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ABSTRACT

Background: Cardiomyocyte hypertrophy has been reported as one of the important mecha-
nisms for cardiovascular disease (CVD) in patients with chronic kidney disease (CKD). MiroRNA-
21(miR-21) was determined to play an important role in myocardial hypertrophy. However, the
role of microvesicles (MVs) containing miR-21 in CKD-related cardiomyocyte hypertrophy remains
largely unexplored.

Methods: Renal tubular epithelial cells were stimulated by transforming growth factor (TGF-f31),
and the conditioned medium was extracted by differential centrifugation. Renal tubular epithelial
cells were labeled with Dil-C18 dye and the recipient cardiomyocytes were observed by fluores-
cence microscope. MiR-21 level in MVs was detected by gRT-PCR, and the length and diameter
of cardiomyocytes were measured by microscope. BCA protein kit and ANP kit were used to
detect the content of cell protein and the level of ANP. MiR-21 inhibitor was transfected into car-
diomyocytes to observe the effect of miR-21 on myocardial hypertrophy.

Results: TGF-B1 could induce donor renal tubular epithelial cells to produce MVs and delivered
into cardiomyocytes, followed by the diameter, protein concentration and ANP content of cardio-
myocytes significantly increased. Meanwhile, MiR-21 levels were markedly increased in MVs iso-
lated from donor renal tubular epithelial cells and recipient cardiomyocytes. Pre-transfection of
miR-21 inhibitors could inhibit MV-induced cardiomyocyte hypertrophy.

Conclusion: Tubular cells could secrete miR-21 by MVs and deliver it into recipient cardiomyo-
cytes to induce cardiomyocyte hypertrophy. It might shed a new light on the mechanism and
treatment of CKD-related cardiac dysfunction.

Abbreviations: CVD: cardiovascular disease; miR-21: miroRNA-21; MV TGF-B1: microvesicle trans-
forming growth factor; CKD: chronic kidney disease; miRNA: microRNA; PS: phosphatidylserine;
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Introduction

Cardiovascular events are the leading cause of death
among CKD patients [1]. Myocardial remodeling is an
important pathological mechanism in the development
of heart failure with cardiomyocyte hypertrophy as the
main feature. Suppression of cardiomyocyte hyper-
trophy has been regarded as an effective therapeutic
regimen to prevent heart failure in CKD patients. The
inhibitors of renin-angiotensin-aldosterone system
(RAAS) system can reverse the left ventricular hyper-
trophy and improve the function of the left ventricle,
while such inhibition of RAAS system may also lead to a
decrease of glomerular filtration rate and an increased
risk of hyperkalemia. Other therapeutic regimens, such
as regulating blood flow dynamics, relieving fluid

overload, correcting anemia or malnutrition, and cor-
recting bone mineral metabolism disorder, are still lack
of the capability for completely reversing heart failure
in the CKD. To the best of our knowledge, there are no
effective therapies specific for types 3 and 4
Cardiorenal syndrome(CRS) so far [2], which makes it
essential to seek potential therapy by exploring other
factors involved in CKD-related CVD.

MicroRNAs (miRNAs) play an important role in hyper-
trophy and apoptosis of cardiomyocytes, and have
been used as new biomarkers and therapeutic targets
for diagnosis, treatment and prognosis of heart failure
[3,4]. In recent years, there are rapidly growing atten-
tions paid on a way of intercellular communication,
namely ‘microvesicle (MV)’ [5,6]. Cells can produce little
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MVs under the normal physiological conditions, while
the production of MVs is significantly increased under
the pathophysiological conditions. In 2007, Valadi has
found that MV contains miRNA [7]. It has been found
that a large number of the most basic processes of cell
metabolism, proliferation, differentiation and death in
physiological and pathological states are regulated by
miRNAs [8]. The role of MV containing miRNA for inter-
cellular communication has become a new research
hotspot. Moreover, MiRNA-21 (miR-21) has been shown
to play an important regulatory role in the progression
of chronic cardiac and renal diseases. It is interesting to
note that MVs containing miR-21 are significantly
increased during myocardial hypertrophy, and most of
MVs are contained in the fluid around the heart [9].
However, the origin of these MVs still remains largely
unknown. In the present study, we aimed to investigate
the role of miR-21-containing MVs from tubular epithe-
lial cells in promoting cardiomyocyte hypertrophy
with CKD.

