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H I G H L I G H T S

• Blood miR-142-3p is associated with pulse-wave velocity in uremic patients.• miR-142-3p was associated with decreased vascular relaxation in uremic mice.• Injection of miR-142-3p mimic restored acetylcholine-mediated aortic relaxation.• miR-142-3p might prevent endothelial dysfunction and arterial stiffness in uremia.
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A B S T R A C T

Background and aims: Chronic kidney disease (CKD) is strongly associated with a high burden of cardiovascular
morbidity and mortality. Therefore, we aimed to characterize the putative role of microRNAs (miR)s in uremic
vascular remodelling and endothelial dysfunction.
Methods: We investigated the expression pattern of miRs in two independent end-stage renal disease (ESRD)
cohorts and in the animal model of uremic DBA/2 mice via quantitative RT-PCR. Moreover, DBA/2 mice were
treated with intravenous injections of synthetic miR-142-3p mimic and were analysed for functional and mor-
phological vascular changes by mass spectrometry and wire myography.
Results: The expression pattern of miRs was regulated in ESRD patients and was reversible after kidney trans-
plantation. Out of tested miRs, only blood miR-142-3p was negatively associated with carotid-femoral pulse-
wave velocity in CKD 5D patients. We validated these findings in a murine uremic model and found similar
suppression of miR-142-3p as well as decreased acetylcholine-mediated vascular relaxation of the aorta.
Therefore, we designed experiments to restore bioavailability of aortic miR-142-3p in vivo via intravenous in-
jection of synthetic miR-142-3p mimic. This intervention restored acetylcholine-mediated vascular relaxation.
Conclusions: Taken together, we provide compelling evidence, both in humans and in mice, that miR-142-3p
constitutes a potential pharmacological agent to prevent endothelial dysfunction and increased arterial stiffness
in ESRD.
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1. Introduction

Chronic kidney disease (CKD) significantly increases cardiovascular
morbidity and overall mortality [1]. Patients suffering from end-stage
renal disease (ESRD) have a ten-to hundred-fold increased risk for
cardiovascular morbidity and mortality compared to patients with
normal kidney function, which is not adequately predicted by tradi-
tional risk factors [2]. This massive burden of cardiovascular disease in
CKD and ESRD is strongly associated with uremic media calcification,
left ventricular hypertrophy, and sudden cardiac death [3,4]. These
morphological cardiovascular changes are paralleled by a reduced
vascular compliance and an impairment of endothelium-dependent and
-independent vascular function in patients with CKD [5,6]. Cardiovas-
cular disease in ESRD is largely not explained by traditional risk factors
and does not respond to available pharmacological treatment options
including statins [7–9]. It has been shown that uremic vascular disease
is driven by multiple factors, including disturbances in mineral and
bone metabolism, on the one hand, and uremic toxicity on the other
hand [10,11].

In uremia, the vascular response to hemodynamic stress is orche-
strated by a complex interplay of regulators that on a morphological
level culminates in vascular calcification and functionally is due to
transdifferentiation of vascular smooth muscle cells (VSMC) from con-
tractile to proliferative, osteoblastic, and/or inflammatory phenotypes,
on the one hand, and endothelial dysfunction on the other hand. There
is preliminary evidence that miRs play a central role in this VSMC
phenotypic modulation and dysfunction of endothelial cells in uremia
[11–15]. Therefore, we designed clinical and experimental studies to
investigate the specific role of miRs in vascular adaptation during CKD,
to explore the mechanisms on miR-mediated vascular dysfunction, and
to test the feasibility of using miRs as pharmacological tools to prevent
the deleterious cardiovascular complications in ESRD.

