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Abstract
Hypertension, a multifactorial disease, is a major risk factor for the development of stroke, coronary artery disease, heart
failure, and chronic renal failure. However, its underlying cellular and molecular mechanisms remain largely elusive.
Numerous studies have shown that microRNAs (miRNAs) are involved in a variety of cellular processes, including cellular
proliferation, apoptosis, differentiation, and the development of diseases. microRNA-21 (miR-21), a conserved single-
stranded non-coding RNA that is composed of approximately 22 nucleotides, is one of the most intensively studied miRNAs
in recent years, and it can regulate gene expression at the post-transcriptional level. miR-21 is expressed in many kinds of
tumors and in the cardiovascular system, and it plays an important role in the occurrence and development of cardiovascular
diseases. In recent years, more and more evidence indicates that miR-21 plays an important role in hypertension. This article
reviews the source, function, and altered levels of miR-21 in hypertension and the role of miR-21 in the pathogenesis of
hypertension and target organ damage (TOD). The potential role of miR-21 as a new target for predicting and treating
hypertension is also explored.

Introduction

Hypertension is a major risk factor of stroke, coronary
artery disease, heart failure, peripheral vascular disease, and
chronic renal disease [1]. Moreover, hypertension is one of
the most common chronic diseases. Hypertension influences
approximately 25% of the adult population worldwide, and
the number of adults with hypertension in 2025 is predicted
to increase by approximately 60% to a total of 1.56 billion
[2]. In the United States, it influenced over 30% of the
population in 2015, and its direct medical costs alone have
been estimated at almost 100 billion dollars [3]. Moreover,

in northeast China, a recent study shows that the awareness
and treatment rates of hypertension are 47.4 and 78.8%,
respectively. However, the control rate of hypertension is
only 10.2% [4]. According to the 2017 High Blood Pressure
Clinical Practice Guideline, the prevalence of hypertension
among U.S. adults substantially increased when the defini-
tion in the present guideline was used vs. the JNC 7 defi-
nition (46 vs. 32%) [5].

The pathophysiology of hypertension is complex; in
addition to its common pathogenesis, such as neural
mechanisms, renal mechanisms, hormonal mechanisms,
vascular mechanisms, and insulin resistance mechanisms,
there is evidence that inflammation is involved in the
pathogenesis of hypertension [6–8], and its occurrence and
development are determined by the combination of genetic
susceptibility, environmental factors, compensatory factors
and time factors [9]. Long-lasting and inadequately treated
hypertension evinces as pathological changes in organs
throughout the body, including atherosclerosis and vascular
disease, cardiac hypertrophy and fibrosis, heart failure, renal
fibrosis, kidney failure, eye disease and hemorrhagic stroke,
known as TOD [10]. Furthermore, although effective
antihypertensive agents, including sartans and dihydro-
pyridines, are used, TOD still exists in many HT patients
[11–15]. Recently, more and more evidence shows that the
pathogenesis of essential hypertension (EH) and its com-
plications is associated with the abnormal expression of
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many genes [16–18]. However, despite extensive and con-
tinuous efforts to understand the pathogenesis of EH in
genetics, its molecular mechanism remains largely elusive.

miRNAs include endogenous, small noncoding RNAs
that are approximately 21–25 nucleotides in length. These
small miRNAs play important regulatory roles by inhibiting
translation of the target mRNAs or promoting degradation
of the target mRNAs [19]. In 1993, Lee et al. found the first
miRNA while studying the development process of nema-
todes and named it lin-4 [20]. Today, more than 3000
human genes have been cloned and sequenced according to
the Ensembl-database, and the number of miRNAs is
expected to be more than 4500. Approximately 30% of
human genes might be regulated by miRNAs due to the in
silico estimation by Rajewsky [21].

miRNAs have been detected in humans and in animals,
viruses and plants, and they are involved in a variety of
processes, including proliferation, differentiation, apoptosis
and metabolism, and other cellular processes [22]. miRNAs
have non-selective and non-specific characteristics: a
miRNA can act on multiple mRNAs, and a mRNA can be
regulated by multiple miRNAs.

