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ORIGINAL RESEARCH

Adenosine A2A Receptor Regulates  
microRNA-181b Expression in Aorta: 
Therapeutic Implications for Large-Artery 
Stiffness
Kei Akiyoshi, MD; Tomonari Fujimori, MD; Xiuping Fu, PhD; Aparna P. Shah , PhD; Atsushi Yamaguchi, MD, PhD; 
Charles Steenbergen , MD, PhD; Lakshmi Santhanam , PhD; Dan Berkowitz , MB, BCh; Eric Tuday, MD, PhD; 
Jay M. Baraban , MD, PhD; Samarjit Das , PhD

BACKGROUND: The identification of large-artery stiffness as a major, independent risk factor for cardiovascular disease–
associated morbidity and death has focused attention on identifying therapeutic strategies to combat this disorder. Genetic 
manipulations that delete or inactivate the translin/trax microRNA-degrading enzyme confer protection against aortic stiffness 
induced by chronic ingestion of high-salt water (4%NaCl in drinking water for 3 weeks) or associated with aging. Therefore, 
there is heightened interest in identifying interventions capable of inhibiting translin/trax RNase activity, as these may have 
therapeutic efficacy in large-artery stiffness.

METHODS AND RESULTS: Activation of neuronal adenosine A2A receptors (A2ARs) triggers dissociation of trax from its C-terminus. 
As A2ARs are expressed by vascular smooth muscle cells (VSMCs), we investigated whether stimulation of A2AR on vascu-
lar smooth muscle cells promotes the association of translin with trax and, thereby increases translin/trax complex activity. 
We found that treatment of A7r5 cells with the A2AR agonist CGS21680 leads to increased association of trax with translin. 
Furthermore, this treatment decreases levels of pre-microRNA-181b, a target of translin/trax, and those of its downstream 
product, mature microRNA-181b. To check whether A2AR activation might contribute to high-salt water–induced aortic stiffen-
ing, we assessed the impact of daily treatment with the selective A2AR antagonist SCH58261 in this paradigm. We found that 
this treatment blocked aortic stiffening induced by high-salt water. Further, we confirmed that the age-associated decline in 
aortic pre-microRNA-181b/microRNA-181b levels observed in mice also occurs in humans.

CONCLUSIONS: These findings suggest that further studies are warranted to evaluate whether blockade of A2ARs may have 
therapeutic potential in treating large-artery stiffness.
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Large-artery stiffness (LAS) has emerged as a major 
cause of cardiovascular disease–related morbidi-
ty.1–3 Increased aortic stiffness causes isolated sys-

tolic hypertension,4 which reduces coronary artery flow 
and increases cardiac afterload.5 These adverse effects 
lead to cardiac remodeling, dysfunction, and heart failure. 

Also, LAS mediates increased central arterial pressure 
and flow pulsatility, which has deleterious effects on tar-
get organs with low-resistance vascular beds, such as 
kidney and brain.6 Therefore, LAS is an independent risk 
factor of cardiovascular disease, such as hypertension, 
myocardial infarction, heart failure, and stroke.2,3,7–9 As 
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the incidence of LAS increases markedly in individuals 
>60 years of age,1,2 the epidemiological challenge posed 
by the anticipated growth in this segment of the popula-
tion underscores the need to develop novel therapeutic 
options for combatting LAS.

Several microRNAs have been identified as candi-
dates implicated in the pathophysiology of LAS.10 In 
our previous studies, we demonstrated that microRNA-
181b decreases with aging and deletion of the 
microRNA-181a/b-1 locus leads to premature onset of 
aortic stiffness.11 Also, we showed that microRNA-181b 
overexpression blocks vasopressin-induced stiffen-
ing of vascular smooth muscle cells (VSMCs).12 These 
findings suggest that strategies aimed at blocking the 
decrease in microRNA-181b levels associated with in-
creased stiffness of aorta or VSMCs may have thera-
peutic potential in LAS.

As the translin/trax microRNA-degrading complex, 
an RNase that targets a small subpopulation of pre-
mature microRNAs (pre-miRs), selectively decreases 
levels of both pre-miR-181b and, its product, mature 
microRNA-181b in VSMCs,13–15 we reasoned that 

interventions that inhibit translin/trax activity may con-
fer protection from aortic stiffening. Consistent with 
this hypothesis, we found that deletion of Tsn, the 
gene encoding translin,15 or inactivation of the translin/
trax RNase by insertion of a point mutation, E126A, in 
Tsnax, the gene encoding trax, reverses the decline 
in both pre-miR-181b and microRNA-181b, as well as 
aortic stiffening, induced by high-salt water ingestion.12 
Furthermore, the Tsnax (E126A) mutation confers pro-
tection against aortic stiffening associated with aging.12 
Taken together, these findings indicate that manipula-
tions that inhibit the activity of the translin/trax complex 
may provide a therapeutic approach to combat LAS by 
increasing microRNA-181b expression in aorta.

Recent studies conducted in neurons have demon-
strated that TX is bound to the C-terminus of the un-
stimulated adenosine A2A receptor (A2AR) and that 
activation of this receptor triggers dissociation of 
trax.16,17 As A2AR is also expressed on VSMCs and 
regulates vascular tone,18,19 we hypothesized that 
VSMC A2ARs may provide a convenient way to reg-
ulate translin/trax formation and activity. Activation of 
A2ARs might trigger dissociation of trax from A2AR and 
promote formation of active translin/trax RNase com-
plexes, whereas, conversely, blockade of A2AR would 
have the opposite effect. To test this hypothesis, we in-
vestigated (1) the effect of the A2AR agonist CGS21680 
stimulation on microRNA-181b level in VSMCs in vitro 
and (2) the impact of A2AR antagonist SCH58261 treat-
ment on the decline in pre-miR-181b/microRNA-181b 
and aortic stiffening induced by high-salt water (HSW) 
ingestion in vivo.