2. Materials and methods

2.1. Study population, pulse wave velocity and computed tomography

We prospectively enrolled 53 consecutive hemodialysis (HD) pa-
tients at the Department of Dialysis of the University Clinical Centre
Maribor, Slovenia, and 9 consecutive peritoneal dialysis (PD) patients
at the Clinical Division of Nephrology of the Medical University of Graz,
Austria. The PD patients were recruited immediately prior to kidney
transplantation and controlled after one year. The 8 Austrian healthy
controls were matched for sex (63% male) and age (46.9 ± 3.6 years).
All of them had no relevant medical history, and did not take any
regular medication. The study protocols were approved by the re-
spective Institutional Review Boards of the University Clinical Centre
Maribor (UKC-MB-KME-90/14) and the Medical University of Graz
(25–207/ex 12/13), and complied with the Declaration of Helsinki.
After obtaining written informed consent from the patients, peripheral
blood was collected in PAXgene Blood RNA tubes (Qiagen, Venlo,
Netherlands).

Carotid-femoral pulse wave velocity (cfPWV) was performed in all
HD patients in the morning between 8:00 and 11:00 under standardized
conditions. Prior to the measurement, subjects were under similar
conditions (abstained from coffee, cigarettes, heavy meals, and ex-
ercise). Each patient waited for 5–10min in a quiet room before blood
pressure recordings and cfPWV were taken. Before the cfPWV mea-
surement office brachial diastolic and systolic blood pressure (BP) va-
lues have been obtained from the portable bedside monitoring auto-
matic BP device (Dash 4000, General Electric Healthcare, Dallas, TX,
USA). cfPWV was recorded using applanation tonometry (SphygmoCor,
AtCor Medical, Ltd., Sydney, Australia). A single examiner performed
all measurements. cfPWV was evaluated between the carotid and fe-
moral artery with the participant lying in the supine position. Pulse
measurements were performed non-invasively over the carotid and

femoral artery while an ECG recording was performed simultaneously.
A minimum of 12 s of signal (approximately 10 heart beats) was re-
corded after a strong accurate and reproducible pulse wave signal was
obtained. The distance from the carotid to femoral artery was measured
directly between each artery location and the supra-sternal notch and
the values were entered into the SphygmoCor software database.
cfPWV was calculated by measuring the time delay between two
characteristic timing points on two pressure waveforms that were at a
known distance apart. The SphygmoCor method uses the foot of the
waveform as an onset point for calculating the time differences between
the R wave of the ECG and the pulse waveforms at each site. cfPWV was
automatically calculated by the Atcor software as the carotid-femoral
artery distance divided by the wave travelling time between the above
2 measuring sites. In each patient, a minimum three cfPWV measure-
ments were performed. The measurements with a standard deviation
less than 10% and the average of these measurements were used for
analysis.

After cfPWW measurement ambulatory blood pressure monitoring
was done for 48-h using a Schiller BR-102 plus monitor (Schiller,
Dietikon, Switzerland). Blood pressure was recorded every 20min
during the day and every 30min during the night. The cuff of the blood
pressure monitor was applied to the upper portion of the arm, and the
patients were instructed to attend to their usual activities and medi-
cations.

The computed tomography (CT) examinations of heart and pelvis
were routinely performed on a Toshiba Aquilion 64-row detector CT
scanner (Toshiba Medical Systems, Minato, Japan). The calcium score
for coronary arteries, ascending thoracic, and infrarenal abdominal
aorta was calculated by multiplying the calcification areas in mm2 by a
density score determined from the peak CT scan number (Agatston
score) with a dedicated software (TeraRecon, Foster City, CA, USA) as
previously described [16].

2.2. Design of animal experiments

Female eight to ten week old dilute-brown agouti 2 (DBA/2NCrl,
hereafter referred to as DBA/2) mice were obtained from Charles River
(Sulzfeld, Germany) and housed in a virus/antibody-free environment.
These mice have an inherent susceptibility to high-phosphate diet-
triggered calcification [17–19]. To induce media calcification, they
were placed on high-phosphate diet (HPD) from Altromin (Lage, Ger-
many) containing 20.2 g phosphorus, 9.4 g calcium, 0.7 g magnesium,
and 500 IU vitamin D3 per kg. The standard chow contained 7.0 g
phosphorus, 10.0 g calcium, 2.2 g magnesium, and 1000 IU vitamin D3
per kg. Mice were then followed for 11 days and culled under anaes-
thesia. Female eight to ten weeks old C57BL/6J mice from Charles
River were used in the same setup. All animal experiments were ap-
proved by Austrian veterinary authorities (BMWF-66.010/0061-WF/V/
3b/2016) and corresponded to directive 2010/63/EU of the European
Parliament. In a second set of experiments, female DBA/2 mice were
again fed HPD for 11 days and then sacrificed under anaesthesia. On
day 9, the mice were injected with the syn-mmu-mir-142-3p miR mimic
(Qiagen, Venlo, Netherlands) or negative control siRNA (Qiagen) via
the tail vein using the in vivo-JetPEI transfection reagent (Polypus
transfection SA, Illkirch-Graffenstaden, France). Each mouse received
2 nmol syn-mmu-mir-142-3p miR mimic or 2 nmol Allstars Negative
Control siRNA (Qiagen) as control with 4.28 μl in vivo-JetPEI trans-
fection reagent in a final volume of 200 μl.

