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Abstract: Proper biobanking is essential for obtaining reliable data, particularly for next-generation
sequencing approaches. Diseased vascular tissues, having extended atherosclerotic pathologies,
represent a particular challenge due to low RNA quality. In order to address this issue, we isolated
RNA from vascular samples collected in our Swiss Vascular Biobank (SVB); these included abdominal
aortic aneurysm (AAA), peripheral arterial disease (PAD), healthy aorta (HA), and muscle samples.
We used different methods, investigated various admission solutions, determined RNA integrity
numbers (RINs), and performed expression analyses of housekeeping genes (ACTB, GAPDH), ribo-
somal genes (18S, 28S), and long non-coding RNAs (MALAT1, H19). Our results show that RINs
from diseased vascular tissue are low (2–4). If the isolation of primary cells is intended, as in our
SVB, a cryoprotective solution is a better option for tissue preservation than RNAlater. Because
RNA degradation proceeds randomly, controls with similar RINs are recommended. Otherwise, the
data might convey differences in RNA degradation rather than the expressions of the corresponding
genes. Moreover, since the 18S and 28S genes in the diseased vascular samples were degraded
and corresponded with the low RINs, we believe that DV200, which represents the total RNA’s
disintegration state, is a better decision-making aid in choosing samples for omics analyses.

Keywords: biobanking; Swiss Vascular Biobank; vascular tissue; cardiovascular diseases; atherosclerosis;
RNA integrity number (RIN); DV200 index; cryoprotective solution; RNAlater

1. Introduction

Human tissue biobanks constitute an important source for clinical and translational
research which seeks to understand the pathophysiological mechanisms behind particular
diseases in order to be able to discover suitable biomarkers and optimal therapeutic strate-
gies [1,2]. The challenge for every biobank is ensuring that the collected tissues are of the
best possible quality, particularly for various omics analyses. Unfortunately, no universal
method for processing the collected biomaterial has yet been established. Furthermore, the
optimal treatment and processing of the specimens may vary depending on the particular
organ tissue to be preserved.

Cardiovascular disorders (CVDs) are the leading cause of death worldwide [3]. In the
past few decades, endovascular treatment has become an established, minimally invasive
surgical intervention for CVDs [4]. Nowadays, most patients with AAA (~80%) receive
endovascular aortic repair (EVAR). Carotid artery stenting and endovascular procedure in
PAD patients have also become viable alternatives to open surgical intervention. Therefore,
collecting human vascular biomaterial for further analyses following surgical interven-
tions has become an important means of improving our understanding of the underlying
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processes which lead to the formation of atherosclerotic lesions and aortic aneurysms,
as well as the rupture-prone phenotype [5–9]. Due to atherosclerotic changes and other
pathologies within the arterial wall, the quality of the diseased vascular tissue can be
diminished and broadly heterogeneous [10–12]. The extraction of high-quality RNA for
transcriptome analysis and single-cell RNA sequencing made particularly difficult by to the
accumulation of dead and apoptotic cells, oxidative stress, inflammation, connective tissue
degradation, and calcification [11,12]. Nonetheless, to acquire reliable data from omics
analyses of diseased vascular tissue samples, RNA quality should be as high as possible.
Consequently, working with tissue samples obtained from patients with CVDs constitutes
a particular challenge.

The most frequently used method to assess the quality of RNA currently acknowl-
edged is the determination of the RIN (RNA integrity number). Typically, an RIN score
of 6–7 or higher is recommended for sequencing analyses to achieve reliable data [10,13].
However, depending on the extent of tissue degradation, inflammation, oxidative stress,
and other factors associated with CVDs, the RINs of atherosclerotic and aneurysmal sam-
ples are, in most cases, significantly lower. Therefore, carefully performed RNA extraction
is necessary to bring out the best in the collected diseased vascular specimens. In addition,
because RINs are already low in atherosclerotic tissue, other methods should be considered
for the determination of the suitability of the samples for transcriptomics and other sensi-
tive analyses. Here, for instance, the DV200 index, another way of describing the extent of
RNA degradation by evaluating the percentage of fragments of >200 nucleotides, is also
a helpful quality assessment standard [14]. Furthermore, the messenger RNAs (mRNAs)
of different genes exhibit different cellular stability, expression patterns, and dependency
upon RNA degradation [15].

In order to address these important issues, we selected various vascular tissue sam-
ples from our Swiss Vascular Biobank (SVB), isolated the RNA using different methods,
determined the RNA quality, and performed real-time polymerase chain reaction (RT-PCR)
analyses involving various genes (housekeeping and ribosomal genes, long non-coding
RNAs (lncRNAs)). In addition, we compared the effects of different preserving solutions
on the RNA integrity, incubating the tissue at 4 ◦C or room temperature (RT) for up to
7 days prior to extracting the RNA.

2. Materials and Methods
2.1. Tissue Samples

Vascular tissue samples were obtained from patients who underwent open surgical in-
terventions in our Department of Vascular Surgery (USZ/UZH). Samples are continuously
collected in our Swiss Vascular Biobank (SVB). The following tissues were included in our
study: infrarenal abdominal aortic aneurysm tissue (AAA, n = 50), tissue affected by periph-
eral arterial disease (PAD, n = 40), muscle tissue from the sartorius muscle obtained from
PAD patients following open surgical repair (Mu, 100 different pieces from 5 individuals),
and non-aneurysmal healthy infrarenal aortic samples (HA, n = 20) obtained during kidney
transplantation and provided by the Department of Visceral Surgery (USZ/UZH). All
tissue samples were stored at −80 ◦C within five minutes of excision and kept frozen until
the RNA extraction. All patients whose vascular tissue samples were collected in the SVB
gave appropriate written informed consent. In emergency cases, the tissue samples were
collected temporarily and the written consent was obtained after the surgical intervention.
In cases of rejection, the tissue was disposed of. The local ethics committee (Cantonal
Ethics Committee Zurich, Switzerland; BASEC-Nr. 2020-00378) approved the tissue sample
collection and analysis procedure. In addition, as a positive control for RNA quality, human
endothelial cells (EA.hy926; ATCC, Manassas, VA, USA) were used.