A growing body of recent research indicates that miR-
NAs, such as miR-1, 21, 133, 145, 505, and 510, are
important in the pathogenesis of EH [23–25]. miR-126a-5p
is involved in the hypoxia-induced endothelial-to-
mesenchymal transition of neonatal pulmonary hyperten-
sion [26]. Furthermore, miRNAs, including miR-9, 21, 26,
126, and 155, play important roles in TOD during hyper-
tension [10, 27]. miR-21 is one of the most intensively
studied miRNAs in recent years. It is highly expressed in
the organs and tissues of mammals. It has a close rela-
tionship with hypertension. In this review, we focus on the
relationship between miR-21 and EH, such as the source
and function of miR-21, the level of changes in

hypertension, and the role of miR-21 in the pathogenesis of
hypertension and TOD during hypertension, and thus
speculate that miR-21 may be a new target for predicting
and treating hypertension.

Source of miR-21

Mature miR-21 is a 22 nt long non-coding RNAs with
homologous sequences in humans, rats, and mice. Its
sequence is 5′-UAGCUUAUCAGACUGAUGUUGA.

The transcription process of miR-21 is that RNA poly-
merase II transcribes the miR-21 genes, generating long
primary transcripts (pri-miR-21). Subsequently, the pre-
cursor of nuclease Drosha processes pri-miR-21 into the
hairpin structure (pre-miR-21), then pre-miR-21 is trans-
ferred to the cytoplasm by exportin 5, and the complex is
further processed by dicer protein (Dicer), transactivation
response RNA binding protein (TRBP) and protein kinase
RNA activator (PACT) to form double-stranded miRNA,
which finally unwinds into mature miRNA. Similar to other
mature miRNAs, mature miR-21 is involved in the forma-
tion of RNA-induced silencing complex (RISC), which
functions by combining with mRNA. The combination of
miRNA and the target genes into the RISC inhibits the
translation of the latter and (or) the promotion of its
degradation [28]. Translation inhibition is the main form of
miRNA regulation in the mammalian body, but the mRNA
level is often decreased, which may be due to the decreased
stability of mRNA (Fig. 1) [29].

miR-21 is encoded by a single gene and is highly con-
served across evolution. The human miR-21 gene is located
on chromosome 17q23.2 and overlaps with the transmem-
brane protein-encoding gene vacuole membrane protein 1
(VMP1 and TMEM49) and is pre-transcribed independently
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by miR-21 as pri-miR-21 in a relatively conserved promoter
[30, 31]. miR-21 has been found to be over expressed in
many tumor tissues and many organs, including the heart,
spleen, small intestine, colon, breast and brain of mammals
[32], so it has been considered to have carcinogenic activity
and can be classified as carcinogenic miRNA [33]. Many
scholars have proposed a non-transcriptional mechanism for
miR-21 upregulation, implying gene amplification rather
than promoter hyper-activation [34].

The generation of miR-21 is regulated mainly at two
levels. One level is the level of transcription (the generation
of pri-miRNA). The miR-21 gene has its own promoter, and
its expression is not regulated by the promoter of the
overlapping protein coding gene [35], which is very dif-
ferent from that of other miRNAs sharing a promoter with
their overlapping protein-coding genes. The promoter of
miR-21 has multiple enhancer-binding sites, including
activation protein-1 (AP-1), signal transducer and activator
of transcription (STAT3) and nuclear factor 1 (NF1), which
can mediate miR-21 expression through different signaling
pathways. It has been demonstrated that AP-1, Ets/PU.1,
p53, RELA, DeltaEF1/ZEB1, and Stat3 can induce the
transcription of miR-21; however, CCAAT/enhancer-bind-
ing protein (C/EBPα), NFI, Gfil, and estrogen receptor
(ER) pathways can inhibit the transcription of miR-21
[31, 36–41]. The other level is the post-transcriptional level.
Transforming growth factor-B (TGF-B) and bone morpho-
genetic proteins (BMPs) accelerate miR-21 production by
activating Drosha complexes, whereas the bone morpho-
genetic protein receptor type-1A (BMPR1a) pathway can
inhibit the production of miR-21 without changing the level
of pri-miR-21 [42, 43].

