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Polyamine concentration is increased in thoracic ascending aorta
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Abstract

Polyamines are cationic molecules synthesized via a highly regulated pathway, obtained from the diet or produced by the
gut microbiota. They are involved in general molecular and cellular phenomena that play a role also in vascular disease.
Bicuspid aortic valve (BAV) is a congenital malformation associated to a greater risk of thoracic ascending aorta (TAA)
aneurysm, whose pathogenesis is not yet well understood. We focused on differential analysis of key members of poly-
amine pathway and on polyamine concentration in non-dilated TAA samples from patients with either stenotic tricuspid
aortic valve (TAV) or BAV (diameter < 45 mm), vs. normal aortas from organ donors, with the aim of revealing a potential
involvement of polyamines in early aortopathy. Changes of gene expression in TAA samples were evaluated by RT-PCR.
Changes of ornithine decarboxylase 1 (ODC1), a key enzyme in polyamine formation, and cationic amino acid transporter 1
(SLC7A1/CAT-1) expression were analyzed also by Western blot. ODC1 subcellular localization was assessed by immuno-
histochemistry. Polyamine concentration in TAA samples was evaluated by HPLC. BAV TAA samples showed an increased
concentration of putrescine and spermidine vs. TAV and donor samples, together with a decreased mRNA level of polyamine
anabolic enzymes and of the putative polyamine transporter SLC7A1/CAT-1. The catabolic enzyme spermidine/spermine
N1-acetyltransferase 1 showed a significant mRNA increase in TAV samples only, together with a decreased concentra-
tion of spermine. The decreased expression of SLC7A1/CAT-1 and ODC1 mRNAs in BAV corresponded to increased or
unchanged expression of the respective proteins. ODC was located mainly in smooth muscle cell (SMC) nucleus in TAV and
donor samples, while it was present also in SMC cytoplasm in BAV samples, suggesting its activation. In conclusion, BAV,
but not TAV non-dilated samples show increased polyamine concentration, accompanied by the activation of a regulatory
negative feedback mechanism.
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Polyamines (PAs) are small aliphatic cationic molecules syn-
thesized via a highly regulated pathway in almost all living
cells. Alternatively, cells may also, under certain conditions,
e.g., when endogenous synthesis is inhibited, take up PAs
from either the diet or PAs produced by gut microbiota [1].
The PAs putrescine (PUT), spermidine (SPD) and spermine
(SPM) are best known for their cell proliferation promot-
ing effect and for their influence on cell differentiation and
apoptosis [2], but they regulate also diverse other functions
at the levels of chromatin condensation, gene transcription,
mRNA processing, stability and translation [3].
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With particular reference to the vascular tissue in physio-
logical and pathophysiological conditions, including aortop-
athy, PAs have been demonstrated to be involved in smooth
muscle cell (SMC) proliferation, migration and phenotypic
changes [4-7], as well as in vascular remodeling [8], in actin
cytoskeleton dynamics [9] and in modulation of epithelial-
to-mesenchymal transition (EMT) [10, 11]. A bridge is also
emerging between PAs and epigenetic regulation of gene
expression in different biological settings [12]. This is of
particular interest in the context of aortopathy, where altera-
tions in the epigenetic machinery are suggested to play a role
in pathogenesis of thoracic ascending aorta (TAA) aneurysm
[13, 14]. Aortopathy is mediated also by a mechanism of
matrix remodeling, characterized by collagen alterations, in
terms of fiber architecture, maturity and relative balance of
type content. As a consequence, the potential relevance of
the PA pathway in the context of aortopathy progression
relies also on its tight connections with the production of
nitric oxide (NO) from the common substrate arginine, and
with the production of proline, a major component of col-
lagen, from the common substrate ornithine (Fig. 1).