2.3. miR isolation, reverse transcription quantitative PCR

From mice, 100 μl peripheral blood was collected in RNAprotect
Animal Blood Tubes (Qiagen), after which the tubes were incubated at
room temperature for 3 h and stored at −80 °C. Total RNA was isolated
using the RNeasy Protect Animal Blood Kit (Qiagen), strictly following
the manufacturer's instructions. Aortas from mice were stored in
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RNAlater (Sigma-Aldrich, St. Louis, MO, USA) at −80 °C and the
mirVana miRNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA,
USA) was used to isolate RNA. From humans, total RNA was isolated
using the PAXgene Blood miRNA kit (Qiagen), strictly following the
manufacturer's instructions. 200 ng total RNA was reverse transcribed
with the miScript II RT Kit (Qiagen) using the miScript HiFlex Buffer.
Real time quantitative PCR (RT-qPCR) was carried out on a CFX96 Real-
Time PCR Detection System (Biorad, Hercules, CA, USA) using the
miScript SYBR Green PCR kit (Qiagen) with the following miScript
Primer Assays (Qiagen): Hs_miR-21_2 (MS00009079), Hs_miR-21*_1
(MS00009086), Hs_miR-26b_1 (MS00003234), Hs_miR-98_1
(MS00003367), Hs_miR-98-3p_1 (MS00045136), Hs_miR-103a_1
(MS00031241), Hs_miR-125b_1 (MS00006629), Hs_miR-142-3p_2
(MS00031451), Hs_miR-145_1 (MS00003528), Hs_miR-146a_1
(MS00003535), Hs_miR-146a*_1 (MS00008715), Hs_miR-155_2
(MS00031486), Hs_miR-155*_1 (MS00008778), Hs_miR-191_1
(MS00003682), Hs_miR-210_1 (MS00003801), Hs_miR-210-5p_1
(MS00045836), Hs_miR-223_1 (MS00003871), Hs_miR-223*_1
(MS00009184), Hs_miR-423-5p_1 (MS00009681), Hs_RNU6-2_11
(MS00033740). 2 ng reverse transcription product was used for each
RT-qPCR reaction. RT-qPCR was evaluated using the ΔΔCq method. The
miR expressions were normalized to the endogenous housekeeper
RNU6b small nuclear RNA.

2.4. Biochemical analyses

BUN levels were measured using the SPOTCHEM EZ SP-4430

automated analyser (Arkray, Kyoto, Japan) with the appropriate test
tubes and test strips (Menarini diagnostics, Vienna, Austria). Renal
calcium content was determined using the Calcium Detection Assay Kit
from Abcam (Cambridge, United Kingdom) following the manufac-
turer's instructions and normalized to the tissue weight.

2.5. Histology

Histological evaluations were performed as previously described
[18]. The slides were evaluated, and pictures were taken with an
Olympus BX43 light microscope and the cellSens Entry 1.14 program
(Olympus, Shinjuku, Tokyo, Japan). PAS positive tubular casts were
counted in 18 high power fields on 3 kidney sections per sample by two
blinded and independent evaluators.