2.2. RNA Extraction

In order to determine the optimal extraction protocol for achieving the maximal
quantity and quality of RNA from the study tissue samples, various methods and assays
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were applied (see Figure 1). The deployment of homogeniser (POLYTRON PT2500E; Faust,
Schaffhausen, Switzerland) was compared with manual homogenisation using a mortar
and liquid nitrogen. Different periods of tissue digestion via proteinase K were used to test
for improvements in the release of RNA, and TRIZOL reagent (Thermo Fisher Scientific,
Zug, Switzerland) was compared with the Rneasy Kit from Qiagen (Hombrechtikon,
Switzerland). Using the TRIZOL reagent, the tissue samples were homogenised in a
volume of 1 mL, mixed with 200 µL chloroform, and centrifuged for 15 min at 12,000× g
and 4 ◦C. The upper (clear) phase containing the RNA was carefully transferred into a new
tube, 500 µL isopropanol was added, and the contents were mixed by inverting the tube
several times to precipitate the RNA. Following incubation on ice and further centrifugation,
the supernatant was discarded and the RNA was resuspended in 75% ethanol to improve
RNA solubility. It was then centrifuged and the supernatant was again discarded. The
RNA pellet was air-dried, resuspended in 50 µL RNase-free water, and stored at −80 ◦C
until further use. The RNA concentration was determined using a NanoDrop Lite Plus
Spectrophotometer (Witec, Sursee, Switzerland). Because the TRIZOL solution and a
motorised homogeniser provided the highest RNA concentration and quality (Figure 1), all
further experiments described below were performed using this method of RNA extraction.
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Figure 1. Comparison of methods for optimal RNA extraction from human vascular tissue samples
(n = 5). M1: Homogeniser and Rneasy Kit, 10 min digestion with proteinase K; M2: Homogeniser
and Rneasy Kit, 90 min digestion with proteinase K; M3: Homogenisation using a mortar and liquid
nitrogen, Rneasy Kit, 10 min digestion with proteinase K; M4: Homogenisation using a mortar and
liquid nitrogen, Rneasy Kit, 90 min digestion with proteinase K; M5: Homogeniser and TRIZOL; M6:
Homogenisation using a mortar and liquid nitrogen, TRIZOL. RIN: RNA integrity number; DV200
index: % of RNA fragments > 200 bp. * p < 0.05 (compared with standard method M1). The statistical
significance of each individual sample was compared against the standard method M1 using an
independent t-test.

2.3. Determination of the RNA Quality

In order to evaluate the RNA quality and the degree of degradation of our tissue
samples, TapeStation 4150 (Agilent, Basel, Switzerland) was used. The RNA integrity
numbers (RINs) and DV200 index values (percentage of fragments of >200 nucleotides)
of each specimen were determined using a standard Agilent RNA ScreenTape Assay or
Agilent High Sensitivity RNA ScreenTape Assay, depending on the RNA concentration and
in accordance with the manufacturer’s protocols. All measurements were performed in
duplicates, and the experiments were repeated in cases of high variability or discrepancy.

2.4. Time-Dependent Comparison of Different Protective Solutions

In order to compare the stability and quality of the RNA under different condi-
tions, three protective solutions were used: (1) an optimised cryoprotective solution
(CpS) composed of cell culture medium (DMEM/RPMI; Thermo Fisher Scientific, Reinach,
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Switzerland), 1.8 M dimethyl sulfoxide (DMSO), 0.1 M glucose (Merck/Sigma Aldrich,
Buchs, Switzerland), 20 mM 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-ethane sulfonic acid
(HEPES), and, optionally, 1% fetal bovine serum (FBS) (Thermo Fisher Scientific) [16–19];
(2) Phosphate buffered saline (PBS); (3) RNAlater (25 mM sodium citrate, 10 mM ethylene-
diaminetetraacetic acid (EDTA), 5.3 M ammonium sulphate, pH 5.2). Three representative
specimens from each study tissue sample (Mu, HA, AAA, PAD) were incubated in tripli-
cates in the different storage solutions for 8 h, 1, 2, 3, and 7 days. At each time point, the
RNA was extracted as described above. All tissue samples used for analysis were incubated
in triplicates and in sufficient quantities to ensure three samples for each individual time
point in the corresponding admission solution. At the selected time points (8 h, 1, 2, 3, and
7 days) three samples were removed for analysis. The results of each protective solution
were then compered with those for time point 0.

2.5. Quantitative Real-Time PCR Analysis

In order to identify the interrelationships between RNA quality, the various protective
solutions, and gene expression at the mRNA level, quantitative real-time PCR (qRT-PCR)
analyses were performed. First, cDNA was synthesised using 1 µg RNA and a RevertAid
First Strand cDNA Synthesis Kit (VWR International, Dietikon, Switzerland). Random
Hexamer primers were used in order to encompass non-coding RNAs and degraded RNA
fragments independent of the state of the poly(A) tail.

PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) was used to deter-
mine the expression of the housekeeping genes Beta-actin (ACTB) and Glycerinaldehyd-3-
phosphat-Dehydrogenase (GAPDH). Furthermore, to evaluate the stability of the ribosomal
genes 18S and 28S over time, which is used to calculate the RIN (Agilent), the expression
of these genes was also analysed. All primers for the SYBR Green expression analysis
were purchased from Qiagen. In addition, the expression of two long non-coding RNAs
(lncRNAs), MALAT1 and H19, which play an important role in vascular disorders [7,20,21],
was determined using TaqMan Fast Advanced Master Mix and a corresponding primer
(Thermo Fisher Scientific). The PCR reaction was performed using QuantStudio QS5 (Fisher
Scientific) and the standard PCR conditions recommended by the manufacturer.