Bicuspid aortic valve BAV is the most common cardio-
vascular congenital malformation (0.5-2% of live births),
associated with an increased risk for dilatation, aneurysm
and dissection of TAA [15]. BAV aortopathy is characterized
by heterogeneous clinical manifestations, and the debate on

cell membrane

| —

. [-)roteins .
SEC7A1
CAT1*

|
NOS*

v

T

NO

——
o m——

®©

*
OAT

P5C -

S

PY|CR

|

T
proline

e
collagen
e e———

<

Fig. 1 Main players of the polyamine pathway. Target molecules ana-
lyzed by RT-PCR, Western blot, immunohistochemistry and HPLC
in this study are marked by an asterisk. AMDI adenosylmethionine
decarboxylase 1, Argl arginase 1, Arg2 arginase 2, dcSAM decarbox-
ylated s-adenosylmethionine, eNOS nitric oxide synthase 3, NO nitric
oxide, OAT ornithine aminotransferase, ODC! ornithine decarboxy-
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its pathogenesis, i.e., whether it is determined by genetics or
by haemodynamics, has given way to the consideration that
these two causative factors may not necessarily exclude each
other [16]. Aortic wall remodeling processes may therefore
be concomitantly affected by congenital defects and by an
altered biomechanical environment secondary to the long-
standing haemodynamic disorder.

Surprisingly, despite its potential involvement in patho-
physiological alterations of the vascular wall, including
those affecting matrix remodeling, SMC phenotype and
secretory activity, the PA pathway has not been investigated
so far in TAA aortopathy in TAV and/or BAV patients.
Additionally, the large majority of previous studies on BAV
aortopathy focused mainly on severe dilatations, and only
recently an increasing number of studies are analyzing also
non-dilated TAA samples from BAV/TAV patients, to catch
the early mechanisms/alterations at the basis of aortopathy.

In this study, we aimed to investigate the differential
expression and the subcellular localization of key molecules
belonging to the PA pathway, as well as the differential PA
concentration in non-dilated TAA samples collected from
TAYV and BAV cohorts of patients (aortic diameter < 45 mm)
submitted to elective surgery for replacement of stenotic aor-
tic valve, compared with samples from organ donors without
aortic disease.
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lase 1, P5C pyrroline-5-carboxylate, PUT putrescine, PYCRI pyrro-
line-5-carboxylate reductase 1, SAMe s-adenosylmethionine, SAT]
spermidine/spermine N1-acetyltransferase 1, SLC7AI/CAT-1 solute
carrier family 7 member 1/cationic amino acid transporter 1, SMS
spermine synthase, SPD spermidine, SPM spermine, SRM spermidine
synthase
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Our results demonstrate alterations of PA concentration
in BAV patients only, accompanied by the tentative acti-
vation of a regulatory feedback mechanism, indicating the
involvement of PAs in the pathogenesis of BAV-associated
aortopathy.

Methods
Patients

Aortic wall samples were collected from TAV and BAV
patients with aortic valve stenosis undergoing valve replace-
ment surgery and from heart transplant donors (“controls”)
with negative personal and familial history of BAV and/or
aortopathy.

The study was approved by the Ethics Committee of the
Universita della Campania “L. Vanvitelli”, Naples, Italy, and
performed in accordance with the Declaration of Helsinki.
Informed consent was obtained from all individual partici-
pants included in the study.

BAV morphology was defined by the raphe location
among the left (L), right (R) or non-coronary (N) cusps.
Aortic valve stenosis was echocardiographically defined
and graded on the basis of morphological evaluation and
Doppler-derived measurements of gradients and velocity.
All patients had a severe echocardiographic degree of aortic
valve stenosis. Mild dilatation of the ascending aorta, when
present, was limited to the tubular ascending tract (ascend-
ing phenotype). Diameters at the root and ascending tract

were measured by echocardiography at end-diastole by the
leading-edge method.

The study included 41 patients with a stenotic TAV and
with normal or mildly dilated ascending aorta (echocardiog-
raphy-measured aortic diameter < 45 mm), 50 patients with
a stenotic congenital BAV (non-familial, non-syndromic)
and with normal or mildly dilated aorta (echocardiography-
measured maximal aortic diameter < 45 mm), and 27 organ
donors.

Clinical and demographic characteristics of the patients
are summarized in Table 1. We selected only patients with
predominant aortic valve stenosis because differences have
been previously demonstrated in gene expression and aor-
tic histology between BAV patients with valve stenosis vs.
regurgitation [17, 18]. Patients with impaired systolic ven-
tricular function, other cardiac diseases or aortic dissection
were excluded.

