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Patients with type 2 diabetes (T2D) are threatened by excessive
cardiovascular morbidity and mortality. While accelerated
arterial stiffening may represent a critical mechanistic factor
driving cardiovascular risk in T2D, specific therapies to contain
the underlying diabetic arterial remodeling have been elusive.
The present translational study investigates the role of
microRNA-29b (miR-29b) as a driver and therapeutic target
of diabetic aortic remodeling and stiffening. Using a murine
model (db/db mice), as well as human aortic tissue samples,
we find that diabetic aortic remodeling and stiffening is associ-
ated with medial fibrosis, as well as fragmentation of aortic
elastic layers. miR-29b is significantly downregulated in T2D
and miR-29b repression is sufficient to induce both aortic
medial fibrosis and elastin breakdown through upregulation
of its direct target genes COL1A1 and MMP2 thereby
increasing aortic stiffness. Moreover, antioxidant treatment
restores aortic miR-29b levels and counteracts diabetic aortic
remodeling. Concluding, we identify miR-29b as a comprehen-
sive—and therefore powerful—regulator of aortic remodeling
and stiffening in T2D that moreover qualifies as a (redox-sen-
sitive) target for therapeutic intervention.

INTRODUCTION
Type 2 diabetes (T2D) is a spreading worldwide epidemic. In 2010, an
estimated 285 million adults were affected, and this number is
believed to rise to 439 million by 2030. T2D is linked to dramatically
increased cardiovascular risk. A wide range of cardiovascular diseases,
including myocardial infarction, stroke, hypertension, and diabetic
cardiomyopathy contribute to the worsened quality-of-life,
morbidity, and mortality observed in T2D patients.1,2

Increased arterial stiffness is a frequently overlooked phenomenon in
T2D that may represent a critical mechanistic link to its deleterious
cardiovascular complications.3,4 Stiff conduit arteries (such as the
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aorta) lose their capability to mechanically buffer the pulsatile cardiac
ejections (i.e., reduced Windkessel function), which results in wide-
spread augmented hemodynamic stress and end-organ damage
(notably to the brain, heart, or kidneys).5 As such, arterial stiffness
has been identified as a strong independent cardiovascular risk
factor.6

Unfortunately, specific therapies to reduce diabetic vascular stiffening
and potentially forestall the resulting cardiovascular harm have been
elusive to date. This may partly be due to the complex mechanisms
involved in diabetic arterial stiffening including vascular fibrosis
and elastic tissue destruction.5

The discovery of non-codingmicroRNAs (miRNAs ormiRs) has pro-
vided new opportunities for innovative therapeutic approaches. miR-
NAs are small, single-stranded, noncoding RNA molecules, usually
about 22 nucleotides in length, that regulate gene expression through
repression of target mRNA translation.7 Importantly, through inhibi-
tion of multiple target genes, a single miRNA may simultaneously
modulate multiple signaling pathways and complex biological pro-
cesses. Thus, miRNAs may be ideally suited to orchestrate arterial
stiffening in diabetes.

In particular, miR-29b has been identified as a diverse regulator of
extracellular matrix (ECM) genes.8 The present study investigates
the role of miR-29b as a potential regulator and therapeutic target
in diabetic arterial stiffening.
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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A B Figure 1. db/db mice exhibit increased pulse-wave

velocity (PWV) and structural aortic stiffness

(A) PWV measurement in diabetic db/db mice versus non-

diabetic controls (+/db mice). Values are mean ± SEM. *p <

0.05 versus +/db controls (n = 5/group). (B) Aortic pressure

diameter curves from db/db mice versus +/db controls.

Values are mean ± SEM. *p < 0.05 versus +/db controls.

(n = 5/group).
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RESULTS
Aortic stiffness is increased in diabetic mice

To investigate the impact of the diabetic metabolic state on arterial
stiffness, we employed an established diabetic (db/db) mouse model.
Measuring pulse-wave velocity (PWV; Figure 1A), the clinical gold
standard parameter to quantify arterial stiffness in vivo, we found
that 10-week-old db/db mice exhibit significantly increased PWV
compared to nondiabetic +/db controls. Further, to discern whether
increased aortic stiffness in db/db mice is due to increased structural
stiffness of the aortic wall, we performed ex vivo pressure myography.
Thoracic aortic segments taken from db/db mice exhibited signifi-
cantly increased “material” stiffness of the explanted tissue (compared
to +/db controls; Figure 1B).

Diabetic aortae exhibit medial fibrosis and elastin fragmentation

Collagen abundance and the integrity of the elastic layers in the arte-
rial media both contribute to structural arterial stiffness. Accordingly,
we next focused on these ECM characteristics as a potential basis for
the observed aortic stiffening in db/db mice. Histological examina-
tions revealed increased fibrosis and collagen I expression in the me-
dia from db/db aortae compared to controls (Figures 2A and 2B).
Additionally, we detected marked elastin fragmentation in diabetic
db/db aortae (Figures 2A and 2C). As elastin digestion may result
from increased enzymatic activity, we assessed the elastolytic activity
in aortic sections via in situ zymography. Aortic sections from db/db
mice exhibited markedly higher elastolytic enzyme activity than +/db
controls (Figure 2A). This phenomenon was associated with
increased vascular expression of the elastolytic matrix metalloprotei-
nase Mmp2 in diabetic aortae (Figure 2A).