The following primers were used:

ACTB: Hs_ACTB_2_SG, amplicon length 104 bp
GAPDH: Hs_GAPDH_vb.1_SG, amplicon length 112 bp (exons 2/3)
GAPDH: Hs_GAPDH_1_SG, amplicon length 95 bp (exons 6/7)
ribosomal Gene 18S: Hs_RPS18_1_SG, amplicon length 61 bp
ribosomal Gene 28S: Hs_RPS28_1_SG, amplicon length 77 bp
MALAT1: Hs00273907_s1, amplicon length 117 bp
H19: Hs00399294_g1, amplicon length 62 bp (exons 2/3)

2.6. Statistical Analysis

All statistical analyses were performed using IBM’s SPSS software version 29 (SPSS
Inc., Chicago, IL, USA). In Figures 1 and 2, the individual samples were compared against
a standard sample (M1 in Figure 1 and endothelial cells in Figure 2) using an independent
t-test and a Levene-test of equality of variances. Regarding the analysis of the RNA quality
and expression at the mRNA level over time (Figures 3–8), these were compared separately
for each admission solution, and all time points were compared against time point 0. Again,
an independent t-test and a Levene test of equality of variances was used. All statistical
analyses were two-sided and used p < 0.05 as the significance level. Pearson correlation
coefficients were determined to evaluate statistical dependences between variables. For the
correlation analyses, p-values of * 0.05, ** 0.01, and *** 0.001 were applied.
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Figure 5. Determination of RNA integrity numbers (RINs) and DV200 index values over time (up
to 7 days) (n = 9, three tissue samples in triplicates for each time point). Tissue samples were kept
at room temperature using different preservation solutions and non-diseased muscle tissues. CpS:
cryoprotective solution; PBS: phosphate buffered saline; RnLater: RNAlater solution. * p < 0.05
(related to time point 0 for each admission solution).
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Figure 6. Expression analysis of the housekeeping genes ACTB (A–D) and GAPDH (E–H) using
different preservation solutions (n = 3). (A,E): muscle tissue; (B,F): healthy aortic tissue; (C,G):
abdominal aortic aneurysm tissue; (D,H): peripheral arterial disease tissue. CpS: cryoprotective
solution; PBS: phosphate buffered saline; RnLater: RNAlater solution. * p < 0.05 (related to time point
0 for each admission solution).
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Figure 7. Expression analysis of the ribosomal genes 18S (A–D) and 28S (E–H) using different
preservation solutions (n = 3). (A,E): muscle tissue; (B,F): healthy aortic tissue; (C,G): abdominal
aortic aneurysm tissue; (D,H): peripheral arterial disease tissue. CpS: cryoprotective solution, PBS:
phosphate buffered saline; RnLater: RNAlater solution. * p < 0.05 (related to time point 0 for each
admission solution).
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Figure 8. Expression analysis of two selected long non-coding RNAs, MALAT1 (A–D) and H19 (E–H),
using different preservation solutions (n = 3). (A,E): Mu; (B,F): HA; (C,G): AAA; (D,H): PAD. CpS:
cryoprotective solution; PBS: phosphate buffered saline; RnLater: RNAlater solution. * p < 0.05
(related to time point 0 for each admission solution).
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3. Results
3.1. Evaluation of Optimal Method of Extracting RNA from Vascular Tissue

First, we compared different homogenisation tools (homogeniser vs. mortar) and
isolation methods (Rneasy Kit vs. TRIZOL) for their suitability to obtain RNA of the
highest quality and quantity from our vascular tissue samples (methods M1–M6, Figure 1).

The highest RIN values were obtained using homogeniser and either TRIZOL or the
RNease Kit (3.1 ± 0.4 or 2.7 ± 0.6) (Figure 1, upper panel: M2 and M5). Furthermore,
regardless of the homogenisation method used, TRIZOL consistently outperformed the
Rneasy Kit (Figure 1). When using homogeniser and the RNease Kit, a period of 90 min
for the digestion of the tissue with proteinase K led to higher RIN values (2.7 ± 0.6) than
a digestion time of 10 min (2.0 ± 0.5) (p = 0.020). In contrast, when using mortar for
homogenisation, extending the proteinase K incubation time did not improve the RNA
quality (1.7 ± 0.1 vs. 1.7 ± 0.2, p = 0.780).

Overall, the DV200 index values ranged between 40% and 80%, and there were no
significant differences between the individual methods used (Figure 1, middle panel). Nev-
ertheless, when the RNA was isolated with motorised homogeniser and TRIZOL, the DV200
values were higher (70.1 ± 10.4%) than those obtained using the mortar (56.5 ± 18.1%),
though the difference was not statistically significant. The changes in proteinase K incuba-
tion time in the RNease Kit did not significantly affect the DV200 index values.

Regarding RNA concentration, the highest values were obtained when using ho-
mogeniser and TRIZOL (121.5 ± 35.7 ng/µL); these were higher than the values obtained
using the Rneasy Kit (19.4± 9.1 ng/µL) (Figure 1, lower panel). When using the mortar, the
highest RNA concentration values were observed when using TRIZOL (83.5 ± 18.4 ng/µL);
these were higher than the values obtained using the Rneasy Kit (7.6 ± 5.1 ng/µL).

In summary, the TRIZOL solution and the motorised homogeniser provided the
highest RNA concentration and quality.

3.2. Determination of RIN and DV200 Values in the Study Tissue Samples

After establishing the optimal isolation protocol, the RNA from all the tissue samples
included in our study was isolated using TRIZOL and homogeniser. In order to gain an
overview of the RNA quality, we determined the RIN score and DV200 index values in the
different diseased and healthy tissue samples (muscle, HA, AAA, and PAD) as well as in
the human endothelial cell line (EA.hy926) (Figure 2).