Aortic wall sample collection

At surgery, an aortic sample was retrieved from each ascend-
ing aorta (41 TAV, 50 BAV), from the so-called convexity
(CVX: greater curvature) region, 1-2 cm distal to the sino-
tubular junction (from the ends of the transverse aortotomy
in patients without dilatation). Samples were immediately
stored in RNALater (Qiagen) or in RIPA buffer at — 80 °C
for subsequent RNA or protein extraction, respectively, or
in 4% buffered formaldehyde at room temperature for subse-
quent histological and immunohistochemical analysis.

Table 1 Clinical and

. . Aorta donors (n = 27) TAV (n =41) BAV (n = 50)

demographic characteristics of

subjects included in the study Male (%) 55.0 50.0 62.0
Age (years) 40.7 + 13 69.6 + 7.8* 60.7 + 15%7
Body surface area (m?) 1.88 + 0.1 1.82 +£0.2 1.83 +£0.2
BAV morphotype (RL%/RN%) - - 56.4/43.6
Aortic diameter (cm) 3.1+£0.5 3.6 0.5 3.7+0.7
Left ventricle mass index (g/mz) N/A 152 +£43 143 + 37
Aortic valve area index (cm?/m?) N/A 0.39 + 0.1 0.40 + 0.1
Hypertension (%) 22.7 84%* 68.4*
Total Cholesterol (mg/dL) N/A 179.0 + 10 177.8 +12.0
Low-density-lipoproteins (mg/dL) N/A 108.1 9.7 104.6 + 10.4
ARBs (%) 0 27* 30.9%
Statins (%) 0 43* 35.8%
Aspirin (%) 0 27% 20.8*

Values are expressed as mean + SEM of n = 27 donors, n = 41 TAV and n = 50 BAV patients

TAV all other differences were not-significant, CSA/h ascending aortic cross-sectional area to patient height
ratio, ARBs angiotensin receptor blockers, N/A not available, however, BAV, aortic stenosis or aortopathy

had been previously excluded

#P < 0.05 vs. organ donors; T P < 0.05 vs
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RNA extraction
and reverse-transcription-polymerase chain
reaction analysis

Total RNA was extracted from whole aortic samples using
the RNAeasy minikit (Qiagen). RNA was treated with
DNase (Qiagen) to remove DNA contamination, its concen-
tration was measured using a NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies) and its integrity was
verified by electrophoresis on denaturing 1% agarose gel.
The absence of residual DNA was verified by PCR
on total RNA without reverse transcription. GeneBank®
sequences for human mRNAs and the Primer Express soft-
ware (Applied Biosystems) were used to design primer
pairs for the target genes (Table 2). Reverse-transcription-
polymerase chain reaction (RT-PCR) experiments were
performed as described previously [19], using semi-quanti-
tative RT-PCR and real-time RT-PCR with SYBR Green for
selected targets. RT-PCR targets comprised genes involved
in polyamine anabolism [arginase 1 (ARG1), arginase 2
(ARG?2), ornithine decarboxylase 1 (ODC1), adenosylme-
thionine decarboxylase 1 (AMDI1)], transport [solute car-
rier family 7 member 1/cationic amino acid transporter 1
(SLC7A1/CAT-1)], polyamine catabolism [spermidine/
spermine N1-acetyltransferase 1 (SAT1)], as well as nitric
oxide synthesis [nitric oxide synthase 3 (eNOS)] and proline
biosynthesis [ornithine aminotransferase (OAT)].

Protein extraction and Western blot detection
of target proteins

Proteins were extracted from whole aortic samples by
homogenization in RIPA buffer containing a protease
inhibitor cocktail (Sigma-Aldrich). For each sample,
20 pg of proteins were separated in reducing conditions
by 12% SDS-PAGE and transferred to PVDF membrane
(Millipore).

Membrane was blocked for 1 h at room temperature
with 5% powdered skim milk (Bio-Rad) in Tris-buffered
saline pH 7.4 with 0.1% Tween (T-TBS). The membrane
was then incubated with antibodies for ODC1 (#ab66067;
dil. 1:500; Abcam), SLC7A1/CAT-1 (#HPA039721; dil.
1:200; Sigma-Aldrich) or GAPDH (#G8795; dil. 1:20.000;
Sigma-Aldrich). Antibodies were diluted in T-TBS with
3% bovine serum albumin (BSA, Sigma-Aldrich) and
incubated overnight at 4 °C. Blots were washed 3 times
with T-TBS and incubated with HRP-conjugated anti-
mouse secondary antibody (#sc-2005; dil. 1:4000; Santa
Cruz Technology) in T-TBS with 3% BSA for 1 h at room
temperature. Bound antibodies were detected through
enhanced chemiluminescence (ECL) (Millipore). Bands
were analyzed by densitometry, using the ChemiDoc
Imaging system (Bio-Rad).