Materials and methods
Cell culture and treatment

Rat renal proximal tubular epithelial cells (NRK-52E) and
rat cardiomyocyte cells (H9C2) were purchased from
ATCC (Manassas, VA). Cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM/F12), cul-
tured with 5% CO2 and 95% humidity, supplemented
with 10% fetal bovine serum. After 24 h, NRK-52E cells
were cultured in FBS-free medium for another 16h,
then incubated with or without recombined human
transforming growth factor B1 (rhTGF-f1) (R&D
Systems, MN) at a dose of 5ng/mL [10]. Donor NRK-52E
cells were incubated with rhTGF-B1 for 48 h and main-
tained in FBS-free DMEM/F12 for another 48 h in experi-
mental group. To generate conditioned medium,
rhTGF-B1-free medium was collected and sequentially
centrifuged at 300, 1,200 and 10,000g for 5, 20 and
30 min, respectively. The control medium was gener-
ated in the same way but without exposing to rhTGF-
B1 in the first 48 h. Then the recipient cardiomyocytes
were incubated with control or conditioned medium
and collected for further characterization.

Western blotting analysis

The preparation of whole cell lysates and western blot
analysis of protein expression were performed accord-
ing to the previous routine procedure [11]. In brief, total
protein was extracted from H9C2 cells and protein con-
centration was determined using the Bicinchoninic Acid

protein detection kit (Sigma-Aldrich). The whole cell
lysis buffer was mixed with SDS loading buffer. After
centrifugation at 13,0009 at 4°C for 20 min, the super-
natants were collected. Equal amounts of proteins
(50 ug) were subjected to SDS-PAGE on 10 or 5% pre-
casted gels (Bio-Rad, Hercules, CA, USA). The super-
natant was collected after centrifugation at 13,0009 at
4°C for 20 min. According to the previously established
protocol, protein expression was detected [11]. The pri-
mary antibodies used were as follows: anti-SORBS2
(1:200, SAB4200183, Sigma-Aldrich), anti-ENH (1:200,
SAB2101761, Sigma-Aldrich) and anti-actin (1:500,
A5385, Sigma-Aldrich). The secondary antibody used
were anti-mouse IgG (1:10000, A5385, Sigma-Aldrich),
anti-rabbit 1gG  (1:10000, B7389, Sigma-Aldrich).
Quantification was performed by measurement of the
intensity of the signals with aid of Image) (NIH,
Bethesda, MD, USA).

MYV isolation

According to a previously described method [7], MVs
were separated from the conditioned medium by differ-
ential centrifugation. Briefly, cells were centrifuged at
300, 1200, 10,000, and 110,000g for 5, 20, 30 min and
1h (all at 4°C). Then, MVs were collected and resus-
pended, then isolated total RNA of MVs for further
characterization.

Transmission electron microscopy (TEM)

First, using a droplet of 2.5% glutaraldehyde in PBS, MV
pellet was placed and fixed. Then the sample was fixed
at 1% osmium tetroxide and embedded, fixed, seg-
mented into several blocks (<1 mm?3). After being dehy-
drated by an increased concentration of alcohol, the
sample was soaked in an increased concentration of
QuetolL-812 epoxy resin mixed with propylene oxide.
Then in a pure, fresh quetol-812 epoxy resin, the sam-
ple was embedded and polymerized. Using a Leica
(Solms, Germany) UC6 ultramicrotome, the sample was
cutted into sections (100-nm thick) and post-stained
with uranyl acetate and lead citrate for 10 min and
5min at room temperature respectively. Using an FEI
Tecnai T20 transmission electron microscope the sam-
ple was observated, operated at 120 kV.

Fluorescent labeling of MVs and
fluorescence microscopy

NRK-52E cells were labeled with Dil-C18 (a lipid dye
used to label cell membranes) for 1 h and washed with



PBS for 3 times. The medium was collected and the
MVs was obtained by centrifugation. MVs were resus-
pended in DMEM/F12 and incubated with cultured
recipient cardiomyocytes. After different incubation
times, five non-overlapping fields were observed
under a digital camera-equipped Nikon Eclipse 80i Epi-
fluorescence microscope. The immunofluorescence
images were captured under the same expos-
ure Settings.

