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Abstract
Vascular calcification often occurs in patients with chronic renal failure (CRF), which signifi-
cantly increases the incidence of cardiovascular events in CRF patients. Our previous studies 
identified the crosstalk between the endothelial cells (ECs) and vascular smooth muscle cells 
(VSMCs), and the paracrine effect of VSMCs, which regulate the calcification of VSMCs. 
Herein, we aim to investigate the effects of exosomes secreted by high phosphorus (HPi) -in-
duced adventitial fibroblasts (AFs) on the calcification of VSMCs and the underlying mechanism, 
which will further elucidate the important role of AFs in high phosphorus vascular wall microen-
vironment. The conditioned medium of HPi-induced AFs promotes the calcification of VSMCs, 
which is partially abrogated by GW4869, a blocker of exosomes biogenesis or release. Exosomes 
secreted by high phosphorus-induced AFs (AFsHPi-Exos) show similar effects on VSMCs. miR-
21-5p is enriched in AFsHPi-Exos, and miR-21-5p enhances osteoblast-like differentiation of 
VSMCs by downregulating cysteine-rich motor neuron 1 (Crim1) expression. AFsHPi-Exos and 
exosomes secreted by AFs with overexpression of miR-21-5p (AFsmiR21M-Exos) significantly ac-
celerate vascular calcification in CRF mice. In general, AFsHPi-Exos promote the calcification of 
VSMCs and vascular calcification by delivering miR-21-5p to VSMCs and subsequently inhibit-
ing the expression of Crim1. Combined with our previous studies, the present experiment sup-
ports the theory of vascular wall microenvironment.
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Introduction
Vascular calcification is a kind of ectopic mineralization, 
which occurs in the cardiovascular system and leads to 
decreased vascular wall elasticity and impaired vascular 
structural integrity. Vascular calcification often occurs 
in patients with chronic kidney disease, diabetes, athero-
sclerosis, hypertension, and other diseases, which sig-
nificantly increases the risk of death from cardiovascular 
disease [1, 2]. Vascular calcification can occur in almost 
all types of arteries, such as the abdominal aorta, coro-
nary artery, aortic valve, et al. [3–5]. Moreover, calcifica-
tion occurs in both the intima and media of the artery 
wall. Intima calcification, also known as atherosclerotic 
calcification, is mainly manifested by inflammation and 
the deposition of lipids [6, 7]. Medial calcification refers 
to the trans-differentiation of vascular smooth mus-
cle cells (VSMCs) into osteoblast-like cells under the 
stimulation of high phosphorus or high glucose [8–13]. 
However, the specific mechanism of the development of 
vascular calcification remains unclear.

Arterial calcification is often found in patients suffered 
from chronic kidney disease [14]. According to an epi-
demiological survey in 2017, the prevalence of chronic 
kidney disease is 9.1%. There are more than 600 million 
chronic kidney disease patients worldwide, and more 
than 1.2  million deaths are caused by chronic kidney 
disease every year [15]. Vascular calcification in patients 
with chronic renal failure (CRF) is mainly caused by met-
abolic disorders, such as hyperphosphatemia, hypercal-
cemia, and uremia [16]. Hyperphosphatemia in patients 
with advanced CRF is often based on impaired renal 
excretion of phosphate [17]. Therefore, high serum phos-
phate can be considered a vascular toxin [18, 19]. The 
deposition of calcium and phosphorus on the vascular 

wall can directly cause vascular calcification. In addition, 
phosphorus and calcium can individually or jointly pro-
mote the dysfunction and calcification of VSMCs [20]. 
High concentration of phosphorus can not only directly 
promote the phenotypic transformation of VSMCs into 
osteoblast-like cells, reduce the expression of smooth 
muscle cell markers and enhance the expression of osteo-
chondrogenic genes [21], but also cause the calcification 
of VSMCs by increasing the apoptosis and mitochon-
drial oxidative stress of VSMCs, as well as the release of 
calcifying matrix vesicles [9, 22, 23]. Thi Nguyen et al. 
found that phosphate carrier (PiC) is important for mito-
chondrial phosphorus uptake and mediates superoxide 
production and calcification in VSMCs induced by high 
phosphorus [9]. Our recent study demonstrated that exo-
somes (Exos) secreted from ECs induced by high phos-
phate could significantly promote VSMCs calcification 
by enriching miR-670-3p in ECs-derived exosomes [24]. 
Li et al. reported that exosomal let-7b-5p derived from 
macrophage induced by high-phosphate is responsible 
for the vascular calcification in chronic kidney disease 
[25]. However, the pathogenesis of hyperphosphatemia 
induced vascular calcification in CRF patients is complex 
and unclear, so further studies are needed to elucidate 
the mechanism of its occurrence and development.

Vascular walls are composed of the intima, media, 
and adventitia, which are mainly composed of endothe-
lial cells (ECs), VSMCs and adventitial fibroblasts (AFs) 
respectively [26]. Due to their adjacency in location, cells 
can communicate with each other in various physiologi-
cal and pathological conditions. Recently, a large number 
of studies have focused on the communication between 
ECs and VSMCs. Our recent studies demonstrated the 
ECs original exosomes could mediate the intima and 
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media communications [24, 27]. Moreover, exosomes 
secreted by VSMCs could regulate the calcification and 
ageing of adjacent VSMCs through a paracrine mecha-
nism [2]. However, whether AFs could regulate the cal-
cification is still unknown. If this phenomenon can be 
confirmed, the theory of vessel wall microenvironment 
will be constructed.

Cells can release various extracellular vesicles, which 
are mainly divided into exosomes, microvesicles, and 
apoptotic bodies according to their diameter and biologi-
cal formation process [28]. Exosomes are extracellular 
vesicles originated from endosomal vesicles of the mul-
tivesicular bodies [29–31]. Exosomes, with a diameter 
of 30–150  nm, have a lipid bilayer structure and carry 
DNA, miRNA, mRNA, lipids, proteins, and other sub-
stances [32, 33]. The exosome membrane contains cho-
lesterol, sphingolipid, ceramide, and other substances, 
which keep the structure of exosomes highly stable. After 
exosomes are released from cells, they enter the blood, 
urine, cerebrospinal fluid, saliva, breast milk, ascites, and 
other body fluids [34]. Exosomes are important media of 
intercellular communication and play an important role 
in the information transfer between cells [35]. In recent 
years, much literature has reported the important role of 
exosomes in the development of vascular calcification. 
Previous studies in our group have shown that exosomes 
secreted by melatonin-treated VSMCs transfer miR-
204/miR-211 to adjacent VSMCs in a paracrine manner, 
alleviating vascular calcification and aging by regulating 
BMP2 [2]. In addition, plasma exosomes derived from 
end-stage renal disease patients could promote VSMCs 
calcification, while plasma exosomes from renal trans-
plant recipients could partially attenuate VSMCs cal-
cification [36]. A recent study by our group found that 
miR-670-3p is enriched in exosomes derived from 
ECs induced by high phosphorus (ECsHPi-Exos) and is 
essential for the ECsHPi-Exos-induced VSMCs calcifica-
tion [24]. These studies indicated that exosomes play an 
important role in vascular calcification, which is of great 
interest to us to explore the role of AFs-derived exosomes 
in vascular calcification.