Table 2 Summary of the RT-PCR primer sequences, position, annealing temperature and PCR product length for each target gene analyzed

Gene name Primer position Primer sequence Annealing tempera- PCR product
ture (°C) length (bp)
GAPDH 472 5'-GCA TCC TGC ACC ACC AAC TG -3’ 55 327
799 5-GCC TGC TTC ACC ACC TTC TT-3’
eNOS 1366 5'-AGCACGGCCACGTTGATTT-3' 61 161
1516 5'-ACATGAGCACTGAGATCGGCA-3'
OAT 1231 5" TGTTGTAACTGCCGTAAG-3' 55.6 113
1344 5-GCCAGAAGTCCATTATCTC-3'
SLC7A1/CAT-1 4688 5-AATGGTGTCTGGAGTAAG-3' 55 199
4887 5" TCTAGTAATGTGTAAGTTCTGA-3'
ARGl 955 5-GACACCAGAAGAAGTAAC-3’ 56.4 159
1114 5'“TTATGCCATTAACTATGAGAT-3'
ARG2 620 5'-CAGAGAACTACAGGATAAGG-3' 54.7 91
711 5'"TCAGACCAATATACACAATACT-3’
ODCl1 1194 5'-CAGTTAATATCATTGCCAAGA-3' 54.6 103
1297 5'-GCCATCATTCACATAATACAT-3’
AMDI1 1245 5" TTGATTGCCAGAGTGCTAT-3’ 55.4 138
1383 5'-CATCCACCACCTTCTACAT-3'
SAT1 442 5-CGTGGATTGGCAAGTTAT-3' 55.3 99
541 5'-ACCTGGCTTAGATTCTTCA-3'

AMD] adenosylmethionine decarboxylase 1, ARG/ arginase 1, ARG2 arginase 2, eNOS nitric oxide synthase 3, GAPDH glyceraldehyde-3-phos-
phate dehydrogenase, OAT ornithine aminotransferase, ODC! ornithine decarboxylase 1, SAT! spermidine/spermine N1-acetyltransferase 1,
SLC7A1/CAT-1 solute carrier family 7 member 1/cationic amino acid transporter 1
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Immunohistochemical analysis

Aortic samples were fixed in 4% buffered formaldehyde,
dehydrated and embedded in paraffin. Consecutive 5 pm
cross-sections were analyzed. Antigen retrieval was done
in a microwave through incubation in 10 mM Citrate buffer
pH 6.0 (Dako). Blocking was done in 5% donkey serum
(Jackson ImmunoResearch), followed by incubation with
the primary antibody against anti-human mouse monoclo-
nal ODC1 (#ab66067; dil. 1:500; Abcam) at 4 °C overnight.
The primary antibody was diluted in 1% BSA. Endogenous
peroxidases were blocked with 4% H,0O, in methanol. After
washing, slides were incubated with biotin-conjugated sec-
ondary antibody (#sc-2039; dil. 1:200; Santa Cruz Tech-
nology) in 1% BSA for 1 h at room temperature. Staining
was done through incubation with peroxidase streptoavidin
(Vector Laboratories) for 30" at room temperature, followed
by incubation with 3,3’-diaminobenzidine (DAB) (Vector
Laboratories). Specific primary antibody was omitted in
negative control of the reactions. Nuclei were counterstained
with Mayer’s haematoxylin (Sigma-Aldrich).

Determination of polyamine concentration

The concentrations of PUT, SPD and SPM were determined
in aortic tissue homogenate by HPLC and normalized to
total protein as described by Seiler et al. [20]. Cellular PA
concentration was expressed as nmol/mg total protein.

Statistical analysis

Statistical analysis was performed using the GraphPad
software (Prism 4.0) and the SPSS version 21.0. Signifi-
cant differences in RT-PCR, Western blot and HPLC data
obtained in BAV and TAV TAA samples and in normal aor-
tas from organ donors as baseline, were assessed by one-way
ANOVA followed by Bonferroni post hoc test. Correlations
were analyzed by Spearman’s test. P values < 0.05 were
considered significant.