METHODS
The raw data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Animals
All experimental procedures were performed in ac-
cordance with the National Institute of Health’s Guide 
for the Care and Use of Laboratory Animals and ap-
proved by the Johns Hopkins Animal Care and Use 
Committee. Male mice between 16 and 18 weeks of 
age were used for these experiments. In addition to 
wild-type (WT) C57BL/6J mice (Jackson Laboratories, 
Bar Harbor, ME), we also used mice with a floxed 
allele of Tsn, a mouse line that had been generated 
previously on a C57BL/6J background by using the 
easi-CRISPR protocol.20 UBC-CreERT2 mice were 
obtained from JAX (Strain #007001). Conditional de-
letion of Tsn was induced in UBC-CreERT2 X Tsnfl/fl 
mice with the following tamoxifen treatment regimen.20 
Tamoxifen (MilliporeSigma, Burlington, MA) solution (10 
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mg/mL in corn oil) was administered intraperitoneally 
at a dose of 100 mg/kg daily for 6 consecutive days.

Cell Culture and CGS21680 Treatment
A commercially available rat vascular smooth muscle 
cell line (A7r5, Sigma-Aldrich, St. Louis, MO) was used 
for the in vitro experiments. Upon reaching 80% to 
90% confluence, A7r5 cells were incubated with either 
0.001% DMSO or 10 μM of CGS21680 (MilliporeSigma, 
Burlington, MA) at 37 °C for 24 hours.

Aortic rings were harvested from 10-week-old 
translin−/− mice and littermate WT mice following a 
protocol described by Hori et al11 with minor modifi-
cations. In brief, whole mouse aortas from 3 to 4 mice 
of the same genotype were minced and digested with 
a collagenase type I (1750 units/mL) and papain (9.5 
units/mL) solution at 37 °C for 18 to 24 hours or until 
the solution was cloudy. The resulting cell suspen-
sion was filtered using a 40-μm mesh and added to 
a 30-mm cell culture dish containing DMEM supple-
mented with 20% serum. VSMCs were maintained 
for 7 to 10 days to reach confluence. At passage 2, 
media were washed out and replaced with serum-free 
DMEM. After 24 hours of culture, VSMCs were treated 
with either 0.001% DMSO or 10 μM of CGS21680 at 37 
°C for additional 24 hours.

The purity of VSMC cultures was checked by con-
firming that western blots were positive for α-actin and 
negative for vascular endothelial cadherin (endothelial 
cell marker), as described earlier.11

Immunoprecipitation
After either DMSO (vehicle) or CGS21680 (A2AR ago-
nist) treatment, A7r5 cells were lysed with RIPA buffer 
(ThermoFisher Scientific, Waltham, MA) under non-
reducing conditions. Protein content was measured 
using a Bradford assay. Magnetic beads (Dynabeads, 
catalog no. 10003D; ThermoFisher Scientific) were 
coated with translin antibody in 1:30 dilution. The A7r5 
lysate (250 μg) was incubated with translin antibody-
coated beads for 10 hours at 4 °C. The beads’ bound 
fraction was then separated by electrophoresis on an 
SDS-PAGE gel under reducing conditions.

HSW Stress
Adult male Tsnfl/fl and UBC-CreERT2 X Tsnfl/fl mice 
were randomly selected and switched from their nor-
mal drinking water to 4% sodium chloride water (HSW) 
for 3 weeks.15 Noninvasive pulse wave velocity (PWV) 
was measured at baseline before switching to HSW 
and then at weekly intervals for 3 weeks.

For in vivo A2AR antagonist treatment, 16- to 
18-week-old male C57BL6 mice were randomly se-
lected and placed into 4 groups: the mice were 

injected intraperitoneally once a day for 21 consecu-
tive days with either 1% DMSO or SCH58261 (2 mg/
kg; MilliporeSigma, Burlington, MA) under both normal 
drinking water and HSW.

Western Blot Analysis
A7r5 cells and mouse aortic tissue were lysed with 
RIPA buffer containing protease and phosphatase 
inhibitors under reducing condition. Protein content 
was measured with a Bradford assay. Protein samples 
and molecular weight standards were separated by 
1-dimensional gel electrophoresis. Proteins were trans-
ferred to polyvinylidene difluoride membranes, which 
were blocked for 2 hours in 5% nonfat dry milk dis-
solved in Tris-buffered saline (pH 7.4) with 1% TWEEN 
20. Membranes were then incubated in 5% nonfat dry 
milk for 2 hours at room temperature with antibodies 
to translin and trax, which were generated in our lab,21 
phosphorylated-SMAD2/3 (catalog no. 8828) and 
total-SMAD2/3 (catalog no. 8685) from Cell Signaling 
Technologies (Danvers, MA); Hsp90 (catalog no. 
610419, BD Transduction Laboratories, Franklin Lakes, 
NJ). Membranes were incubated with secondary an-
tibody with the appropriate horseradish peroxidase–
conjugated IgG in Tris-buffered saline with 1% TWEEN 
20 with 5% nonfat dry milk for 1 hour at room tempera-
ture. Immunoreactive proteins were visualized using an 
enhanced chemiluminescence reagent kit (catalog no. 
34577, ThermoFisher Scientific). The signals emitted 
for chemiluminescence were detected with the iBright 
FL100 Imaging system (ThermoFisher Scientific), and 
band density was analyzed with ImageJ.