Function of miR-21

The role of miR-21 in vivo depends on the action target. It
has been found and confirmed that miR-21-induced effects
should be the result of multiple target genes. However,
because there are differences in the expression of genes in
different cells, the number and type of miR-21 target genes
should be different in specific cells. Until now, there has
been a lack of research in this area [44]. Recent studies have
suggested that miR-21 showed different expression levels in
many major cardiovascular cell types, including vascular
smooth muscle cells (VSMC), vascular endothelial cells,
myocardial cells and cardiac fibroblasts and other cells,
tissues, and blood (Table 1) [23, 45–65], suggesting that it
may be involved in the pathophysiologic process of many
diseases. These studies suggest that miR-21 inhibits cell
apoptosis and promotes cell proliferation and the develop-
ment of interstitial fibrosis. However, whether the dis-
tributions of miR-21 in different cells contribute to Ta
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hypertension remains to be verified. Human miR-21-5p has
approximately 382 target genes and miR-21-3p has
approximately 3673 as predicted by Target Scan [66, 67].
Among these target genes, genes involved in the patho-
physiology of hypertension are shown in Table 2. Even
more importantly, it has been proven that target genes, such
as JAG1 and BCL-2, are associated with hypertension and
that asporin (ASPN) and COL12A1 are associated with
TOD during hypertension [68–70].

miR-21 and hypertension

miR-21 level in EH patients

miR-21 is usually highly expressed in both animal models
and human hypertension plasma or tissues.

In 2012, a study showed that miR-21 levels were
increased in the skeletal muscle of hypertensive rats com-
pared with normotensive rats [69]. More significantly, in
human disease research studies, the expression levels of
miR-21 in the circulatory system of EH patients were higher
than those of healthy volunteers (HVs) [71]. In addition, it
has been validated that selected mRNAs and miRNAs are
differentially expressed in the renal cortex between HT and
normotensive subjects. miR-21 levels in the renal cortex of
HT patients were higher than those in normotensive sub-
jects [52]. Subsequently, the miR-21 level was quantified in
peripheral blood mononuclear cells by quantitative reverse
transcription polymerase chain reaction (qRT-PCR). HT
patients showed higher miR-21 levels than controls. The
study observed correlations of miR-21 expression levels
with 24-h diastolic blood pressure (BP). In HT patients, the
authors observed significant negative correlations of miR-
21 levels with 24-h diastolic BP and with mean BP. Fur-
thermore, the study observed a correlation between miR-21
and dipping status. An association between miR-21 levels
and 24-h mean pulse pressure was also found [23]. Another
study used qRT-PCR to measure the serum levels of miR-
21 in seamen with hypertension. The ocean seamen with
hypertension had significantly higher expression levels of
miR-21 than healthy ocean seamen [51]. Interestingly, in a
study group consisting of 30 untreated white coat hyper-
tension (WCH) patients, 30 newly diagnosed and untreated
HT patients and 30 normotensive (NT) healthy volunteers,
plasma miR-21 levels were significantly upregulated in HT
patients compared with WCH patients and NT healthy
volunteers, and these miRNAs were proposed as diagnostic
markers [50]. All these clinical and experimental studies
suggested that miR-21 expression levels were positively
associated with high BP.

In addition, in terms of TOD during hypertension,
plasma miR-21 expression levels were significantly higher

in the HT group than in the control group. miR-21 levels
were positively correlated with clinical systolic blood
pressure, clinical diastolic blood pressure, C-reactive pro-
tein (CRP), and carotid intima media thickness (CIMT)
[72]. A recent study also showed that plasma miR-21
expression levels were significantly higher in HT patients
than in healthy controls and that they were positively
associated with left ventricular (LV) mass index in HT
patients [73]. However, the potential mechanism of
increased miR-21 in TOD remains unclear.