The RNA from the endothelial cell and the muscle samples had the highest RIN
and DV200 values. They differed significantly from the healthy aorta (HA) and diseased
vascular tissue samples (AAA, PAD) (Figure 2). The endothelial cell samples had the
highest RIN values (9.6 ± 0.2), followed by the muscle samples (7.5 ± 0.9). The RINs of the
other study tissue samples ranged between 2 and 4 (HA: 2.8 ± 0.6, n = 20; AAA: 3.0 ± 0.5,
n = 50; PAD 3.1 ± 0.5, n = 40). A similar pattern was observed in the DV200 index values.
The endothelial cell samples had the highest DV200 values (93.6 ± 2.1%), followed by the
muscle samples (90.2 ± 3.8%). The DV200 values of the diseased vascular tissue samples
ranged between 36 and 76 (HA: 54.0 ± 10.4%; AAA: 56.9 ± 12.1%; PAD: 56.6 ± 14.3%).

Taken together, in contrast to the healthy muscle tissue, which had RINs of 7.5 ± 0.9
and DV200 index values of 90.2 ± 3.8%, the quality of the diseased vascular tissue samples
was significantly reduced, with RINs of 3.0 ± 0.5 and DV200 index values of 56.8 ± 13.2%.

3.3. Stability of RNA over Time

In our experimental approach, outlined below, the extent of RNA degradation in the
study samples (Mu, HA, AAA, PAD)—all of which were incubated at 4 ◦C—was analysed
in different protective solutions (CpS, PBS, RNAlater) at different time points (Figures 3–5).

The RINs of the muscle samples at time point 0 were 7.7 ± 0.6 (Figure 3A). The
best preserving medium appeared to be RNAlater, for which no significant changes were
observed over time (up to 7 days). The second-best admission solution was the CpS, for
which substantial but not significant changes were observed over time (up to 3 days).
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In contrast, when the muscle tissue samples were incubated in PBS, the RINs dropped
significantly after just one day (4.3 ± 0.7, p = 0.001).

In contrast to the muscle tissue samples, the RINs of the HA samples (3.2 ± 0.4) were
significantly lower at time point 0 (Figure 3B). The RIN values remained stable in the
RNAlater solution and the CpS even after 7 days (RNAlater: 2.9 ± 0.2; CpS: 3.0 ± 0.4). In
the PBS solution, the RINs did not change for up to 2 days, and they dropped significantly
(compared with time point 0) to 2.4 ± 0.3 after 7 days. Similar results were observed for
the RNA isolated from the AAA and PAD samples (Figure 3C,D). The RIN values at time
point 0 were 3.1 ± 0.4 and 3.8 ± 0.5, respectively. In the RNAlater solution and the CpS,
the RNA was stable for up to 7 days. Regarding PBS, the RINs were unchanged for up to
2 days, with a slight but significant reduction in RIN at day 3 (2.5 ± 0.3, p = 0.037).

The DV200 index values appeared much less sensitive to the changes in RNA quality
over time. No significant alternations were observed in the muscle tissue samples in the
RNAlater solution or the CpS for up to 7 days. Only in PBS did the DV200 values decreased
from 92.2 ± 3.2% to 68.0 ± 7.8% at day 7 (p < 0.001). For the HA samples, the DV200
index values started at 58.4 ± 4.3% at time point 0 and remained stable in the RNAlater
solution and the CpS for up to 7 days. In PBS, the DV200 values decreased slightly but
continuously, with significant differences after 2, 3, and 7 days (respectively, from 55.6 ± 3.7
to 41.3 ± 3.9%, 37.8 ± 3.4%, and 36.0 ± 8.6%, p = 0.004, 0.003, and 0.008) (Figure 4B). RNA
isolated from the AAA and PAD samples showed similar stability over time, with no
significant changes for up to 7 days in any of the admission solutions (Figure 4C,D).

In addition, we also tested the stability of RNA over time at room temperature
(Figure 5). In this experimental approach, we tested only the muscle tissue samples and
used time periods of up to 2 days. No significant changes in the RIN scores or DV200 index
values were observed in the RNAlater solution (Figure 5, left panel). In contrast, at room
temperature, the RNA quality dropped rapidly in the CpS and PBS. In the cryoprotective
solution, the RIN was stable for up to 8 h and significantly diminished after one day (from
7.7 ± 0.6 to 2.8 ± 1.6, p < 0.001). These changes were even more conspicuous in the PBS
solution, where the RIN values significantly dropped after just 8 h to 4.63 ± 0.46 (p < 0.001)
and were further reduced to 2.4 ± 1.0 (p < 0.001) after one day. Even the DV200 values were
significantly more affected at room temperature compared with 4 ◦C (Figure 5, right panel),
though not as much as the RIN values. In the RNAlater solution, no significant changes
were observed in the RINs. In the CpS, significant differences were observed after one day.
However, these changes were marginal (from 91.2 ± 3.3% to 75.8 ± 8.5%, p = 0.014). Again,
the most substantial drop was observed for the PBS solution: significant changes after just
8 h and a further reduction in the DV200 index values to 44.2 ± 9.0% (p = 0.007) after 2 days
(Figure 5, right panel).

Taken together, the RNAlater solution showed the highest stabilising properties against
RNA degradation, followed by the CpS. The PBS solution was the least protective. In
vascular tissue with already partially degraded RNA, the RIN values were less susceptible
to changes over time than in the non-diseased muscle tissue. Furthermore, the DV200 index
values, indicating the general extent of RNA disintegration in comparison with the RIN
values, indicating only the degradation of ribosomal mRNAs, showed higher robustness
regarding the susceptibility of the RNA to changes over time. In addition, incubation at
room temperature significantly accelerated the RNA degradation compared with storage at
4 ◦C.