In our present study, we found that exosomes secreted 
by 3.5 mM inorganic phosphorus (HPi) induced AFs 
(AFsHPi-Exos) significantly promoted the calcification of 
VSMCs compared with exosomes secreted by 0.9 mM 
inorganic phosphorus (NPi) induced AFs (AFsNPi-Exos). 
After inhibiting the biogenesis or secretion of exo-
somes by AFs with GW4869, the pro-calcification effect 
was significantly weakened. The miR-21-5p level in 
AFsHPi-Exos was significantly upregulated compared with 
AFsNPi-Exos. Our results demonstrated that AFsHPi-Exos 
promoted the calcification of VSMCs by transferring 
miR-21-5p into VSMCs and inhibiting the expression 
of cysteine-rich motor neuron 1 (Crim1) in VSMCs. In 

conclusion, our study suggested that the high level of 
miR-21-5p carried by AFsHPi-Exos and its inhibition of 
the target gene Crim1 played an important role in the 
pathogenesis of vascular calcification in patients with 
CRF.

Materials and methods
Ethics statement
All experiments were reviewed and approved by the Eth-
ics Committee of the Second Xiangya Hospital, Central 
South University (Animal Permit No. 2022,123, Human 
samples Permit No.2022,593). All the procedures con-
form to the Guide for the Care and Use of Laboratory 
Animals, NIH publication, 8th edition, 2011. The human 
samples conformed to the principles outlined in the Dec-
laration of Helsinki.

Human samples
A total of 5 pairs of radial artery segments from patients 
with CRF and normal donors (ND) were collected from 
The Second Xiangya Hospital of Central South Univer-
sity. CRF radial arteries were obtained from CRF patients 
who required arteriovenous fistula angioplasty. ND 
radial arteries were obtained from patients who under-
went arm amputation due to trauma in the Department 
of Orthopedics in our hospital. The inclusion and exclu-
sion criteria were as follows: CRF patients with the glo-
merular filtration rate (GFR) < 15 mL/min/1.73 m2 of 
body-surface areas and no history of AIDS, diabetes and 
malignant tumors were selected as the CRF group. The 
selected normal donors were age-matched, had normal 
renal function, and had no other diseases such as malig-
nant tumors, hypertension, diabetes, coronary heart 
disease, etc. All participants signed written informed 
consent.

Cell culture and transfection
Mice AFs (1-3111) and VSMCs (1-3027) were purchased 
from CHI Scientific, Inc. They were both cultured in 
DMEM: F12 (1:1) medium (C11330500BT, Gibco, Invi-
trogen, New York, USA) supplemented with 10% fetal 
bovine serum (FBS) (1907B, Bovogen, New Zealand, 
Australia) and 1% penicillin/streptomycin (03-031-1BCS, 
Gibco, Invitrogen, New York, USA). Cells were incu-
bated at 37 °C in a humidified atmosphere containing 5% 
CO2. The culture medium was refreshed every 2 days. 
The AFs and VSMCs at passage 3–5 (P3-5) were used 
for subsequent experiments. To establish the calcifica-
tion model, the VSMCs were incubated with the medium 
containing 3.5 mM inorganic phosphorus (NaH2PO4: 
Na2HPO4 = 1:2, pH = 7.0. Na2HPO4, S5136, Sigma-
Aldrich, Saint Louis, USA; NaH2PO4, S5011, Sigma-
Aldrich, Saint Louis, USA), and the medium containing 
0.9 mM inorganic phosphorus was used as the control. 
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For the treatment of exosomes, when the confluence den-
sity of VSMCs reached about 70%, the medium contain-
ing 0.9 mM or 3.5 mM inorganic phosphorus was added, 
and AFs-Exos (200 µg/mL) were used for treatment. For 
cell transfection, miR-21-5p mimics, miR-21-5p inhibi-
tor, Crim1 siRNA, and their respective control oligos 
(100 nM) were transfected into VSMCs using siRNA 
mate according to the manufacturer’s instructions. miR-
21-5p mimics (miR10000530), inhibitor (miR20000530) 
and their control oligos were purchased from Ribobio 
(Guangzhou, China). Crim1 siRNA, control oligos and 
siRNA mate (G04003) were purchased from GenePh-
arma (Shanghai, China).

Exosome isolation and identification
AFs were cultured with the exosome-depleted medium 
containing 0.9 mM inorganic phosphorus or 3.5 mM 
inorganic phosphorus for 48 h, and then the cell superna-
tant was collected. Exosomes from AFs supernatant were 
isolated by differential centrifugation. Briefly, the super-
natant was centrifuged at 300  g for 10  min, 2000  g for 
10 min, 10,000 g for 30 min at 4 °C, and ultracentrifuged 
at 100,000 g for 70 min to sediment the pellets. The pel-
lets were then re-suspended in PBS and ultracentrifuged 
at 100,000 g for 70 min at 4  °C. The exosomes-enriched 
pellet was re-suspended in the appropriate volume of 
PBS and filtered through 0.22  μm filters (SLGPR33RB, 
Millipore, USA) to obtain the sterile exosome suspen-
sion. Aliquot 5 µL of exosome suspension and the protein 
quantification of exosomes was measured by the BCA kit 
(CW0014S, cwbiotech, Beijing, China).

For the identification of exosomes, transmission elec-
tron microscopy (TEM) (Hitachi, Tokyo, Japan) was used 
to observe the morphology and size of exosomes. The 
diameter size distribution of exosomes was analyzed by 
dynamic light scattering (DLS) with a Zetasizer Nano 
ZS instrument (Malvern Instruments). Western blot was 
used to detect the expression of exosomal marker pro-
teins TSG101, CD9, and CD81.