Summaries for continuous variables are presented as
mean + SEM, for categorical variables as numbers and
percentages.

Results

TAA samples from BAV patients exhibit different
changes in the expression of genes involved
in polyamine pathway vs. TAV patients and donors

RT-PCR analysis was performed on total RNA extracted
from whole BAV (n = 30), TAV (n = 23) and donor (n = 10)
TAA samples with an aortic diameter < 45 mm, and revealed

a significant decrease of mRNAs coding for the anabolic
enzymes of the PA pathway (Fig. 1) ODCI1, ARG1, ARG2
and AMDI1 in BAV vs. donor TAA samples (Fig. 2a—d), as
well as a significant decrease of AMD1, ODCI1 and ARG1
in BAV vs. TAV TAA samples (Fig. 2a—c). ARG 2 showed
a slight, but significant decrease also in TAV vs. donor TAA
samples (Fig. 2d), but no significant difference between BAV
and TAV TAA samples.

eNOS mRNA showed no change in TAA samples from
BAV and TAV patients in comparison with donors (Fig. 2e).
OAT mRNA analysis revealed an increased expression in
both BAV and TAV patients vs. donor TAA samples, but the
increase did not reach significance (Fig. 2f). Conversely the
SLC7A1/CAT-1 mRNA, coding for the putative polyamine
transporter SLC7A1/CAT-1 [21], showed a marked decrease
in all patients vs. donors, which reached significance only in
the BAV cohort, with about 50% decrease (Fig. 2g).

Finally, the mRNA coding for the catabolic enzyme of the
PA pathway SAT1 showed a significant 2.78-fold increase in
TAV vs. donor TAA samples and a significant decrease in
BAV vs. TAV TAA samples (Fig. 2h).

None of the gene expression data exhibited a significant
correlation with either age or aortic diameter in any of the
groups we examined. However, we highlighted a signifi-
cant positive correlation between gene expression datasets
for SAT1 and AMD (r = 0.70, p = 0.014) and for SAT1 and
ODCI1 (r=0.72, p = 0.008) in BAV TAA samples, suggesting
a co-regulation at mRNA level of the catabolic enzyme SAT1
and of the anabolic enzymes ODC1 and AMD1 in BAV early
aortopathy.

Western blot analysis was performed on proteins extracted
from whole BAV, TAV and donor TAA samples (n = 5 for
each group) with an aortic diameter < 45 mm and revealed a
significant increase of SLC7A1/CAT-1 in both TAV and BAV
patients vs. donor TAA samples (3.06- and 2.36-fold increase,
respectively), but no significant difference in BAV vs. TAV
TAA samples (Fig. 3b, ¢). The opposite trends showed by
SLC7A1/CAT-1 at protein (Fig. 3b) and mRNA level (Fig. 2g)
suggest a negative feedback mechanism of regulation of this
amino acid transporter at mRNA level that will be discussed
further below.

Western blot analysis revealed a differential mechanism of
regulation at mRNA and protein level also for ODC1, with the
ODC1 protein remaining unchanged in all the cohorts of sub-
jects we analyzed (Fig. 3a, c), while the corresponding mRNA
showed a significant 30% decrease in TAA samples from BAV
patients vs. TAV and organ donors (Fig. 2b).
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was observed at the expected monomer molecular weight of 51 and

TAA samples BAV patients exhibit different
alterations of polyamine concentration vs. TAV
patients and donors

HPLC analysis was performed on tissue homogenates of
whole BAV (n =9), TAV (n = 7) and donor (n = 6) TAA
samples with an aortic diameter < 45 mm and revealed
a significant 3.02-fold increase of PUT and a twofold
increase of SPD in BAV vs. TAV and donor TAA sam-
ples (Fig. 4a, b) only, while SPM showed a significant
30% decrease in TAV vs. donor samples and a significant
increase in BAV vs. TAV TAA samples (Fig. 4c).

We also performed a correlation analysis between PA
concentration and age or aortic diameter of BAV/TAV
patients. A moderate, non-significant inverse correla-
tion between aortic diameter and PA concentration data
for all three PAs was highlighted in BAV TAA samples
(r =—0.60 for PUT).