To validate the translational relevance of these findings, we analyzed
thoracic aortic tissue samples from diabetic and non-diabetic patients
that were collected during open surgery. We also found increased
collagen I deposition and elastin fragmentation in aortae from dia-
betic patients (Figures 2D and 2E).

miR-29b is downregulated, with de-repression of pro-fibrotic

and elastolytic target genes in diabetic aortae

We sought to investigate the molecular mechanisms involved in the
structural aortic remodeling leading to increased arterial stiffness in
Molecular
T2D, focusing on miR-29b, a known upstream
regulator of both fibrosis and elastolysis. In fact,
miR-29b expression was significantly downregu-
lated in db/db thoracic aortic tissue (Figure 3A).
In situ hybridization (ISH) revealed that miR-29b downregulation
occurred primarily in the aortic media (vascular smooth muscle
[VSM] layer; Figure 3B). This downregulation of miR-29b was asso-
ciated with substantially increased expression of miR-29b-target
genes Col1a1, as well as Mmp2 (Figure 3C). Expression analyses in
T2D human aortic tissue confirmed downregulation of miR-29b, as
well as upregulation of COL1A1 and MMP2.

Inhibition of miR-29b induces a “diabetic” aortic phenotype and

increases arterial stiffness in non-diabetic mice

To further elucidate the mechanistic significance of miR29-depletion
for aortic structure and function, we tested the effects of pharmaco-
logic miR-29b inhibition in vivo using a specific miR-29b inhibitor
(anti-miR-29b). Following systemic injection in non-diabetic +/db
mice, we were able to detect fluorescently labeled anti-miR-29b
modulator enrichment in the aortic wall (Figure S1). On a gene-
expression level, this intervention induced a significant de-repression
(upregulation) of miR-29b target genes Col1a1 and Mmp2 in +/db
aortae (Figures 4A and 4B). Structurally, this was accompanied by
increased medial collagen expression (Figures 4B and 4C) and elasto-
lytic activity (Figures 4B and 4D) resulting in significant elastin frag-
mentation—quite similar to the aortic phenotype found in diabetic
db/db mice (Figure 2A). Of note, anti-miR-29b treatment did not
alter blood glucose levels in non-diabetic +/db mice (Figure S2).
Functionally, aortic structural remodeling due to forced miR-29b
downregulation resulted in increased aortic stiffness as indicated by
ex vivo pressure myography (Figure 4E) and in vivo PWV quantifica-
tion (Figure 4F).

miR-29b expression is downregulated under high glucose

conditions in human aortic smooth muscle cells and modulates

matrix gene expression

Having observed repression of miR-29b in diabetic aortae, we next
investigated this phenomenon in vitro. Given that downregulation
of miR-29b expression was isolated to the aortic medial layer (Fig-
ure 3B), we focused on VSM cells (VSMCs), which represent the pri-
mary cellular component of this compartment. Exposure of human
aortic SMCs (AoSMCs) to high glucose conditions resulted in both
downregulation of miR-29b, as well as upregulation of COL1A1 and
MMP2 (Figure 5A). Treatment of AoSMCs with a miR-29b mimic
Therapy: Nucleic Acids Vol. 24 June 2021 189
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repressed COL1A1 andMMP2 (Figure 5C) while miR-29b inhibition
de-repressed those genes (Figure 5B), further confirming the role of
miR-29b as a mechanistic regulator. Moreover, experimental miR-
29bmodulationwas sufficient to induce collagen I andMMP-2protein
expression by AoSMCs under normal glucose conditions and repress
those proteins despite high glucose treatment (Figures 5D and 5E).

Antioxidant intervention restores aorticmiR-29b expression and

prevents aortic remodeling and stiffening in diabetic mice

Having established miR-29b as a regulator of aortic remodeling and
stiffening in diabetes, we further investigated potential mechanisms
of miR-29b repression in diabetic aortae. Low-grade chronic inflam-
mation and increased oxidative stress are prominent features of the
diabetic vasculature. We therefore speculated that miR-29b may be
a redox-sensitive target, downregulated by increased reactive oxygen
species (ROS). To test this hypothesis, we treated db/db with the anti-
oxidant agent TEMPOL (4-hydroxy-2,2,6,6- tetramethylpiperidine 1-
oxyl) between 10 and 20 weeks of age. TEMPOL treatment resulted in
a significant decrease in aortic oxidative stress as indicated via in situ
dihydroethidium (DHE) staining (Figures 6A and 6B) and aortic
oxidized ethidium (Oxy-E) high-performance liquid chromatography
(HPLC) analysis (Figure 6C). Further, TEMPOL significantly
increased aortic miR-29b expression in db/db mice (Figure 6D).
This was accompanied by downregulation of ECM target genes
Col1a1 and Mmp2 (Figure 6E). Structurally, this translated into
decreased collagen deposition, as well as reduced Mmp2 abundance
and fewer elastin breaks, in the aortic media of TEMPOL-treated
db/db mice (Figures 6F–6H). Functionally, TEMPOL counteracted
passive aortic stiffening as monitored by pressure myography (Fig-
ure 6I) and PWV (Figure 6J).