Exosomes uptake by VSMCs
To confirm that the AFs-Exos could be taken up by 
VSMCs, we labeled the exosomes with a red fluorescent 
dye (PKH26, MINI26-1KT, Sigma), and co-incubated the 
labeled exosomes with VSMCs as described previously 
[36]. Briefly, 4 µL of PKH26 dye was first dissolved in 500 
µL Dilute C solution. 100 µg exosomes were added to the 
mixture and incubated at room temperature for 5  min. 
Then 500 µL BSA was added to terminate the reaction. 
The unbound dyes were removed by ultracentrifugation 
at 100, 000 g for 70 min. The labeled exosomes were co-
incubated with VSMCs at 37℃ for 12  h. After washing 
with PBS, VSMCs were fixed with 4% paraformaldehyde 
at room temperature for 30 min. After washing with PBS, 

VSMCs were incubated with DAPI (C1005, Beyotime 
Biotechnology, Shanghai, China) for 5 min at room tem-
perature to stain nuclei. After washing with PBS, the red 
fluorescent signals in VSMCs were detected by the fluo-
rescence microscope.

Western blot analysis
The protein expression was determined by Western blot-
ting as previously described [37]. 30 µg protein extracts 
were separated by SDS-PAGE and transferred to polyvi-
nylidene fluoride membranes (IPVH00010, PVDF, Milli-
pore, Billerica, MA). After blocking with 5% non-fat milk 
for 1  h, the membrane was incubated overnight at 4  °C 
with primary antibody, including CD9 (ab92726, 1:1000, 
abcam), CD81 (ab109201, 1:1000, abcam), TSG101 (bs-
1365R, 1:1000, bioss), Runx2 (ab23981, 1:2000, abcam), 
BMP2 (bs-10696R, 1:1000, bioss), GAPDH (10494-1-AP, 
1:4000, proteintech), BMP4 (bs-1374R, 1:1000, bioss), 
Crim1 (bs-21654R, 1:1000, bioss), followed by incubation 
with the horseradish peroxidase-conjugated secondary 
antibody for 1 h at room temperature. The immunoreac-
tive bands were visualized by the enhanced chemilumi-
nescence reagent (WBKLS0100, Millipore, Billerica, MA) 
and imaged by Amersham Imager 600 analyser (General 
Electric, USA).

Alizarin Red S staining
VSMCs were seeded in 24-well plates and treated with 
the conditioned medium of AFs or AFs-Exos for at least 
21 days. After washing with PBS, VSMCs were fixed with 
4% paraformaldehyde for 30  min at room temperature, 
washed three times with PBS, and stained with Alizarin 
Red staining solution (CR2203058, Servicebio, Wuhan, 
China) for 5  min at room temperature. After washing 
with PBS, cells were observed and photographed under 
a microscope.

Alkaline phosphatase (ALP) staining and ALP activity assay
For the ALP staining of VSMCs, cells were seeded in 
24-well plates and treated with conditioned medium of 
AFs or AFs-Exos for 14 days. Then VSMCs were washed 
with PBS, fixed with 4% paraformaldehyde at room tem-
perature for 30 min, and washed 3 times with PBS. The 
VSMCs were incubated with ALP staining working solu-
tion (C3206, Beyotime Biotechnology, Shanghai, China) 
at room temperature for 5–30 min in the dark according 
to the manufacturer’s instructions. After washing with 
PBS, VSMCs were photographed under a microscope.

The ALP activity was measured by an ALP activity 
assay kit (A059-2-2, njjcbio, Nanjing, China). The VSMCs 
were washed three times with PBS, and the total cellu-
lar proteins were extracted. The samples and reagents 
were added to a 96-well plate according to the manufac-
turer’s instructions. After incubation at 37 °C for 15 min, 
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the chromogenic reagent was added. The absorbance 
was observed at 520  nm by using a microplate reader. 
ALP activity was normalized by the total cellular protein 
concentration.

Transwell co-culture system
Transwell co-culture experiments were performed using 
6-well transwell inserts (3450, Corning, NY, USA) with 
0.4  μm pore-sized filters as described previously [2]. 
AFs (1 × 105 cells per well) were first seeded into the 
upper chamber and pretreated with or without GW4869 
(UR21021, umibio, Shanghai, China) for 48  h. VSMCs 
(2 × 105 cells per well) were seeded into the lower cham-
ber of the 6-well plate. Both AFs and VSMCs were cul-
tured with the exosome-depleted medium containing 0.9 
mM inorganic phosphorus or 3.5 mM inorganic phos-
phorus. After 72 h, the total cellular proteins of VSMCs 
in the lower chamber were collected for detection.

qRT-PCR analysis
RNA was extracted from exosomes using the miRNeasy® 
Mini kit (217084, Qiagen) as the manufacturer’s instruc-
tions described. Cellular total RNA was extracted using 
TRIzol Reagent (15596026, Invitrogen, Carlsbad, USA) 
as described previously [38]. According to the manufac-
turer’s instructions, Mir-X miRNA First-Strand Synthesis 
Kit (638315, Takara, Japan) was used for reverse tran-
scription and qRT-PCR amplification of RNA extracted 
from exosomes and cells. The sequences of miRNAs 
were as follows: mmu-miR-122-5p (5’-UGGAGU-
GUGACAAUGGUGUUUG-3’), mmu-miR-155-5p 
( 5 ’ - U UA AU G C UA AU U G U G AUA G G G G U - 3 ’ ) , 
mmu-miR-29a-3p (5’-UAGCACCAUCUGAAAUC-
GGUUA-3’), mmu-miR-487b-3p (5’-AAUCGUA-
CAGGGUCAUCCACUU-3’), mmu-miR-21-5p 
(5’-UAGCUUAUCAGACUGAUGUUGA-3’), mmu-miR-
135a-5p (5’-UAUGGCUUUUUAUUCCUAUGUGA-3’), 
mmu-miR-124-3p (5’- UAAGGCACGCGGUGAAUGCC-3’), 
mmu-miR-125b-5p (5’-UCCCUGAGACCCU-
AACUUGUGA-3’). The following 5’ miRNA spe-
cific primers were purchased from GeneCopoeia: 
mmu-miR-122-5p (MmiRQP0056), mmu-miR-155-5p 
(MmiRQP0890), mmu-miR-29a-3p (MmiRQP0371), 
mmu-miR-487b-3p (MmiRQP0525), mmu-miR-21-5p 
(MmiRQP0316), mmu-miR-135a-5p (MmiRQP0170), 
mmu-miR-124-3p (MmiRQP0074), mmu-miR-125b-5p 
(MmiRQP0096). Relative quantification was calculated 
using the 2–ΔΔCT method and U6 small nuclear RNA was 
served as the reference for normalization.

Enzyme digestion experiment
For the Rnase-treated group, exosomes were treated 
with 100  µg/mL Rnase A (10405ES03, Yeasen Bio-
tech, Shanghai, China) at 37  °C for 15  min. For the 

ProtK + Rnase-treated group, exosomes were first treated 
with 100  µg/mL proteinase K (ProtK) (39450-01-6, 
Sigma-Aldrich, Saint Louis, USA) for 30  min at 37  °C, 
followed by Rnase A treatment. For the Triton X + Rnase-
treated group, exosomes were first treated with 10% 
Triton X-100 (T8200, Solarbio, Beijing, China) at room 
temperature for 30 min, followed by Rnase A treatment. 
The control group was left untreated. The miRNAs in 
the treated exosomes were extracted, and the expression 
level of miR-21-5p was detected by Quantitative real-
time PCR (qRT-PCR).