RNA Isolation and Quantitative 
Polymerase Chain Reaction
The microRNA-enriched total RNA fractions were iso-
lated from the A7r5 lysate and from aortic tissue using 
miRNeasy kit (Qiagen, Venlo, Netherlands), per the 
company’s instructions. To avoid genomic DNA con-
tamination, DNase digestion was performed using an 
RNase-free DNase kit (Qiagen), per the company’s 
instructions.

To characterize the integrity of the isolated RNA, 
spectrophotometric evaluation was performed using 
Nanodrop (Thermo Scientific). Only RNA samples with 
an Ab260 (absorbance at 260 nm) value >0.15 were 
used for further experiments. The ratio of the readings 
at 260 nm and 280 nm (Ab260/Ab280) was also mea-
sured in order to check the purity of the isolated RNA. 
Only high-quality RNA samples, as defined by Ab260/
Ab280 ≈2.00 were used for the experiments.

For the samples that passed the RNA quality con-
trol, the isolated RNA was reverse transcribed using 
the miScript Reverse Transcription Kit (Qiagen). 



J Am Heart Assoc. 2023;12:e028421. DOI: 10.1161/JAHA.122.028421� 4

Akiyoshi et al� Adenosine-R Inhibitor Blocks microRNA-181b Degradation

Quantitative polymerase chain reaction was performed 
using a miScript SYBR green polymerase chain reac-
tion kit (Qiagen) and detected with a QuantStudio 5 
Real-Time PCR System (ThermoFisher Scientific). All 
reactions were performed in triplicates. The expres-
sions of microRNA-181b, let-7a, microRNA-126-3p, 
and pre-miR-181b were analyzed using commercially 
available primers (miScript assay, Qiagen).

Noninvasive PWV Measurements
PWV measurements were made using a high-
frequency, high-resolution Doppler spectrum analyzer 
(DSPW; Indus Instruments, Webster, TX) on mice an-
esthetized with 1.5% to 2% isoflurane.22,23

Tensile Testing
Thoracic aortas were harvested and cut into 2-mm 
rings. The aortic ring and a 0.5 mm segment proxi-
mal to each ring were imaged at ×10 magnification to 
measure inner diameters, thickness, and the vessel 
length. The diameter and the length were measured 
with ImageJ software. The aortic rings were mounted 
onto the pins of an electromechanical puller (DMT560; 
Danish Myo Technology A/S, Aarhus, Denmark). After 
calibration and alignment, the pins were slowly moved 
apart using an electromotor at a rate of 20 μm/s to 
apply radial stress on the specimen until breakage. 
Displacement and force were recorded continuously. 
Engineering stress was calculated by normalizing force 
to the initial stress-free area of the specimen (engi-
neering stress = force/2t × L; where t=thickness and 
L=length of the sample). Engineering strain (λ) was 
calculated as the ratio of displacement to the initial 
stress-free diameter. The stress–strain relationship 
was represented by the equation stress=α exp (βλ), 
where α and β are constants. α and β were determined 
by nonlinear regression for each sample using Excel 
(Microsoft, Redmond, WA).24

The RNA In Situ Hybridization (ISH) Assay
Human aorta samples from deidentified male subjects 
were obtained from the Autopsy Pathology Program 
at the Johns Hopkins School of Medicine. The aver-
age post-mortem delay for these samples is ≈7 to 
10 hours from the time of death. Only subjects without 
any history of cardiovascular illness were selected. The 
samples were separated into 2 groups: (1) <40 years 
of age and (2) >60 years of age. The samples were 
cleaned with sterile PBS and fixed in formalin for 12 
to 16 hours. Then, paraffin blocks were prepared from 
the aortic tissues, and sections were placed on 5 mm 
plus-slides. The average age of group 1 was 37.7 ± 1.9, 
and group 2 was 73.3 ± 7.7 years. To evaluate RNA 
quality in these samples, sections were stained with 

RNU6. After passing the RNA quality control, the 
same samples were then stained for pre-miR-181b or 
microRNA-181b, using BaseScope and miRNAscope, 
respectively. The BaseScope Detection Reagent Kit 
v2– RED (BaseScope, catalog no. 323910, Advanced 
Cell Diagnostics, Newark, CA) and microRNANA-
scope HD Detection Reagent Kit –RED (miRNAscope: 
catalog no. 324510, Advanced Cell Diagnostics) were 
used, per the company’s instructions. Both the custom 
hsa-pre-miR-181b probe and hsa-pre-miR-181b prim-
ers were validated by the company for specificity in a 
human cell line before being used to stain the human 
aorta slides. The validated probe was hybridized and 
amplified for each kit, and either pre-miR-181b or 
microRNA-181b was detected using a mixture of each 
Fast-RED solution A and B (1:60) included in each kit.

Digital Image Analysis
The Masson-Trichrome, pre-miR-181b and microRNA-
181b–stained slides were digitized with a SeBaCam 
Digital Microscope Camera (Laxco, Bothell, WA). Using 
ImageJ software, the area of staining was measured. 
That area was divided by the total area of the vascu-
lar layer or the vascular media in the same aortic ring 
section.

Statistical Analysis
The results are presented as mean and standard error 
of the mean (mean ± SEM). For multiple comparisons, 
1-way or 2-way ANOVA and the Tukey or Bonferroni 
post hoc tests were used. P<0.05 was considered sta-
tistically significant. All analyses were performed using 
Prism 9 (GraphPad Software Inc., La Jolla, CA).

