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Abstract. MicroRNAs (miRNAs) play an important role 
in the development of vascular remodeling in essential 
hypertension (EH) by mediating the effects of human cyto-
megalovirus (HcMV) on the vascular system. Therefore, 
the aim of the present study was to investigate the effects 
of murine cytomegalovirus (McMV) infection on blood 
pressure and vascular function in mice, in order to elucidate 
the role of miR-1929-3p in this process. For model develop-
ment, 7-month-old c57BL/6J mice were infected with the 
Smith strain of McMV, and McMV dNA, IgG and IgM 
were detected. Subsequently, blood pressure was measured 
via the carotid artery, and the morphological changes of 
the aorta were evaluated by hematoxylin and eosin and 
Masson's trichrome staining. miR-1929-3p transfection was 
performed using an adeno-associated virus packaged vector 
and the changes in vascular structure were then observed. 
The levels of nitric oxide (NO) and endothelial NO synthase 
were also assessed with colorimetry. Vascular remodeling 
and expression of NLRP3 inflammasome pathway-related 
proteins were detected by immunohistochemistry and western 
blotting. Endothelin-1 (ET-1), interleukin (IL)-1β and IL-18 
were assayed by ELISA. The results revealed that McMV 
infection increased the blood pressure, promoted vascular 

remodeling, caused endothelial cell injury, and downregu-
lated miR-1929-3p. However, these effects were alleviated 
by miR-1929-3p overexpression, which downregulated endo-
thelin A receptor (Ednra) and NLRP3 inflammasome, as well 
as endothelial injury- and vascular remodeling-related genes. 
Taken together, the findings of the present study indicated that 
overexpression of miR-1929-3p may improve McMV-induced 
vascular remodeling, possibly via the deactivation of the 
NLRP3 inflammasome by ET‑1/Ednra.

Introduction

Hypertension is a frequently occurring disease causing cardio-
vascular complications (1), which currently represents one of 
the most serious public health concerns and a major socioeco-
nomic burden. Vascular remodeling is a critical pathological 
characteristic of hypertension, leading to increased vascular 
resistance and hemodynamic changes (1). Approximately 95% 
of the cases are classed as essential hypertension (EH) (2-4); 
however, to date, the exact etiology and pathogenesis of EH 
have not been fully elucidated. Recent studies have found that 
the pathogenic factors of EH do not only involve the interaction 
between genetic and environmental factors (5,6), but are also 
correlated with human cytomegalovirus (HcMV) infection, 
microRNA (miRNA) regulation and inflammation activation, 
as well as other mechanisms (7-9).

HcMV is a ubiquitous beta-herpes virus with the largest 
genome among human herpesviruses, the gene products of 
which play immunomodulatory roles in the host (10,11). The 
findings of epidemiological studies indicate that the prevalence 
of HcMV in the population is 40-100%, depending on socio-
economic and geographical factors (12). cMV is reportedly 
associated with EH (13,14). When HcMV infects humans, it may 
enter a latent infection phase and cause disease by changing host 
and viral miRNA expression (15). miRNAs are single-stranded, 
non-coding RNAs composed of 20-25 nucleotides, which can 
inhibit protein synthesis by inhibiting the expression of specific 
target genes or directly terminating the translation of target 
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mRNAs (16,17). Furthermore, accumulating evidence suggests 
that miR-21 plays an important role in vascular remodeling 
in hypertension (18). Additionally, the deletion of miR-431-5p 
can prevent hypertension and vascular injury caused by 
angiotensin II (Ang II) (19). However, decreased expression of 
miR-181-5p participates in the phenotypic transformation of 
the vascular smooth muscle cells (VSMcs) in Ang II-induced 
hypertension by causing an increase in high mobility group 
box 1 (20). It was previously confirmed that HCMV‑encoded 
miR-UL112 promoted HcMV-mediated vascular disease 
by inducing vascular endothelial cell dysfunction (21). It was 
also reported that miR-138 promoted the migration of human 
umbilical vein endothelial cells (HUVEcs) and tube forma-
tion in HcMV-infected HUVEcs via the SIRT1/P-STAT3 
pathway (22). However, the virus encodes at least 26 mature 
miRNAs (23-25). Given the regulatory network of miRNAs 
and their important role in the pathogenesis of hypertension, the 
recently discovered HCMV‑encoded miRNAs have not suffi-
ciently elucidated the role and underlying mechanism of action 
of cMV and associated miRNAs in hypertension. It remains 
unclear whether miRNA changes in the host following cMV 
infection are involved in the occurrence and development of 
hypertension and vascular remodeling.

The nucleotide-binding domain, leucine-rich repeat 
protein 3 (NLRP3) inflammasome, is a multiprotein complex 
consisting of an NLRP3 scaffold, an adaptor apoptosis 
speck-like protein containing a cARd (ASc) and the effector 
procaspase‑1, and participates in the activation of the inflam-
matory response. Activation and assembly of inflammasomes 
promote proteolytic cleavage, maturation and secretion of the 
pro‑inflammatory cytokines interleukin (IL)‑1β and IL-18 (26). 
Accumulating evidence suggests that EH is also associated 
with NLRP3 inflammasome activation (27,28) and, in turn, 
the inflammatory response is involved in end‑organ injury and 
vascular remodeling in EH (29). Moreover, NLRP3 is closely 
associated with certain miRNAs, and miR-181a has been 
demonstrated to activate the NLRP3 inflammatory pathway by 
targeting mitogen-activated protein kinase kinase 1 in athero-
sclerosis (30). Moreover, miR-125a-5p negatively regulates the 
NLRP3 inflammasome by targeting c-c motif chemokine 
ligand 4 in human VSMcs treated with oxidized low-density 
lipoprotein (31). NLRP3 inflammasome activation also plays an 
important role in the phenotypic transformation and prolifera-
tion of human VSMcs and vascular remodeling (32,33).

