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Abstract

Background: The limitation of aortic size-based criteria is gradually recognized in the prediction of aortic events especially in bicuspid
aortic valve (BAV) cohorts, while most aortic events happen in patients with proximal aortic diameters <50 mm. Circulating microRNAs
(miRs) have been addressed as a novel tool to improve risk stratification in patients with different aortopathies. We aimed to elucidate the
correlation between peripheral whole blood and aortic tissue miRs in order to prove the potential availability as a biomarker in the clinical
routine. Methods: All patients who received elective aortic valve repair/replacement & proximal aortic replacement to BAV disease (n
= 65, 2013-2018) were prospectively included. The expression of 10 miRs (miR-1, miR-17, miR-18a, miR-19a, miR-20a, miR-21,
miR-106a, miR-133a, miR-143 and miR-145) was analyzed in the intraoperatively acquired aortic tissue as well as in the peripheral
blood before the surgery. Results: We found a significant correlation between circulating miRs in the peripheral blood and aortic tissue
levels of miR-21 (r=0.293, p = 0.02), miR-133a (r = 0.43, p = 0.02), miR-143 (r = 0.68, p < 0.001), and miR-145 (r=0.68, p < 0.001).
Further, the multivariate logistic regression analysis revealed an association between blood and aortic tissue miR-143 levels each other
(Odds Ratio [OR] 1.29, 95% Confidence Interval [CI] 1.11-1.67, p = 0.02; OR 1.36, 95% CI 1.19-2.01, p = 0.03, respectively) and a
blood/aortic miR-143 level to dilated aorta (OR 3.61, 95% CI 1.62-9.02, p = 0.01; OR 2.92, 95% CI 1.81-7.05, p = 0.02, respectively).
Conclusions: Our study demonstrates a significant correlation between peripheral whole blood and aortic tissue miRs, confirming the
hypothesis that circulating miRs may reflect remodeling processes in the proximal aorta in bicuspid aortopathy patients.
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1. Introduction (BAV) associated aortopathy and the miRs in the aortic tis-

sue.
Bicuspid aortic valve (BAV) associated aortic

aneurysm, so-called “BAV-aortopathy” is accompanied
with an increased risk of aortic events. Aortic dissection
in BAV cohorts in small size were sporadically reported
and the accuracy of size-based criteria for these patients
are gradually questioned in the prediction of future aortic
emergencies [1,2]. Individual decision making tools
combinated with aortic size are still missing. Blood
microRNAs (miRs) are potential biomarkers to improve
risk stratification in BAV-aortopathy [3]. Circulating
miRs have been demonstrated to reflect a wide spectrum
of systemic diseases (e.g., malignancy, inflammation,
cardiomyopathy) [4-9], and therefore the specificity of
circulating miRs for prediction of aortic disease is still
controversial [9]. In other words, there is still no evidence
that down-or upregulated expression patterns of circulating
miRs reflect specifically the pathophysiological changes in

2. Methods

We reviewed our institutional prospective BAV reg-
istry to identify all patients who received aortic valve re-
pair/replacement + proximal aortic replacement as elective
procedure due to BAV disease with or without concomitant
aortic aneurysm between 2013 and 2018. Bicuspid or uni-
cuspid aortic valve was implicated preoperatively if only
two normal commissures resulting in two aortic valve cusps
or one cusp are detected in two-dimensional transthoracic
echocardiographic short-axis, respectively. Further trans-
esophageal echocardiography was also performed intraop-
eratively. The final verification of bicuspidity and the fu-
sion type was descripted intraoperatively by the surgeon.

Proximal aortic dimensions were assessed by means of
transthoracic/transesophageal echocardiography, computed
tomography (CT) or magnetic resonance imaging (MRI).

the aortic wall (i.e., vascular remodeling).

Our object was to analyze the correlation patterns
of circulating miRs in patients with bicuspid aortic valve

Ascending aorta wall tissue specimens were obtained
from the greater and lesser curvature in all patients at the
time of surgery. Peripheral whole blood for miRs analysis
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was sampled just before the surgery (i.e., during anesthesia
induction). The expression of 10 miRs was analyzed in the
intraoperatively obtained aortic tissue and peripheral whole
blood (miR-1, miR-17, miR-18a, miR-19a, miR-20a, miR-
21, miR-106a, miR-133a, miR-143 and miR-145), all pub-
lished previously in association with aortopathies [3,10].
Primary study endpoint was the correlation between the
miRs in the aortic tissue and the peripheral whole blood.