DISCUSSION
Increasing arterial stiffness is typically observed as a manifestation of
arterial aging and has been identified as an independent risk factor for
cardiovascular diseases.9

The clinical impact of aortic stiffening arises out of both systemic and
local vascular effects.5 Systemically, a stiff aorta fails to buffer the cy-
clic rise and fall of arterial blood pressure levels (i.e., systolic and dia-
stolic blood pressure) arising out of the pulsatile cardiac ejections.
This may result in increased systolic pressure, decreased diastolic
pressure, and augmented pulse (systolic-diastolic) pressure levels.
While increased systolic and pulse pressure may impose direct me-
chanical damage to end-organs that critically require high blood
flow and therefore have little protective vascular resistance (e.g., brain
Figure 2. Diabetic aortae exhibit medial fibrosis, increased elastin fragmentati

(A) Representative images of aortic cross sections from 20-week-old mice stained for c

antibody (red = collagen), elastin (autofluorescence of green elastic lamella; arrows ex

zymography). Original magnifications are 400�. Scale bar represents 50 mm. (B) Total co

versus +/db control. (C) Elastin fragmentation index quantified from 3 high-power fields o

(D) Representative images of human aortic sections stained for collagen via anti-collage

lamella; arrows exemplarily indicate thinning and breaks). Original magnifications are 40

high-power fields of 5 different aortas per group. Values are mean ± SEM. *p < 0.05 ve
and kidneys), decreased diastolic blood pressure in particular may
impede cardiac perfusion and therefore promote heart failure.
Locally, heterogeneous stiffening of aortic segments has been demon-
strated to induce stiffness gradients and biomechanical stress favoring
aneurysm development.10

Arterial stiffening may be accelerated by a variety of diseases, most
notably T2D.5 Indeed, arterial stiffness predicts the development of
cardiovascular diseases (CVD) and mortality in patients with T2D,
suggesting that diabetes rapidly accelerates vascular “age” leading to
augmented cardiovascular morbidity and mortality.

Despite this growing body of evidence, specific interventions to limit
diabetic arterial stiffening have not been identified. This may be due
to the complex nature of arterial remodeling resulting in increased
vascular stiffness. Elastin and collagen represent the major structural
components of the arterial ECM and critically define vascular biome-
chanical characteristics.11,12 As such, both increased collagen deposi-
tion and destruction of the elastic lamellae in the medial layer are ma-
jor factors contributing to arterial stiffening.5 Effective anti-stiffness
therapies are required to comprehensively address both pathome-
chanisms. Since miRNAs act as molecular regulators that simulta-
neously governmultiple downstream target genes, they offer powerful
targets for therapeutic modulation.

Here we report that miR-29b is downregulated in human and murine
diabetic aortae and that miR-29b repression is a mechanistic driver of
collagen deposition and elastin fragmentation, inducing arterial stiff-
ening. Further, we find that miR-29b acts as a redox-sensitive target in
diabetic aortae and that antioxidant intervention counteracts diabetic
aortic remodeling and stiffening.

Similar to our previous studies, we demonstrated that diabetic db/db
exhibit increased structural stiffness of the aortic wall (by pressure
myography).13 We additionally found that this translated into
increased PWV in vivo, with PWV being the clinical gold standard
and prognostically most relevant marker of arterial stiffness5

(Figure 1).

Focusing further on the structural basis of arterial stiffening in db/db
mice, our histologic analyses revealed both marked fibrotic remodel-
ing and elastin fragmentation in the medial layer of diabetic aortae
(Figure 2). From a translational perspective, this pattern of aortic
ECM remodeling was also observed in human diabetic aortae (Fig-
ure 2D), consistent with previous reports.13–17
on, Mmp2 expression, and activity

ollagen via picrosirius red (red = collagen) and anti-collagen I immunofluorescence

emplarily indicate thinning and breaks), Mmp2 (red), and elastolytic activity (in situ

llagen content per aortic dry weight. n = 5/group. Values are mean ± SEM. *p < 0.05

f 5 different aortas per group. Values are mean ± SEM. *p < 0.05 versus +/db control

n I immunofluorescence antibody, and for elastin (via autofluorescence of the elastic

0�. Scale bar represents 100 mm. (E) Elastin fragmentation index quantified from 3

rsus non-diabetic.
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miR-29b and elevated miR29b target genes

(A) miR-29b expression levels in thoracic aortae of db/db

mice compared to +/db controls. Values are mean ± SEM

and expressed as fold change relative to the mean

expression level in +/db controls (=1; dotted line). *p <

0.05 versus +/db. n = 5/group. (B) In situ hybridization

(ISH) for miR-29b (purple-blue dye) and red nuclear

counterstain in the +/db and db/db aortae from 20-week-

old mice (original magnification �400; scale bar, 50 mm).