We previously observed that blood pressure was increased 
and miR‑1929‑3p was significantly downregulated in mouse 
cytomegalovirus (McMV)-infected-c57BL/6J mice (34). 
Moreover, using bioinformatics analysis and the dual-lucif-
erase reported assay, the endothelin A receptor (Ednra) was 
validated as one of the hypertension-associated target genes 
regulated by miR-1929-3p. It has been demonstrated that endo-
thelin-1 (ET-1) induces vascular remodeling-related persistent 
inflammation through Ednra (35). Based on our previous 
experimental results and the aforementioned associations 
among MCMV, miRNAs and the NLRP3 inflammasome, it 
was hypothesized that McMV infection may decrease the 
expression of miR-1929-3p in mice, thereby relieving the inhi-
bition of Ednra and activating the NLRP3 inflammasome in 
order to promote the occurrence and development of adverse 
vascular remodeling and hypertension.

Materials and methods

Animals. All experimental procedures involving laboratory 
animals were approved by the Institutional Animal Research 
committee at Shihezi University Medical college. A total of 
200 c57BL/6J male mice, aged 7 months and weighing 25-30 g, 
were purchased from Beijing Viton Lihua Laboratory Animal 
co., Ltd. (license no. ScXK 2016-0006). during the whole study 
period, the animals were housed at room temperature with 12-h 
light/dark cycles and allowed access to normal rat chow and 
water ad libitum. The mice were randomly divided into groups 
(n=17/group) as follows: control, McMV, McMV + miR-Nc 
and McMV + miR-1929-3p. In the McMV group, mice were 
intraperitoneally injected with 5x104 PFU/animal, while the 
control group was inoculated with the same amount of normal 
saline. In the miR-1929-3p and miR-1929-3p negative control 
(miR-Nc) groups, mice were injected via the tail vein with 
rAAV-miR-1929-3p or rAAV-miR-1929-3p-Nc (1x1011 virion 
particles in 100 ml saline solution). The mice were anesthetized 
using sodium pentobarbital (P3761, Sigma-Aldrich; Merck 
KGaA) through intraperitoneal injection (30 mg/kg), and blood 
was collected from the inner canthus artery. The mice were sacri-
ficed by cervical dislocation and the aorta was resected, fixed in 
4% paraformaldehyde at 4˚C for 24 h and embedded in paraffin.

MCMV immediate early (IE) gene detection. Samples of 
mouse aorta (30 mg) were homogenized into a tissue suspen-
sion, and the tissue DNA was extracted and amplified using 
a dNA extraction kit (Tiangen Biotech co., Ltd.) using the 
following primers: McMV IE forward, 5'-ATG GTG AAG 
cTA TcA AAG ATG TGc ATc TcA-3' and reverse, 5'-ATc 
AAT cAG ccA TcA AcT cTG cTA ccA cAc-3'. After agarose 
gel electrophoresis, the dNA was visualized on the Image-Pro 
Plus software, version 6.0 (Media cybernetics, Inc.).

Blood pressure measurement. The c57BL/6 mice were anes-
thetized using sodium pentobarbital (P3761; Sigma-Aldrich; 
Merck KGaA) through intraperitoneal injection (30 mg/kg), 
after which time they were fixed on the operating table. An 
incision was made along the midline of the neck, and the neck 
tissues were carefully separated to expose the common carotid 
artery without injuring the vagus nerve. Next, a cannula 
was inserted in the artery and secured in place with 6/0 silk 
threads, and the common carotid artery was repositioned. 
Systolic blood pressure (SBP), diastolic blood pressure (dBP) 
and mean arterial pressure (MAP) in the artery were moni-
tored. For each measurement, the data represented the mean of 
at least 5 stable recordings.

Hematoxylin and eosin (H&E) and Masson's trichrome 
staining. The blood vessels were placed in 4% paraformal-
dehyde buffer (pH 7.0) and fixed at room temperature for 
24 h. The tissues were embedded in paraffin, cut into 4‑µm 
sections, stained with H&E (Solarbio) and Masson's trichrome 
stain (Beijing Solarbio Science & Technology co., Ltd.), 
and observed under a light microscopy (IX73, Olympus 
Corporation). Five microscopic fields (magnification, x400) 
were randomly selected from each blood vessel, and the 
collagen area was calculated as a percentage of the field of 
view.
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Colorimetry. After homogenizing the mouse blood vessel 
tissue, the supernatant was collected and analyzed for nitric 
oxide (NO) and endothelial NO synthase (eNOS) levels in 
mouse aortic homogenates using a commercial kit (Nanjing 
Jiancheng Biological Engineering Institute), according to the 
manufacturer's instructions.