2.6. Mass spectrometry

Aortas were isolated from the mice, stored at −80 °C and freeze-
dried as previously described [18]. The concentrations of Ca, Mg and P
were determined with an inductively coupled plasma mass spectro-
meter (Agilent 7700x, Agilent, Waldbronn Germany), and Be and Ge
were added online as internal standards during the measurement.

2.7. Wire myography

Wire myography was done as previously described [20]. Briefly,
mouse aortic rings 2mm in length were isolated and positioned in small

Fig. 1. Conserved miR expression patterns in mice and patients with uremia.
Expression of 19 miRs was analysed by quantitative RT-PCR in the peripheral blood of two independent CKD 5D cohorts and a subset of patients after kidney
transplantation (KTx, n=3). The data was normalized to healthy controls and the mean relative fold change is given in green for down- and in red for upregulation,
respectively. Moreover, expression of the same panel was investigated in the blood and aorta of uremic DBA/2 mice and normalized to healthy controls.
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wire myograph chambers (Danish MyoTechnology, Aarhus, Denmark)
containing physiological salt solution (PSS) (114mM NaCl, 4.7mM KCl,
0.8 mM KH2PO4, 1.2mM MgCl2, 2.5mM CaCl2, 25mM NaHCO3 and
11mM D-glucose pH 7.4). PSS containing 60mM KCl (KPSS) was used
to determine maximum contractility of the vessels. The rings were
precontracted with increasing concentrations of norepinephrine (NE)
(1nM-1μM), followed by endothelium-dependent relaxation to cumu-
latively increasing concentrations of acetylcholine chloride (ACh)
(1nM-10μM). The endothelium-independent relaxation was examined
by exposure of rings to increasing concentrations of sodium nitroprus-
side (SNP) (1nM-1μM), a nitric oxide (NO) donor. Relaxation values
were expressed as a percentage of the initial NE-induced contraction.
To examine the involvement of prostanoids, 10 μM diclofenac was
added to the PSS during the myography procedure. The NO bioavail-
ability was estimated from the constriction response to eNOS inhibitor
Nω-nitro-L-arginine (L-NNA, 300 μM) in aortic rings precontracted with
norepinephrine to 10% of the maximal contraction in the presence of
diclofenac (10 μM).

2.8. Thromboxane release from aortic rings ex vivo

Aortic rings were placed in separate wells of a 96-well plate in
150 μl DMEM (Sigma-Aldrich) supplemented with 10% FCS (Sigma-
Aldrich) for 1 h under cell culture conditions (37 °C, 5% CO2). The rings
were then washed and stimulated with 10 μM ACh in DMEM without
FCS for 10min. After the stimulation the supernatants were collected
and Thromboxane B2 (TXB2) was measured by a Thromboxane B2
Parameter Assay Kit (R&D Systems, Minneapolis, MN, USA), following
the manufacturers’ instructions.

2.9. Statistical analysis

Data are presented as mean ± SEM or as median (25th, 75th per-
centile). Normal distribution of the data was assessed by the
Kolmogorov-Smirnov test with Lilliefors correction. Linear regression
analyses were performed to assess the association between blood miR

levels and functional and morphological cardiovascular parameters,
such as the carotid-femoral pulse wave velocity and calcium scores of
the coronary arteries as well as the thoracic and abdominal aorta within
the Slovenian cohort of CKD 5D patients. In addition to univariable
analyses, we also adjusted for age, dialysis vintage, and insulin therapy,
which are known confounders of vascular calcification and arterial
stiffness. Differences between DBA/2 treatment groups were compared
by either the non-parametric Mann-Whitney U test or the unpaired
Student's t-test as appropriate depending on the distribution of the
tested variable. The significance level was set to 5%. The statistical
analyses were performed using GraphPad Prism 7.0 (GraphPad, La
Jolla, CA) and R version 3.3.3.