(C) Aortic expression levels of miR-29b target genes

Col1a1 and Mmp2 in db/db mice compared to +/db

controls. Values are mean ± SEM and expressed as fold

change relative to the mean expression level in +/db

controls (=1; dotted line). *p < 0.05 versus +/db (n = 5/

group). (D) miR-29b expression levels in thoracic aortae of

diabetic patients (n = 8) compared to non-diabetic pa-

tients (n = 8). Values are mean ± SEM and expressed as

fold change relative to the mean expression level in non-

diabetic patients (=1; dotted line). *p < 0.05 versus non-

diabetic patients. (E) Aortic expression levels of miR-29b

target genes COL1A1 and MMP2 in diabetic patients

(n = 8) compared to non-diabetic patients (n = 8). Values

are mean ± SEM and expressed as fold change relative to

the mean expression level in non-diabetic patients (=1;

dotted line). *p < 0.05 versus non-diabetic patients.
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While we found increased medial collagen I protein expression as a
mechanism leading to diabetic vascular fibrosis, we also detected
increased elastolytic activity in db/db aortae facilitating observed frag-
mentation of elastic layers. Among the heterogenous family of matrix
metalloproteinases, MMP-2 is constitutively expressed in VSMCs and
exhibits elastin degrading activity that is known to contribute to
vascular remodeling and stiffening.15,18 Accordingly, we found that
Mmp-2 expression significantly increased in db/db aortae.

miR-29b dysregulation has been linked to fibrotic remodeling pro-
cesses in various diseases including myocardial infarction, kidney
injury, and abdominal aortic aneurysm (AAA).19–21 Moreover,
manymatrix modulating genes includingCOL1A1 andMMP2 belong
to the set of directly regulated miR-29b targets.21,22 This prompted us
to investigate the potential impact of miR-29b on diabetic aortic stiff-
ening. Indeed, we found significant miR-29b repression in the medial
layer of diabetic db/db aortae alongside increased gene expression of
Col1a1 and Mmp2. Importantly from a translational perspective, we
192 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
also detected an analogous regulation pattern
in diabetic human aortic tissue (Figure 3).
Downregulation of miR-29b levels has also
been observed in blood plasma from patients
with T2D, as well as in kidneys from db/db
mice, driving diabetic nephropathy.20,23

Paradoxically, despite its well-established role as
a major cardiovascular risk factor, diabetes mel-
litus has been identified as a protective factor in
AA diseases.24 We previously found that miR-29b is downregulated in
both preclinical models of AAAs as well in human AAA tissue sam-
ples.21 Of note, forced downregulation of miR-29b conveyed a protec-
tive effect in AAA models through induction of profibrotic mecha-
nisms.21 Thus, repression of miR-29b in AAAs may represent a local
compensatory mechanism to contain aneurysm growth. In the light
of those findings, the observed aortic downregulation ofmiR-29b levels
in diabetic conditions may constitute a molecular mechanistic link to-
ward AA protection found in patients with diabetes mellitus.

To further explore the mechanistic role of miR-29b dysregulation as a
driver of arterial stiffening, we generated a mouse model of forced
miR-29b downregulation (Figure 4). To this end, a commercially
available miR-29b inhibitor was repeatedly administered via intraper-
itoneal (i.p.) injection in non-diabetic +/db mice over 10 weeks.
Aortic deposition of the inhibitor was confirmed via a fluorescent la-
bel (Figure S1). As expected, miR-29b inhibition induced significant
de-repression of target genes Col1a1 and Mmp2. While Col1a1
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upregulation led to increased medial collagen deposition, Mmp2 up-
regulation was associated with increased elastolytic activity and
enhanced elastin fragmentation. The ECM remodeling induced by
miR-29b inhibition was sufficient to significantly increase arterial
stiffness (pressure myography and PWV) in +/db mice. Taken
together, forced downregulation of miR-29b was sufficient to struc-
turally and functionally recapitulate a diabetic aortic phenotype in
non-diabetic mice.

On the cellular level, we found that high glucose stimulation of
AoSMCs also induced significant repression of miR-29, which has
also been reported for other cell types,25 and was accompanied by
de-repression of COL1A1 and MMP2 (Figure 5). Moreover, cellular
miR-29b modulation was sufficient to regulate collagen I and MMP2
expression in AoSMCs exposed to normal and high glucose conditions.