Western blotting. After treatment, all experimental samples 
were collected and homogenized on ice in RIPA buffer 
containing 1% proteinase inhibitor solution. Then, the 
homogenates were centrifuged at 12,000 x g for 10 min 
at  4˚C. The  resulting  supernatant  contained  the  extracted 
proteins. The concentration of total extracted protein was 
determined using NanoDrop2000 (Thermo Fisher Scientific, 
Inc.). A  total of 10 µg protein per  lane were separated by 
electrophoresis on 10% SdS-PAGE gels before transferring 
onto a PVdF membrane by SEMI-dRY TRANSFER cELL 
(Bio-Rad Laboratories, Inc.). After blocking with 5% non-fat 
dry milk for 3 h at room temperature, the membranes were 
incubated overnight at 4˚C with primary antibodies diluted 
in a 5% bovine serum albumin (NeoFROXX GmbH) solu-
tion in 1X Tris-buffered saline solution containing 0.1% 
Tween-20 (TBS-T). The antibodies used for western blot 
analysis were as follows: β-actin (1:1,000, cat. no. ZM-0001; 
Sugisuke Bridge), α-smooth muscle actin (α-SMA; 1:400, 
cat. no. BM0002; Boster Biological Technology), osteo-
pontin (OPN; 1:200, cat. no. ab8448; Abcam), proliferating 
cell nuclear antigen (PcNA; 1:250, cat. no. BM0104; Boster 
Biological Technology), NLRP3 (1:500, cat. no. ab214185; 
Abcam) ASc (1:250, cat. no. ab47092; Abcam), caspase-1 
(1:1,000, cat. no. ab1872; Abcam), pro-caspase-1 (1:1,000, 
cat. no. ab179515; Abcam), IL-18 (1:1,000, cat. no. ab71495; 
Abcam), IL-1β (1:1,000, cat. no. ab9722; Abcam) and 
pro-IL-1β (1:1,000, cat. no. ab216995; Abcam). Subsequently, 
the membranes were washed three times with TBS-T and 
treated with goat anti-rabbit lgG (1:10,000; cat. no. ZB2301; 
Sugisuke Bridge, Beijing, china) or goat anti-rat lgG 
(1:10,000; cat. no. ZB2305; Sugisuke Bridge, Beijing, china) 
for 2 h at room temperature. The signals were visualized 
with Supersensitive EcL chemiluminescent Kit, according 
to the manufacturer's instructions. The films w ere scanned 
and analyzed using the Image-Pro Plus software, version 6.0 
(Media cybernetics, Inc.).

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR) analysis. Total RNA was extracted from the 
collected aortic samples using TRIzol® (Invitrogen; Thermo 
Fisher Scientific, Inc.), treated with DNase I (Tiangen Biotech 
co., Ltd.), reverse transcribed with SuperScript™ First Strand 
cdNA System (Invitrogen; Thermo Fisher Scientific, Inc.), 
and mature miRNA levels were assessed using SYBR Green 
Real-time PcR (Tiangen Biotech co., Ltd.) according to the 
manufacturer's instructions with U6 and GAPdH as the refer-
ence genes. The thermocycling conditions were as follows: 
3 min at 95˚C followed by 40 cycles of amplification at 94˚C for 
20 sec and at 60˚C for 34 sec. The results were analyzed using 
the 2-ΔΔcq method (36). The sequences of the PcR primers used 
were as follows: miR-1929-3p forward, 5'-AcA cTc cAG cTG 
GGc AGc TcA TGG AGA ccT-3' and reverse, 5'-TGG TGT cGT 
GGA GTc G-3'; Ednra forward, 5'-TcA ccG TcT TGA Acc TcT 

GTG c-3' and reverse, 5'-GAT GGA GAc GAT TTc AAT GGc 
GG-3'; U6 forward, 5'-GcT TcG GcA GcA cAT ATA cTA AAA 
T-3' and reverse, 5'-cGc TTc AcG AAT TTG cGT GTc AT-3'; 
and GAPdH forward, 5'-TGG ccT Tcc GTG TTc cTA c-3' and 
reverse, 5'-GAG TTG cTG TTG AAG TcG cA-3'.

Immunohistochemistry. To determine the expression of target 
proteins in the aortic tissues, the samples were stained by 
immunohistochemistry. Briefly, the aortic tissues were fixed 
in 4% paraformaldehyde for 24 h at 4˚C and embedded in 
paraffin. Then, samples were cut  into 3‑µm sections, rehy-
drated with 3% H2O2 after being deparaffinized, and washed 
with 0.1 M PBS. The sections were then incubated with 
primary antibodies at 4˚C overnight. The antibodies used were 
as follows: OPN (1:100, cat. no. ab8448; Abcam), PcNA (1:50, 
cat. no. ab92552; Abcam), α-SMA (1:200, cat. no. ab5694; 
Abcam), NLRP3 (1:100, cat. no. ab214185; Abcam), ASc 
(1:100, cat. no. ab47092; Abcam) and caspase-1 (1:25, 
cat. no. ab1872; Abcam). After washing with PBS, the sections 
were incubated with secondary antibody (Invitrogen; Thermo 
Fisher Scientific, Inc.) at room temperature for 30 min. Then, 
color in the aorta was developed using 3,3-diaminobenzidine. 
The sections were then counterstained with hematoxylin at 
room temperature for 4 min, incubated with ammonia for 
20 min, dehydrated with an ethanol gradient (80% ethanol for 
5 min; 95% ethanol for 5 min; and 100% ethanol for 5 min) 
and transparentized twice with xylene (5 min each time), 
mounted on glass coverslips, and sealed with neutral resin. 
cells containing brown-strained particles in the cytoplasm 
were considered as positive based on imaging under a fluo-
rescence microscope (carl Zeiss AG). Quantitative image 
analyses were performed with the Image-Pro Plus software, 
version 6.0 (Media cybernetics, Inc.). The mean of the number 
of positive cells from at least 5 random fields was calculated 
for each section and then averaged within the group. The 
staining scores were based on percentage of cells stained and 
intensity of staining: The level of protein accumulation was 
scored as 0 (no detectable immunostaining), 1 (few scattered 
stained nuclei), 2 (up to 10% stained nuclei), 3 (10-50% stained 
nuclei), and 4 (>50% stained nuclei) (37).