3. Results

3.1. miR-142-3p is associated with pulse-wave velocity in ESRD patients

We investigated the expression pattern of 19 blood miRs that might
play a role in vascular remodelling and/or endothelial dysfunction in
patients with chronic kidney disease (CKD) stage 5 on dialysis and
found a conserved miR expression pattern in two independent cohorts
(Fig. 1). The clinical and biochemical characteristics of these patients
are given in Table 1. Interestingly, this miR profile was independent of
the type of dialysis (hemodialysis vs. peritoneal dialysis), age and dia-
lysis vintage, and was reversible after kidney transplantation, as shown
by the subgroup of Austrian patients who were followed-up one year
after kidney transplantation (Table 1 and Supplementary Table 1), in-
dicating that it might be an early event in the pathological reaction to
uremia. Next, we used linear regression analyses to assess the associa-
tion between these blood miR levels and functional as well as mor-
phological cardiovascular parameters in the Slovenian cohort of 53
CKD 5D patients. For this purpose, we used pulse wave velocity and
calcium score as dependent variables. Among the investigated miRs,
only miR-142-3p displayed a significant negative association with the
carotid-femoral pulse wave velocity (p=0.025) (Supplementary
Table 2). However, there was no significant association of blood miR-

Table 1
Clinical and biochemical characteristics of patients with chronic kidney disease.

Slovenian CKD G5D cohort Austrian CKD G5D cohort

(n= 53) Before KTx (n=9) After KTx (n=3)

Gender (male; %) 68% 67% 100%
Age (years) 63.1 ± 2.0 44.9 ± 4.0 43.3 ± 7.3
Dialysis vintage (months) 61.7 ± 7.9 43.8 ± 8.4 37.0 ± 11.9
Hemodialysis 100% 0% 0%
Peritoneal dialysis 0% 100% 0%
Leukocytes (G/L) 6.0 ± 0.3 6.8 ± 0.6 7.2 ± 2.0
Hemoglobin (g/L) 112 ± 1 113 ± 6 134 ± 10
Calcium (mmol/L) 2.14 ± 0.03 2.19 ± 0.07 2.44 ± 0.04
Phosphate (mmol/L) 1.62 ± 0.05 1.62 ± 0.09 0.97 ± 0.13
Magnesium (mmol/L) 1.22 ± 0.18 1.01 ± 0.08 0.74 ± 0.04
C-reactive protein (mg/dL) 6.2 ± 0.9 2.6 ± 1.2 2.2 ± 1.4
Parathyroid hormone (ng/L) 287.1 ± 22.6 291.2 ± 48.6 142.9 ± 26.4
Creatinine (mg/dL) 9.59 ± 0.24 9.04 ± 0.99 1.67 ± 0.24
BUN (mg/dL) 134 ± 3 119 ± 9 66 ± 13
Systolic blood pressure (mmHg) 138 ± 2 132 ± 5 125 ± 3
Diastolic blood pressure (mm Hg) 75 ± 2 85 ± 4 82 ± 233%
Coumarin (%) 0% 22% 0%
Sevelamer (%) 69% 100% 0%
Cinacalcet (%) 21% 22% 0%
Calcitriol (%) 51% 44% 0%
Lanthanum carbonate (%) 6% 0% 0%
Statin (%) 31% 33% 33%
Insulin (%) 31% 0% 0%
Coronary calcium score 914 (52, 1767 139 (12, 179)
Ca score of the ascending aorta 84 (0, 819)
Ca score of the abdominal aorta 5655 (1356, 9990)
Pulse wave velocity (m/s) 11.27 ± 0.43
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142-3p (p=0.91) or other tested miRs with calcium scores of the
coronary arteries, thoracic or abdominal aorta. When adjusting the
univariable models for age, dialysis vintage, and insulin therapy, there
was still a trend for an association of miR-142-3p with carotid-femoral

pulse wave velocity (p=0.062).
In order to validate these findings of our observational bi-centric

pilot study, we investigated the miR expression pattern in a murine CKD
model and respective murine controls. For this purpose, we used DBA/2
and C57BL/6 mice that were exposed to high-phosphate diet as pre-
viously described [17–19]. Due to their distinct genetic background,
DBA/2 mice develop a phosphate-induced nephropathy, whereas
C57BL/6 do not show any renal phenotype. As shown in Supplementary
Table 1, there were similar miR regulation patterns both in the blood of
uremic mice and ESRD patients. Moreover, miR regulation was not
directly induced by the high-phosphate diet, as C57BL/6 mice on high-
phosphate diet had no renal disease and showed the same expression
pattern as C57BL/6 mice on standard chow, whereas DBA/2 mice on
high-phosphate diet had overt phosphate-induced nephropathy and a
similar miR expression profile as patients with CKD stage 5 on dialysis.
These miR expression patterns were seen both in blood samples and in
aortic tissue of DBA/2 mice.