Quantitative real-time PCR (qRT-PCR)

According to the manufacturer's instructions
(Invitrogen), total RNA was prepared using TRIZol
reagent and first strand cDNA was synthesized by RT Il
kit (Qiagen, Dusseldorf, Germany). Subsequently, using
an Applied Biosystems 7300 Sequence Detection sys-
tem, gRT-PCR was performed. The reaction system was
follows: 10puL RNase-free water (Qiagen),1 uL cDNA,
2uL 10 x miScript Primer Assay, 2pL 10 x miScript
Universal Primer and 10 pL 2 x QuantiTect SYBR Green
PCR Master Mix. PCR conditions were as follows: 95°C
for 10 min, 40 cycles at a melting temperature of 95°C
for 155, followed by 60°C for 1min. All primers were
synthesized by Qiagen, and housekeeping gene was
U6. All experiments were performed in triplicate. The C¢
data were determined using default threshold settings,
and the mean CT was calculated from the triplicate
PCRs. ACT =CT treatment—CT control.

RNA transfection

According to the manufacturer’s instructions, we used
Liptofectamine 2000 reagent (Invitrogen) to transfect
mMiRNA-21 mimics or inhibitors and their negative con-
trol (NC) RNA (purchased from Qiagen) into H9C2 cells.
After transfection, cells were maintained at 37 °C with
5% CO2 and 95% humidity for 24 h, then they were
incubated in different conditions until they were ready
for further treatment or assay.

Measurement of atrial natriuretic peptide (ANP)
concentration

H9C2 cells were cultured under different conditions,
then removed the culture medium and washed twice
with PBS, digested by trypsin. The cells were centri-
fuged at 800g, and resuspended with 200 uL PBS and
transferred to a new centrifuge tube. The centrifuge
tube was placed in an ice bath and lysised. The ANP
concentration was determined according to a Rat ANP
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ELISA Kit (CUSABIO). All experiments were performed
in triplicate.

Measurement of the diameter of cardiomyocyte

H9C2 were cultured under different conditions,
digested by trypsin and resuspended. 2 x 10° cells were
seeded into the 6-well plate, respectively. After 24 h of
cell culture, the medium was replaced with DMEM
medium containing 2% fetal bovine serum for further
culture for 24 h. The diameters of cardiomyocytes were
measured by eyepiece microscale. 6 cardiomyocytes
with clear morphology were randomly selected from
each group to measure the cell diameter by two experi-
menters independently. All experiments were per-
formed in triplicate.

Statistical analysis

Western blotting analysis, RT-gPCR and immunofluores-
cence staining were all independently repeated at least
three times. Continuous variables with normal distribu-
tion were compared using an unpaired t-test and the
results were presented as mean *standard deviation
(SD). Comparison between groups was conducted using
one-way ANOVA (using Dunnett’s test to compare all
groups with a single control; using Tukey's of
Bonferroni test to compare comparisons vs. control and
MV). All statistical analyses were conducted in SPSS 25.0
software. A two-sided p value <0.05 was considered to
be statistical significance.

Results

MVs derived from TGF-[fi1-treated tubular cells
mediate recipient cardiomyocyte hypertrophy

Recent studies have shown that miRNAs secreted by
MVs can serve as paracrine intercellular signaling mole-
cules in different cell types, highlighting their potential
role in cell-to-cell communication between kidney and
heart. Therefore, we first examined whether injured
tubular cells were capable of promoting MVs. NRK-52E
is a kidney proximal tubular epithelial cell line of nor-
mal rat origin. Figure 1(A) shows that after NRK-52E
cells were incubated with TGF-B1 for 48 h, the produc-
tion and secretion of MVs were assessed by TEM. Our
results indicated that compared with control, recipient
cardiomyocytes were induced to undergo hypertrophy,
evidenced by enlarged cell size (p < 0.05, Figure 1(B)),
increased protein concentration (p < 0.05, Figure 1(C))
and elevated atrial natriuretic peptide (ANP) content
(p < 0.05, Figure 1(D)).
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Figure 1. NRK-52E cells incubated with TGF-B1 mediate recipient cardiomyocyte hypertrophy. (A) Electron microscopy image of
NRK-52E-derived MVs, showing a size of approximately 60 to 80 nm in diameter. x 10k, Scale bar: 100 nm (n=5). (B) The size of
cardiomyocyte was measured with or without the incubation of MVs. (C) Protein concentration was measured with or without
the incubation of MVs. (D) ANP content was detected with or without the incubation of MVs. *p < 0.05 versus control.