ELISA. commercially available enzyme immunoassay kits 
(Jingmei Biotechnology) were used to detect McMV IgG 
(cat. no. JM-02340M1), McMV IgM (cat. no. JM-02341M1), 
IL-18 (cat. no. JM-02452M1), IL-1β (cat. no. JM-02323M1) 
and ET-1 (cat. no. JM-02844M1) levels in the plasma or 
aortic tissues. A microplate reader (Model 3550-UV; Bio-Rad 
Laboratories, Inc.) was used to measure the absorbance at a 
wavelength of 450 nm.

Statistical analysis. GraphPad Prism 5.0 (GraphPad Software, 
Inc.) was used for statistical analyses. All the data are presented as 
mean ± Sd from at least three independent experiments, and all 
in vitro experiments were conducted in triplicate. The SPSS 20.0 
statistical software (IBM corp.) was utilized for statistical anal-
ysis. The Student's t-test was used for comparisons between two 
groups. Multiple comparisons were performed using one-way or 
two-way ANOVA. Tukey's multiple comparisons test was used 
for the pairwise comparison following ANOVA. P<0.05 was 
considered to indicate a statistically significant difference.



ZHOU et al:  miR-1929-3p IMPROVES McMV-INdUcEd VAScULAR REMOdELING THROUGH Ednra/NLRP3722

Results

Development of MCMV‑infected C57BL/6J mouse model. In 
order to establish an experimental animal model for elevated 
blood pressure induced by McMV infection, 7-month-old 
c57BL/6J mice were intraperitoneally injected with the Smith 
strain of McMV, whereas control group mice were injected 
with the same amount of normal saline. At 9 months of age, 
the serum concentrations of McMV IgG and IgM in the 
MCMV group were significantly higher compared with those 
in control group mice of the same age (Fig. 1A and B). PcR 
analysis revealed that the expression of McMV IE in the 
McMV group was positive, indicating that the mice had been 
infected with McMV (Fig. 1c).

MCMV infection increases blood pressure and induces 
vascular remodeling in C57BL/6J mice. To determine the 
role of McMV infection in mice with hypertension, blood 
pressure in mice was determined by carotid arterial pressure 
measurement. The results revealed that SBP, dBP and MAP 
in the MCMV group of 9‑ and 12‑month mice were signifi-
cantly higher compared with those in control group mice of 
the same age (Fig. 2A and c). This indicated that McMV 
infection promoted an increase in blood pressure in mice. 
concurrently, the miR-1929-3p expression level in the McMV 
group decreased significantly with the increase in blood pres-
sure (Fig. 2d). H&E and Masson's trichrome staining revealed 
increased vascular media thickness and collagen accumulation 
in aortic tissue sections of 12-month-old mice in the McMV 
group (Fig. 2E-H). Taken together, these results indicated 
that McMV infection caused increased blood pressure and 
vascular remodeling in c57BL/6J mice.

Overexpression of miR‑1929‑3p improves vascular remod‑
eling in MCMV‑induced hypertensive mice. To investigate 
the role of miR-1929-3p in vascular remodeling, the type 9 
recombinant adeno-associated virus (rAAV9) system was 
used in McMV-induced hypertensive c57BL/6J mice. At 
13 and 15 months of age, the expression of miR-1929-3p in 
the MCMV group was significantly downregulated, while 
in the McMV + miR-1929-3p group, miR-1929-3p expres-
sion was significantly increased (Fig. 3A). At the age of 
14 months, blood pressure in McMV + miR-1929-3p group 
mice was restored. This indicated that the overexpression 
of miR-1929-3p attenuated the McMV-induced elevation of 
dBP, MAP and SBP (Fig. 3B-d). 

A characteristic change caused by the increase in 
blood pressure is vascular remodeling due to the prolif-
eration of VSMcs (4), with the morphological changes mainly 
comprising thickening of the media, increased rigidity of the 
vessel wall, and decreased vascular compliance (13). In the 
present study, the McMV + miR-1929-3p group mice exhib-
ited no significant changes at 13 months of age compared with 
the McMV group. However, H&E and Masson's trichrome 
staining of aortic tissue in mice aged 15 months revealed that 
miR‑1929‑3p significantly reduced the thickness of the aortic 
media and the fibrotic area of aortic tissue, which were caused 
by McMV infection (Fig. 3E-H).

To further determine the role of miR-1929-3p in vascular 
remodeling in McMV-infected aortic tissues, the protein 

expression of α-SMA, OPN and PcNA was analyzed using 
immunohistochemistry and western blotting. The results 
revealed that, at 15 months of age, the miR-1929-3p over-
expression group exhibited an increase in the contractile 
phenotype of α-SMA expression and a decrease in the 
synthetic phenotype of OPN and PcNA expression compared 
with the McMV group (Fig. 4A-J). These data indicated that 
miR-1929-3p overexpression inhibited vascular smooth muscle 
thickening and exerted a protective effect against vascular 
remodeling. These findings indicated that MCMV infection 
promoted aortic remodeling by inhibiting the expression of 
miR-1929-3p, thereby leading to hypertension.