3.2. Intravenous injection of syn-mmu-mir-142-3p restores miR-142-3p
bioavailability

As only miR-142-3p displayed a significant negative association
with the carotid-femoral pulse wave velocity, we specifically focused on
this miR. As shown in Fig. 2A, miR-142-3p blood levels were sig-
nificantly lower in dialysis patients and returned to levels of healthy
controls after kidney transplantation. A similar downregulation oc-
curred in DBA/2 mice fed with high-phosphate diet and was not ob-
served in C57BL/6 mice on high-phosphate diet. In order to investigate
the functional implications of this downregulation, we restored the
bioavailability of miR-142-3p by intravenous injection of synthetic
mimic syn-mmu-mir-142-3p. With this experimental intervention, we
successfully restored aortic miRNA-142-3p bioavailability in vivo in our
animal model (Fig. 2B). Importantly, mice treated with syn-mmu-mir-
142-3p showed a similar amount of renal calcification (Fig. 3A–C,H)
and PAS positive tubular casts (Fig. 3D–F,I) with similarly elevated
blood urea nitrogen (Fig. 3G) compared to negative control siRNA
treated controls. On the other hand, C57Bl/6 mice on high-phosphate
diet displayed normal renal function and did not show any regulation of
miR-142-3p expression both in blood and in aorta when exposed to
high-phosphate diet (Supplementary Fig. 1, Supplementary Table 1),
thus excluding a direct specific effect of the high-phosphate diet on the
miR-142-3p regulation.

3.3. Syn-mmu-mir-142-3p improves aortic relaxation attenuated by uremia

To dissect the specific impact of miR-142-3p on vascular phenotype
and function, we designed mass spectrometry experiments of explanted
murine aortas and ex vivo bioassay experiments with aortic rings. In
mass spectrometry, there was no discernible effect of syn-mmu-mir-
142-3p injection on the amount of vascular calcification in aortas of
uremic DBA/2 mice (Supplementary Table 3). In wire myography, ur-
emia significantly increased the maximum KPSS-mediated contraction
of aortic rings, while there was no effect on norepinephrine (NE)-
mediated contraction. These phenomena were not affected by synthetic
miR treatment (Fig. 4A and B). Uremia caused a marked impairment of
acetylcholine (ACh)-induced relaxation of NE-precontracted aortic
rings, when compared to non-uremic animals (Fig. 4C). Importantly,
when mice were injected with syn-mmu-mir-142-3p 2 days before sa-
crifice, ACh-induced relaxation of aortic rings from uremic DBA/2 mice
was restored to control levels (Fig. 4C). Neither kidney disease nor
reversal of miR-142-3p down-regulation had any effect on sodium ni-
troprusside (SNP)-mediated relaxation (Fig. 4D). To identify mechan-
isms responsible for syn-mmu-mir-142-3p-mediated restoration of ACh-
induced relaxation of rings from uremic mice, we first examined the
role of endothelial-derived constricting prostanoids and found a sig-
nificant down-regulation of the potent vasoconstrictor thromboxane B2