Medical Ethical Committee approval for this prospec-
tive study was granted at the University Medical Center
Hamburg Eppendorf and all patients gave their informed
written consent.

2.1 Tissue miRNA analysis

Resected aortic tissue specimens were immediately
frozen in liquid nitrogen and stored at —80 °C and homog-
enized using miRNeasy Mini Kit Qiagen (Qiagen, Hilden,
Germany). The RNA concentration was measured on the
NanoDrop N1000 System (peqlab, Erlangen, Germany)
and 10 mg of RNA was used for miRs analysis. The RNA
quality was measured using an Agilent 2100 Bioanalizer
(Aglient Technology, Inc., Santa Clara, CA, USA). For nor-
malization, miR-16 was used which is known to be elevated
in malignant diseases [11]. In our study cohort, neither ma-
lignancy nor systemic inflammatory disease was included.
cDNA synthesis and miR analysis were performed using the
TagMan Advanced miRNA cDNA Synthesis Kit (Thermo
Fisher Scientific, Waltham, MA, USA) on Quant Studio 7
Flex real-time PCR detection system (Thermo Fisher Scien-
tific, Waltham, MA, USA). The Ct values were normalized
to miR-16 by the formula 2~ (CtmiiNA]——Ct[mii—16])
for Ct <40. In case for Ct values >40, miR was consid-
ered as undetermined.

2.2 Peripheral whole blood microRNA

Blood samples for miRs analysis were collected prior
to surgery. Whole blood was collected in PaxGene Blood
RNA tubes and were frozen at —20 °C over night, and sub-
sequently at —80 °C for long-term storage until RNA iso-
lation. Total RNA was isolated using the PAXgene Blood
miRNA kit (Qiagen, Hilden, Germany) on a QIAcube sys-
tem (Qiagen) according to the manufacturer’s recommen-
dations. Concentration of isolated RNA was measured on
the NanoDrop N1000 System (peqlab), and 10 ng of RNA
was used for miR analysis. The RNA quality was mea-
sured using an Agilent 2100 bioanylizer (Agilent Technol-
ogy, Inc., Santa Clara, CA, USA). For further analysis, only
samples with RNA integrity number above seven were in-
cluded. The same 10 miRs in tissue miRs analyses were se-
lected. cDNA synthesis and miR analysis were performed
using the TagMan Advanced miRNA ¢DNA synthesis kit
and commercially available TagMan assay specific for each
miRNA (Thermo Fischer Scientific) ona 7900 HT real-time
system. In the case Ct values were >40, miRs were consid-
ered as undetermined.

2.3 Statistics

Continuous variables are reported as mean + stan-
dard deviation. Categorical variables are presented as per-
centages. All statistical analyses were performed using the
IBM SPSS 24.0 software (IBM Corp, New York City, NY,
USA). All p-values < 0.05 were considered statistically
significant. Normal distribution of miRs values was con-
firmed by SPSS Shapiro Wilk test. Two-sided #-test was
used for comparisons of parametric variables. Furthermore,
x?-test and Fisher’s exact (as appropriate) test were used
for categorical variables. Using the Pearson correlation co-
efficient, Correlation between miR values in the aortic tis-
sue and the blood was analyzed in the whole study cohort.
Further, multivariate logistic regression analysis was per-
formed to find associations between blood and aortic tis-
sue levels of miR-143 and clinical variables including age,
gender, aortic diameter (>40 mm), and predominant aortic
stenosis. These variables of clinical interest were chosen if
it achieved a p-value < 0.10 at previous univariate analysis.

We performed post-hoc study power calculation based
on the correlation analysis of peripheral whole blood vs.
aortic tissue miR-133a expression. Study power was 88.2%
based on the sample size of 49 patients and the probability
of « error of 5%.