3.4. Changes in Gene Expression over Time

After determining the RNA quality over time, we analysed corresponding changes in
expression at the mRNA level. For this purpose, we selected three groups of genes: house-
keeping (GAPDH, ACTB), ribosomal (18S, 28S), and lncRNAs (MALAT1, H19) (Figures 6–8).

First, regarding the RNAlater admission solution, no significant changes in expression
were observed over time for the housekeeping genes, regardless of the sample study group
used (Figure 6). The ribosomal genes were less stable, particularly 28S. In the muscle and



J. Clin. Med. 2023, 12, 5109 13 of 20

HA tissue samples, the expression of the 18S gene was stable for up to 7 days. In the
AAA and PAD samples, the expression dropped down significantly at days 3 and 7 in the
RNAlater solution (respectively, 2.9- and 1.9-fold; p = 0.049 and p = 0.033) (Figure 7C,D).
For the lncRNAs preserved in the RNAlater solution, gene expression did not change
significantly for up to 3 days at 4 ◦C. With the exception of PAD, both of the lncRNAs
(MALAT1 and H19) were stable for up to 7 days (Figure 8).

Concerning our cryoprotective solution (CpS), the expression of the housekeeping
gene ACTB did not significantly change in any of the tested samples for up to 3 days
(Figure 6A–D). The RNA for the GAPDH gene showed lower stability than that for the
ACTB gene. For the muscle tissue and HA samples, expression at the mRNA level slightly
but significantly diminished after 7 days of incubation at 4 ◦C (3.2- and 1.6-fold, respec-
tively). In the diseased AAA and PAD samples, significant reductions were observed
as early as day 3 (3.2- and 1.6-fold, respectively), reaching up to a 7-fold reduction in
expression at day 7 (Figure 6E–H). The mRNA of the ribosomal gene 18S in the diseased
vascular tissue samples was less stable than that of the housekeeping genes (Figure 7C,D).
A significant reduction was observed after only 1–2 days (up to 6-fold).

The RNA of the 28S gene was stable for up to 3 days (Figure 7E–H). In the CpS, the
MALAT1 gene was the least stable. In the HA, AAA, and PAD samples, its expression was
diminished after only 1–2 days and dropped by a factor 20 at day 7. The expression of H19
remained unchanged in the diseased vascular tissue samples for up to 3 days.

The greatest reduction in gene expression was observed in the PBS solution (Figures 6–8).
Nonetheless, the housekeeping genes did not show any changes for 2–3 days, depending
on the tissue samples (Figure 6). The expression of ACTB was stable for up to 3 days, and
that of GAPDH for up to 2 days. The expression of the ribosomal mRNA 18S in the diseased
vascular tissue and PBS samples dropped after just 1–2 days, and for 28S it first dropped at
the day 7. In the muscle tissue samples, the expression of S18 appeared more stable than
that of 28S (Figure 7A,E). In the PBS, the lncRNA MALAT1 appeared the least stable in
terms of its expression (Figure 8). In contrast to H18, whose expression was unchanged for
2–3 days in each of the tissues tested, the expression of MALAT1 dropped after just 1 day,
and up to a 90-fold reduction was observed at day 7.

Thus, regarding gene expression, the most stable preservation solution was RNAlater,
followed by the CpS and PBS. The most stable RNA appeared to be ACTB, followed by
GAPDH. The RNA of the ribosomal genes was less stable than that of the housekeeping
genes, particularly in the diseased vascular tissue. Regarding the expression of lncRNAs,
MALAT1 in particular was found to be the least stable.

3.5. Correlation between RIN, DV200, and Gene Expression

In order to evaluate the relationships between RIN, DV200, and gene expression over
time in the different protective solutions, correlation analyses were performed (Table 1).

For healthy muscle tissue samples, which were used as a reference, the quality of the
RNA (RIN) diminished over time, independent of the protective solution used. The stability
of the RNA was highest in the RNAlater solution and lowest in the PBS (respectively,
r = −0.467 and r = −0.922; p < 0.05 and p < 0.001). Interestingly, the DV200 index values
did not correlate with time or RIN, except in the case of CpS (r = −0.601, p < 0.05), and
this suggests that DV200 is more robust than RIN in determining RNA degradability.
Regarding the diseased tissue samples (AAA and PAD), in which the RNA was already
partially degraded at time point 0, the RNAlater solution exhibited the best protective
properties for RNA, showing no correlation between time, RIN, and DV200. For the other
protective solutions, the CpS and PBS, the RIN values significantly diminished over time
(Table 1). The DV200 index values were heterogeneous and partially interrelated with the
RIN values. However, here too DV200 was more robust over time than RIN. The healthy
aorta was a special case. As mentioned above, the RIN and DV200 values were much lower
than expected due to the cold ischemia, and they correlated with the results obtained from
the diseased tissue samples. Here, only the PBS showed significant correlations between
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RIN, DV200, and time. The CpS and RNAlater solution showed good protective properties
against RNA degradation.

Table 1. Correlation analysis.

Muscle

RIN DV200 ACTB GAPDH RS18 RS28 MALAT1 H19

CpS
Time −0.706 ** n.s. n.s. −0.564 ** n.s. −0.545 ** −0.632 ** −0.745 ***
RIN 0.601 * n.s. n.s. 0.715 ** 0.794 *** 0.794 *** 0.683 **
DV200 n.s. n.s. n.s. n.s. n.s. n.s.

PBS
Time −0.922 *** n.s. −0.545 * −0.652 ** −0.521 * −0.912 *** −0.681 ** −0.692 **
RIN n.s. 0.645 ** 0.583 * 0.508 * 0.878 *** 0.885 *** 0.686 **
DV200 n.s. n.s. n.s. n.s. n.s. n.s.