While miR-based therapeutic agents have already entered the clinical
arena, vascular applications are still largely hampered by poor organ
selectivity with resultant off-target effects.26 We therefore set out to
elucidate whether modulation of vascular miR-29b expression was
feasible through broader, more readily accessible interventions.
Increased ROS abundance in the cardiovascular system is a common
feature of T2D, and miR-29b expression has been found to be sensi-
tive to oxidative stress.2,27 NADPH oxidases belong to the primary
ROS-generating enzymes in vessels and, more specifically, are upre-
gulated following the onset of the diabetic phenotype in db/db
mice.28,29 We thus tested the impact of an antioxidant intervention
on aortic miR-29b expression, ECM architecture, and arterial stiffness
(Figure 6). In line with previous reports, we found increased ROS (su-
peroxide) production in aortic sections from db/db mice, that were
significantly reduced by oral antioxidant treatment (TEMPOL).13,29

We further demonstrated that 10 weeks of TEMPOL treatment signif-
icantly increased miR-29b level, accompanied by repression of Col1a1
and Mmp2 in db/db aortae. This resulted in attenuated vascular
fibrosis and elastin fragmentation and reduced aortic stiffness. Of
note, this study may not discern whether the antioxidant effects of
TEMPOL treatment on vascular remodeling and stiffening are pri-
marily mediated via miR-29b. Previously, we identified the transcrip-
tion factor Runx2 to be another redox-sensitive target regulating
aortic collagen expression and stiffness in db/db mice.13 Taken
together, our data indicate that diabetic oxidative stress may employ
various (partly redundant) signaling pathways (including Runx2, as
well as miR-29b; Figure S3) to induce adverse arterial remodeling,
thus representing a promising overarching target for intervention.
Figure 4. miR-29b inhibition de-represses extracellular matrix target genes ind

(A) Aortic expression levels of miR-29b target genes Col1a1 andMmp2 in anti-miR-29b t

change relative to the mean expression level in scr controls (=1; dotted line). *p < 0.05 ve

week-old mice stained for collagen via picrosirius red (red = collagen) and anti-collagen

elastic lamella; arrows exemplarily indicate thinning and breaks), Mmp2 (red), and ela

represents 50 mm. (C) Total collagen content per aortic dry weight. n = 4/group. Valu

quantified from 3 high-power fields of 5 different aortas per group. Values are mean ± SE

treated with anti-miR-29b versus scr controls. Values aremean ±SEM. *p < 0.05 versus

29b versus scr controls. Values are mean ± SEM. *p < 0.05 versus scr controls. (n = 5
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In conclusion, the present study identifies miR-29b as a comprehen-
sive regulator of aortic remodeling and stiffening in the context of
T2D (Figure S3). Thus, we find that through its potential to simulta-
neously modulate diverse target genes, dysregulation of a single
miRNA may in fact orchestrate distinct biological processes (e.g.,
vascular fibrosis and elastolysis) culminating in a common biological
and clinical endpoint (vascular stiffness).

Moreover, this study highlights the detrimental impact of increased
oxidative stress as a driver of diabetic arterial stiffening and related
cardiovascular complications in this vulnerable patient population.
Antioxidant interventions may be effective to limit diabetic arterial
stiffening, at least in part though interference with vascular miR-
29b-dependent signaling.

From a clinical perspective, our results indicate that interventions
aimed at elevating/restoring aortic miR-29b levels in diabetic patients
may be beneficial to preserve aortic compliance and maintain physi-
ologic central hemodynamics and dependent end-organ function.
However, at the same time, this treatment might potentially suppress
local pro-fibrotic reparative mechanisms that may protect T2D pa-
tients from AA diseases. Yet, this potential downside may still be out-
weighed by the net clinical benefit of reducing aortic stiffness as a
broad cardiovascular risk factor. Regarding ROS-directed therapy,
antioxidant interventions, despite their immense preclinical promise,
have unfortunately largely failed to demonstrate comparable clinical
benefits in cardiovascular medicine.30,31 Thus, the identification of
powerful downstream redox-sensitive signaling messengers (e.g.,
miR-29b) may help to design alternative treatment strategies.

MATERIALS AND METHODS
Animals

Male db/db mice (BKS.Cg-Dock7m +/+Leprdb/J) and their age
matched heterozygous nondiabetic controls (+/db) were purchased
from The Jackson Laboratory (Bar Harbor, ME, USA). Measurements
were performed at 10 and/or 20 weeks of age, when db/db mice show
significantly elevated blood glucose levels compared to age-
matched +/db controls (Figure S2). All animal studies were reviewed
and approved by the responsible local animal ethics review boards.