Targeted regulation of endothelin A receptor by miR‑1929‑3p 
alleviates endothelial dysfunction induced by MCMV 
infection. Ednra was previously identified as the target of 
miR‑1929‑3p (34). To confirm this finding, the expression level 
of Ednra was detected after overexpression of miR-1929-3p 
and, consistently with the results of the previous study, Ednra 
mRNA and protein expressions were upregulated in the 
McMV group compared with those in the control group. 
However, Ednra mRNA and protein expression levels were 
significantly downregulated in  the MCMV + miR‑1929‑3p 
group (Fig. 5B-d). These results indicated that McMV infec-
tion downregulated miR-1929-3p and increased the expression 
of its target gene, Ednra, while miR-1929-3p overexpression 
alleviated the McMV infection-induced increase of Ednra 
expression. It has been reported that the overexpression of 
ET-1 causes persistently elevated blood pressure and vascular 
injury through Ednra (38). Moreover, it has been demonstrated 
that endothelial cell dysfunction is an important component of 
inflammation caused by CMV infection (39). To assess the role 
of miR-1929-3p in McMV-induced endothelial dysfunction, 
eNOS activity and NO content were measured as indicators 
of endothelial cell function in aortic tissue, and the content of 
ET-1 in plasma was also measured. compared with the control 
group, plasma ET-1 concentration in mice in the McMV group 
was significantly increased, while eNOS activity in aortic 
tissues was downregulated. However, plasma ET-1 concentra-
tion and aortic eNOS activity were significantly decreased in 
the McMV group relative to the McMV + miR-Nc group 
after miR-1929-3p overexpression, up to 15 months of age. 
Additionally, the concentration of NO in the aortic tissues 
displayed the same trend as that of the activity of eNOS 
(P<0.05; Fig. 5E-G).

These data suggested that McMV infection may lead 
to endothelial cell dysfunction by inhibiting miR-1929-3p, 
increasing Ednra expression and promoting the production 
of endothelial injury factors, whereas overexpression of 
miR-1929-3p protects against McMV-induced endothelial 
function disruption.

miR‑1929‑3p is involved in vascular remodeling associated 
with MCMV infection by activating the NLRP3 inflamma‑
some. NLRP3 inflammasome activation reportedly triggers an 
inflammatory response and promotes vascular remodeling (8). 
Furthermore, it has been reported that ET-1-activated Ednra 
promotes the activation of the NLRP3 inflammasome (40). 
To explore the role of the NLRP3 inflammasome during the 
overexpression of miR-1929-3p in improving McMV-induced 
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hypertension vascular remodeling, the expression of the 
NLRP3 inflammasome in mouse blood vessels was evaluated.

Immunohistochemical staining revealed that the levels of 
NLRP3, ASc and caspase-1 were markedly upregulated in 
the aortic tissues in the McMV group at 13 and 15 months 
of age. NLRP3, ASc and caspase-1 expression levels did not 
change significantly in the MCMV + miR‑1929‑3p group at 
the age of 13 months, but were significantly downregulated 
at 15 months (Fig. 6A-F). The western blot analysis revealed 
that the expression of the NLRP3 inflammasome-related 
proteins, NLRP3, ASc, pro-caspase-1, caspase-1, pro-IL-1 
and IL-1β were significantly increased in the MCMV‑infected 
group. McMV activated caspase-1 and IL-1β; however, no 
significant difference in IL-18 expression was observed. 
These upregulated indicators were alleviated by miR-1929-3p 
overexpression in 15-month-old mice (Fig. 7A-J). Similarly, 
ELISA detected IL-18 and IL-1β in the plasma, and the results 
of this assay corresponded to those of the western blot analysis 
(Fig. 7K and L). These data demonstrated that miR-1929-3p 
overexpression can improve McMV-induced vascular remod-
eling, possibly by inhibiting the activation of the NLRP3 
inflammasome via ET‑1/Ednra.

Discussion

To the best of our knowledge, the present study is the first to 
demonstrate that miR-1929-3p plays an important role in medi-
ating hypertensive vascular remodeling in McMV infection. It 
was observed that McMV-infected mice had elevated blood 
pressure, thickened blood vessels, and decreased miR-1929-3p 
expression. When miR-1929-3p was overexpressed, the expres-
sion of its target gene, Ednra, decreased, while the activation 
of the NLRP3 inflammasome was inhibited, which improved 

McMV-induced vascular remodeling. In other words, 
miR-1929-3p overexpression may suppress McMV-induced 
hypertensive vascular remodeling, indicating its potential 
value as a therapeutic target for hypertension. To the best of our 
knowledge, this is the first attempt at targeting miR‑1929‑3p 
for McMV-induced hypertension therapeutics.

