the aorta when compared to mice just deficient for Pkd1 [29]. This
study revealed that the MFS aortic phenotype was aggravated in an
ADPKD background. However, in that study, aortic dilatation was not
determined.

While the kidneys we observed in the two affected MFS mice
showed signs of hydronephrosis, we were unable to pinpoint the under-
lying cause of the susceptibility to develop cysts. In the current study,
we observed enhanced ACE, glucocorticoids, and chemokines/interleu-
kins in the MFS mouse with the renal cyst, which could be involved in
aneurysm disease.

ACE polymorphisms, enhancing ACE activity, have been associated
with aneurysm development in human patients [30]. In mice, the
most well-known model to induce aortic aneurysms and dissections
throughout the whole aortic trajectory is infusion of angiotensin-II,
the downstream target of ACE. Angiotensin-II causes an increase in
blood pressure, but more importantly, it causes aortic inflammation
[17]. Additional support for involvement of this pathway is underlined
by the association of angiotensin receptor type-1 (AGTR1) polymor-
phisms with aneurysm development [30]. Interestingly, AGTR1 defi-
ciency only in endothelial cells abrogates aneurysm development in
the mgR/mgR MFS mouse model [31]. Moreover, chronic angiotensin-
1 infusion into Fbn1<'939¢/* MFS mice accelerates aortopathy [32],
and blockade of AGTR1 with the blood-pressure-lowering drug losartan
inhibits aneurysm formation in this MFS model [ 10] and also in a subset
of MFS patients [33], suggesting a role for this pathway in MFS.

Blotchy mice, with a connective tissue defect in collagen/elastin
cross-linking, develop spontaneous aortic aneurysms and dissections.
Providing hydrocortisone in their drinking water increased the inci-
dence of aneurysms and fatal ruptures [34]. In addition, our previous
data in the Fbn1<193¢/+ MFS mice show a detrimental effect of chronic
methylprednisolone treatment on aorta pathology [18]. In line with
these data, activation of the mineralocorticoid receptor (a nuclear re-
ceptor sensitive to mineralocorticoids and glucocorticoids) induces aor-
tic aneurysm formation and rupture in the presence of high salt in WT
mice, despite blood pressure lowering [35]. Glucocorticoids are widely
used in the clinic as immunosuppressive drugs, and there is evidence
in human transplant patients that the prolonged use of glucocorticoids
may be causally related to enhanced aneurysm progression [36,37], pre-
sumably by affecting aortic smooth muscle cell repair. While it is clear
that inflammation is excessive in abdominal aneurysms, aneurysms in
MEFS patients have very limited inflammation and are related to intrinsic
extracellular matrix defects. Yet, enhanced aortic inflammation may ag-
gravate aortopathy in MFS.

A relevant role for inflammation is illustrated by inhibition of MCP-1
or its receptor, chemokine (C-C motif) receptor 2 (CCR2), which
prevented aneurysm formation in different mouse models by decreas-
ing inflammation [21,38,39]. Interestingly, there is an IL-6/MCP-1 vas-
cular inflammation loop, promoting thoracic and abdominal aortic
aneurysm formation and dissections, which was prevented in either
CCR2- or IL-6-deficient mice [38]. Likewise, chronic infusion of IL-6 in-
duced aortic dilatation and inflammation via MCP-1 [40]. In line with
these data, aneurysm formation was reduced by inhibition of IL-6 sig-
naling (with antibody therapy) or IL-6 deficiency in mice [41,42]. Also
in the mgR/mgR MFS mouse model, deficiency of IL-6 decreased aortic
dilatation [43]. Intriguingly, the role of the IL-6/MCP1-axis is not entirely
clear since blockade of only leukocyte CCR2 inhibited aneurysm forma-
tion, while whole-body CCR2 blockade by mutant MCP1-7ND protein
enhanced aneurysm progression in the angiotensin-Il-induced aneu-
rysm model [21]. Similarly, blockade of IL-6 after onset of aneurysm for-
mation inhibited aneurysm progression, while blockade of IL-6 just

prior to aneurysm formation enhanced aortic rupture in the elastase-
induced aneurysm model [44]. While MCP-1 and IL-6 are important in-
flammatory mediators, they also promote wound healing by activation
of nonimmune cells, which would explain the discrepancies observed
[21,45] and the difficulty with anti-inflammatory drugs as treatment
strategy.

Taken together, from the two descriptive murine MFS cystic kidney
disease cases demonstrated here and the existing literature, there
seem abundant clues that cystic kidney disease may be causally in-
volved in the pathogenesis of aortic aneurysm formation by promoting
aortic inflammation. Yet, it may also represent a subgroup of MFS pa-
tients who are predisposed to develop cystic kidney disease and aneu-
rysms, and as such serves as a valuable marker for aortic risk
assessment. Therefore, we propose that close monitoring of the pres-
ence of renal cysts in aneurysm patients during regular vascular imag-
ing of the whole aorta trajectory may provide insight in the frequency
of renal cystic disease and its potential as a novel marker of and/or tar-
get against aneurysm progression in MFS patients.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.carpath.2018.10.002.
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