A moderate, non-significant positive correlation
between SPM concentration and age was observed in BAV
TAA samples (r =0.61).
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0ODC1 exhibits a different subcellular localization
in BAV vs. TAV and donor TAA samples

We evaluated the subcellular localization of ODC1 in TAA
samples from donors (n = 6) and from BAV (n = 6) and TAV
(n = 6) TAA samples with mild aortic dilation, as ODC1
shuttling between nucleus and cytoplasm can affect the
activity of this rate-limiting enzyme.

The preliminary histological evaluation of aortic cross-
sections confirmed our previous observations in other sets of
samples with analogous clinical and demographic character-
istics [19, 40], mainly revealing a thinner, altered intima, and
a slight cell loss in the media layer in both TAV and BAV
TAA samples. We also observed an altered orientation of
SMCs in BAV TAA samples and, to a lesser extent, also in
TAV TAA samples, with a shift from a circumferential to a
longitudinal direction (data not shown).

The immunohistochemical detection of ODC1 on TAA
cross-sections revealed a marked expression of ODCI1 by a
large number of SMCs in the media layer of all the samples
we analyzed (Fig. 5). High magnification analysis revealed
that ODC1 was localized mainly in the nucleus of SMCs in
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b SPD, ¢ SPM. Values are expressed as mean + SEM of data from
n = 6 donor, n =7 TAV and n = 9 BAV TAA samples. *P < 0.05 vs.
donor TAA data; *P < 0.05 vs. TAV TAA data
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BAV

Fig. 5 Immunohistochemical detection of ODC1 in the media layer
of TAA samples harvested from reference organ donors (n = 6) and
from TAV (n = 6) and BAV (n = 6) patients. a, e, d, h Donor TAA
cross-sections; b, f TAV TAA cross-section; ¢, g BAV TAA cross-
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section. ODC1: brown staining. Hematoxylin nuclei counterstain-
ing: light blue. a—d x40 magnification. e-h x 100 magnification of
selected representative areas. d, h TAA cross-section adjacent to a,
e, immunolabeled with a nonspecific IgG antibody (negative control)
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donor and TAV TAA samples (Fig. 5a, b, e, f), while it also
showed a cytoplasmatic localization in SMCs of BAV TAA
samples (Fig. 5c, g).

Discussion

Multiple potential interconnections for polyamine
pathway in aortopathy

We investigated for the first time the potential involvement
of the PA pathway in aortopathy progression in patients with
stenotic TAV or BAV, through a multilevel analysis sug-
gested by its complex regulation, aiming at the preservation
of homeostasis of intracellular PAs [22].

PAs could play a key role in TAV and BAV aortopathy,
characterized by changes in SMC phenotype [19], together
with alterations in collagen turnover and cross-linking [23],
oxidative stress [24], EMT [25], cell loss and medial degen-
eration [26]. Some studies tried to analyze the differences
at cellular level between BAV and TAV diseased TAA, sug-
gesting a maturation defect of SMCs in BAV vs. TAV TAA
samples [27], together with a loss of SMCs with contractile-
phenotype and the emergence of a differentiated myofibro-
blast line [19], and a lower proliferation rate of BAV vs. TAV
endothelial cells in vitro [28].

Overall results indicate an increase of PA concentration
only in TAA samples from BAV patients vs. TAV patients
and organ donors (Fig. 4), suggesting a link between the
structural changes observed in BAV TAA and increased
PAs. The increased concentration of PAs corresponded
to a decreased expression of mRNAs coding for enzymes
involved in PA biosynthesis, suggesting the activation of a
negative feedback mechanism aiming at the preservation of
intracellular PA homeostasis, as described elsewhere [29].

The PA pathway could be of particular relevance in aor-
topathy in view of the competitive utilization of aortic argi-
nine by ARG and by eNOS (Fig. 1). The dysregulation of
the arginine/nitric oxide balance has been demonstrated to
be involved in several pathological vascular conditions [30],
and could play a major role also in aortopathy, in concur-
rence with other pathogenetic mechanisms. The decreased
expression of ARG1/2 mRNA in BAV TAA samples could
represent a feedback mechanism to counteract the increased
concentration of PUT and SPD and may suggest a greater
availability of the substrate arginine for eNOS in this cohort
of patients. Differences in the expression of ARG2 between
TAV and BAV patients could be related to the different
cellular localization and regulation of ARG isoenzymes
[31]. Several studies have analyzed the expression and the
activation level of eNOS in BAV vs. TAV TAA samples,
dilated or not, producing largely contrasting data. Among
them, a recent study by Kotlarczyk et al. [32] revealed an

increased eNOS expression and activation in BAV vs. TAV
aortic samples, but no change in NO bioavailability. eNOS
“uncoupling” is a contributing factor to reduced local NO
concentration in cardiovascular disease [33]. Additional
studies would be necessary to assess the NO bioavailability
in our collection of TAA samples to verify a potential dis-
equilibrium as a reaction to increased PA concentration in
BAV non-dilated TAA samples.