McMV is widely invasive and can infect a variety of cells, 
including endothelial and smooth muscle cells (41). The fact 
that cMV infection may lead to an increase in blood pressure 
has also been observed in human studies (42). Hypertension is 
a common chronic disease, which is associated with age (43). 
Therefore, 7-month-old c57BL/6J mice infected McMV were 
used to construct an animal model of hypertension (44). Blood 
pressure and vascular morphology detection were performed 
monthly. It was observed that SBP, dBP and MAP were signif-
icantly increased following McMV infection at 9 months of 
age, while vascular morphology did not change significantly, 
suggesting that the blood pressure increase caused by McMV 
infection occurred before the morphological changes of 
the blood vessels. Vascular remodeling is a characteristic 
phenotype in hypertension (45). This morphological change is 
mainly manifested by the thickening of the media, increased 
wall rigidity and decreased vascular compliance (46). It was 
observed that typical vascular remodeling, such as increased 
aortic thickness and collagen deposition in the aorta, occurred 
at 12 months of age in the McMV group. The markers are 
shown primarily at 9 months of age, when blood pressure 
began to change, and at 12 months of age, when blood vessel 
function began to change. In addition, it was observed that 
blood pressure increases following McMV infection precede 
changes in vascular function. This may be partly due to the 
fact that cMV re-infection usually presents with high levels 
of antibody titers and is involved in the development of 

Figure 1. development of McMV-infected c57BL/6J mouse model. (A and B) The concentrations of IgG and IgM in the plasma were detected by ELISA. 
(C) PCR identified MCMV immediate early DNA in the aorta of C57BL/6J mice infected with MCMV. *P<0.05 vs. control; in panels A and B, data were 
analyzed using the Student's t-test. n=5 per group. McMV, murine cytomegalovirus. 
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cardiovascular disease (39,47). However, the degree of McMV 
infection at 9 months of age was significantly lower compared 
with that at 12 months of age. This finding was consistent with 
our previous population survey, which found that an increase 
in HcMV IgG titer was an independent risk factor for EH and 
target organ damage during HcMV infection (48). Another 
important reason may be that elevated blood pressure is a 
hemodynamic factor that induces vascular remodeling (49).

A study by Li et al (50) reported that miRNAs may serve 
as a key link between HcMV and EH. We previously found 

that cMV infection was associated with EH in Kazakh and Han 
males in Xinjiang (51). Subsequently, RNA-SEQ screening of 
miRNAs that were differentially expressed in peripheral blood 
mononuclear cells from mice with McMV-induced hyperten-
sion revealed that 118 miRNAs were detected between the two 
groups. Among these, 91 were upregulated and 27 were downreg-
ulated, including virus-encoded miRNAs and mouse-encoded 
miRNAs. This finding indicated that MCMV infection induced 
differential expression of McMV and host miRNAs, suggesting 
that the occurrence and development of McMV-induced 

Figure 2. Increased blood pressure and vascular remodeling were caused by McMV infection in c57BL/6J mice. (A) SBP, (B) dBP and (c) MAP were 
determined by carotid artery pressure measurement. (d) The expression of miR-1929-3p was detected by reverse transcription-quantitative PcR anal-
ysis. (E and F) Effect of MCMV infection on blood vessel wall thickness in mice assessed using hematoxylin and eosin staining (magnification, x100). 
(G and H) The area of vascular fibrosis was evaluated by Masson's trichrome staining (magnification, x100). *P<0.05 vs. control of the same age; 
†P<0.05 vs. McMV group at 7 months of age. In panels A-c, data were analyzed using two-way ANOVA and Tukey's multiple comparisons post hoc test; in 
panels d, F and H, data were analyzed using the Student's t-test. n=5 per group. McMV, murine cytomegalovirus; SBP, systolic blood pressure; dBP, diastolic 
blood pressure; MAP, mean arterial pressure.
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hypertension may involve the interaction of the two miRNAs. 
Bioinformatics analyses and RT-qPcR validation of peripheral 
blood monocytes, blood vessels and myocardial tissues revealed 
that the MMU-miR-1929-3p and McMV-miR-m01-4-5p results 
were consistent with those of miRNAs-SEQ sequencing and 
bioinformatics analysis. However, comparative analysis of the 
sequence targets of McMV-miR-m01-4 did not identify any 
genes associated with hypertension. Therefore, miR-1929-3p 
was finally selected as the differentially expressed miRNA in 
McMV-induced EH. Using bioinformatics analysis and the 

dual-luciferase reporter assay, Ednra was confirmed as the 
EH-related target of miR-1929-3p (34). In the present study, 
RT-qPcR analysis demonstrated that the relative expression 
level of miR‑1929‑3p in the MCMV group was significantly 
decreased at the age of 9 months. However, there was no 
significant change in the expression of miR‑1929‑3p at the age 
of 9-15 months, indicating that the expression of miR-1929-3p 
did not decrease progressively with the duration of McMV 
infection. miRNAs, a class of non-coding single-stranded 
RNAs with a length of 21-25 nucleotides, are widespread in 