Prognostic role of miR-21 in hypertension

In 2008, miRNAs were discovered to circulate in the
bloodstream. Until now, they have been detected in all
blood components, including plasma, platelets, ery-
throcytes, red blood cells and nucleated blood cells [74–76].
Because they have many important features, including sta-
bility in the circulation, evolutionarily conserved sequences,
tissue- or pathology-specific expression and detection based
on sequence-specific amplification [77], circulating miR-
NAs are promising biomarkers for early diagnosis and are
new drug targets for many diseases [78, 79].

qRT-PCR is the gold standard for profiling miRNA
expression patterns with high sensitivity, specificity, accu-
racy, speed, and reproducibility [80–82]. This method
requires proper data normalization. An ideal normalizer
needs to have expression stability in different disease con-
ditions, along with experimental variables. Unfortunately, a
universal endogenous normalizer is unlikely to exist.
Therefore, to acquire accurate normalization of qRT-PCR
data, normalizers need to be evaluated under every experi-
mental condition, and the stability of each candidate nor-
malizer must be validated before conducting the experiment
[83, 84]. Accordingly, accurate normalization of miRNA
expression is necessary.

More importantly, a recent study has shown that hsa-
miR-21-5p may be used to normalize plasma miRNA qRT-
PCR expression data in EH studies [85]. Previous studies
have shown that miR-21 can be used as a marker for the
diagnosis and prognosis of some cancers, such as colorectal
cancer, hepatocellular carcinoma, and pancreatic ductal
adenocarcinoma [86–88]. In addition, miR-21 is stable in
the circulation and is often regulated in a tissue- and
pathology-specific manner, and moreover, it can be detected
with high sensitivity and specificity using sequence-specific
amplification [77]. Of note, Cengiz et al. reported that cir-
culating miR-21 is specially overexpressed in subclinical
atherosclerosis in patients with hypertension [72]. Given the
above two findings, it can be concluded that the levels of
miR-21 in patients with hypertension are elevated and that
miR-21 may be used as normalizers for plasma miRNA
expression data in EH studies. Therefore, miR-21 has the
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Table 2 Target genes of miR-21 involved in the pathophysiology of hypertension

Function Ortholog of target
gene

GO class (direct) Number of 3P-seq tags
supporting UTR+ 5

Vascular remodeling RTN4 Sprouting angiogenesis 34030

PCBP2 Ubiquitin protein ligase binding 24310

Mar-06 Ubiquitin protein ligase activity
involved in ERAD pathway

14086

COL4A1 Collagen trimer 6549

TGFBI Transforming growth factor beta
receptor signaling pathway

6307

RAB11A angiogenesis 5781

HSPA13 Cellular component 2175

TGFBR2 Type II transforming growth factor
beta receptor binding

2168

KLHL42 Cul3-RING ubiquitin ligase
complex

2120

ARHGEF12 Regulation of Rho protein signal
transduction

815

MEGF9 Basement membrane 689

CADM1 Cell-matrix adhesion 676

RFFL Ubiquitin protein ligase binding 670

KRIT1 Angiogenesis 574

SESTD1 Blood vessel morphogenesis 478

SKP2 Mitotic G2 DNA damage checkpoint 340

BMPR2 Blood vessel remodeling 287

RALGPS2 Ubiquitin protein ligase binding 201

UBR3 Protein ubiquitination 200

ERG Angiogenesis 184

FRS2 Fibroblast growth factor receptor
signaling pathway

176

WWP1 Protein ubiquitination 161

TGFB2 Transforming growth factor beta
receptor binding

157

MAP3K1 Negative regulation of epidermal
growth factor-activated receptor
activity

137

SPRY4 Regulation of fibroblast growth
factor receptor signaling pathway

110

GID4 Ubiquitin protein ligase activity 79

VASH2 Regulation of angiogenesis 70

KBTBD6 Cul3-RING ubiquitin ligase
complex

51

KLHL15 Cul3-RING ubiquitin ligase
complex

42

HECTD1 Protein ubiquitination 34

HDAC9 Angiogenesis 13

RECK Blood vessel maturation 10

ESM1 Angiogenesis 10

ARHGAP24 Protein binding 9

FGF18 Fibroblast growth factor binding 5

FGF7 Transforming growth factor beta
receptor signaling pathway

5

microRNA-21 and hypertension 653



potential to be used for the diagnosis and prognosis of
hypertension.

miR-21 in the pathogenesis of hypertension

Marques et al. carried out the first transcriptome-wide study
of differential expression of mRNAs and miRNAs in the
kidney in human hypertension. Their data first confirmed
that miRNAs could regulate renin expression and thus
provide new insights into hypertension etiology. However,
their functional experiments in human embryonic kidney
(HEK-293) cells demonstrated that hsa-miR-663 and hsa-
miR-181a can regulate renin mRNA levels. In their study,
hsa-miR-21 was validated to have different expression in

the renal cortex between HT and normotensive subjects by
qRT-PCR [52]. Therefore, miR-21 may play an important
role in renin expression regulation, whereas the concrete
regulation mechanism still needs to be further explored.