Fig. 2. miR-142-3p is downregulated in uremic patients and mice.
(A) miR-142-3p expression was analysed by quantitative RT-PCR in the blood of
two independent CKD 5D cohorts (n = 53 and n = 9, open squares), and a
subset of CKD patients after kidney transplantation (n = 3, closed diamonds).
The expression was normalized to healthy controls (n = 8, closed squares). (B)
miR-142-3p expression was analysed in the blood of DBA/2 mice on high
phosphate diet (HPD) (n = 10, open squares) and compared to controls on
standard chow (SCD) (n = 9, closed squares). miR-142-3p relative abundance
was also measured in murine aortas with control siRNA injection (n = 13, open
circles) and compared to controls on SCD (n = 14, closed circles), and mice on
HPD treated with syn-mmu-miR-142-3p (n = 13, closed diamonds). Data re-
present mean ± SEM. * indicates p < 0.05; ****p < 0.0001.
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(TXB2) in the supernatant of aortic rings, when comparing syn-mmu-
mir-142-3p treated mice to respective negative controls
(0.25 ± 0.02 ng/ml vs. 0.46 ± 0.03 ng/ml; n= 8 vs. n=6;
p < 0.0001) (Fig. 4E). Therefore, myography was done in the presence
of a cyclooxygenase inhibitor, diclofenac. As shown in Fig. 4F, diclo-
fenac had no effect on the HPD-induced impairment of ACh-induced
relaxation and did not abolish the effect of syn-mmu-mir-142-3p on
ACh-induced relaxation. These findings suggested that the contribution
of syn-mmu-mir-142-3p –mediated changes of prostanoid synthesis
plays a minor role in the recovery of relaxation and that additional
mechanisms are involved. We next analysed the impact of our inter-
vention on the basal NO bioavailability, and determined the L-NNA-
induced endothelium-dependent constrictor response in NE-pre-
constricted aortic rings. This constrictor response, indicative of basal
NO bioavailability, was markedly decreased in aortic rings of uremic
mice compared to healthy mice, and was not restored after syn-mmu-
mir-142-3p injection (Fig. 4G). From these results we concluded that
uremia decreases the basal NO bioavailability and ACh-induced re-
laxation, whereby the latter can be recovered by syn-mmu-mir-142-3p
treatment.

4. Discussion

The endothelium regulates vascular tone via endothelium-derived
factors that maintain a balance between vasoconstriction and vasodi-
latation [21]. We here provide evidence for miRNA involvement in
uremic endothelial dysfunction and show that blood miR-142-3p levels
are not only associated with parameters of vascular relaxation both in
ESRD patients and uremic mice, but rather play a pathogenic role, since
counteracting miR-142-3p downregulation restored ACh-mediated
vascular relaxation. To our knowledge, this is the first study to provide
direct functional evidence of an in vivo effect of miRNAs in uremic
vascular disease. Thus, we extend previous findings by Zhang et al.,
who found that miR-142 promotes the expression of eNOS in human
peripheral blood-derived endothelial progenitor cells in vitro [22].
Moreover, these findings are in line with Sharma et al., who demon-
strated that miR-142 is a critical element of adaptive cardiac hyper-
trophy in response to hemodynamic stress [12]. In our hands, blood
miR-142-3p is not just a mere biomarker of impaired renal function and
endothelial dysfunction, but represents a direct mediator of impaired
ACh-mediated vascular relaxation in uremia and in this manner

Fig. 3. Treatment with syn-mmu-miR-142-3p did not affect renal phenotype.
DBA/2 mice were fed standard chow (SCD) or high-phosphate diet (HPD), and were treated with syn-mmu-miR-142-3p mimic or negative control siRNA 48 h before
the end of the experiment. The mice were divided into 3 treatment groups: SCD with control injection (A, D; grey triangles), HPD with control injection (B, E; closed
circles), and HPD with mimic injection (C, F, red open circles). Renal calcification was detected by Alizarin Red S staining on kidney sections (A-C) and by measuring
the total calcium content of kidneys (H). Tubular casts were counted in PAS stained kidney sections (D-F, I). Kidney function was assessed by blood urea nitrogen
(BUN) levels (G). Representative images are shown (A-F). Data represent mean ± SEM. **** indicates p < 0.0001. The size bars display 500 μm for A-C and 25 μm
for D-F.
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Fig. 4. Syn-mmu-mir-142-3p restores
aortic relaxation attenuated by uremia.
DBA/2 mice were either fed standard
chow (SCD) or high-phosphate diet
(HPD) and were treated with syn-mmu-
miR-142-3p mimic or negative control
siRNA 48 h before the end of the ex-
periment. Animals were divided into 4
treatment groups: SCD with control
injection (grey closed triangles), SCD
with mimic injection (grey open trian-
gles), HPD with control injection
(closed circles), and HPD with mimic
injection (red open circles). Maximum
KPSS contraction force of aortic rings
(A), norepinephrine (NE)-induced con-
traction (B), acetylcholine (ACh)-in-
duced relaxation of NE-precontracted
aortic rings (C), and sodium nitroprus-
side (SNP)-mediated relaxation of NE-
precontracted aortic rings (D) were
evaluated in all four treatment groups.
The thromboxane B2 synthesis (TXB2)
was significantly reduced in explanted
aortic rings after treatment with syn-
mmu-miR-142-3p mimic injection (E).
The effect of syn-mmu-miR-142-3p
mimic on acetylcholine (ACh)-medi-
ated relaxation was measured after
pretreatment of aortic rings with di-
clofenac (F). The L-nitroarginine (L-
NNA)-induced endothelium-dependent
constriction response in NE-pre-
constricted aortic rings (G) was im-
paired in uremic mice. Data represent
mean ± SEM. * indicates p < 0.05,
**p < 0.01, ***p < 0.001, and
****p < 0.0001 between mice on HPD
that were treated either by injection of
syn-mmu-miR-142-3p mimic or nega-
tive control siRNA.
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constitutes a potential pharmacological target to prevent the deleter-
ious arterial stiffness in uremia.