RESULTS
Activation of A2AR Increases Translin-Trax 
Association
To test our hypothesis that A2AR stimulation would 
increase the association of trax with translin, we 
stimulated A7r5 cells with the A2AR-specific agonist 
CGS21680 and then monitored translin-trax associ-
ation by immunoprecipitation with translin antibody. 
We first confirmed that treatment of A7r5 cells with 
CGS21680 does not affect the expression of translin 
or trax in total lysates (Figure  1A through 1C). Then, 
we checked whether A2AR stimulation increased the 
immunoprecipitation of trax by translin antibodies 
(Figure  1D). We found that CGS21680 treatment in-
creased the amount of trax immunoprecipitated with 
translin antibody (Figure  1E and 1F), consistent with 
our hypothesis that A2AR stimulation increases the as-
sociation of translin with trax.
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Activation of A2AR Degrades Pre-miR-
181b
Previous studies indicate that the translin/trax RNase 
selectively degrades pre-miR-181b in the VSMCs and, 
thereby, blocks its conversion to microRNA-181b by 
Dicer.12,15 Therefore, to assess whether the increased 
association of translin with trax leads to enhanced 
RNase activity of the translin/trax complex, we exam-
ined the effect of CGS21680 treatment on levels of 
both pre-miR-181b and microRNA-181b. We confirmed 
that activation of A2AR, by treating with CGS21680, de-
creased levels of both pre-miR-181b (Figure 2A), and 
microRNA-181b (Figure  2B). Furthermore, these re-
sults indicate that CGS21680 affects microRNA-181b 
selectively, as levels of microRNA-126-3p (Figure 2C) 
or let-7a (Figure 2D) microRNAs that are abundant in 
the aorta, were not significantly different following this 
treatment.

To test our hypothesis that the ability of CGS21680 
to decrease levels of pre-miR-181b and microRNA-
181b expression is mediated by its activation of the 
translin/trax RNase activity, we assessed its effect 
on primary aorta VSMCs that were isolated from 

translin−/− mouse15 and their littermate WT controls. 
To this end, we measured the levels of pre-miR-181b 
(Figure  2E) and microRNA-181b (Figure  2F) after the 
primary VSMCs were incubated with either DMSO or 
CGS21680 for 24 hours. Consistent with our previous 
findings in A7r5 cells, CGS21680 treatment decreased 
the levels of both pre-miR-181b and microRNA-181b 
in the VSMC cells isolated from WT aorta. However, 
CGS21680 treatment did not alter pre-miR-181b 
(Figure 2E) or microRNA-181b (Figure 2F) expression in 
cells isolated from translin knockout mice, consistent 
with our hypothesis that the ability of A2AR activation 
to markedly decrease levels of both pre-miR-181b and 
microRNA-181b is mediated by its activation of translin/
trax RNase.

Activation of A2AR Stimulates 
Transforming Growth Factor-Beta 
Pathway Signaling

Our previous studies indicate that downregulation of 
microRNA-181b leads to aortic stiffening by augmenting 
transforming growth factor-beta (TGF-β) signaling.11,12 To 
evaluate whether CGS21680 also elicits an enhanced 

Figure 1.  Adenosine A2A receptor activation facilitates translin/trax association.
A. Western blot for trax (upper band) and translin (middle band) was performed on A7r5 cell lysates harvested after 24 hours of treatment 
with either vehicle control (0.001% DMSO) or CGS21680 (adenosine A2A receptor–specific agonist). Hsp90 (lower band) was used as a 
loading control. Band intensity data presented in trax (B) and translin (C) were analyzed by t-test (n=3/group). D, Following treatment 
of A7r5 cells with either vehicle control or CGS21680, lysates were harvested and then used for immunoprecipitation with translin 
antibodies. The pellets were immunoblotted for trax (upper band) and translin (lower band), shown under the IP Translin label. Before 
adding translin antibodies to the lysate, an aliquot was removed and processed for western blotting for trax, shown under the Total 
label. The intensities of the immunoprecipitated translin (E) or trax (F) bands were analyzed following normalization to the input translin 
or trax band intensity for that condition. Data were analyzed by t-test (n=3/group). *P<0.05 vs control. IP indicates immunoprecipitation.
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TGF-β signaling pathway in A7r5 cells, we checked the 
effect of CGS21680 on the levels of SMAD 2/3 phos-
phorylation, downstream targets of TGF-β. Western 
blotting for p-SMAD2/3 showed statistically significant 
higher levels of pSMAD2/3 following CGS21680 treat-
ment (Figure 3A and 3B). Taken together, these find-
ings indicate that translin/trax activation elicited by A2AR 
stimulation leads to reduced levels of microRNA-181b, 
which in turn enhances TGF-β signaling.

A2AR Antagonist SCH58261 Protects From 
HSW-Induced Aortic Stiffening
Since the A2AR receptor agonist CGS21680 mimics 
the biochemical changes that have been implicated 
in mediating HSW-induced aortic stiffening, that is, 
reduction of pre-miR-181b/microRNA-181b levels and 
enhanced TGF-β signaling pathway,11 we hypothesized 
that A2AR activation might play a key role in mediating 
HSW-induced aortic stiffening.

Furthermore, this line of reasoning implies that 
A2AR inhibition might exert the opposite effect, that is, 

block the HSW-induced decrease in pre-miR-181b/
microRNA-181b levels and protect from HSW-induced 
aortic stiffening. However, before examining the possi-
bility that this pharmacological treatment might be able 
to confer protection from aortic stiffening in the HSW 
paradigm, we first wanted to check if conditional dele-
tion of translin in adulthood is able to confer protection 
in this paradigm.