MVs labeled with Dil-C18 are transported to
cardiomyocytes

We next examined whether MVs could enter the recipi-
ent cells. NRK-52E cells were labeled with Dil-C18, and
the conditioned medium after TGFB-1 treatment was
collected to obtain MVs by ultracentrifugation.
Subsequently, MVs were applied to treat recipient cardi-
omyocytes for indicated durations. Figure 2(A-D) exhib-
its that Dil-C18-labeled MVs entered the recipient
cardiomyocytes in a time-dependent manner. Red fluor-
escent positive labeled MVs were observed in the recipi-
ent cardiac myocytes, and the number increased with
the extension of treatment time, suggesting that MVs
could be transferred from TGF- B1 treated renal tubular
epithelial cells to the recipient cardiac myocytes.

Up-regulated miR-21 from TGF-f1-treated tubular
cells is packaged into MVs and delivered into
cardiomyocytes

It has identified that miR-21 is temporally up-regulated
in obstructive kidneys and TGF-B1 stimulated tubular

cells. MiR-21 could be secreted by tubular cells and
delivered into recipient tubules by MVs [8]. In the pre-
sent study, MVs were collected from control or condi-
tioned medium, and then we extracted total RNA from
the isolated MVs. Compared with the control medium,
the miR-21 expression was markedly increased in MVs
isolated from conditioned medium (p < 0.05, Figure
3(A)). Thereafter, whether exogenous miR-21 could be
packaged by MVs and delivered into recipient cardio-
myocytes were further determined. MVs isolated from
conditioned medium of donor NRK-52E cells were incu-
bated with recipient cardiomyocytes for 24 h, Similarly,
the miR-21 expression was markedly increased in recipi-
ent cardiomyocytes (p < 0.05, Figure 3(B)).

Exogenous miR-21 delivered by MVs promotes
recipient cardiomyocyte hypertrophy

To determine the role of exogenous miR-21 in promot-
ing cardiomyocyte hypertrophy, miR-21 inhibitor was
pre-transfected into recipient cardiomyocytes. Next,
MVs were collected from the conditioned medium and
incubated with the pre-transfected recipient cells for
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Figure 2. NRK-52E-derived MVs are labeled with orange fluorescent dye and incubated with cardiomyocytes. Microscopy image
shows the internalization of fluorescently labeled MVs into cardiomyocytes. Donor NRK-52E cells were labeled with Dil-C18 (red).
Control (A), cardiomyocytes incubated with MVs for 6 h (B), 12h (C) and 24 h (D). x400.
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Figure 3. Exogenous miR-21 is delivered by MVs into recipient cardiomyocytes. RT-qPCR of relative miR-21 expression in NRK-
52E cells in the absence or presence of 5ng/mL of TGF-B1 for 12 h. Results are presented as means =+ SE of three independent
experiments. (A) RT-qPCR of relative miR-21 expression in recipient cardiomyocytes. Results are presented as means + SE of three

independent experiments. (B) *p < 0.05 versus control.