Plasmid constructs and luciferase reporter assay
Wild-type and mutant segments of the Crim1 3’-UTR, 
including predicted miR-21-5p binding sites, were cloned 
into the PmeI and XbaI restriction sites of pGL3 lucif-
erase reporter vector (E1330, Promega). Mutant Crim1 
3’-UTR was constructed using the QuikChange Site-
Directed Mutagenesis Kit (Stratagene).

VSMCs were co-transfected with a luciferase reporter 
carrying wild-type or mutant Crim1 3’-UTR, and miR-
21-5p mimics or mimics control. 48 h after transfection, 
the luciferase activity was detected with a luciferase assay 
system (Promega, USA). The renilla luciferase activity 
was used to normalize the relative luciferase activity of 
cells.

Animals
6- to 8-week-old male C57BL/6J mice (weighing 20–25 g) 
were purchased from SJA Laboratory Animal Co., Ltd 
(Hunan, China) and housed in standard cages on a 12 h 
light/dark cycle. We established the mouse model of 
CRF with vascular calcification using the 5/6 nephrec-
tomy (5/6 NTP) plus a high-phosphorus diet (0.9% Pi) 
feeding method as described in our previous studies [2, 
39, 40]. To study the role of AFsHPi-Exos in the devel-
opment of vascular calcification in mice with CRF, the 
mice were randomly divided into four treatment groups 
(n = 5 per group): Sham group (Sham-operated group 
fed with high phosphorus diet only), 5/6 NTP group 
(5/6 nephrectomy plus high phosphorus diet feeding 
group), 5/6 NTP + AFsNPi-Exos group (5/6 NTP mice 
were intravenously injected with 100  µg AFsNPi-Exos), 
5/6 NTP + AFsHPi-Exos group (5/6 NTP mice were intra-
venously injected with 100 µg AFsHPi-Exos). In addition, 
to examine the role of miR-21-5p in high phosphorus-
induced vascular calcification in CRF mice, the mice 
were randomly divided into the sham group and 5/6 
NTP group. The mice in the sham group were intrave-
nously injected with AFsctrl-Exos. The 5/6 NTP mice 
were randomly divided into three treatment groups (n = 5 
per group): AFsctrl-Exos group, AFsctrl M-Exos group, 
AFsmiR−21 M-Exos group (100 µg exosomes per mice).
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The 5/6 NTP mouse model was established as follows, 
mice were anesthetized by intraperitoneal injection of 1% 
pentobarbital sodium (60  mg/kg). The upper and lower 
poles of the left kidney were removed first, and the adre-
nal glands were preserved. A total right nephrectomy was 
performed one week later. In the sham-operated group, 
after exposure of the kidney, the kidney capsule was 
peeled off without removing the kidney, and then the skin 
was closed. One week after the operation, the sham mice 
and 5/6 NTP mice were fed a diet containing 0.9% phos-
phorus for 4 weeks to accelerate the vascular calcification 
of the mice. During the high-phosphorus feeding period, 
vehicles or exosomes (100  µg exosomes in 100 µL PBS) 
were intravenously injected into the mice every other day 
for a total of 4 weeks (fourteen injections in total). The 
mouse model of CRF with vascular calcification was set 
up successfully, which was confirmed by the increases in 
the level of serum urea nitrogen, creatinine, calcium and 
phosphorus. The thoracic aortas of mice were removed 
for the detection of calcification markers.

Tracing of exosomes in vivo
The exosomes secreted by HPi-induced AFs were labeled 
with DiR dye (D12731, Invitrogen, USA) according to 
the manufacturer’s instructions and injected into the 5/6 
NTP-induced C57BL/6J mice by tail vein. In detail, the 
DiR solution was diluted with ethanol to obtain 200 µg/
mL working solution. 5 µL DiR working solution was 
added to 100 µg exosomes and incubated in the dark for 
1  h at room temperature. The unbound dyes and etha-
nol were removed by ultracentrifugation at 100,000 g at 
4℃ for 70 min, and the precipitate was re-suspended in 
PBS at a concentration of 100 µg exosomes/100 µL PBS. 
DiR-labeled exosomes, PBS or DiR (100 µL per mice) 
were injected into the tail vein of 5/6 NTP mice (n = 5 
per group). In vivo fluorescence imaging was performed 
within 12 h, and organs were also taken for imaging.

Measurement of arterial calcification
After the artery samples were collected, we first removed 
the vascular branches and adipose tissues around the 
arteries. Then the arteries were fixed with 4% paraformal-
dehyde, embedded in paraffin and cut into 5 μm sections. 
Paraffin sections were dewaxed and dehydrated with tur-
pentine and a series of graded ethanol.

For Alizarin Red S staining, the sections were washed 
with PBS, and then incubated with Alizarin Red staining 
solution at room temperature for 15 s. The sections were 
observed under a microscope and photographed.

For Von Kossa staining, after washing with double-
distilled water, the sections were incubated with Von 
Kossa staining solution (G1043, Servicebio, Wuhan, 
China) under ultraviolet light for 2 h. After the sections 
were thoroughly washed with double-distilled water, the 

nucleus was stained with hematoxylin, and the cytoplasm 
was stained with eosin. Subsequently, the sections were 
dehydrated in ethanol, and sealed with neutral gum. Pho-
tographs were taken under the microscope and positive 
staining areas were analyzed with Image J software.

For the detection of ALP activity and calcium content 
in aortic tissues, tissue homogenate supernatant was pre-
pared first. RIPA lysate was added to the arterial tissue 
and ground in the grinding machine (frequency 70  Hz, 
grinding time 60 s, pausing time 20 s, cycle 3 times), fol-
lowed by ultrasonic lysis and centrifugation. The super-
natant was taken as the tissue homogenate supernatant, 
and the total protein concentration of tissues was mea-
sured with a BCA kit. The ALP activity assay method was 
the same as described above. Calcium content was deter-
mined by using a commercial kit (C004-2-1, njjcbio, Nan-
jing, China) according to the manufacturer’s instructions. 
The ALP activity and calcium content were normalized 
with total protein levels.