We opted to use the HSW paradigm because it pro-
vides a convenient way to mimic the pathophysiology 
of LAS in a relatively short period of time (3 weeks). In 
contrast, C57BL/6J mice develop age-associated aor-
tic stiffening at ≈15 to 18 months.12 Furthermore, HSW-
induced aortic stiffening displays similar pathological 
features as observed in age-associated aortic stiffen-
ing, including increased aortic diameter/perimeter, in-
creased thickening of the media, and decreased levels 
of microRNA-181b.

Even though our previous studies demonstrated 
that two lines of mice with constitutive loss of translin/
trax activity display protection against HSW-induced 
aortic stiffening,12,15 it remains unclear whether 

Figure 2.  Adenosine A2A receptor activation decreases levels of pre-miR-181b and microRNA-181b via activation of translin/
trax RNase.
The bar graphs present quantitative PCR data examining the effect of CGS21680 on levels of pre-miR-181b (A); microRNA-181b (B); 
microRNA-126a-3p (C); and let-7a (D) in total RNA in A7r5 cell lysates harvested after 24 hours of treatment with either vehicle control 
(0.001% DMSO) or CGS21680 (adenosine A2A receptor–specific agonist). n=3/group. Pre- or mature microRNA-181b, microRNA-126a-
3p, and let-7a expression were normalized to RNU6. Data were analyzed by t-test. *P<0.05, **P<0.01 vs control. Pre-miR-181b (E) and 
microRNA-181b (F) in total RNA in primary aortic VSMCs from WT-control mice and translin−/− mice harvested after 24 hours of treatment 
with either vehicle control (0.001% DMSO) or CGS21680. n=5/group. Pre- or mature microRNA-181b expressions were normalized to 
RNU6. Data were analyzed by t-test. **P<0.01, ***P<0.001 vs control. KO indicates knockout; pre-miR, premature microRNA; VSMCs, 
vascular smooth muscle cells; TN, translin; and WT, wild-type.
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pharmacological strategies aimed at suppressing 
translin/trax activity in adulthood would be able to 
mimic these protective effects. A major limitation of 
those studies is that both lines of mice display robust 
adiposity.20 This phenotype is due to loss of translin/
trax during development, as conditional deletion of 
translin/trax in adulthood does not elicit this pheno-
type.20 Therefore, it is unclear whether the protection 
observed in mice with constitutive loss of translin/trax 
activity is due to indirect, compensatory effects elicited 
by loss of translin/trax during development or is depen-
dent on the absence of translin/trax during adulthood 
when aortic stiffening occurs. This distinction is import-
ant, as it has direct implications for whether pharma-
cologic strategies aimed at suppressing translin/trax 
activity in adulthood might be able to confer protection. 
Therefore, before testing the impact of SCH58261 in 
the HSW paradigm, we first assessed whether condi-
tional deletion of TN during adulthood is able to block 
aortic stiffness induced by exposure to HSW.

To this end, we treated both Tsnfl/fl (7 mice) and 
UBC-CreERT2 X Tsnfl/fl mice (8 mice) with the tamoxi-
fen regimen found to be effective at producing condi-
tional deletion of Tsn in previous studies.20 Then, we 
compared the impact of switching mice from normal 
drinking water to HSW for 3 weeks on aortic stiffening 
in these groups of mice.15 We found that conditional 
deletion of Tsn prevented development of HSW-
induced aortic stiffening as measured by PWV in vivo 
(Figure 4A), and tensile testing of aortic rings ex vivo 
(Figure 4B) (n=4 animals with 3 aortic rings per animal). 
In addition, we found, as expected, that conditional 
deletion of Tsn (n=8) increased levels of both pre-miR-
181b (Figure 4C), and mature microRNA-181b in aorta 

(Figure 4D) compared with the corresponding control 
mice (n=7).

Based on these results, we proceeded to examine 
whether the A2AR antagonist SCH58261 in vivo confers 
protection against development of HSW-induced aor-
tic stiffening. As predicted by this hypothesis, 6 mice 
treated with SCH58261 displayed protection from 
HSW-induced aortic stiffening on the basis of moni-
toring PWV during the HSW regimen (Figure 5A) and 
tensile testing at the end of HSW (Figure 5B) (n=4 ani-
mals with 3 aortic rings per animal). SCH58261 did not 
have any effect on aortic stiffness under normal drinking 
water (Figure 5A). In addition, we found that 4 or 5 mice 
treated with SCH58261 did not display the reduction in 
both pre-miR-181b and mature microRNA-181b induced 
by HSW treatment (Figure 5C and 5D). HSW-induced 
aortic stiffening is associated with increased colla-
gen staining. Consistent with the ability of SCH58261 
treatment to prevent aortic stiffening, we found that it 
also blocks HSW-induced increase in collagen depo-
sition (Figure 6A and 6B). Furthermore, SCH58261 sig-
nificantly attenuated the increases of aortic diameter, 
thickness, and perimeter induced by HSW (Figure 6C, 
6D and 6E). The aortic sections were isolated from the 
descending aorta of 3 mice in each group.