48 h. Compared with the cells transfected with NC RNA,
cells incubated with MVs isolated from conditioned
medium underwent hypertrophy, while cells pre-trans-
fected with miR-21 inhibitor were resistant to MV-
induced increase of cell size (Figure 4(A)), protein con-
centration (Figure 4(B)) and ANP content (Figure 4(C)).
These results demonstrated that miR-21 inhibitor
almost completely eliminated the cardiomyocyte hyper-
trophy induced by conditioned MVs. Transfection of
miRNA21 inhibitor reduced miR-21 levels by more than

70% compare with cells transtected with a negative
control (Figure 4(D)).

miR-21 targets SORBS2 and ENH in
cardiomyocytes

SORBS2 and ENH have been demonstrated to be the
targets of miR-21 [9]. The effects of miR-21 on the
expressions of SORBS2 and ENH were determined in
cultured cardiomyocytes. RT-qPCR revealed that
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Figure 4. The role of exogenous miR-21 in promoting cardiomyocyte hypertrophy. The diameter of cell (A), protein concentration
(B) and ANP content (C) of cardiomyocytes treated with normal medium, conditioned medium containing MVs, miR-21 inhibitor
and MVs containing miR-21 inhibitor respectively. The transfection miRNA21 inhibitor efficiency (D) *p < 0.05 versus control.

transfection of miR-21 mimic inhibited the expressions
of SORBS2 and ENH, whereas pre-transfection of miR-21
inhibitor induced the expressions of SORBS2 and ENH
(Figure 5(A,B)). Consistent with the results of RT-qPCR,
Western blotting analysis showed that the expressions
of SORBS2 and ENH at the protein level were also inhib-
ited by transfection of miR-21 mimic, while they were
up-regulated by transfection of miR-21 inhibitor
(Figure 5(C,D)).

miRNA-21 induces cardiomyocyte hypertrophy via
targeting SORBS2 and ENH

To further investigate the mechanism underlying the
miR-21-induced cardiomyocyte hypertrophy, the
expressions of SORBS2 and ENH at the mRNA and
protein levels were determined to assess the effects
of exogenous miR-21 delivered by MVs in cardiomyo-
cytes. Figure 6(A,B) displayed that the expressions of
SORBS2 and ENH at the mRNA level were decreased

after incubation with MVs derived from conditioned
medium. To exclude the possibility that effects were
caused by factors other than miR-21, miR-21 inhibitor
was transfected into recipient cells. As we expected,
miR-21 inhibitor abolished the depression of SORBS2
and ENH by MVs. Western blotting analysis also
showed that the expressions of SORBS2 and ENH at
the protein level were decreased after incubation
with MVs derived from conditioned medium (Figure
6(C,D)), while transfection of miR-21 inhibitor induced
the expressions of SORBS2 and ENH. Furthermore,
incubation with MVs derived from conditioned
medium resulted in enlarged cell size (Figure 6(E)),
increased protein concentration (Figure 6(F)) and ele-
vated ANP content (Figure 6(G)), whereas the hyper-
trophic effects of MVs were abolished by miR-21
inhibitor. Taken together, these results demonstrated
that MV-secreted miR-21 could be delivered into
recipient cells, where they induced cardiomyocyte
hypertrophy via targeting SORBS2 and ENH.
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Figure 5. The target genes of miR-21 in cardiomyocytes. Cardiomyocytes were transfected with NC RNA, miR-21 mimic or miR-21
inhibitor for 72 h. RT-qPCR showed that miR-21 mimic inhibited the expressions of SORBS2 and ENH, whereas miR-21 inhibitor
induced the expressions of SORBS2and ENH (A and B). Western blotting analysis showed that the expressions of SORBS2 and
ENH at the protein level were also inhibited by transfection of miR-21 mimic but induced by miR-21 inhibitor (C and D).

*p < 0.05 versus control.

Discussion

Studies have shown that MV is an important carrier to
mediate non-contact cell-to-cell information communi-
cation [10,11]. Under normal physiological conditions,
cells can produce a small amount of MVs, while such
production is significantly increased under some patho-
physiological conditions [11]. Interestingly, miR-21 is
highly expressed in the heart and kidneys and specific-
ally involved in all types of CRS. Additionally, elevated
levels of miR-21 related with a poor outcome. In the
present study, we reported that the secreted miR-21
could serve as the molecule mediating kidney and heart
communication. It may provide valuable insights into
the mechanism underlying the progression of CKD-
related CVD.