RNALater
Time −0.467 * n.s. n.s. n.s. n.s. −0.545 * n.s. n.s.
RIN n.s. n.s. n.s. n.s. n.s. n.s. n.s.
DV200 0.543 * n.s. n.s. n.s. n.s. n.s.

Healthy aorta

RIN DV200 ACTB GAPDH RS18 RS28 MALAT1 H19

CpS
Time n.s. n.s. n.s. n.s. n.s. −0.520 * −0.707 *** −0.647 **
RIN n.s. n.s. n.s. n.s. n.s. n.s. n.s.
DV200 n.s. n.s. 0.510 * 0.713 ** n.s. n.s.

PBS
Time −0.685 ** −0.873 *** −0.615 ** −0.771 *** −0.623 ** −0.529 * −0.737 *** −0.561 *
RIN 0.743 ** n.s. 0.533 * 0.517 * n.s. 0.490 * n.s.
DV200 0.523 * 0.785 *** 0.629 * 0.553 * 0.763 *** 0.577 *

RNALater
Time n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
RIN n.s. n.s. n.s. n.s. n.s. n.s. n.s.
DV200 n.s. n.s. n.s. n.s. n.s. n.s.

AAA

RIN DV200 ACTB GAPDH RS18 RS28 MALAT1 H19

CpS
Time −0.650 ** n.s. −0.540 * −0.705 ** −0.720 *** −0.557 * −0.764 *** −0.591 **
RIN 0.541 * n.s. 0.674 ** 0.621 ** n.s. 0.497 * 0.520 *
DV200 n.s. n.s. n.s. 0.676 ** 0.558 * n.s.

PBS
Time −0.542 * n.s. −0.506 * −0.863 *** −0.779 *** −0.644 ** −0.914 *** −0.669 **
RIN n.s. n.s. n.s. 0.503 * n.s. 0.569 * 0.458 *
DV200 n.s. n.s. n.s. n.s. n.s. n.s.

RNALater
Time n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
RIN n.s. n.s. n.s. n.s. n.s. n.s. 0.459 *
DV200 0.608 * n.s. 0.625 * n.s. n.s. n.s.

PAD

RIN DV200 ACTB GAPDH RS18 RS28 MALAT1 H19

CpS
Time −0.604 ** −0.505 * −0.644 ** −0.739 *** −0.798 *** −0.578 ** −0.771 *** n.s.
RIN n.s. 0.518 * n.s. n.s. n.s. n.s. 0.584 **
DV200 n.s. n.s. n.s. n.s. n.s. n.s.

PBS
Time −0.550 * −0.640 * −0.776 *** −0.831 *** −0.836 *** −0.703 *** −0.815 *** −0.466 *
RIN n.s. 0.465 * n.s. n.s. n.s. 0.486 * n.s.
DV200 0.732 ** n.s. n.s. n.s. 0.764 ** n.s.

RNALater
Time n.s. n.s. n.s. n.s. n.s. −0.481 * −0.751 ** n.s.
RIN n.s. n.s. n.s. n.s. n.s. 0.454 * n.s.
DV200 n.s. n.s. n.s. n.s. n.s. 0.536 *

* p < 0.05, ** p < 0.01, *** p < 0.001. n.s.: not significant.
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Regarding the analysis of expression over time in the study tissue samples, the
RNAlater solution demonstrated the best protective properties. In most cases, no cor-
relations were observed between gene expression, RIN, DV200, and time (Table 1). The
lowest protective features were observed in the PBS. Significant relationships were found
between the expressions of all study genes at the mRNA level and time. In the muscle
tissue and healthy aorta samples, significant correlations were observed between RIN and
gene expression for most of the genes analysed. Interestingly, regarding the CpS, which we
use for our SVB tissue collections, and which has the advantage of later isolation of primary
vascular cells after freezing, different mRNA stability values were observed. In the human
muscle tissue samples, the ribosomal genes and lncRNAs significantly correlated with the
RIN values (p < 0.01). In contrast, the expressions of the housekeeping genes ACTB and
GAPDH were stable over time. Similar results were observed for the healthy aorta samples
(Table 1). In the diseased arterial tissue samples (AAA and PAD), the results were very
heterogeneous; the least stable seemed to be the lncRNAs. Interestingly, the DV200 index
values did not correlate with the level of mRNA expression over time. Only in the diseased
vascular tissue samples were the ribosomal genes and lncRNAs partially associated with
DV200.

In summary, the correlation analysis showed the superiority of the RNAlater solution
in stabilising the RNA over time at 4 ◦C. The CpS demonstrated high protective properties
as well, with the advantage that it preserved the tissues for other analyses. DV200 showed
higher robustness regarding RNA degradation compared with RIN, based upon an algo-
rithm calculated from the ribosomal genes RS18 and RS28. The RNA stability significantly
varied between the selected genes. The housekeeping genes seemed to be the most stable,
and the lncRNAs the least stable.

4. Discussion

The proper collection and storage of high-quality biomaterial in biobanks is crucial
for the reliable analysis of the acquired tissue samples, and for data reproducibility. Dis-
eased vascular tissue represents a particular challenge due to its broad heterogeneity and
low RNA quality, which is caused by various atherosclerotic pathologies. In this work,
we compared different methods and solutions for their suitability to preserve RNA and
prevent degradation.

Our results demonstrated that TRIZOL and a motorised homogeniser provide the
best conditions with the highest RNA concentration and quality. TRIZOL, a guanidinium
thiocyanate, possesses high protective qualities that reduce nucleic acid degradation. It is
widely used to extract DNA, RNA, and protein from the same tissue in a single step, and it
has the advantage that it extracts all RNA fragments, including lncRNAs. Furthermore,
electric-powered homogenisation leads to better and finer disintegration of the underlying
biomaterial, especially the vascular tissue, which is tough and thus hard to shred using
manual tools.