Decrease in Pre-miR-181b and MicroRNA-
181b in Human Aorta With Aging
Since A2AR blockade prevents the decrease in pre-
miR-181b/microRNA-181b induced by the HSW para-
digm, it is tempting to speculate that this approach 
might have therapeutic potential in LAS. However, 
even though we have found that microRNA-181b levels 

Figure 3.  Adenosine A2A receptor activation enhances TGF-β signaling.
A, Western blot was performed on A7r5 cell lysates harvested after 24 hours of treatment with either vehicle control or CGS21680 to 
detect phospho-SMAD2/3 (p-SMAD2/3; upper band) and total SMAD2/3 (t-SMAD; middle band). Hsp-90 (lower band) was used as 
a loading control to normalize the intensity of phospho- and total SMAD2/3 bands. B, Band net intensity data were determined by 
calculating the ratio of p-SMAD2/3 and t-SMAD2/3 band intensities and analyzed by t-test (n=3/group). *P<0.05 vs control.
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drop in mouse aorta with HSW15 and aging12 and that 
translin/trax deletion or inactivation, as well as A2AR 
blockade, increases microRNA-181b levels in mouse 
aorta, it is unclear if humans display a similar decline in 
microRNA-181b with aging. To demonstrate the impact 
of aging on microRNA-181b expression in the middle 
layer (media) of human descending aorta, we imple-
mented RNA in situ hybridization staining to monitor 
pre-miR-181b and mature microRNA-181b expression. 
The quantitative staining for RNU6 was the same in 
all the samples in both groups, suggesting the RNA 
quality in the fixed slides were the same (Figure S1). 
BaseScope staining showed a statistically significant 
downregulation of pre-miR-181b levels in the 4 sub-
jects of the aged group compared with the 3 subjects 
of the young group (Figure  7). Further, miRNAscope 
staining showed statistically significant downregula-
tion of mature microRNA-181b in the aged group com-
pared with the young group (Figure 8).

DISCUSSION
Although the translin/trax RNase has been implicated 
in mediating synaptic plasticity,25–27 adipogenesis,20 
and aortic stiffening,10,12,15 the cellular signaling path-
ways that regulate translin/trax RNase activity in these 
paradigms are poorly understood. Previous studies 
have suggested that treatments that enhance disso-
ciation of trax from phospholipase C-β may promote 
formation and activation of the translin/trax RNase28,29; 
however, it is unclear if this mechanism operates in 
VSMCs. In this study, we examined whether A2AR acti-
vation, which has been shown to trigger dissociation of 
trax from its C-terminus in neuronal cells, elicits a simi-
lar response in VSMCs and if that mechanism could 
enhance association of trax with translin. In addition to 
confirming this prediction, we also demonstrated that 
A2AR activation elicits a decrease in pre-miR-181b, a 
substrate of the translin/trax RNase. Furthermore, we 

Figure 4.  Conditional deletion of translin (Tsn) protects from increased vascular stiffness and decreased microRNA-181b 
expression produced by high-salt water (HSW) stress.
A. Weekly pulse wave velocity (PWV) measurements comparing responses of UBC-CreERT2 X Tsnfl/fl and littermate control (Tsnfl/

fl) (n=5) mice treated with HSW. Data were analyzed by 2-way ANOVA with repeated measures, which showed significant effects of 
genotype (P<0.0001) and time (P<0.0001), as well as a significant interaction between these variables (P<0.01). B. Tensile testing 
was performed on the thoracic aorta from UBC-CreERT2 X Tsnfl/fl and littermate Tsnfl/fl mice treated with HSW (n=3 animals with 4 
aortic rings per animal). Data were analyzed by 2-way ANOVA with repeated measures, which showed significant effects of genotype 
(P<0.0001) and strain (P<0.0001), as well as a significant interaction between these variables (P<0.0001). Post hoc testing by t-test at 
a strain of 2.5 showed P<0.0001. Quantitative polymerase chain reaction data examining pre-miR-181b (C) and microRNA-181b (D) 
expression in total RNA from aortas of UBC-CreERT2 X Tsnfl/fl and littermate Tsnfl/fl mice treated with HSW (n=7, 8). Pre- or mature 
microRNA-181b expression was normalized to SNORD61. Data were analyzed by t-test. *P<0.05, **P<0.01, ****P<0.00001. pre-miR 
indicates premature microRNA.
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confirmed that this effect is absent in aortic smooth 
cells isolated from translin knockout mice, indicating 
that the decreases in pre-miR-181b and microRNA-
181b are mediated by translin/trax. Thus, these find-
ings indicate that the increased association of trax with 
translin also increases translin/trax activity in VSMCs. 
Consistent with previous studies demonstrating that 
decreased microRNA-181b levels activate the intra-
cellular TGF-β signaling cascade,11 we also found that 
A2AR activation elicits increased phosphorylation of 
SMAD 2/3, downstream targets of TGF-β receptor ac-
tivation (Figure 9).

Based on these findings, we explored the possi-
bility that A2AR activation may mediate the increase in 
aortic stiffening induced by HSW ingestion, which is 

associated with a decline in both pre-miR-181b and 
mature microRNA-181b levels.15 Our results strongly 
support this hypothesis, as treatment with the A2AR-
specific antagonist SCH58261 was highly effective in 
blocking both HSW-induced aortic stiffening and de-
creases in pre-miR-181b/microRNA-181b. As adenos-
ine is released from all cells and acts in an autocrine or 
paracrine fashion, these findings suggest that HSW in-
gestion elevates extracellular adenosine levels in aorta 
that elicit aortic stiffening via activation of VSMC A2ARs. 
This scenario seems plausible since high-salt stress 
increases adenosine production in renal cells.30,31 
However, it will be important, in future studies, to di-
rectly assess the impact of HSW treatment on adenos-
ine disposition in VSMCs.