In the present study, we first induced the injury of
renal tubular epithelial cells with TGF-B1 and collected
the conditioned medium. MVs were extracted and
observed under electron microscope (Figure 1). MV is a
microcosm of cell state. In general, cell membrane
phospholipids, such as phosphatidylserine (PS) and
phosphatidylethanolamine (PE), are located inside of

the cell membrane. When the intracellular calcium con-
centration is increased, PS turns from the inside of the
cell membrane to the outside [12]. In this study, donor
cells were labeled with fluorescent dye Dil-C18, because
Dil-C18 is a type of lipid dye, which can be used to label
the cell membrane of donor cells. The lipid membrane
structure of MV usually contains the cell membrane
from donor cells. When donor cells secrete MVs, the
MVs are also labeled with Dil-C18 [8]. Therefore, such
labeling can be used to verify whether the MVs pro-
duced by donor cells can enter the recipient cells. In
our present study, the recipient cardiomyocytes treated
with MVs could be labeled with Dil-C18, and the longer
of the treatment, the more MVs entered the cells. These
results showed that MVs could be transmitted from
tubular epithelial cells to cardiomyocytes (Figure 2).

To further verify the effects of these MVs, renal tubu-
lar cells were treated with TGF-f1, the culture medium
was obtained by ultracentrifugation, and MVs were
applied to cardiomyocytes. The results showed that
MVs could induce cardiomyocyte hypertrophy, while
the culture medium without MVs had no such effect,
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Figure 6. MiR-21 induces cardiomyocyte hypertrophy via targeting SORBS2 and ENH. Cardiomyocytes were treated with normal

medium, conditioned medium containing MVs, miR-21 inhibitor

and MVs containing miR-21 inhibitor, respectively. RT-qPCR

showed that the expressions of SORBS2 and ENH at the mRNA level in recipient cardiomyocytes (A and B). Western blotting ana-
lysis showed that the expression of SORBS2 and ENH at the protein level (C and D). The diameter of cell (E), protein concentra-
tion (F) and ANP content (G) of cardiomyocytes treated with normal medium, conditioned medium containing MVs, miR-21
inhibitor and MVs containing miR-21 inhibitor respectively. Results are presented as means+SE of three independent experi-

ments. *p < 0.05 versus control. #p < 0.05 versus MV.

suggesting that MVs produced by renal tubular cells
treated with TGF-B1 were the cause of cardiomyocyte
hypertrophy (Figure 3). Although MVs are important vec-
tors for intercellular communication, the substances

contained in MVs indeed mediate the interaction
between cells. Circulating miRNAs are very stable, which
can avoid the degradation of RNase by the protection of
MVs, thus attracting a wide range of interests [12].



MiR-21 has been reported to be related to pathological
cardiac remodeling and fibrosis [13]. It has been found
that MVs from endothelial progenitor cells can antagon-
ize angiotensin Il-induced cardial hypertrophy and apop-
tosis [14], suggesting the participation of MVs in
myocardial hypertrophy. Moreover, miR-21 has also been
shown to play an important role in renal fibrosis [15]. It
has been confirmed that miR-21 regulates peroxisome
proliferator-activated receptor alpha, a molecular mech-
anism of cardiac pathology in CRS type 4 [16].
Suppression of miR-21 protects rats with 5/6 nephrec-
tomy from development of left ventricle hypertrophy
and impairment of left ventricle function [16]. It has
been also reported that the level of miR-21 in blood cir-
culation is correlated with the severity of renal fibrosis,
suggesting that the miR-21 delivered by MVs may enter
the blood circulation [17]. Therefore, it is reasonable to
speculate that MVs are the inner mechanisms, which
form an interaction between heart and kidney diseases.
In this study, we observed that myocardial hypertrophy
was stimulated by the incubation of MVs. However, such
effect could be eliminated by miR-21 inhibitor (Figure 4).
Therefore, MVs mediated the delivery of miR-21 into
recipient cardiomyocytes, thereafter contributing to the
hypertrophy of cardiomyocytes.