Preserving high-quality RNA is a pivotal issue in achieving reliable data, particularly
for new-generation omics analyses. Lu et al. [22] analysed the impact of RNA degradation
on the next-generation sequencing using human cells with different degrees of RNA degra-
dation (RINs ranging from 9.8 to 2.5). The authors showed that only slight changes in RNA
degradation might significantly affect the expression levels of mRNAs as well as lncRNAs.
However, the degradation process was global and random in most genes, and, interestingly,
the pathway enrichment analysis was not affected. Consequently, even if the RNA quality
is low, using proper controls with a similar degree of RNA disintegration might still provide
consistent data. Generally, the RIN in a human tissue samples lies between 6.0 and 8.0,
depending on the organ tissue [23]. Our results obtained from non-diseased human muscle
samples confirmed these values (7.5 ± 0.9). In contrast, and as expected, the RINs of the
diseased vascular tissue samples (AAA and PAD) were significantly lower (3.0 ± 0.6 and
3.1 ± 0.5, respectively). Because all tissue biomaterial collected in our SVB is frozen within
5 min following surgical excision, the low RINs are due to atherosclerotic changes and
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other pathologies within the diseased vascular tissues. In contrast to other human diseases,
vascular disorders lead to RNA degradation through various accompanying processes such
as cellular apoptosis, oxidative stress, inflammation, and calcification [11–13]. Calcified
tissue samples from PAD patients are a particular challenge due to the low number of cells,
the low amount of RNA, and the low quality of the extracted RNA. To date, few studies
have focused on RNA integrity in tissue from patients with CVDs. Martinet et al. analysed
20 carotid plaques and found high heterogeneity in the degradation of the ribosomal genes
18S and 28S, depending on the extent of atherosclerosis [11]. Furthermore, the authors
demonstrated the strong effect of oxidative damage on the quality of RNA. Our data were
also in line with those of Tutino et al. [24], who analysed over 70 samples from patients
with ischemic stroke and found an average RIN of 3.1.

Interestingly, the RNA quality in our healthy aortas obtained after kidney transplan-
tation was significantly lower than expected and was comparable to that found in the
diseased vascular tissues. The reason for the diminished RNA integrity was obviously the
cold ischemia and the time span between tissue excision from the donor and organ trans-
plantation into the recipient, which in our case takes approximately 14 to 16 h. Nonetheless,
our histological characterisation of the healthy aortic tissue samples showed intact arterial
walls without any signs of atherosclerotic changes. Even if the donor kidney, which contains
renal artery tissue and a part of the abdominal aorta, is preserved in a specific protective
solution, e.g., IGL-1 [25], cold ischemia will still have an effect. Oxygen deprivation results
in metabolic substrate starvation, which may lead to cellular apoptosis, mitochondrial
dysfunction, and thus to increased oxidative stress [26]. Such processes may cause RNA
degradation in the remaining part of the aorta. Smooth muscle cells are particularly suscep-
tible to apoptosis [27,28]. On the other hand, due to the partial RNA degradation of the
healthy aortas, which we used as controls in our experimental approaches, these samples
seem even more suitable for comparison with the diseased vascular tissues (AAA, PAD,
and others). Because RNA degradation is random and global [22], affecting the RNA as
a whole, including non-coding RNAs, the differences in RNA quality (RIN) between the
study groups should not exceed the magnitude of 2.0 (according to the recommendation of
the Functional Genomic Center Zurich, ETH Zurich, Switzerland).

Regarding the maintenance of RNA quality over time, the RNAlater solution showed
the best protective properties, as expected. The RIN values were stable for up to 7 days at
4 ◦C. Similar results were observed for DV200. However, although the RNAlater solution
seems to be the best solution for storing tissue samples for transcriptomics analyses, it
can be difficult to use in combination with other biological and histological approaches,
and the resulting RNA quality is often hampered. Furthermore, as soon as the tissue
is transferred into the RNAlater solution, no living cells can be isolated. Therefore, we
also tested the properties of our cryoprotective solution (CpS). The CpS contains various
components which are intended to maintain cellular viability [16–19]. Furthermore, the
CpS enables the freezing and thawing of the tissue without losing its integrity, allowing
the isolation of primary vascular cells. Our CpS showed high protective properties against
RNA degradation for up to 3 days. The lack of RNA stability over time was demonstrated,
particularly in PBS. For the non-diseased muscle tissue, the first signs of RNA disintegration
were observed after only 8 h. In contrast, in the healthy aorta samples (AAA, and PAD),
the RINs were stable for up to 2–3 days. It seems that the highly sensitive and unstable
RNAs in diseased vascular tissue degrade quickly, and the remaining RNAs are generally
stable. Similar results were achieved for DV200. However, the DV200 index seemed to
be more robust as a measure of RNA integrity than the RIN, particularly in the diseased
vascular tissue. Interestingly, different results were achieved when the tissue samples were
incubated at room temperature. Under these conditions, the RNA degradation proceeded
much faster. Consequently, if it is not possible to freeze the tissue of interest immediately
after surgical intervention, the samples should be kept in an appropriate protective solution
at a temperature of least at 4 ◦C.
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Regarding the analysis of the expressions of various genes included in our study, the
housekeeping genes were mainly independent of the corresponding RINs. For both genes,
ACTB and GAPDH, their expression was unaffected for up to 2–3 days, regardless of the
protective solutions in which the tissue samples were stored at 4 ◦C. Furthermore, ACTB
mRNA seemed to be more stable than that of GAPDH. It is worth noting that the expression
level strongly depended on the selected primers, the size of the amplicon, and the cDNA
area, where the primers bind [29,30]. Our own comparative experiments showed up to
1000-fold differences in the expression levels between amplicons selected near the 5′- or the
3′-end of the corresponding cDNA sequence. Consequently, because mRNA degradation
generally starts at the 3′-end, we recommend using PCR amplicons < 130 bp and primer
pairs near the 5′-end of the mRNA, preferably spanning an intron region, to detect potential
DNA contamination. Concerning the expression of the ribosomal genes, their stability was
comparable with that of the housekeeping genes. However, 18S seemed to be less stable
than 28S. This observation is in line with those of Julian et al. [31], who compared various
potential housekeeping genes for quantitative PCR analysis under hypoxic conditions and
observed that 18S was the least stable gene among those tested. In contrast, ACTB and
GAPDH were stable and thus also suitable as reference genes in aged and diseased ischemic
tissue [32,33]. Furthermore, Vazquez-Blomquist [34] investigated 18S and 28S gene stability
in comparison to that of ACTB and GAPDH in glioblastoma-derived cells. Both ribosomal
genes showed lower stability than the housekeeping genes. Thus, even if ribosomal genes
are stable and can be used for the calculation of RNA quality (RIN, Agilent), they may not
be suitable for diseased vascular tissue in which the RNA is already degraded at the time
of extraction.