Ornithine is not only a precursor of PAs, but is also a pre-
cursor amino acid, via the enzyme OAT, for the synthesis of
proline, a major component of collagen. Accordingly, OAT
and its substrate ornithine might be important in remodeling
associated with aortopathy. As expected, OAT expression
increased in both TAV and BAV samples (Fig. 2f), even if
the data were not-significant, possibly because of the mild
dilation of the TAA samples included in this study.

For what concerns the other members of the PA path-
way and genes associated with cellular PA homeostasis
we analyzed, SLC7A1/CAT-1 was the first amino acid/PA
transporter to be cloned and characterized [34], but other
membrane solute carrier transporters have been identified
since then as potential PA transporters [21]. The discrep-
ancy between the SLC7A1/CAT-1 protein increase in both
TAV and BAV TAA samples (Fig. 3b), and the increased PA
concentration in BAV TAA samples only (Fig. 4) suggests
that other transporters are in charge of PA/amino acid uptake
in BAV TAA samples, or that other regulative mechanisms
prevail.

The multilevel analysis of ODC1 highlights its
differential regulation in BAV TAA samples

ODCT1 catalyzes the first and rate-limiting step of PA bio-
synthesis in humans, i.e., the decarboxylation of ornith-
ine to PUT (Fig. 1). While the RT-PCR analysis revealed
a decreased expression of ODC1 mRNA in BAV TAA
samples (Fig. 2b), possibly as a negative feedback to the
increased concentration of PUT and SPD in this group
(Fig. 4), the Western blot analysis revealed unchanged level
of the ODC1 monomer in all the sample groups we ana-
lyzed, possibly suggesting the lack of its degradation primed
by the PA sensor Antizymel (AZ1) [22]. ODC subcellular
localization also plays a key role in ODCI1 regulation, as this
enzyme is able to shuttle between nucleus and cytoplasm to
modulate its activity in response to different stimuli as well
as during cell cycle and development [35, 36]. To the best
of our knowledge, ODC immunohistochemical detection in
human aorta has been previously performed only in a study
focusing on chronic renal failure [37], but without any high
magnification analysis of its subcellular localization. Our
data suggest a trend for ODC shuttling from the nucleus to
the cytoplasm in SMCs of BAV TAA samples (Fig. 5c, g),
which could be responsible, at least in part, for the increased
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ODC activity and PA concentration in this specific cohort of
patients. Additional experiments will be necessary to con-
firm this hypothesis. However, this finding is consistent with
other studies in different pathological settings, showing a
shift towards a cytoplasmatic localization of ODCI1 vs. the
nuclear localization observed in normal tissues [38].

Increased concentration of polyamines could imply
specific effects in BAV vs. TAV TAA samples

The increased concentration of PUT and SPD we observed
in BAV TAA samples could derive from increased PA bio-
synthesis, decreased catabolism and/or increased uptake
from the circulation. Our results provide some indications
in this sense, but, due to high complexity of the regulation
of the PA pathway, other experiments will be necessary to
gain additional information. Of interest, Durante et al. [39]
suggested a major role for TGF-P1 in stimulating the produc-
tion of PAs and proline in SMCs from extracellular arginine.
This observation is consistent with the increased expression
of TGF-P1 we detected in previous studies on BAV patients
with non-dilated aortas [19, 40].

Two at least partially contrasting hypotheses could be
formulated to define the potential effects of increased PA
concentration in BAV TAA samples. According to the first
hypothesis, increased PAs could be an early sign/cause of
a more detrimental aortopathy associated with BAV. This
hypothesis is supported by previous studies indicating that
excessive accumulation of PAs results in induction of cell
apoptosis [41].