Immunohistochemistry and immunofluorescence
For immunohistochemistry, sections of the arteries were 
dewaxed and dehydrated as described previously. Immu-
nohistochemical analysis was performed using Universal 
Two-step Immunohistochemistry Kit (PV-9000, zsbio, 
Beijing, China) according to the manufacturer’s instruc-
tions. Briefly, antigens were retrieved by trypsin, endog-
enous peroxidase was removed by 3% hydrogen peroxide, 
followed by 5% BSA blocking for 1 h. Sections were then 
incubated overnight at 4  °C with primary antibody for 
Runx2 (bs-1134R, 1:250, bioss), BMP2 (bs-10696R, 
1:250, bioss), BMP4 (bs-1374R, 1:250, bioss), Crim1 (bs-
21654R, 1:250, bioss). The next day, sections were incu-
bated with reaction enhancer and secondary antibody, 
and positive areas were detected with DAB chromogenic 
solution. Finally, nuclei were stained with hematoxylin.

For immunofluorescence, frozen sections of aortas 
were incubated with the exosomal marker TSG101 rab-
bit antibody (bs-1365R, 1:200, bioss) and VSMC marker 
α-SMA mouse antibody (GB13044, 1:200, Servicebio). 
Subsequently, the binding primary antibodies was visu-
alized using FITC/Cy3-conjugated secondary anti-
body. The nuclei were stained with DAPI. Sections were 
observed and photographed under a fluorescence micro-
scope (Nikon Instruments Korea, Seoul, Korea).

Statistical analysis
All data are presented as mean ± SD. Statistical analy-
sis was performed with the GraphPad Prism version 8.0 
software. Student’s t-test was conducted for compari-
sons between two groups. One-way ANOVA followed by 
Dunnett’s test was used for comparisons between more 
than two groups. P < 0.05 was considered to be statisti-
cally significant. All experiments were repeated at least 
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three times, and representative experimental results are 
shown in the figures.

Results
Artery calcification in CRF patients
Typical vessel wall media calcification often occurs in 
patients with CRF [41–43]. We collected radial arter-
ies from ND and CRF patients and compared their cal-
cification levels. Alizarin Red S and Von Kossa staining 
showed increased mineral deposition in the radial artery 
of CRF patients compared with normal donors (Addi-
tional file 1: Fig. S1A). Immunohistochemical staining 
showed that the expression of Runx2 and BMP2 was 
increased in the CRF group (Additional file 1: Fig. S1B). 
These results confirm that the arteries of CRF patients 
are severely calcified. Therefore, we further explored the 
specific mechanism of CRF-induced arterial calcification.

Conditioned medium of HPi-induced AFs promotes VSMCs 
calcification
Hyperphosphatemia plays an important role in promot-
ing the development of vascular calcification in patients 
with CRF [16]. In vivo, both AFs and VSMCs can be 
stimulated by high phosphorus when the vessel wall is in 
a high phosphorus microenvironment. To investigate the 
effects of the conditioned medium of HPi-induced AFs 
on VSMCs calcification, we treated AFs with inorganic 
phosphorus at a concentration of 0.9 mM or 3.5 mM for 
48  h and then collected the supernatant (AFsNPi-CM, 
AFsHPi-CM) as conditioned medium to culture VSMCs. 
We found that compared with AFsNPi-CM, AFsHPi-CM 
significantly promoted the expression of osteogenic 
differentiation proteins Runx2 and BMP2 in VSMCs 
(Fig.  1A). Moreover, Alizarin red staining showed that 
AFsHPi-CM significantly increased the formation of 

Fig. 1  The conditioned medium of HPi-induced AFs promotes VSMCs calcification. VSMCs were treated with 0.9 mM or 3.5 mM inorganic phosphate-
induced AFs conditioned medium (AFsNPi-CM, AFsHPi-CM), 0.9 mM or 3.5 mM inorganic phosphate-induced AFs exosomes-free conditioned medium 
(AFsNPi-CM− Exos, AFsHPi-CM− Exos), 3.5 mM inorganic phosphate-induced GW4869-pretreated AFs conditioned medium (AFsHPi-CM + GW4869). A Western 
blot and quantitative analysis of Runx2 and BMP2 protein levels in VSMCs. B The formation of mineralized nodules in VSMCs was detected by Alizarin 
red staining. The black arrows indicate mineralized nodules in VSMCs. Representative microscopic views are shown. The scale bar represents 500 μm. C 
ALP activity in VSMCs was measured by the ALP kit. D ALP staining and quantitative analysis of the percentage of ALP staining positive cells in total area. 
Representative microscopic views are shown. The scale bar represents 500 μm. Three independent experiments were performed, and representative data 
are shown. Data are shown as mean ± SD. *p < 0.05, **p < 0.01
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mineralized nodules (Fig.  1B). AFsHPi-CM also caused 
a remarkable increase in ALP activity and ALP posi-
tive staining area compared to the AFsNPi-CM group, as 
evidenced by the ALP activity assay and ALP staining 
(Fig. 1C-D).

To explore whether the effects of AFsHPi-CM on 
VSMCs calcification were mediated by exosomes, 
we removed exosomes in the conditioned medium 
of AFs by ultracentrifugation (AFsNPi-CM− Exos and 
AFsHPi-CM− Exos). The results showed that AFsHPi-CM 
induced increases in the protein expression of Runx2 
and BMP2, the formation of mineralized nodules, ALP 
activity, and ALP positive staining area in VSMCs. How-
ever, after we removed exosomes from the AFsHPi-CM 
by ultracentrifugation, the pro-calcification effect was 
significantly attenuated (Fig.  1A-D). In addition, AFs 

were pretreated with GW4869 for 48 h to inhibit the bio-
genesis or release of exosomes. We found that pretreat-
ment of GW4869 abolished the pro-calcification effect of 
AFsHPi-CM on VSMCs (Fig. 1A-D). These results indicate 
that the Exos derived from high phosphorus-induced AFs 
are essential in promoting the calcification of VSMCs.

Identification and uptake assay of exosomes
We isolated exosomes from the conditioned medium 
of NPi or HPi-induced AFs (AFsNPi-Exos, AFsHPi-Exos) 
by differential centrifugation and identified them by 
TEM, particle size analysis, and western blot. TEM 
revealed that AFsNPi-Exos and AFsHPi-Exos exhib-
ited round, cup-shaped morphology (Fig.  2A). The 
majority of AFsNPi-Exos and AFsHPi-Exos had an aver-
age diameter distribution of 50–150  nm as shown by 

Fig. 2  Identification and uptake assay of AFs-derived exosomes. A Representative transmission electron microscopic photographs of AFsNPi-Exos and 
AFsHPi-Exos. The scale bar represents 200 μm. B The diameter distribution of AFsNPi-Exos and AFsHPi-Exos was detected by DLS analysis. C Western blot 
analysis of exosome-specific markers TSG101, CD9, and CD81 in exosomes secreted by NPi/HPi-induced AFs (AFsNPi-Exos, AFsHPi-Exos). D Representative 
images of AFsNPi-Exos and AFsHPi-Exos uptake by VSMCs after 12 h incubation. Nuclei stained by DAPI in blue and AFs-Exos stained by PKH26 in red. Scale 
bar: 50 μm

 



Page 9 of 21Zheng et al. Journal of Nanobiotechnology          (2023) 21:315 

DLS measurement (Fig.  2B). Exosome-specific mark-
ers TSG101, CD9, and CD81 were both expressed in 
AFsNPi-Exos and AFsHPi-Exos (Fig.  2C). These data sug-
gest that these nanoparticles were actually exosomes. 
To investigate whether AFs-derived exosomes could be 
taken up by VSMCs, exosomes were labeled with red flu-
orescent dye PKH26 and incubated with VSMCs for 12 h. 
The results revealed that both the labeled AFsNPi-Exos 
and AFsHPi-Exos successfully entered into the perinuclear 
region of VSMCs (Fig. 2D).