The main manifestation of hypertension is the continuous
elevation of peripheral vascular tension, which leads to
abnormal vasomotor activity, whereas vasomotor activity is
mainly determined by VSMC [89]. The VSMCs of normal
mature vascular walls are in the states of contraction. The
VSMCs in differentiation states belong to differentiation
phenotypic VSMCs, synthesizing a small amount of
osteopontin (OPN) and matrix proteins [90]. Vascular
injury triggers a VSMC phenotypic switch from the con-
tractile to the proliferating state, and dedifferentiated

Table 2 (continued)

Function Ortholog of target
gene

GO class (direct) Number of 3P-seq tags
supporting UTR+ 5

EDNRB Endothelin receptor activity 5
Renin angiotensin
system

RHOB GTPase activity 6532

RASA1 GTPase binding 1700

RASEF GTPase activity 298

RASA2 GTPase activator activity 170

RASGRP1 GTPase activating protein binding 7

Oxidative stress CMC1 Mitochondrion 1203

SESN3 Regulation of response to reactive
oxygen species

260

ZADH2 Oxidation-reduction process 207

GLYR1 Oxidoreductase activity 31

Inflammatory
cytokines

IL6ST Interleukin-6 receptor activity 213

ST3GAL6 Cellular response to interleukin-6 150

CCL20 Chemokine activity 16

IL6R Interleukin-6 receptor complex 13

The target genes of miR-21 are predicted by the TargetScanHuman software (http://www.targetscan.org/vert_71/).

3P-seq tags supporting UTR+ 5, the 3′-UTR profiles were constructed using 3P-seq tags, which indicate the location and usage of mRNA
cleavage and polyadenylation sites [66, 67]. The number of 3P-seq tags supporting UTR+ 5 also includes 5 pseudocounts added at the distal end
of the Gencode annotation. RTN4 reticulon 4, PCBP2 poly(rC) binding protein 2, MARCH6 membrane-associated ring finger (C3HC4) 6, E3
ubiquitin protein ligase, COL4A1 collagen, type IV, alpha 1, TGFBI transforming growth factor, beta-induced, 68 kDa, RAB11A, member RAS
oncogene family, HSPA13 heat shock protein 70 kDa family, member 13, TGFBR2 transforming growth factor, beta receptor II (70/80 kDa),
KLHL42 kelch-like family member 42, ARHGEF12 Rho guanine nucleotide exchange factor (GEF) 12, MEGF9 multiple EGF-like-domains 9,
CADM1 cell adhesion molecule 1, RFFL ring finger and FYVE-like domain containing E3 ubiquitin protein ligase, KRIT1 ankyrin repeat
containing, SESTD1 SEC14 and spectrin domains 1, SKP2 S-phase kinase-associated protein 2, E3 ubiquitin protein ligase, BMPR2 bone
morphogenetic protein receptor, type II (serine/threonine kinase), RALGPS2 Ral GEF with PH domain and SH3 binding motif 2, UBR3 ubiquitin
protein ligase E3 component n-recognin 3 (putative), ERG v-ets avian erythroblastosis virus E26 oncogene homolog, FRS2 fibroblast growth factor
receptor substrate 2, WWP1 WW domain containing E3 ubiquitin protein ligase 1, TGFB2 transforming growth factor, beta 2, MAP3K1 mitogen-
activated protein kinase kinase kinase 1, E3 ubiquitin protein ligase, SPRY4 sprouty homolog 4 (Drosophila), GID4 GID complex subunit 4,
VASH2 vasohibin 2, KBTBD6 kelch repeat and BTB (POZ) domain containing 6, KLHL15 kelch-like family member 15, HECTD1 HECT domain
containing E3 ubiquitin protein ligase 1, HDAC9 histone deacetylase 9, RECK reversion-inducing-cysteine-rich protein with kazal motifs, ESM1
endothelial cell-specific molecule 1, ARHGAP24 Rho GTPase activating protein 24, FGF18 fibroblast growth factor 18, SRL sarcalumenin, FGF7
fibroblast growth factor 7, EDNRB endothelin receptor type B, RHOB ras homolog family member B, RASA1 RAS p21 protein activator (GTPase
activating protein) 1, RASEF RAS and EF-hand domain containing, RASA2 RAS p21 protein activator 2, RASGRP1 RAS guanyl releasing protein
1 (calcium and DAG-regulated), CMC1 COX assembly mitochondrial protein 1 homolog (S. cerevisiae), SESN3 sestrin 3, ZADH2 zinc binding
alcohol dehydrogenase domain containing 2, GLYR1 glyoxylate reductase 1 homolog (Arabidopsis), IL6ST interleukin 6 signal transducer (gp130,
oncostatin M receptor), ST3GAL6 ST3 beta-galactoside alpha-2,3-sialyltransferase 6, CCL20 chemokine (C-C motif) ligand 20, IL6R interleukin
6 receptor
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proliferative VSMCs and increased secretion of extra-
cellular matrix lead to vessel wall thickening and partici-
pation in vascular remodeling, which are a key structural
feature of hypertension and constitute an important struc-
tural basis for elevated blood pressure [91].