Conversely, according to a second hypothesis, increased
PA concentration in non-dilated BAV aortas could represent
an early balancing reaction against increased susceptibility
to dilation that is not efficiently triggered in TAV patients.
Recently, other studies also hypothesized the activation of
early protective mechanisms against aortopathy in BAV
patients, including the increase of SOD1 [42]. This second
hypothesis is strongly supported by recent experimental evi-
dence revealing several protective roles played by PAs in
different contexts. In particular, following the initial study by
Eisenberg et al. showing that SPD promotes cardioprotective
autophagy [43—46], all confirmed that SPD plays a protective
role by promoting autophagy, a conserved mechanism that
targets damaged organelles and proteins for degradation. Fan
et al. concluded that SPD is able to rescue skeletal muscle
atrophy through enhanced autophagy [47]. Thus, elevated
PA levels may influence the aortopathy progression through
stimulation of autophagy, but also via previously mentioned
altered NO bioavailability, both representing alternative pro-
tective mechanisms of action. In addition, SPM and SPD are
able to reverse and inhibit age-related cardiac deterioration
in a murine model [48]. SPD plays a critical role also in pro-
tection against oxidative stress in inflammation models [49],
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and PA depletion is necessary for TGF-f1-induced EMT
in vitro [10, 11]. Depending on its concentration, SPM is
also able to protect against stress and damage by scaveng-
ing reactive oxygen species [50]. The significant decrease
of SPM concentration in TAV TAA samples (Fig. 4b) could
suggest a loss of its protective role against oxidative stress in
TAV patients, possibly with the contribution of the increased
expression of the PA catabolic enzyme SAT1 (Fig. 2h). This
finding could also be consistent with the more severe histo-
logical abnormalities associated with TAV compared with
BAV described by Heng et al. [26], especially when strati-
fied by aortic diameter.

The inverse correlation between aortic diameter and PA
concentration we found in BAV samples, even if non-sig-
nificant, could be consistent with the hypothesis of an early
protective role of PAs against aortopathy in BAV patients,
and deserves the analysis of larger cohorts of patients to
confirm and consolidate this data. A comparison with BAV
patients with larger TAA aneurysms could also help clarify-
ing the interpretation of the present evidence.

The increased PA concentration in non-dilated TAA sam-
ples from BAV patients suggests a role for these molecules
as potential early biomarkers of BAV aortopathy, assum-
ing that the elevated tissue concentrations reflect enhanced
plasma/serum levels of PAs. Unfortunately, the detection of
circulating PAs can be difficult and potentially biased by sev-
eral factors such as cell lyses occurring when the blood sam-
ples are collected and processed. Nonetheless, some studies
set up methods for PA detection in human serum [51], thus
encouraging additional investigations in this context.

Study limitations

This is a first report on a novel aspect of BAV aortopathy
and, of course, it has some limitations to consider. The PA
pathway is complex and highly regulated at multiple levels;
in addition, some components (e.g., PA transporters) have
not yet been fully identified and characterized in man. This
observation implies that an exhaustive, multilevel differen-
tial analysis of all mechanisms leading to final differences
in PA concentration in TAA samples from TAV/BAV/donor
cohorts is challenging, also considering the very limited size
of aortic samples harvested from non-dilated aortas during
valve surgery. For this reason, the different analyses have
been performed on distinct sets of patients, however, homo-
geneous for clinical and demographic characteristics. As a
consequence, the number of patients for some analyses was
relatively small, implying that some of our results should
be interpreted with caution, with particular reference to the
possible inverse correlation between PA concentration and
aortic diameter in the BAV group. Additional larger studies
will be performed to consolidate these data.
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Conclusions

To the best of our knowledge, this study reveals for the
first time that PA concentration increases specifically in
BAV patients, accompanied by the activation of a regula-
tory negative feedback mechanism that, however, failed
to preserve PA intracellular homeostasis. It is conceivable
that increased PA concentrations in BAV TAA samples
might contribute to detrimental progression of aortopathy
or represent an early protective reaction to excessive aor-
topathy in this cohort. The results we obtained in this first
study suggest an association of PAs specifically with BAV
aortopathy, but not a specific role, that will be clarified by
additional investigations comprising a larger number of
samples and based on the results reported above. Addi-
tional investigations will also evaluate the PA pathway
as a potential therapeutic target or as early biomarker in
BAV aortopathy.
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