Figure 3. miR-1929-3p overexpression alleviated McMV-induced vascular remodeling in mice. (A) The expression of miR-1929-3p following transfection 
with AAV-miR-1929-3p was detected by reverse transcription-quantitative PcR analysis. (B) dBP, (c) MAP and (d) SBP were determined by carotid artery 
pressure measurement. (E and F) Staining images of aortic tissues following hematoxylin and eosin staining; the pathological changes in aortic tissues were 
semi‑quantitatively evaluated based on histological examination (magnification, x100). (G and H) The area of vascular fibrosis was evaluated by Masson's 
trichrome staining (magnification, x100). *P<0.05 vs. control of the same age; #P<0.05 vs. McMV + miR-Nc group of the same age; †P<0.05 vs. McMV 
group at 7 months of age. In panels A, F and H, data were analyzed using one-way ANOVA, while in panels B-d, data were analyzed using two-way ANOVA, 
followed by Tukey's multiple comparisons post hoc test; n=5 per group. McMV, murine cytomegalovirus; SBP, systolic blood pressure; dBP, diastolic blood 
pressure; MAP, mean arterial pressure.
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eukaryotes and play important roles in various biological 
processes, including cell proliferation, differentiation, migration 
and apoptosis (52,53). Indeed, a large body of evidence indicates 
that miRNAs are involved in the occurrence and development 

of EH (54), as well as vascular remodeling (55-57). For example, 
miR-150 can prevent hypoxia-induced pulmonary vascular 
remodeling, fibrosis and abnormal proliferation of pulmonary 
artery smooth muscle cells and endothelial cells (58). These 

Figure 4. Improved McMV-induced vascular phenotypic transformation by miR-1929-3p. (A-F) Expression of (A) α-SMA, (c) OPN and (E) PcNA in mouse 
aorta as detected by immunohistochemical staining (magnification, x100), and statistical analysis of (B) α-SMA, (d) OPN and (F) PcNA. (G) Western blotting and 
(H-J) statistical analysis of the expression of (H) PcNA, (I) OPN and (J) α-SMA in aortic tissues. *P<0.05 vs. control of the same age; #P<0.05 vs. McMV + miR-Nc 
group of the same age. In panels A, d, F, H, I and J, data were analyzed using one-way ANOVA followed by Tukey's multiple comparisons post hoc. n=5 per 
group. McMV, murine cytomegalovirus; SMA, smooth muscle actin; OPN, osteopontin; PcNA, proliferating cell nuclear antigen.
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findings indicate that miRNAs are key regulators of the pheno-
typic transformation of VSMcs and the adverse remodeling 
of vessels in hypertension (55). Therefore, it was hypothesized 
that miR-1929-3p played an important role in McMV infection 
of c57BL/6J mice by increasing blood pressure and inducing 
adverse vascular remodeling.

It was also investigated whether miR-1929-3p played a 
role in EH and McMV-induced vascular remodeling using 
a recombinant adeno-associated virus-coated miR-1929-3p 
overexpression plasmid. The data demonstrated that the 
relative miR-1929-3p expression level in the aortic tissues of 
C57BL/6J mice was significantly higher compared with that 
in the McMV group after 1 month of rAAV-miR-1929-3p 
intervention, and was even significantly higher after a further 
3 months. These results indicated that the targeted vascular 
delivery of miR‑1929‑3p mediated by type 9 rAAV signifi-
cantly increased the relative miR-1929-3p expression level in 
the aortic tissues of C57BL/6J mice. This finding was consis-
tent with a previous study reporting that type 9 rAAV can be 
stably transfected into adult mice (59). during the detection of 

blood pressure in mice, it was observed that the blood pres-
sure in McMV + miR-1929-3p group mice increased at the 
age of 14 months, but the vascular function did not improve 
significantly. However, vascular remodeling was significantly 
reversed in the McMV + miR-1929-3p group at 15 months of 
age. This is consistent with our previous findings, indicating 
that changes in blood pressure precede vascular remodeling. 
Furthermore, it was proven that miR-1929-3p overexpression 
inhibited McMV-induced VSMc proliferation and differen-
tiation, and exerted a protective effect on blood vessels. 

MicroRNAs are post-transcriptional regulators of gene 
expression that participate in various developmental and cellular 
processes by inhibiting the translation of target genes (60). Our 
group identified Ednra as a direct target of miR‑1929‑3p, which 
was also verified in the present study. Ednra was significantly 
upregulated following McMV-induced miR-1929-3p down-
regulation. Mainly located in VSMcs, Ednra is primarily 
involved in the occurrence and development of vasoconstric-
tion, cardiac hypertrophy, inflammation and cardiovascular 
diseases (61-63). Ednra is activated by ET-1 and induces the 

Figure 5. Targeted regulation of Ednra by miR-1929-3p alleviates McMV-induced endothelial dysfunction. (A) diagram of miR-1929-3p binding site in 
Ednra 3' untranslated region. (B) Ednra expression was detected by reverse transcription-quantitative PcR analysis after rAAV-miR-1929-3p transfection 
in McMV-infected mice. (c and d) Western blotting and statistical analysis of Ednra following rAAV-miR-1929-3p transfection in McMV-infected mice. 
(E) The concentration of ET-1 in the plasma was detected by ELISA. (F) colorimetry was used to detect eNOS activity in aortic tissue homogenates. (G) Nitrate 
reduction method was used to detect the concentration of NO in the homogenate of aortic tissue. *P<0.05 vs. control of the same age; #P<0.05 vs. McMV + 
miR-Nc group of the same age. In panels B, d, E, F and G, data were analyzed using one-way ANOVA followed by Tukey's multiple comparisons post hoc test. 
n=5 per group. McMV, murine cytomegalovirus; ET-1, endothelin-1; NO, nitric oxide; eNOS, endothelial nitric oxide synthase.
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increase of O2-, promotes oxidative stress and causes endo-
thelial cell injury (64,65). Ednra inhibitors can downregulate 
iNOS to alleviate endotoxin-induced liver injury in cirrhotic 
patients (61). The present study demonstrated that the down-
regulation of miR-1929-3p by McMV increased Ednra levels, 
thereby leading to increased expression of the endothelial 
injury factor ET-1 and reduced eNOS activity and NO levels. 
Other studies have also demonstrated that the activation of 
Ednra enhances NF-κB activation, oxidative stress and produc-
tion of pro-inflammatory cytokines (35,66). Additionally, 
TLR-induced NF-κB activation has been found to lead to the 
activation of NLRP3, pro-IL-1 and pro-IL-18 (28). However, 
the association between Ednra and NLRP3 in hypertension has 
not been widely studied. Therefore, the expression of NLRP3 
inflammasome components and downstream IL‑1β and IL-18 
was examined, and it was observed that IL-1β was significantly 
inhibited when miR-1929-3p was overexpressed. However, there 
were no significant effects of miR‑1929‑3p on IL‑18 expression 
and concentration in the plasma, possibly because the activa-
tion of NLRP3 by different cofactors induced different levels 