miR-21 is a key molecule in the regulation of vascular
remodeling during EH. The main reasons are as follows.
First, miR-21 has been shown to participate in VSMCs
differentiation and phenotypic regulation [33]. Research
data provide important evidence that VSMC-modulating
miRNAs are closely related to EH in humans. This work is
the first study to reveal that miRNAs involved in VSMC
phenotypic modulation are related to EH in humans [23].
Second, hypertensive vascular remodeling leads to
increased expression of extracellular matrix (ECM) proteins
and miR-21 in the thoracic aorta of rats. The cyclic strain
causes the high expression of miR-21, which via mothers
against decapentaplegic homolog 7 (Smad7) protein,
increases the expression of ECM, especially collagen III, in
VSMCs under vascular remodeling of hypertension. How-
ever, how Smad7 accurately and negatively regulates the
expression of vascular collagen protein and then negatively
regulates vascular fibrosis must be further explored [92].
Third, arterial stiffness has been recognized as a predictor of
cardiovascular and all-cause mortality in HT patients [93].
miR-21 levels were positively correlated with carotid-
femoral pulse wave velocity (CFPWV) and carotid radial
pulse wave velocity (CRPWV). Accordingly, studies have
confirmed that low levels of miR-21 were strongly asso-
ciated with an improvement in arterial stiffness in patients
with well-controlled EH independently of their blood
pressure levels. These data emphasized the significance of
miR-21 in vascular remodeling [94]. Thus, miR-21 may be
involved in the regulation of vascular remodeling in EH.

Reactive oxygen species (ROS) are products of normal
cellular metabolism and come from various sources in dif-
ferent cellular compartments. Oxidative stress resultant
from imbalance between ROS generation and antioxidant
defense mechanisms plays an important role in the patho-
genesis of hypertension [95]. In a recent study, researchers
observed a reduction of mtDNA-encoded cytochrome b
(mt-Cytb) in spontaneous hypertensive rats (SHRs), which
appeared to directly cause an increase in mitochondrial
reactive oxygen species (mt-ROS). The authors found that
miR-21 was able to translocate into the mitochondria to
inhibit the downregulation of mt-Cytb gene down-
regulation, which may represent part of the compensatory
mechanism of hypertension. This study revealed that miR-
21 directly targeted mt-Cytb to positively modulate mt-Cytb
translation in mitochondria by computational prediction
coupled with biochemical analysis. These findings show a
positive function of miR-21 in mitochondrial translation
that is sufficient to lower blood pressure and alleviate car-
diac hypertrophy in SHRs [96]. This discovery suggests that
miR-21 induction is part of the compensatory program.

Potential roles for miR-21 in mediating the pathophy-
siology of hypertension are as follows (Fig. 2) [97–99].