In uremia there are profound vascular disturbances that affect both
VSMC and endothelial cells and are associated with a high cardiovas-
cular morbidity and mortality. While there is evidence that miRs do
affect the development of uremic media sclerosis, the evidence on miR
involvement in functional impairment of vessels in uremia is only be-
ginning to emerge. Thus, our data are also in line with Shang et al. who
showed uremic serum to induce miR-92 expression in cultured en-
dothelial cells and found this miR-92 to be associated with levels of
uremic toxins in CKD patients [23].

The exact mode of action of miR-142-3p to improve ACh-mediated
vascular relaxation was not merely attributable to an attenuation of
constricting prostanoids and not associated with a change in basal NO
bioavailability, as shown by the L-NNA-induced endothelium-depen-
dent constrictor response in NE-preconstricted aortic rings. However,
our experiments of basal NO bioavailability in explanted aortic rings do
not exclude in a strict sense an augmented NO bioavailability after
endothelial activation in vivo. Possible mechanisms underlying recovery
of ACh-induced relaxation in uremic mice by syn-mmu-mir-142-3p
treatment might include increased induction of the eNOS activating
pathway due to increased efficacy of ACh-induced signalling, aug-
mented activating (Ser-1177) or attenuated inhibitory (Tyr 495)
phosphorylation, or altered eNOS intracellular localization. The po-
tential therapeutic application of miR-142-3p might be limited by the
fact that miR-142 also controls mature T cell responses and hemato-
poietic lineage formation [24–27]. These potential additional effects
deserve further evaluation, especially when considering long-term
therapeutic treatments with synthetic miR-142-3p mimics. Moreover,
the small sample size of the healthy control population and of ESRD
patients who were also controlled one year after kidney transplantation
constitutes a major limitation of this study.

In the present setup, our experimental intervention with in-
travenous injection of syn-mmu-mir-142-3p had no effect on the ab-
solute amount of vascular calcification, which nicely reflects the results
in humans, where there was a negative association of mir-142-3p blood
levels with carotid-femoral pulse wave velocity but no association with
the degree of vascular calcification as assessed by computed tomo-
graphy. This discrepancy between functional and morphological
changes in uremic vessels stresses the notion that endothelial dys-
function with impaired ACh-mediated vascular relaxation significantly
contributes to arterial stiffness and may precede morphological changes
in the tunica media with VSMC phenotypic transdifferentiation. Indeed,
the regulation of miR profile was reversible after kidney transplantation
and was independent of dialysis modality, age and dialysis vintage.

Taken together, pharmacological exploitation of naturally occurring
miRs and especially miR-142-3p could be a potential avenue to coun-
teract vascular dysfunction in uremia and might thus ultimately prevent
deleterious cardiovascular endpoints in patients with ESRD.
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