Myocardial remodeling is an important pathological
mechanism in the progression of heart failure, and car-
diomyocyte hypertrophy is one of the characteristics of
myocardial remodeling. Arginine binding protein 2
(SORBS2) and ENH are reported to be associated with
myocardial hypertrophy [18]. SORBS2 regulates the bio-
logical effects of cardiomyocytes, such as the assembly
of myofibrils, and depletion of SORBS2 leads to cardio-
myocyte hypertrophy [19]. ENH mediates the phosphor-
ylation of L-type calcium channel by protein kinase D
(PKD) 1, and the over-activation of PKD results in myo-
cardial hypertrophy. ENH-deficient mice manifest as
myocardial contractile dysfunction and dilated cardio-
myopathy [20]. According to the prediction of
Targetscan and results of previous studies, it is found
that SORBS2 and ENH are the target genes of miR-21.
Therefore, we examined the role of miR-21 contained in
MVs on SORBS2 and ENH in the progression of myocar-
dial hypertrophy. Figure 5 shows that the expressions
of SORBS2 and ENH were inhibited by transfection of
miR-21 mimic, while they were induced by miR-21
inhibitor, indicating that SORBS2 and ENH were the tar-
get genes of miR-21 in cardiomyocytes. Our further
investigation found that miR-21 presented in MVs could
induce cardiomyocyte hypertrophy via targeting
SORBS2 and ENH (Figure 6).
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Recently, more and more studies suggested that
miR-21 is an independent risk factor for CRS and has
been regarded as a key therapeutic target [21,22]. MiR-
21 is upregulated in cardiac or renal diseases and can
also be transported by microvesicles to other cell types
[2]. Suppression of miR-21 could significantly improve
the cardiac and renal function and may represent an
attractive therapeutic option. In the current study, we
identified a novel MV-mediated communication mech-
anism between renal tubular epithelial cells and cardio-
myocytes. Taken together, our results indicated that
miR-21 was exported from renal tubular epithelial cells
via MVs, contributing to the development of cardio-
myocyte hypertrophy, these findings might provide
new mechanism and therapeutic targets in CKD-
related CVD.

There are a few limitations in this study. First, there
were only in vitro experiments, data of animal experi-
ments and human specimens are required in further
work. In addition, it would be more convincing by using
more experimental methods.

Author contributions

JD and MY conceived of the study, and drafted the manu-
script. HZ and ML carried out the lab testing. JD and JBZ
participated in the design of the study and performed the
statistical analysis. All authors read and approved the
final manuscript.

Disclosure statement

No potential conflict of interest was

the author(s).

reported by

Funding

This work was supported by Surface of the Jiangsu provincial
commission of health and family planning Fund projects [No.
KY2018105] and Chang Zhou commission of health and fam-
ily planning major science and technology projects
[No. ZD201706].

Data availability statement

All data generated or analyzed during this study are included
in this published article.

References

[11 Tanaka K, Watanabe T, Takeuchi A, CKD-JAC
Investigators, et al. Cardiovascular events and death in
Japanese patients with chronic kidney disease. Kidney
Int. 2017;91(1):227-234.



400 J. DI ET AL.

(2]

3l

(4]

[5]

(6]

[7]

(8]

)

[10]

(11l

[12]

Huang CK, Bar C, Thum T. miR-21, mediator, and
potential therapeutic target in the cardiorenal syn-
drome. Front Pharmacol. 2020;11:726.

Oury C, Servais L, Bouznad N, et al. MicroRNAs in
valvular heart diseases: potential role as markers and
actors of valvular and cardiac remodeling. IJMS. 2016;
17(7):1120.

Deng J, Zhong Q. Advanced research on the
microRNA mechanism in heart failure. Int J Cardiol.
2016;220:61-64.

Ratajczak J, Wysoczynski M, Hayek F, et al. Membrane-
derived microvesicles: important and underappreciated
mediators of cell-to-cell communication. Leukemia. 2006;
20(9):1487-1495.

Latifkar A, Hur YH, Sanchez JC, et al. New insights into
extracellular vesicle biogenesis and function. J Cell Sci.
2019;132(13):jcs222406.

Valadi H, Ekstrom K, Bossios A, et al. Exosome-medi-
ated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat
Cell Biol. 2007;9(6):654-659.

Zhou Y, Xiong M, Fang L, et al. miR-21-containing
microvesicles from injured tubular epithelial cells pro-
mote tubular phenotype transition by targeting PTEN
protein. Am J Pathol. 2013;183(4):1183-1196.