Taken together, there is growing evidence for the reg-
ulatory role of miR-21 in the pathogenesis of hypertension.

miR-21 and TOD of hypertension

miR-21 was highly expressed in the hypertrophic left ven-
tricle and the proximal medullary cortex tissue of fibrotic
kidney in the SHR model. miR-21 may be involved in the
pathological process of cardiac hypertrophy and renal
fibrosis induced by hypertension [100]. A recent study
observed higher levels of miR-21 in HT patients than in
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healthy controls. These data revealed that miR-21 was
linked to left ventricular hypertrophy (LVH) in patients with
EH. Therefore, it may be related to heart hypertrophy in HT
patients and is possibly a candidate therapeutic target in
hypertensive heart disease [73]. However, the mechanism of
miR-21 involved in hypertensive ventricular myocardial
hypertrophy is not completely clear.

Sustained pressure overload of the myocardium causes
cardiac fibrosis, and miR-21 has been extensively investi-
gated in this regard [101]. It is noteworthy that study results
are inconsistent. Thum et al. convincingly showed that miR-
21 contributed to myocardial fibrosis by stimulating
mitogen-activated protein kinase signaling in fibroblasts,
and inhibiting miR-21 with a cholesterol-modified antag-
omir prevented cardiac failure and fibrosis development
[49]. However, Patrick et al. reported that inhibition of miR-
21 through the intravenous delivery of a locked nucleic
acid-modified (LNA-modified) antimiR oligonucleotide
failed to block the remodeling response of the heart to
stress, indicating that miR-21 was not essential for patho-
logical cardiac remodeling [102]. In contrast, another study
showed that via its target programmed cell death protein 4
(PDCD4), miR-21 protected myocytes from the injury
induced by reactive oxygen species [103].

Furthermore, miR-21 plays a crucial role in the devel-
opment of renal fibrosis by mediating complex signaling.
Smad-3-mediated upregulation of miR-21 contributes to the
development of renal fibrosis [104, 105]. Microalbuminuria
level is a sensitive biomarker in the diagnosis of kidney
damage [106, 107], but unfortunately, previous studies
found no significant correlation between miR-21 expression
levels and patients’ 24-h urinary albumin levels [108].

The VSMC phenotypic switch is one of the main factors
leading to hypertension [91]. In addition, VSMCs play a key
role in the functional and structural changes of the arterial
walls in response to atherogenic factors [109–111]. Previous
studies confirmed that VSMC apoptosis alone is enough to
induce multiple features of atherosclerotic plaque vulner-
ability [112]. Moreover, there is close contact between
hypertension and atherosclerosis. Hypertension is an impor-
tant risk factor of carotid atherosclerotic plaques [113].
Meanwhile, hypertension is a high-risk symptom of systemic
atherosclerotic disease [114]. In 2014, Kontaraki et al.
reported that miR-21 was upregulated in hypertensive patients
compared with controls, which contradicts its negative asso-
ciation with 24-h diastolic BP, mean BP, and target organ
damage [23]. Subsequently, recent studies have also demon-
strated that circulating miR-21 was significantly upregulated
in HT patients. However, these studies showed that the miR-
21 level was positively correlated with clinical systolic blood
pressure, clinical diastolic blood pressure, CRP, and CIMT,
indicating that miR-21 might be involved in the early stages
of atherosclerotic process in HT patients and could be used as

a novel marker to indicate asymptomatic organ damage in HT
patients [72, 115]. Therefore, the association between miR-21
and the level of blood pressure and target organ damage in
HT patients needs to be further verified.

These results indicate that miR-21 has a close relation-
ship with TOD during hypertension, which includes the
heart, kidney and blood vessels.

miR-21 and treatment of hypertension

miR-21 expression levels were upregulated in response to
treatment with TGF-β1 or tumor necrosis factor α (TNF-α)
in human renal tubular epithelial cells in vitro. Furthermore,
previous studies found that blocking miR-21 in vivo alle-
viated unilateral ureteral obstruction (UUO)-induced renal
fibrosis, presumably by diminishing the expression of pro-
fibrotic proteins and reducing the infiltration of inflamma-
tory macrophages in UUO kidneys [104]. These data
suggest that targeting specific miR-21 could be a novel
therapeutic approach to treat renal fibrosis.