of IL-18 and IL-1β processing and secretion (67). Furthermore, 
Pirhonen et al reported in their studies on the influenza A and 
Sendai viruses that monocytes and macrophages have different 
capacities to produce IL-1β and IL-18 due to their different 
sensitivities to viral infection. In that study, the authors found 
that the expression of IL-18 was induced only by the Sendai 
virus, while both the influenza A and Sendai viruses induced 
IL-1β expression (68), an observation which may partly explain 
our results. Therefore, it may be inferred that miR-1929-3p 
inhibits the expression of Ednra, downregulates the activation 
of the NLRP3 inflammasome and decreases the production of 
IL-1β in McMV-infected hypertensive mice. A limitation of the 
present study was that the mechanism underlying the involve-
ment of Ednra/NLRP3 in the development of hypertension and 
vascular remodeling following McMV-induced downregula-
tion of miR-1929-3p in mice was not fully elucidated. Future 
work will aim to study these mechanisms in further detail at 
the cellular and molecular level. Furthermore, it is well known 
that miRNAs have a complex regulatory network, which can 
either regulate the expression of multiple genes through a 

Figure 6. Increased levels of NLRP3, ASc and caspase-1 in the aorta caused by McMV infection were improved by miR-1929-3p overexpression. 
(A-F) Immunohistochemical staining and statistical analysis of (A and B) NLRP3, (c and d) ASc and (E and F) caspase-1 in aortic tissues of mice after McMV infec-
tion and miR‑1929‑3p overexpression (magnification, x100). *P<0.05 vs. control of the same age; #P<0.05 vs. McMV + miR-Nc group of the same age. In panels B, d 
and F, data were analyzed using one-way ANOVA followed by Tukey's multiple comparisons post hoc test. n=5 per group. McMV, murine cytomegalovirus; NLRP3, 
nucleotide-binding oligomerization domain-like receptor pyrin domain-containing 3; ASc, apoptosis-associated speck-like protein containing a cARd.
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single miRNA, or regulate the expression of a single gene via 
multiple miRNAs (69). Although miR-1929-3p was found to 
improve McMV-induced hypertensive vascular remodeling by 
inhibiting Ednra, whether other targets of miR-1929-3p may 
be partially involved in promoting the miR-1929-3p-mediated 

proliferation of blood vessels cannot be ruled out. Moreover, 
the possibility that McMV-induced differential expression of 
other miRNAs and proteins may affect blood pressure and 
vascular remodeling in mice must be considered. Furthermore, 
since miR‑1929‑3p is a murine miRNA, it cannot be confirmed 

Figure 7. Overexpression of miR‑1929‑3p alleviates MCMV‑induced NLRP3 inflammasome activation. (A) Western blotting and (B‑L) statistical analysis of 
the expression of inflammatory factors in aortic tissues of mice after MCMV infection and miR‑1929‑3p overexpression. (B) NLRP3, (C) ASC, (D) IL‑18, 
(E) caspase-1, (F) pro-caspase-1, (G) caspase-1/pro-caspase-1 ratio; (H) IL-1β, (I) pro-IL-1β, (J) IL-1β/pro-IL-1β ratio and (K) IL-1β in mouse plasma. 
*P<0.05 vs. control of the same age; #P<0.05 vs. McMV + miR-Nc group of the same age. In panels B-L, data were analyzed using one-way ANOVA followed 
by Tukey's multiple comparisons post hoc test. n=5 per group. McMV, murine cytomegalovirus; NLRP3, nucleotide-binding oligomerization domain-like 
receptor pyrin domain-containing 3; ASc, apoptosis-associated speck-like protein containing a cARd; IL-1β, interleukin 1β; IL-18, interleukin 18.
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whether it was specifically differentially expressed only in 
response to McMV infection.

In summary, the present study demonstrated that McMV 
induced an increase in blood pressure and promoted vascular 
remodeling in mice, which was likely caused by the downregu-
lation of miR-1929-3p and the activation of ET-1/Ednra/NLRP3 
inflammasome. Overexpression of miR-1929-3p alleviated 
adverse McMV-induced vascular remodeling via a mechanism 
likely involving the inhibition of ET-1/Ednra and subsequent 
deactivation of the NLRP3 inflammasome. Since miRNAs 
from different species are highly homologous, miR-1929-3p 
may represent a novel cMV-mediated hypertension biomarker 
and a potential target for regulating vascular remodeling.
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