Figure 5.  Adenosine A2A receptor–specific antagonist (SCH58261) protects the aorta from the degradation of pre-microRNA-
181b/microRNA-181b and increased vascular stiffness induced by high-salt water (HSW) stress.
A, Pulse wave velocity (PWV) was monitored before the onset of HSW treatment and twice during the 3 weeks of HSW regimen. The 
graph compares PWV values in mice treated daily with SCH58261 or vehicle control (n=6) during HSW and also with normal drinking 
water (NW). Data were analyzed by 2-way ANOVA with repeated measures, which showed significant effects of treatment (P<0.0001) 
and time (P<0.0001), as well as a significant interaction between these variables (P<0.0001). B, Tensile test was performed on the 
thoracic aorta from SCH58261-treated and PBS-injected mice treated with HSW (n=3 animals with 4 aortic rings per animal). Data were 
analyzed by 2-way ANOVA with repeated measures, which showed significant effects of treatment (P<0.0001) and strain (P<0.0001), 
as well as a significant interaction between these variables (P<0.0001). Post hoc testing by t-test at a strain of 2.5 showed P<0.0001. 
Quantitative polymerase chain reaction was performed for pre-miR-181b (C), and microRNA-181b (D) in total RNA from the aortic 
tissue of mice that were subjected to NW or HSW ingestion and treated daily with either with vehicle control or SCH58261 (SCH). Data 
presented in C and D were analyzed by Tukey post hoc analysis after intergroup differences were found by 1-way ANOVA. *P<0.05, 
**P<0.01, ****P<0.0001 by 2-sample t-test. pre-miR indicates premature microRNA.
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The possibility that increased adenosine may medi-
ate HSW-induced aortic stiffening fits well with several 
previous studies implicating adenosine in eliciting in-
creased collagen deposition and TGF-β signaling, key 
aspects of the pathophysiology of aortic stiffening.11 
For example, in hepatocytes, adenosine activates 
collagen 1 and 3 depositions via extracellular signal-
regulated kinase 1/2 and p38 mitogen-activated pro-
tein kinase signaling pathways.32 Further, adenosine 
promotes extracellular TGF-β in hepatic stellate cells.32 
Additionally, adenosine acts in an autocrine fashion, 
via A2BR activation, to stimulate TGF-β secretion from 
corpus cavernosum fibroblasts and increase collagen 
deposition.33 Previously, we found that microRNA-
181b knockout mice have increased aortic stiffness 
that is accompanied by augmented TGF-β signaling 
and increased deposition of extracellular collagen in 
the aorta.11 In that study, we also demonstrated that 
microRNA-181b directly binds to the 3’ segment of 
the TGF-βi transcript. In fact, we have also observed 

a markedly higher level of plasma TGF-β level in a 
microRNA-181b knockout mouse compared with 
its littermate control. Taken together, these findings 
support our model that blockade of A2AR activation 
may confer protection from aortic stiffening by damp-
ening TGF-β signaling elicited by reduced levels of 
microRNA-181b.

In this study, we focused on the role of changes in 
microRNA-181b levels in VSMCs, rather than vascular 
endothelial cells, in mediating or protecting from aortic 
stiffness. Our focus on VSMCs stems from our previ-
ous study in which we identified activation of the TGF-β 
signaling pathway with microRNA-181b deficiency 
only in VSMCs.11 In contrast, there were no changes 
in TGF-β signaling in vascular endothelial cells. These 
findings were obtained in primary cell culture experi-
ments, in which the thoracic aorta was excised from 
12-week-old mice from both microRNA-181a/b−/− and 
corresponding WT mice. VSMCs and vascular endo-
thelial cells were cultured in 2 different plates from the 

Figure 6.  Treatment with adenosine A2A receptor–specific antagonist (SCH58261) prevents histological alterations 
associated with high-salt water (HSW)-induced aortic stiffening.
A, Left panels show Pre-miR staining of aortic rings from vehicle control- and SCH58216 (SCH)-injected mice that were treated 
with HSW for 3 weeks. The intensity of the blue staining, which corresponds to collagen, is shown in the right panel. B, The areas 
stained only in the media for collagen were quantified and are presented in the bar graph at right, which shows reduced collagen 
staining in aorta sections from mice that underwent daily SCH58216 treatment. Data were analyzed by t-test (n=3/group). **P<0.01 vs 
PBS-injected. Mice that underwent daily SCH58216 treatment have reduced aortic diameter (C), aortic wall thickness (D), and aortic 
perimeter (E) compared with control PBS-injected mice. Data were analyzed by t-test (n=3/group). *P<0.05, **P<0.01 vs PBS-injected.
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same aorta.11 Conversely, primary VSMCs isolated 
from the aortas of transgenic mice with a mutation in 
the gene coding for trax, Tsnax (E126A), that inacti-
vates translin/trax RNase activity display lower TGF-β 
release compared with that observed in VSMCs iso-
lated from aortas of WT mice.12 However, even though 

these culture-based studies have led us to focus on the 
role of microRNA-181b in regulating TGF-β in VSMCs, it 
is certainly possible that the ability of translin deletion 
and translin/trax inactivation to confer protection from 
aortic stiffening may also be due to the impact of these 
interventions on vascular endothelial cells.