Onuigbo MA. RAAS inhibition and cardiorenal syn-
drome. Curr Hypertens Rev. 2014;10(2):107-111.
Borges FT, Melo SA, Ozdemir BC, et al. TGF-B1-con-
taining exosomes from injured epithelial cells activate
fibroblasts to initiate tissue regenerative responses
and fibrosis. J Am Soc Nephrol. 2013;24(3):385-392.
Hugel B, Martinez MC, Kunzelmann C, et al
Membrane microparticles: two sides of the coin.
Physiology. 2005;20:22-27.

Melak T, Baynes HW. Circulating microRNAs as pos-
sible biomarkers for coronary artery disease: a narra-
tive review. EJIFCC. 2019;30(2):179-194.

[13]

[14]

[15]

el

(7]

[18]

191

[20]

[21]

[22]

Yuan J, Chen H, Ge D, et al. Mir-21 promotes cardiac
fibrosis after myocardial infarction via targeting
Smad?7. Cell Physiol Biochem. 2017;42(6):2207-2219.
Gu S, Zhang W, Chen J, et al. EPC-derived microve-
sicles protect cardiomyocytes from Ang ll-induced
hypertrophy and apoptosis. PLOS One. 2014;9(1):
€85396.

Glowacki F, Savary G, Gnemmi V, et al. Increased cir-
culating miR-21 levels are associated with kidney
fibrosis. PLoS One. 2013;8(2):e58014.

Chuppa S, Liang M, Liu P, et al. MicroRNA-21 regulates
peroxisome proliferator-activated receptor alpha, a
molecular mechanism of cardiac pathology in cardi-
orenal syndrome type 4. Kidney Int. 2018;93(2):
375-389.

He Y, Huang C, Li J. miR-21 is a critical therapeutic tar-
get for renal fibrosis. Cell Biochem Biophys. 2014;
68(3):635-636.

Bang C, Batkai S, Dangwal S, et al. Cardiac fibroblast-
derived microRNA passenger strand-enriched exo-
somes mediate cardiomyocyte hypertrophy. J Clin
Invest. 2014;124(5):2136-2146.

Kakimoto Y, Ito S, Abiru H, et al. Sorbin and SH3
domain-containing protein 2 is released from
infarcted heart in the very early phase: proteomic ana-
lysis of cardiac tissues from patients. J Am Heart
Assoc. 2013;2(6):e000565.

Cheng H, Kimura K, Peter AK, et al. Loss of enigma
homolog protein results in dilated cardiomyopathy.
Circ Res. 2010;107(3):348-356.

Wang Y, Liang Y, Zhao W, et al. Circulating miRNA-21
as a diagnostic biomarker in elderly patients with
type 2 cardiorenal syndrome. Sci Rep. 2020;10(1):4894.
Ben-Nun D, Buja LM, Fuentes F. Prevention of heart
failure with preserved ejection fraction (HFpEF): reex-
amining microRNA-21 inhibition in the era of oligo-
nucleotide-based therapeutics. Cardiovasc Pathol.
2020;49:107243.



	Abstract
	Introduction
	Materials and methods
	Cell culture and treatment
	Western blotting analysis
	MV isolation
	Transmission electron microscopy (TEM)
	Fluorescent labeling of MVs and fluorescence microscopy
	Quantitative real-time PCR (qRT-PCR)
	RNA transfection
	Measurement of atrial natriuretic peptide (ANP) concentration
	Measurement of the diameter of cardiomyocyte
	Statistical analysis

	Results
	MVs derived from TGF-β1-treated tubular cells mediate recipient cardiomyocyte hypertrophy
	MVs labeled with Dil-C18 are transported to cardiomyocytes
	Up-regulated miR-21 from TGF-β1-treated tubular cells is packaged into MVs and delivered into cardiomyocytes
	Exogenous miR-21 delivered by MVs promotes recipient cardiomyocyte hypertrophy
	miR-21 targets SORBS2 and ENH in cardiomyocytes
	miRNA-21 induces cardiomyocyte hypertrophy via targeting SORBS2 and ENH

	Discussion
	Author contributions
	Disclosure statement
	Funding
	Data availability statement
	References