PWV quantification

PWV was assessed as an established in vivomarker of aortic stiffness
as previously described.18 In brief, the murine aorta was visualized
longitudinally using ultrasound imaging. We then recorded pulse
ucing aortic fibrosis, elastin fragmentation, and aortic stiffening

reated +/dbmice versus scr controls. Values are mean ± SEM and expressed as fold

rsus +/db. n = 5/group. (B) Representative images of aortic cross sections from 20-

I immunofluorescence antibody (red = collagen), elastin (autofluorescence of green

stolytic activity (in situ zymography). Original magnifications are 400�. Scale bar

es are mean ± SEM. *p < 0.05 versus scr control. (D) Elastin fragmentation index

M. *p < 0.05 versus scr control. (E) Aortic pressure diameter curves from +/db mice

scr controls. (n = 5/group). (F) PWVmeasurement in +/dbmice treated with anti-miR-
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waves (via pw-Doppler) at two distinct aortic locations: at the level of
the left subclavian artery (LSA) and more distally at the level of the
aortic trifurcation (TRF). Using the R-wave of the ECG signal as a
time reference, the transit time of the pulse waves between LSA
und TRF (tTRF-LSA) was calculated. After quantification of the aortic
distance between LSA and TRF (dLSA-TRF), PWV was calculated as
PWV = dLSA-TRF/tTRF-LSA.

Pressure myography

Pressure myography was performed to directly assess the passive aortic
mechanics ex vivo as previously described.13 In brief, murine thoracic
aortae were explanted, placed on specially designed stainless-steel can-
nulas, and secured with silk surgical suture (10-0). The vessel was
Molecular T
mounted in the heated chamber of a pressure
arteriograph system (Model 110P, Danish
Myotechnology, Copenhagen, Denmark) and
stretched to in vivo length. Physiological saline
solution (PSS) at 37�C, aerated with 5% CO2/
95% O2, was used to fill the vessel chamber
and for aortic perfusion. After 3 preconditioning
cycles, the aortic passive pressure-diameter rela-
tionship was determined by an automated proto-
col. The artery was pressurized from 0 to
180 mmHg in 18 mmHg increments, and the
vessel’s outer diameter was simultaneously
tracked by continuous computer video analysis
(MyoVIEW software, Danish Myotechnology,
Copenhagen, Denmark). The resting diameter
d0 was quantified under 0 mmHg intraluminal (transmural) pressure
and was not significantly different between the experimental groups
tested (d0 �1,000 mm).

Blood glucose measurements

Blood glucose levels were monitored from tail bleeds taken between
10 a.m. and 12 p.m. using a glucometer (Accu-Check, Roche
Diagnostics).

Preparation of mouse aortic tissue for RNA extraction

Mice were sacrificed with an inhalation overdose of isoflurane (Vet
One, Meridian, ID, USA). Immediately following sacrifice, the
thoracic aorta was transected and flushed via the left ventricle with
herapy: Nucleic Acids Vol. 24 June 2021 195
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ice cold phosphate buffered saline (PBS; pH 7.4). The aorta was then
dissected from fat and connective tissue under a microscope (Leica,
Wetzlar, Germany). Specimens were snap-frozen in liquid nitrogen
and stored at �80�C before further processing.

Human tissue sample acquisition and preparation

Human thoracic aortic samples from diabetic (n = 8) and non-
diabetic (n = 8) patients who underwent aorto-coronary bypass
surgery (plugs derived from aortic punch biopsy) were collected
during surgery, snap-frozen, and stored at �80�C. Groups were
matched for age (diabetic patients: 65.00 ± 5.24 years; non-
diabetic patients 62.78 ± 5.04 years; p = ns) and smoking status
(diabetic patients: 62% smoker; non-diabetic patients: 50% smoker;
p = ns).

RNA isolation and quantification

Total RNA was isolated using a TRIzol-based (Invitrogen) RNA
isolation protocol. RNA was quantified by Nanodrop (Agilent
Technologies), and RNA quality was verified using an Agilent
2100 Bioanalyzer (Agilent Technologies). Samples required 260/
280 ratios >1.8, and sample RNA integrity numbers >9 for inclu-
sion. For miRNA analysis, RNA was reverse transcribed using
the TaqMan microRNA Reverse Transcription Kit (Applied
Biosystems) according to the manufacturer’s instructions.
MicroRNA and TaqMan Assay Kits (Applied Biosystems) for
hsa-miR-29b and sno202 (endogenous control for normalization
in mice) and RNU44 (for human samples) were used. For
mRNA, the iScript cDNA synthesis kit (Bio-Rad) was used to
synthesize first-strand cDNA according to the manufacturer’s
protocol. TaqMan qRT-PCR assay was performed using mouse
and human specific primers for COL1A1 and MMP2 (Life
Technologies). All probes were normalized to 18S as internal con-
trol. Amplification took place on a QuantStudio12K Flex (Applied
Biosystems). All fold changes were calculated by the method of
DDCt.