3. Results

Our study cohorts included a total of 47 consecutive
BAV and 2 unicuspid aortic valve (UAV) patients referred
to our institution for elective aortic valve surgery with or
without concomitant proximal aortic surgery. Table 1 sum-
marizes the baseline characteristics of the study population.
The mean aortic diameter was 37 = 8 mm and one third of
our study population (37%) had a maximal proximal aor-
tic diameter >40 mm. The proximal aortic procedure was
required in 8 (16%) patients.

Our biomarker analysis included 10 specific miRs, all
previously reported in association with aortopathies (Ta-
ble 2). The strongest correlation was found for miR-21 (r
=0.293, p = 0.02), miR-133a (r = 0.43, p = 0.02) (Fig. 1),
miR-143 (r = 0.68, p < 0.001) (Fig. 2), and miR-145 (r =
0.68, p < 0.001).

We included multivariate logistic regression analysis
to find significant associations between blood and aortic tis-
sue levels of miR-143 (Supplementary Tables 1,2). These
results showed a significant correlation between the blood
to aortic miR-143 level (Odds Ratio [OR] 1.36, 95% Con-
fidence Interval [CI] 1.19-2.01, p = 0.03) and aortic tissue
to blood miR-143 level (OR 1.29, 95% CI 1.11-1.67, p =
0.02) each other. Further, dilated aortic diameter (>40 mm)
was significant correlated to blood miR-143 level (OR 3.61,
95% CI 1.62-9.02, p = 0.01) and to aortic miR-143 level
(OR 2.92, 95% CI 1.81-7.05, p = 0.02), respectively.
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Table 1. Baseline variables.

Variables n=49
Age, years, mean + SD 57+ 10
Male, n (%) 33 (67)
Hypertension, n (%) 28 (57)
Diabetes mellitus, n (%) 3(6)
Hyperlipoproteinemie, n (%) 25(51)
Aortic diameter, mm, mean + SD 37+£8
Aortic diameter >40 mm, n (%) 18 (37)
LVEF, %, mean + SD 57+8
Predominant aortic stenosis, n (%) 43 (88)
Predominant aortic insufficiency, n (%) 14 (29)
Bicuspid aortic valve, n (%) 47 (96)
R-L fusion, n (%) 10 (20)
R-N fusion, n (%) 12 (24)
L-N fusion, n (%) 3(6)
Unicuspid aortic valve, n (%) 2(4)
aortic valve replacement, n (%) 47 (96)
aortic valve repair, n (%) 2(4)
concomitant proximal aortic surgery, n (%) 8 (16)

LVEF, left ventricular ejection fraction; R-L, right and left
coronary cusp; R-N, right coronary and non-coronary cusp;

L-N, left coronary and non-coronary cusp.
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Fig. 1. Correlation between blood and aorta miR-133a. A sig-
nificant correlation between a peripheral whole blood miR-133a
and aorta miR-133a was detected.

In our study cohort, neither malignancy nor systemic
inflammatory disease was included. Three patients for each
two specimens (= six aortic tissue specimens) had reduces
systolic left ventricular ejection function under 45%.

4. Discussion

Our study demonstrates a significant linear correla-
tion between peripheral whole blood and aortic tissue lev-
els of miR-21, miR-133a, miR-143 and miR-145. Further,
a significant correlation between blood/aortic miR-143 lev-
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Table 2. Correlation analyses between aortic tissue and
peripheral whole blood miRs.

miRNAs correlation p-value

miR-17 r=-0.012 p=0.924
miR-18a r=-0.173 p=0.182
miR-19a r=-0.091 p=0.499
miR-20a r=-0.174 p=0.172
miR-21 r=10.293 pr=10.020
miR-133a  r=10.430 p=10.020
miR-143 r=10.068 p <0.001
miR-145 r=10.680 p <0.001

MiR-1 and miR-106a were undetermined.
Bold values are relevant in results. MiR, mi-
croRNA.
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Fig. 2. Correlation between blood aorta miR-143. A significant
correlation between a peripheral whole blood miR-143 and aorta
miR-143 was detected.

els and dilated aorta was also confirmed. Therefore, these
expression patterns of peripheral whole blood miRs can be
used to reflect the remodeling processes in the proximal
aorta in aortopathy patients (i.e., vascular remodeling) and
these peripheral whole blood miRs have a potential to be-
come individualized biomarkers for aortopathy prediction.