Exosomes derived from AFs induced by high phosphorus 
promote VSMCs calcification
To determine the direct effects of AFs-Exos on VSMCs 
calcification, we first treated VSMCs with 3.5 mM inor-
ganic phosphorus (HPi) to establish the calcification 
model of VSMCs, and incubated VSMCs with 200  µg/
mL exosomes isolated from AFs induced by 0.9 mM inor-
ganic phosphorus (NPi) or HPi. In the control group, 
the VSMCs were treated with NPi plus PBS. The results 
showed that compared with the control group, HPi treat-
ment enhanced the protein expression of Runx2 and 
BMP2, increased the mineralized nodules formation, 
ALP positive staining area, and ALP activity in VSMCs, 
indicating that the calcification model of VSMCs was 
successfully established. Furthermore, these pro-calcifi-
cation effects were enhanced by AFsHPi-Exos (Fig. 3A-D).

Next, a transwell co-culture system was used to detect 
the crosstalk between AFs and VSMCs under the high 
phosphorus microenvironment. AFs pretreated with 
or without GW4869 were co-cultured with VSMCs in 
normal or high phosphorus systems (Fig. 3E). We found 
that compared with the control group, the expression 
of Runx2 and BMP2 proteins and the ALP activity in 
VSMCs co-cultured with high phosphorus-treated AFs 
were significantly increased, however, GW4869 pretreat-
ment significantly attenuated this effect (Fig. 3F-G).

Taken together, these results suggest that exosomes 
released from HPi-induced AFs are necessary for the cal-
cification of VSMCs.

AFsHPi-Exos enrich and transfer miR-21-5p
We further explored the functional molecules that 
mediate the pro-calcification effect of AFsHPi-Exos. We 
first selected eight miRNAs that have been reported to 
be highly expressed in fibroblasts and associated with 
osteogenic differentiation [44–60]. qRT-PCR analysis 
was used to detect the expression levels of 8 miRNAs in 
AFsNPi-Exos and AFsHPi-Exos. We displayed the results 
of qRT-PCR in a heatmap. The results showed that miR-
21-5p was most significantly elevated in AFsHPi-Exos 
(Fig.  4A). Furthermore, compared with AFsNPi-Exos, 
AFsHPi-Exos treatment significantly increased the miR-
21-5p level in VSMCs (Fig.  4B). We also detected the 

basal expression of miR-21-5p. The results showed that 
miR-21-5p was expressed in both AFs and VSMCs, and 
the miR-21-5p expression level in AFs was about 4 times 
that of VSMCs (Additional file 1: Fig. S2), which provided 
an important premise for the role of the abundant exog-
enous miR-21-5p transported by AFs-Exos in VSMCs. 
Previous studies indicated that miR-21-5p promoted 
the osteogenic differentiation of bone marrow mesen-
chymal stromal cells (BMSCs) and hFOB1.19 cells [52, 
61]. Therefore, we finally selected miR-21-5p for further 
study.

In order to confirm that miR-21-5p could be protected 
by exosomal bilayer membrane structure and that the 
increased miR-21-5p was carried by AFsHPi-Exos, rather 
than protein-bound free RNA, we treated AFsHPi-Exos 
with Triton X-100, proteinase K (ProtK) or Rnase. In the 
control group, AFsHPi-Exos were treated with equal vol-
ume of vehicle. The results showed that compared with 
the control group, the levels of miR-21-5p in AFsHPi-Exos 
in the Rnase group and the ProtK + Rnase group did not 
change significantly, while in the Triton X + Rnase group, 
after the integrity of exosomal membrane structure was 
disrupted by Triton X-100, Rnase treatment could sig-
nificantly reduce the level of miR-21-5p (Fig. 4C). These 
results suggest that the membrane structure of exosomes 
protects miR-21-5p from degradation by proteinase and 
Rnase. To verify that AFsHPi-Exos can transfer mature 
miR-21-5p from AFs to VSMCs, we examined the expres-
sion of primary (pri)-miR-21 (the precursor of miR-
21-5p). We found that pri-miR-21 only exhibited higher 
levels in AFsHPi, while it was not detectable in exosomes. 
Moreover, AFsHPi-Exos treatment did not alter the level 
of pri-miR-21 in VSMCs (Fig. 4D), indicating that the ele-
vated level of miR-21-5p in VSMCs was not derived from 
their own synthesis, but from the transfer of AFsHPi-Exos.

To further verify that exosomal miR-21-5p could be 
taken up by VSMCs, we transfected AFs with miR-21-5p 
mimics/inhibitor. In order to ensure the success of trans-
fection, we first examined the transfection efficiency. The 
results showed that compared with the control group, 
transfection of miR-21-5p mimics significantly increased 
the level of miR-21-5p in AFs and their secreted exo-
somes, whereas miR-21-5p inhibitor exerted the opposite 
effect (Additional file 1: Fig. S3A-B). Next, we labeled the 
exosomes derived from FAM-miR-21-5p mimics trans-
fected AFs with PKH26 and incubated VSMCs with the 
labeled exosomes. We observed the co-localization of 
green and red fluorescence signals in the cytoplasm of 
VSMCs (Fig.  4E), suggesting that exosomal miR-21-5p 
was internalized by VSMCs.