Picrosirius red staining

Aortic cross sections (7 mm) were stained using the Picrosirius Red
Stain kit (American MasterTech, USA) according to the manufac-
turer’s instructions.
Figure 6. Antioxidant intervention (TEMPOL) restores aortic miR-29b expressio

(A) In situ DHE staining of aortic section from db/db mice, with and without prior TEMPOL

�400, scale bar, 50 mm. (B) Average DHE intensity was quantified from 3 high power field

production in aortic tissue from db/db mice, with and without prior TEMPOL treatment.

protein. Values are mean ± SEM. *p < 0.05 versus db/db without TEMPOL treatment. n

TEMPOL treatment. Values aremean± SEMandexpressed as fold change relative to them

TEMPOL treatment. n = 5/group. (E) Aortic expression levels of miR-29b target genes Col1

SEM and expressed as fold change relative to the mean expression level in +/db controls

Representative images of aortic cross sections from 20-week-old mice stained for colla

fluorescence of green elastic lamella; arrows exemplarily indicate thinning and breaks), and

collagen content per aortic dry weight. n = 5/group. Values are mean ± SEM. *p < 0.05 ver

3 high-power fields of 5 different aortas per group. Values are mean ± SEM. *p < 0.05 ver

mice, with and without prior TEMPOL treatment. Values are mean ± SEM. *p < 0.05 vers

mice, with and without prior TEMPOL treatment. Values are mean ± SEM. *p < 0.05 ver
Immunofluorescence (aortic tissue)

Aortic cross sections (7 mm) were incubated with primary antibodies
against collagen I and Mmp2 (Abcam) overnight at 4�. Incubation
with secondary antibodies (Alexa Fluor 647 goat anti-rabbit; Molec-
ular Probes) was performed for 1 h. Nuclear counterstaining was per-
formed with Hoechst reagent (bisBenzide H 33258; Sigma-Aldrich,
St. Louis, MO, USA). Negative controls were performed with the
omission of the primary antibody. Imaging was performed using a Le-
ica DM4000B (Buffalo Grove, IL, USA).

Elastin imaging

Elastic lamellae were visualized in aortic cross sections, taking advan-
tage of their green auto-fluorescent properties. Elastin fragmentation
was quantified in the histological images using elastin fluorescence
morphometric analysis (ImageJ). As previously described,32 each
continuous set of pixels that formed a connected group was defined
as an object. An elastin fragmentation index was defined as the ratio
of the number of elastin objects to the area of elastin objects. The
number of elastin objects was defined by the count of elastin objects
within the media region of interest (ROI). The area of elastin objects
was equivalent to the total pixel count across all elastin objects within
the media ROI.

In situ zymography

In situ zymography was performed with quenched fluorescein (DQ
elastin; Invitrogen) as a substrate, which requires cleavage by elastino-
lytic enzymes to become fluorescent. In brief, aortic sections were
exposed to DQ elastin (1mg/mL; Invitrogen) and 1% agarose solution
(ratio 1:10). Representative images were obtained after incubation at
37�C for 24 h.

ISH

ISH for miR-29b was performed by using the miRCURY LNAmicro-
RNA ISH Optimization Kit (Exiqon) and 50-DIG- and 30-DIG-
labeled probes for mmu-miR-29b according to the manufacturer’s
protocol.

In situ DHE staining

The amount of intracellular ROS production was determined using
DHE (Molecular Probes, red fluorescence). Frozen aortic cross
n and prevents aortic remodeling and stiffening in diabetic mice

treatment. ROS production was indicated by red fluorescence. Original magnification

s of 3 different aortas per group. Values are mean ± SEM. *p < 0.05. (C) Superoxide

Superoxide was quantified as the amount of oxidized ethidium (Oxy-E) per milligram

= 5/group. (D) miR-29b expression levels in aortae of db/db mice with and without

ean expression level in +/db controls (=1; dotted line). *p < 0.05 versus db/dbwithout

a1 andMmp2 in db/dbmice with andwithout TEMPOL treatment. Values aremean ±

(=1; dotted line). *p < 0.05 versus db/db without TEMPOL treatment. n = 5/group. (F)

gen via anti-collagen I immunofluorescence antibody (red = collagen), elastin (auto-

Mmp2 (red). Original magnifications are 400�. Scale bar represents 50 mm. (G) Total

sus db/dbwithout TEMPOL treatment. (H) Elastin fragmentation index quantified from

sus db/db without TEMPOL treatment. (I) Aortic pressure diameter curves from db/db

us db/db without TEMPOL treatment (n = 5/group). (J) PWV measurement in db/db

sus db/db without TEMPOL treatment (n = 5/group).
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sections (7 mm) were mounted on glass slides, rinsed in PBS, and
incubated in 10 mM DHE (37�C, 30 min). Intensity was measured
by fluorescence microscopy (Leica DM4000B; Buffalo Grove, IL,
USA) using a Texas red filter (488-nm excitation, 610-nm emission).
Autofluorescence from elastic lamellae was subtracted, and fluores-
cence was quantified using ImageJ (National Institutes of Health, Be-
thesda, MD, USA)

Aortic superoxide quantification (DHE-HPLC)

To evaluate aortic superoxide production, wemeasured the formation
of oxyethidium from DHE using HPLC analysis as previously
reported.29 For each experiment, three 2-mm aortic rings were incu-
bated with 50 mmol/L DHE in fresh Krebs/HEPES buffer and homog-
enized in 300 mL methanol. Separation of ethidium, oxyethidium, and
DHE was performed with the use of an acetonitrile gradient and a
C-18 reverse-phase column (Nucleosil 250–4.5 mm) on a Beckman
HPLC System. Oxy-E was expressed per milligram protein.