In former series, we showed the correlation between
aortic miRs and matrix metalloproteinases (MMP)/tissue
inhibitors of matrix metalloproteinases (TIMP) [12] and
between peripheral whole blood miRs and aortic diameter
[10]. Wu et al. [13] performed a paired comparison of the
miR expression between severely dilated vs. normal ap-
pearing, less-dilated aortic samples. The authors found an
association between differential regulation of the miR-17
gene cluster and the predisposition to dilatation through the
dysregulation of TIMP-MMP pathway [13]. Further, Lu et
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al. [14] reported miR-34a and miR-125 down-regulation of
MMP-2 expression on bicuspid aortic wall specimen, which
is related to wall shear stress. Pasta ef al. [15] succeeded
to show the association of the strain at the mid ascending
aorta with upregulation of plasma levels of miR-320 and
miR-26a and the wall shear stress with a downregulation of
miR-29a. Maleki et al. [16] proposed a new mechanism
of vascular remodeling through endothelial/epithelial mes-
enchymal transition in bicuspid aortopathy. They demon-
strated a miR-200c/ZEB1/ZEB2 negative feedback loop in
BAV aorta prior to aneurysm.

The current standard management of aneurysm is
based on maximal aortic diameter detected by routine imag-
ing modalities. However, there is nowadays some concern
and evidence suggesting that relying on a single aortic di-
ameter measurement may be too restrictive and not so re-
liable [2]. Further, especially in bicuspid aortopathy, con-
ventional aortic size-based decision criteria are of very lim-
ited value to provide accurate information regarding the risk
evaluation given the heterogeneity of the BAV cohorts [1].
Therefore, novel diagnostic tools, which are independent of
size-based criteria, are urgently needed to predict the aor-
topathy progression and to define the appropriate time point
for surgical intervention.

Thanks to extensive research efforts and enthusiasms
in the area of BAV aortopathy, a lot of pathophysiological
aspects have been revealed in the last decade. However, a
reliable prediction of the aortopathy progression is still very
premature. Several pathophysiogical pathways and the as-
sociated proteins/genes have been detected, which can be
potentially used as diagnostic or predictive tools in the bi-
cuspid aortopathy in the next future [17].

MiRs are endogenously expressed single-stranded
non-coding RNA molecule containing 1822 nucleotides.
MiRs regulate the degradation of translational suppression
of specific target messenger RNAs, and and as a result
maintain various biological processes. Their expression
patterns can be significantly affected in many human dis-
eases. MiRs can be exported or released by cells into the
blood stream in highly stable forms [18]. Due to their re-
producibility and easy accessibility, miRs have been intro-
duced as potential biomarkers in many human diseases.

Previous reports revealed the up- or downregulation
of several miRs including miR-15, -21, -24, -29, -30, -133,
-143, -145, -155, -193, -205, -223, -933 on aortic aneurysm
[19]. To our best knowledge, there is still no aortopathy-
specific miR, which no other diseases or health circum-
stances effects on the measurement.

Compared to extracellular matrix proteins, such as
MMP or TIMP, and mRNA, miRs are more stable and
degrade much slower, making them detectable and mea-
surable in serum and even in formalin-fixed and paraffin-
embedded tissues [20]. Ikonomidis ef al. [3] mentioned in
their study that there was no specific correlation between
plasma and tissue MMPs and TIMPs levels. Then, the half-

life of the analytes is variable, the differences in plasma
and tissue storage and handling affect the ability to accu-
rately measure the analyte [3]. Therefore, the wide avail-
ability and stability of miRs make them attractive as poten-
tial biomarkers as compared to other biomolecules.

MiR-133a encoding gene is located on chromosome
18. The previously published data show the downregula-
tion of expression in some malignancies, like gastric cancer
[4], esophageal squamous cell carcinoma [5], and pancre-
atic cancer [6]. The clinical hypothesis suggests that the
down-regulation of miR-133a expression may enhance the
progression of malignant disease, tumor recurrence, and ag-
gressive metastases, thus leading to poor clinical outcome
[21]. Further, myocardial miR-133a is downregulated in di-
lated cardiomyopathy [7] and shows increased expression
in left ventricular reverse remodeling [8]. The increased
expression level of blood miR-133a after acute myocardial
infarction is also reported and the clinical use as new diag-
nostic marker is expected [22].