Our experimental setup demonstrated that lncRNAs were the least stable genes.
Depending on the heterogeneity of the point zero expression, a significant reduction in the
expression of the lncRNAs MALAT1 and H19 was observed after just 2 days’ incubation
at 4 ◦C. MALAT1 in particular seemed to degrade rapidly. Furthermore, in contrast to
the other tested genes, whose expression levels declined slowly with about a two-fold
reduction after 2–3 days, the expression level of the lncRNAs dropped rapidly, and more
than ten-fold. Again, the highest gene expression stability was observed in the RNAlater
solution, and good results were also achieved using the CpS. The expression of MALAT1
and H19 is significantly increased in atherosclerotic lesions and aneurysm tissues [7,20].
MALAT1 is an important lncRNA that regulates the proliferation of ECs and VSMCs and
promotes autophagy [21,35]. H19 plays a crucial role in metabolic disorders by suppressing
lipid metabolism and increasing their accumulation, contributing to the progression of
atherosclerosis [36]. H19 is also involved in inflammatory responses involving NF-kB,
TNF-α, IL-1β, and IL-6. Generally, lncRNAs, including MALAT1 and H19, are involved in
many epigenetic regulatory processes, affecting their activity and time of action [37]. In
addition, lncRNAs have a plethora of different functional responsibilities involving distinct
biological mechanisms, including regulating chromatin structure, binding and affecting
gene transcription, sponging miRNAs, and interacting with proteins, transcription factors,
or other RNA molecules [38]. All of these circumstances can significantly affect RNA
stability, particularly in diseased vascular tissue. Furthermore, even if the lncRNAs tested
in our study were the least stable, they were detected in every tissue sample analysed.
Consequently, under appropriate conditions, non-coding RNAs might also be suitable as
reference genes, particularly in exploring the expressions of other lncRNAs.

The correlation analysis confirmed the results of the expression experiments. RNAlater
demonstrated the highest protective capability against RNA degradation over time. The
cryoprotective solution (CpS) used to preserve tissue samples collected in our SVB also
showed a high protective capacity for RNA. Furthermore, the DV200 index demonstrated
higher robustness and was not as strongly affected by time as the RIN. Focusing on RNA
from non-diseased muscle tissue in PBS without any special protective properties, the
expression of all the genes tested in our study significantly correlated with the RINs, as
expected. These data show the importance of the RIN as a measure of RNA quality for
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reliable expression analyses, including transcriptomics and single-cell RNA sequencing.
Interestingly, however, in the atherosclerotic and aneurysmal tissue samples, only the
expression levels of lncRNAs were related to the RIN. These data suggest that when the
RIN is low, as it often is in diseased vascular tissue, the RIN might not be the best indicator
of whether the tissue sample is suitable for further expression analyses. In such cases, we
would recommend using the DV200 index, which represents global RNA degradation (not
only of the ribosomal genes 18S and 28S) and can more reliably aid decisions concerning
further analyses.

5. Conclusions

Diseased vascular samples with extended atherosclerotic pathologies represent a
particular challenge due to their low RNA quality. Our results demonstrated that RNA
isolation with TRIZOL using homogeniser leads to the highest RNA concentration and
quality. The advantages of TRIZOL are that it extracts all RNA fragments, including non-
coding RNAs, it is cost-effective, and it is easy to handle. Our data showed that even if the
specimens were appropriately handled (i.e., frozen within 5 min of surgical intervention),
the quality of the RNA (RIN) was rather low (ranging between 2 and 4). We have assumed
that in cases in which other research groups have found higher RIN values, this was proba-
bly because their vascular tissue samples were not as heavily affected by atherosclerotic
and other cardiovascular pathologies. Regarding the protective solutions tested in our
study, a cryoprotective solution, as suggested in the current work, might be a better option
than RNAlater. Furthermore, because the RNA degradation in the atherosclerotic tissue
proceeds randomly and globally, we recommend using proper corresponding controls with
RINs in a comparable range. Otherwise, the transcriptomics data might convey differences
in gene expression based on differences in RNA degradation rather than changes at the
expression level of the corresponding genes. Concerning the expression analyses, the
lncRNAs tested in our study were the least stable in our experimental approach. Finally,
in the atherosclerotic samples, both ribosomal genes 18S and 28S were already degraded.
Therefore, we believe that in diseased vascular tissue, DV200, which represents the quantity
of RNA fragments longer than 200 bp out of the total RNA, is more suitable as a decision-
making aid to help choose samples for next-generation sequencing approaches. Illumina
recommends a DV200 > 30% [39]. Based on our own experience, we suggest selecting
samples, whenever possible, with a DV200 > 50%.
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