Aortic collagen quantification

Total aortic collagen was quantified using a hydroxyproline-detection
based assay (QuickZyme Total Collagen Assay; Quickzyme) as per
manufacturer’s protocol. In brief, dissected thoracic aortae (n = 5/
group) were dried after removal of all loosely attached perivascular
connective tissue and dry weight was recorded. Subsequently, aortic
tissue was hydrolyzed in 6 MHCl at 95�C for 20 h. In the hydrolysate
hydroxypoline content was quantified colorimetrically and correlated
to a collagen standard curve. Aortic collagen content was expressed as
percentage of dry weight.

In vivo inhibition of miR-29b

For in vivo knockdown studies, either a locked nucleic acid (LNA)-
carried anti-miR-29b or a scrambled control (scr-miRNA; both
from Exiqon) were applied at a concentration of 10 mg/kg via intra
peritoneal injection. Treatment of 10-week-old +/db mice was per-
formed once per week over a course of 10 weeks.

Antioxidant treatment

Antioxidant treatment of 10-week-old db/db mice was performed
with TEMPOL (1 mmol/L; Sigma Aldrich) in drinking water freshly
prepared every other day over a course of 10 weeks.

Cell culture

AoSMCs were propagated in growth media (SmGM-2; Lonza) with
5% fetal bovine serum (FBS) per standard protocols (Lonza; passage
number 4–5). Before experimental use, AoSMCs were serum starved
for 48 h. For high glucose experiments AoSMCs were incubated in
Dulbecco’s modified minimal essential medium (DMEM) containing
10% FBS and D-glucose (25 mM for high glucose conditions; 5 mM
glucose + 20 mM D-mannitol as osmotic control for normal glucose
controls) for 48 h.

In vitro miRNA modulation

miR-29b mimic, miR-29b inhibitor or scrambled (negative control)
oligonucleotides (all from Ambion, Thermo Fisher Scientific), were
198 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
combined with Lipofectamine RNAiMAX (Thermo Fisher Scientific)
and applied at 150 pmol/well for a 6-well plate.

Immunofluorescence staining of cells

AoSMCs were cultured in chamber slides under normal glucose or
high glucose conditions (see above). The cells were then fixed in 4%
paraformaldehyde, washed with PBS, permeabilized with 0.25%
Triton-X, and incubated with anti-collagen I and anti-MMP2 anti-
body (Abcam) overnight at 4�C. The cells were then washed and incu-
bated with secondary antibodies (Alexa Fluor) and Hoechst nuclear
counterstain.

Statistics

Data are presented as mean ± SEM. For comparison of 2 groups, Stu-
dent’s t test (two-tailed) was performed; multiple groups (R3 groups)
comparison was accomplished by ANOVA with Bonferroni’s post-
test. For pressure myography analysis, two-way repeated-measures
ANOVA was used. Normality and homoscedasticity were tested to
ensure that parametric testing was appropriate. A value of p <0.05
(two-sided) was considered statistically significant.
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Supplemental Material

LNA-antagomir

Figure S1: Aortic enrichment of anti-miR-29b antagomir. Representative image of an aortic
section with FITC-labeled LNA-anti-miR-29b (light green) detected in the medial layer (characterized
by the green autofluorescence of elastic lamellae). Original magnification is 400x. Scales bar
represents 50 μm.
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Figure S2: Blood glucose measurements. Blood glucose levels (fed) of (A) 10 and 20 weeks old
db/db mice and heterozygous +/db controls, (B) 20-week-old anti-miR-29b treated +/db mice vs. scr
controls, and (C) 20-week-old db/db mice with vs witouth 10 weeks of oral TEMPOL treatment.
Values are mean ± SEM. * indicates p<0.05 vs +/db, n.s. non-significant
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Figure S3: Proposed mechanism of diabetes induced downregulation of aortic miR-29b
expression leading to aortic stiffening. Diabetes (hyperglycemia) triggers aortic reactive oxygen
species (ROS) production, miR-29b downregulation and de-repression of miR-29b target genes
COL1A1 and MMP2 inducing aortic fibrosis, elastin fragmentation and eventual structural aortic
stiffening. In a parallel pathway, ROS additionally induce transcription factor Runx2 furhter
promoting aortic fibrosis and stiffening, as previously reported1.
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