The miR-143 encoding genes are located on human
chromosome 5 [23]. MiR-143 is known as an important
tumor suppressor in variety of neoplasms including solid
tumors and B-cell malignancies [24]. Nowadays, miR-143
attracts increasingly the attention as an effectual approach
and a potential new therapeutic target to treat neoplasms
[24]. In the cardiovascular field, miR-143/-145 cluster is
predominantly expressed in vascular smooth muscle cells
and play an essential role in various diseases, including es-
sential hypertension [25], atherosclerosis [26], pulmonary
arterial hypertension [27], and coronary artery disease [28].
Several results from animal experiments support the ther-
apeutical potential of targeting miR-143/-145 in these car-
diovascular diseases. Human clinical trials are now under
consideration [29].

MiR-21 regulates cell proliferation, differentiation,
and apoptosis [30], which affect tumor biological behav-
iors, including growth, invasion and migration. Former re-
ports presented higher expression in pulmonary carcinoma
[30], acute myeloid leukemia [31] and so on. MiR-21 is
up-regulated in cardiomyocytes during the fibrotic process
[32]. Therefore, in aortic valve stenosis, both myocardial
and blood levels of miR-21 are higher than control, which
correlates with aortic pressure gradient and fibrosis [32].

Interestingly, Ikonomidis ef al. [3] demonstrated dif-
ferential plasma expression profiles of MMPs, TIMPs and
miRNAs in BAV patients vs. patients with tricuspid aortic
valve. In bicuspid aortopathy, receiver operator character-
istic curve analysis showed highest accuracy in the com-
bination pattern of miR-143, miR-133a, miR-145, MMP-
2 and TIMP-2. These findings support our current results
in that blood miR-133a, miR-143 and miR-145 correlate
significantly with the corresponding miRs in the aortic tis-
sue. However, they failed to demonstrate the correlation
between plasma and aortic tissue miRNAs. This discrep-
ancy between our results and those from the abovemen-
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tioned study could be the different storage and processing
protocols. The authors mentioned the need for refinement
of the protocols in their report [3].

5. Potential limitations of the circulating
miRs

Even though circulating miRs have a great potential
to become biomarkers for aortopathy, there are still some
important concerns. The specificity of circulating miRs for
detection of aortopathy progression remains still question-
able. On the other hand, miRs expression patterns in the
aortic tissue samples provide a great deal of information
on the pathophysiological mechanisms of the underlying
diseases. However, this expression signature in the tissue
does not necessarily correlate with the expression patterns
in the bloodstream [3]. Further, unlike tissue-specific miRs,
the expression patterns of circulating miRs might be influ-
enced by several other tissues and organs whereby limiting
their specificity for one particular disease [9]. The expres-
sion profile of circulating miRs may, therefore, be a result
of pathophysiological processes in the multiple tissues, in
case of complex diseases. In this regard, our current study
provides important evidence of the positive correlation be-
tween circulating and aortic tissue miRs.

From the future perspective, longitudinal evaluation
of changes in the miRs expression patterns and the corre-
lation with the aortopathy progression in the same patient
would be of a major interest. Such data would contribute
to the validation of miRs as reliable biomarkers in the aor-
topathy progression.

Several limitations of our study should be noted. First,
the size of our study cohort is quite limited. The study in-
cluded no control group. Further, our study cohort is young
and male dominant, which is a typical finding for the bicus-
pid group. We could not evaluate the impact of malignancy
or other systemic diseases. Therefore, the further evalua-
tion of other potential factors that may influence miRs ex-
pression is warranted in large prospective study.

Finally, due to the heterogeneity of bicuspid aortopa-
thy, other potential pathways of the aortopathy progression
and identification of other potential biomarkers should be
clarified.

6. Conclusions

Our study indicates that peripheral whole blood miRs
expression correlates significantly with aortic tissue miRs
expression. This finding confirms our clinical hypothesis
that circulating miRs may reflect vascular remodeling pro-
cesses in the bicuspid aortopathy patients.
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