Figure 7.  Loss of pre-miR-181b expression in media of human aorta with aging.
A, Representative ×4 staining picture of pre-miR-181b in full thickness sections of human aorta of 34- and 68-year-old men (top) and in 
higher magnification (×40) views of the middle layer (middle). The bottom panel presents a digitally processed version of these images 
performed with ImageJ software to display the density of pre-miR-181b staining. B, Digitalized slides were analyzed for pre-miR-
181b stained area using ImageJ software. n=3–4/group. Data were analyzed by t-test. *P<0.05 vs <40 years group. pre-miR indicates 
premature microRNA.
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Figure 8.  Loss of microRNA-181b expression in VSMCs of human aorta with aging.
A, Representative ×4 staining picture of microRNA-181b in full thickness sections of human aorta from same samples presented in 
Figure 5 (top). Higher magnification (×40) view of middle layer taken from area indicated on top panel (middle). Digitally processed image 
showing pre-miR-181b staining (bottom). B, Digitalized slides were analyzed for pre-miR-181b stained area using ImageJ software. 
n=3-4/group. Data were analyzed by t-test. *P<0.05 vs <40 years group. miR indicates microRNA; and pre-miR, premature microRNA.
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Our prior studies have also provided additional 
evidence implicating enhanced TGF-β signaling in 
mediating aortic stiffness since interventions that sup-
press TGF-β signaling, such as losartan treatment 
of microRNA-181b knockout mice11 or adding TGF-β 
neutralizing antibody to the culture media of VSMCs,12 
mitigates the increase in VSMC stiffness induced by 
downregulation of microRNA-181b. In the present 
study, we have shown that blocking the A2AR, which 
stimulates formation of the translin/trax complex and 
activation of its RNase activity prevents the degrada-
tion of microRNA-181b in the VSMCs, as well as aortic 
stiffening induced by HSW treatment. Therefore, this 
pharmacological strategy should be investigated fur-
ther as a potential intervention to prevent or reverse 
LAS in humans.

In previous studies, we have found several similar-
ities between the pathophysiology of aortic stiffening 
induced by HSW and that which is associated with 
aging.11,15 In particular, aortic stiffening in both these 
paradigms is associated with selective decreases in 
levels of both pre-miR-181b and mature microRNA-
181b, indicating that these paradigms elicit height-
ened activity of translin/trax. Furthermore, we have 
demonstrated that mice with a point mutation in Tsnax 
(E126A), which inactivates translin/trax RNase activ-
ity, display dramatic protection from developing aor-
tic stiffening in both these paradigms. In addition, in 

both paradigms aortic stiffening is characterized by 
increased collagen deposition, aortic diameter, and 
aortic wall thickness. Since we have found that pre-
miR-181b and microRNA-181b also decline in human 
aorta with aging, as found previously in mice, it is 
tempting to speculate that A2AR blockade may also 
confer protection from aging-associated aortic stiff-
ening and have therapeutic potential in treating LAS, 
which is strongly associated with aging.34,35 To pur-
sue this hypothesis, it may be valuable to expand our 
analysis of microRNA-181b expression in human post-
mortem aorta samples to test the prediction that the 
decline in microRNA-181b expression in aorta inversely 
correlates with PWV in humans.

Our studies implicating translin/trax and microRNA-
181b in the pathophysiology of LAS have, to date, been 
limited to studies conducted on male mice. However, 
since the incidence of LAS is higher in postmenopausal 
women36,37 and female C57BL/6 mice also display 
aortic stiffening with aging,38,39 it will be important in 
future studies to assess if translin/trax and microRNA-
181b play a similar role in the pathophysiology of LAS 
in aging women. To our knowledge, this study is the 
first to demonstrate age-associated pre-miRNA (pre-
miR-181b) and microRNA (microRNA-181b) downreg-
ulation in human aorta. However, there is a lack of 
additional information about the post-mortem subjects 
of younger and older groups. While aging itself may 

Figure 9.  Role of adenosine A2A receptor (A2AR) activation in mediating increased 
aortic stiffness elicited by high-salt intake or aging.
This schematic diagram illustrates key steps in the signaling pathway linking A2AR activation 
with increased aortic stiffness. According to this model, high-salt intake or aging increases 
extracellular levels of adenosine which activate A2ARs on VSMCs. Stimulation of A2ARs 
triggers dissociation of trax from its C-terminus enabling trax to bind to translin to form 
active translin/trax complexes. Enhancing translin/trax RNase activity triggers degradation 
of its substrate, pre-miR-181b, and prevents its conversion into mature microRNA-181b 
by Dicer. Decreased silencing of mRNAs targeted by microRNA-181b leads to increased 
extracellular levels of TGF-β, which, in turn, drives aortic stiffening. miR indicates microRNA; 
pre-miR, premature microRNA; and VSMCs, vascular smooth muscle cells.
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indeed be responsible for loss of pre-miR-181b and 
microRNA-181b expression, there could also be other 
characteristics of the 2 groups of samples that underlie 
the differences. Finally, as an A2AR antagonist, istrade-
fylline (Nourianz; Kyowa Kirin, Tokyo, Japan) has been 
approved for treatment of patients with Parkinson dis-
ease, it may be interesting to assess the impact of this 
treatment on aortic stiffening in this population.

CONCLUSIONS
In this study, we demonstrated that activation of A2AR 
facilitates the formation and activity of the translin/trax 
RNase complex in VSMCs. We have also found that 
treatment with an A2AR antagonist blocks the ability of 
HSW treatment to elicit degradation of microRNA-181b 
in the aorta, as well as aortic stiffening.
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SUPPLEMENTAL MATERIAL



To determine the RNA quality in the human aorta section miRNAScope was performed for 

RNU6 mRNA. Representative staining of RNU6 in the entire vascular layers including intima and 

outer layer (top panel) and zoomed in the media (lower panel) from 34 y age and 68 y old male aorta. 

The original pictures were taken in 4X (top panel) and 40X magnification (lower panel). n=3-4/group was 

used to stain for RNU6.  

Figure S1. miRNAScope for RNU6. 
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