These data suggest that miR-21-5p is enriched in 
AFsHPi-Exos and can be transferred by exosomes from 
AFs to VSMCs.
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HPi-induced exosomal miR-21-5p promotes VSMCs 
calcification
To determine the role of miR-21-5p in the exosome-
induced regulation of VSMCs calcification, VSMCs were 
cultured with exosomes derived from miR-21-5p mimics/
inhibitor transfected AFs under 3.5 mM Pi treatment. We 
found that AFsmiR21M-Exos could significantly enhance 
the Runx2, BMP2 protein expression, and ALP activity 
in VSMCs, while AFsmiR21I-Exos had the opposite effects 

(Fig.  4F-G). Then VSMCs incubated with AFsHPi-Exos 
were additionally treated with miR-21-5p inhibitor (a 
specific inhibitor targeting miR-21-5p). The results 
showed that the pro-calcification effect of AFsHPi-Exos 
was reversed by miR-21-5p inhibitor (Fig.  4H-I). These 
data suggest that AFs-Exos regulated the calcification of 
VSMCs by transferring miR-21-5p.

Fig. 3  Exosomes derived from AFs induced by high phosphorus promote VSMCs calcification. A Western blot was used to determine the effect of 
AFsNPi-Exos or AFsHPi-Exos treatment on Runx2 and BMP2 protein levels in 3.5 mM Pi-induced VSMCs. VSMCs treated with 0.9 mM Pi plus PBS were 
used as control. B Representative images and quantitative analysis of Alizarin red staining in 3.5 mM Pi-induced VSMCs cultured with AFsNPi-Exos or 
AFsHPi-Exos. The black arrows indicate mineralized nodules in VSMCs. The scale bar represents 500 μm. ALP staining (C) and ALP activity (D) of AFsNPi-Exos 
or AFsHPi-Exos treated VSMCs under 3.5 mM Pi treatment. Representative micrographs are shown. The scale bar represents 500 μm. E The transwell co-
culture system was used to detect the calcification of VSMCs co-cultured with AFs pretreated with or without GW4869 under the treatment of NPi or HPi 
for 3 days. Western blot analysis of Runx2 and BMP2 protein levels (F) and ALP activity (G) in VSMCs co-cultured with AFs. Data are presented as mean ± SD 
from triplicate experiments. *p < 0.05, **p < 0.01
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MiR-21-5p promotes VSMCs calcification by targeting the 
Crim1 gene
To determine the molecular mechanism through which 
miR-21-5p promotes the calcification of VSMCs, we used 
targetscan, pictar, and miRWalk databases to predict 
the potential target genes of miR-21-5p. 34 genes were 
identified as miR-21-5p potential target genes (Fig. 5A). 
A previous study reported that the down expression of 

Crim1 could enhance the osteogenesis of MSCs [62]. In 
addition, miR-21-5p was predicted to specifically bind to 
the predicted target region of the Crim1 mRNA (Fig. 5B). 
Thus, we speculated Crim1 as the most potential gene 
involved in the miR-21-5p-mediated pro-calcification 
effect. The luciferase reporter assay revealed that miR-
21-5p mimics suppressed the luciferase activity of the 
Crim1 3’-UTR reporter gene, this effect was abrogated 

Fig. 4  AFsHPi-Exos transport miR-21-5p to VSMCs and promote the calcification of VSMCs. A Heatmap showing expression profiles of candidate miRNAs 
in AFsNPi-Exos and AFsHPi-Exos. B qPCR analysis showing the level of miR-21-5p in VSMCs treated with AFsNPi-Exos or AFsHPi-Exos. C The miR-21-5p levels in 
AFsHPi-Exos treated with RNase, proteinase K (ProtK), or Triton X-100 as measured by qPCR. D pri-miR-21 levels in NPi/HPi treated AFs, AFsNPi-Exos/AFsHPi-Exos 
and AFsNPi-Exos/AFsHPi-Exos treated VSMCs as measured by qPCR. E Fluorescence microscopy analysis of PKH26-labeled exosomes derived from FAM-
miR-21-5p-mimics transfected AFs internalization by VSMCs. FAM-miR-21-5p signals (green) were co-localized with PKH26 signals in the perinuclear 
region of VSMCs (PKH26 in red and DAPI in blue). The scale bar represents 50 μm. Western blot (F) and ALP activity assay (G) showing the Runx2 and BMP2 
protein expression and ALP activity in VSMCs after treatment with vehicle or exosomes derived from AFs transfected with miR-21-5p mimics/miR-21-5p 
inhibitor/negative controls. The levels of Runx2 and BMP2 (H) and ALP activity (I) in VSMCs after miR-21-5p inhibitor transfection under AFsHPi-Exos treat-
ment. The VSMCs in all groups were induced by 3.5 mM Pi simultaneously. Data are the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01
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after the putative binding site of miR-21-5p was mutated 
(Fig.  5C). Western blot results showed that overexpres-
sion of miR-21-5p significantly reduced the expression of 
Crim1 in VSMCs, while inhibition of miR-21-5p showed 
the opposite effect (Fig. 5D). These data show that Crim1 
is the direct target gene of miR-21-5p.

To further explore the role of Crim1 in the calcifica-
tion of VSMCs, we constructed 3 small interfering RNA 

of Crim1 (siCrim1) to silence the Crim1 expression in 
VSMCs. siCrim1#3 exhibited the highest silencing effi-
ciency as shown by the western blot (Fig.  5E), thus we 
selected siCrim1#3 to silence the Crim1 expression in 
subsequent experiments. It was reported that Crim1 
exerts its antagonistic effect by interacting with mem-
bers of the TGF-β superfamily such as BMP2 and BMP4 
[62]. Therefore, in addition to detecting the expression of 

Fig. 5  miR-21-5p promotes VSMCs calcification by targeting the Crim1 gene. A Venn diagram showing potential target genes of miR-21-5p predicted by 
targetscan, pictar, miRWalk databases. B Schematic illustration of the sequences for miR-21-5p and the WT or mutated 3’-UTR of Crim1 mRNA. C Luciferase 
reporter assays showing the relative luciferase activity of Crim1 WT or mutated 3’-UTR reporter plasmids in VSMCs co-transfected with miR-21-5p mim-
ics or mimics-NC. Firefly luciferase activity was normalized to renilla luciferase activity. D Western blot analysis of Crim1 levels in VSMCs transfected with 
miR-21-5p mimics, miR-21-5p inhibitor or their negative controls (NC). E Western blot analysis of the knockdown efficiency of Crim1 siRNAs in VSMCs. F 
Protein levels of Runx2, BMP2 and BMP4 in VSMCs treated with vehicle, siCrim1#3 or siRNA-NC under 3.5 mM Pi induction as measured by Western blot. 
G ALP activity in VSMCs after treatment with vehicle, siCrim1#3 or siRNA-NC under 3.5 mM Pi induction. Data are the mean ± SD of three independent 
experiments. *p < 0.05, **p < 0.01
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Runx2 and BMP2 in VSMCs, BMP4 expression was also 
detected. We found that silencing Crim1 gene expres-
sion significantly enhanced the calcification of VSMCs 
(Fig. 5F-G).