miR-21 levels in SHRs were elevated compared with the
normotensive group, whereas exercise training (ET) in
trained SHRs (SHR-Ts) reduced miR-21 levels and elevated
vascular endothelial growth factor (VEGF) and Bcl-2 levels.
In addition, ET restored soleus endothelial nitric oxide (NO)
synthase levels together with proapoptotic and antiapoptotic
mediators in SHR-Ts, suggesting that the balance between
angiogenic and apoptotic factors may avert microvascular
abnormalities during hypertension [69]. A recent study has
shown that hypertension is characterized by an imbalance of
pro-angiogenic and anti-angiogenic factors in the back-
ground of inflammation [116]. Moreover, miR-21 plays a
well-known role in the control of angiogenesis and vascular
integrity [117–122]. According to prediction algorithms,
miR-21 is identified as one of the antiangiogenic miRNAs
[119–121]. Meanwhile, miR-21 is also an antiapoptotic
miRNA targeting Bcl-2, suggesting its important roles in
regulating cell-intrinsic angiogenic activity [117–122].
Therefore, Fernandes et al. concluded that ET restored the
levels of miR-21 associated with peripheral revasculariza-
tion in hypertension, indicating the potential therapeutic
application of miR-21 in vascular diseases [69].

In addition, tail artery diastolic pressure and average
blood pressure declines and thoracic aorta reconstruction
occurred in mice after specifically knocking out endothelial
cell (EC) miR-21. EC miR-21 is a key molecule that can
regulate blood vessel reconstruction, but its specific
mechanism needs to be further explored [123]. A recent
study has shown that low levels of miR-21 were strongly
associated with an improvement in arterial stiffness in
patients with well-controlled EH. Their data also indicated
the role of miR-21 as a potential prognostic marker and
future therapeutic target [94].
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There is evidence that inflammation is closely associated
with the occurrence and development of many cardiovas-
cular diseases [124]. More and more basic and clinical
research shows that proinflammatory factors are closely
related to the occurrence and development of EH, especially
in obese patients with EH [125]. In addition, inflammatory
factors are closely related to TOD in patients with EH, such
as the relationships between CRP, TNF-a, interleukin (IL)-6
and blood vessels [126, 127], IL-2, IL-6, IL-16, and brain
[128, 129], IL-1, IL-6, IL-8, TNF-α, interferon-Y (IFN-Y),
Apo-1/Fas and heart and CRP, TNF-a, IL-Iβ, IL-6, and
kidney [130–132].

Previous research results indicated that compared with in
the placebo or the GE group, the observed downregulation
of the proinflammatory cytokines in peripheral blood
mononuclear cells (PBMCs) was concomitant with higher
levels of miR-21 in the HT group consuming RES-
containing grape extract (GE-RES) for 12 months. miR-
21 was found to be highly correlated and altered in the
group consuming GE-RES for 12 months. The possibility of
targeting the effects of miR-21 on the inflammatory path-
way by dietary supplementation with resveratrol (RES)
offers new perspectives on the prevention and treatment of
hypertension [133].

A recent study found that recombinant adeno-associated
virus-mediated delivery of miR-21 was sufficient to reduce
blood pressure and attenuate cardiac hypertrophy in SHRs.
This finding indicates a novel theoretical ground for devel-
oping miR-21-based therapeutics against hypertension [96].

Although these studies demonstrated that miR-21 exerts
crucial effects on the treatment of hypertension, the idio-
graphic action mechanism and clinical application still need
to be further explored and validated repeatedly.

Conclusion

In summary, miR-21 is closely related to hypertension, and
it is involved in the development and progression of
hypertension and related TOD, including renin angiotensin
system, inflammatory cytokines, and endothelial dysfunc-
tion. It is expected to be a new target for the prediction and
treatment of hypertension.

However, investigation of the relationship between miR-
21 and hypertension is just a beginning; there is still a long
way to go. We need more rigorous clinical trials and more
samples to evaluate the changes and significance of miR-21
in hypertension. Moreover, the corresponding targets and
functional roles of miR-21 involved in hypertension still
need to be further explored. In addition, considering that
most of the previous studies on miR-21 are limited to ani-
mal experiments, the diagnostic and prognostic value of

miR-21 should be further explored and validated in large
hypertensive patient cohorts.
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