Taken together, our results suggest that inhibition 
of Crim1 via miR-21-5p mediates the pro-calcification 
effects of AFsHPi-Exos on VSMCs.

Exosomes in vivo tracking and regulate vascular 
calcification in 5/6 NTP mouse model
To investigate whether the exosomes secreted by AFs can 
be taken up by mice and their distribution in different 
organs, AFsHPi-Exos were labeled with near-infrared dye 
DiR and intravenously injected into the 5/6 NTP mice. 
We found that DiR and ExosDiR could be internalized 
into the mice (Fig. 6A), and the fluorescence signals were 
mainly distributed in the liver and spleen, while almost 
no fluorescence signals were detected in other organs, 
such as the heart, lung, kidney, femur, and thoracic 
aorta (Fig. 6B). We considered that the fluorescence sig-
nal of the liver and spleen might be too strong, masking 
the weaker fluorescence signal in other organs, thus we 
imaged the thoracic aorta of the three groups together. 
Surprisingly, the fluorescence signal appeared in the tho-
racic aorta of the ExosDiR group, which was stronger than 
that of the PBS and DiR group (Fig. 6C). We performed 
double immunofluorescence staining for the exosomal 
marker TSG101 and the smooth muscle marker α-SMA 
on thoracic aorta sections from PBS or AFs-Exos treated 
5/6 NTP mice. We observed more red fluorescence in the 
arterial media of the mice in the AFs-Exos group com-
pared with the PBS group (Fig. 6D), indicating that exog-
enous AFs-Exos could be taken up by the mouse arterial 
media.

5/6 nephrectomy plus a high-phosphorus diet is a 
widely used method to develop CRF-induced vascular 
calcification in mice [2, 39, 63]. One week after nephrec-
tomy, mice in sham and 5/6NTP groups were fed the 
high-phosphorus diet to accelerate vascular calcification. 
PBS were intravenously injected into the sham mice, and 
PBS, AFsNPi-Exos or AFsHPi-Exos were injected into the 
5/6NTP mice every other day. The mice were sacrificed 4 
weeks later, and the thoracic aortas were taken for analy-
sis (Fig. 6E). Alizarin Red S and Von Kossa positive stain-
ing areas, ALP activity, calcium content as well as Runx2 
and BMP2 expression levels in the thoracic aortas of mice 
were obviously increased in the 5/6 NTP group com-
pared with the sham group (Fig. 6F-I), suggesting that the 
mouse model of vascular calcification was successfully 
established. Furthermore, compared with AFsNPi-Exos, 
AFsHPi-Exos aggravated 5/6 NTP-induced vascular calci-
fication (Fig.  6F-I). Collectively, our findings reveal that 
AFsHPi-Exos accelerated vascular calcification in vivo.

MiR-21-5p enriched AFs-Exos promote vascular 
calcification in 5/6 NTP mouse model
We further explored whether exosomes could regu-
late vascular calcification by transporting miR-21-5p in 
vivo. We first transfected AFs with miR-21-5p mimics to 
overexpress miR-21-5p, and then isolated the exosomes 
from the AFs-conditioned medium to treat mice. Subse-
quently, the mice in the sham group were injected with 
AFsctrl-Exos and the 5/6 NTP-induced mice were injected 
with AFsctrl-Exos, AFsctrl M-Exos, and AFsmiR21 M-Exos 
via tail vein as previously described. We found that 5/6 
NTP obviously induced the vascular calcification in mice 
compared with the sham operation, moreover, AFsmiR21 

M-Exos aggravated the vascular calcification of 5/6 NTP 
mice, as evidenced by the increases in Alizarin Red S and 
Von Kossa positive staining areas, ALP activity, calcium 
content as well as Runx2 and BMP2 expression levels 
(Fig. 7A-D). Previous in vitro experiments demonstrated 
that miR-21-5p enhanced the calcification of VSMCs 
by regulating the BMP2/BMP4/Crim1 pathway (Fig.  5). 
Consistently, immunohistochemical staining revealed 
that the aortas of 5/6 NTP mice had higher BMP4 
expression and lower Crim1 expression compared to the 
sham group, and AFsmiR21 M-Exos significantly increased 
BMP4 expression and decreased Crim1 expression in the 
aortas of 5/6 NTP mice (Fig.  7D). Furthermore, BMP4 
expression was increased, while the Crim1 expression 
was significantly decreased in radial artery sections of 
CRF patients (Additional file 1: Fig. S4). Our results sug-
gest that exosomal miR-21-5p exerts pro-calcification 
effects by inhibiting Crim1 expression in vivo.

Discussion
In the present study, we found that exosomes secreted 
by high phosphorus-induced AFs enriched miR-21-5p, 
then exosomes were taken up by neighboring VSMCs 
and transported the miR-21-5p to VSMCs. miR-21-5p 
promotes the calcification of VSMCs by inhibiting the 
expression of the downstream target gene Crim1. In addi-
tion, a 5/6 NTP plus high-phosphorus diet was used to 
construct a mouse model of CRF with vascular calcifica-
tion. In vivo experiments confirmed that AFs-Exos could 
be taken up by mouse thoracic aortas and vascular calci-
fication in mice with CRF could be obviously aggravated 
by AFsHPi-Exos and AFsmiR21 M-Exos. Our study high-
lights the role of the crosstalk between AFs and VSMCs 
in the development of vascular calcification under the 
high phosphorus microenvironment. Combined with 
our previous studies, which showed the communication 
between ECs and VSMCs, VSMCs with adjacent VSMCs, 
these experiments construct the theory of vascular wall 
microenvironment.

In patients with CRF, serum phosphorus is significantly 
increased due to renal excretion dysfunction. In recent 
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Fig. 6  Exosomes in vivo tracking and regulating vascular calcification in 5/6 NTP mouse model. A Representative in vivo fluorescent images of 5/6 NTP 
mice intravenously injected with PBS, DiR or Exos DiR (100 µg/mice, n = 5 per group) within 12 h. Ex vivo fluorescent imaging of different organs (B) and 
thoracic aortas (C) from mice treated with PBS, DiR or Exos DiR within 12 h. D Immunofluorescence analysis of exosome marker TSG101 (red fluorescence) 
and smooth muscle marker α-SMA (green fluorescence) in thoracic aorta sections from PBS or AFs-Exos treated mice. The arrows indicate TSG101-positive 
exosomes taken up by the arterial media. The scale bar represents 50 μm. E Schematic diagram of the establishment of 5/6 nephrectomy (NTP) mouse 
model and the intravenous injections of PBS, AFsNPi-Exos or AFsHPi-Exos (100 µg per mice) every other day for 4 weeks. F Alizarin Red S and Von Kossa 
staining of thoracic aorta sections from sham mice injected with PBS or 5/6 NTP mice (n = 5 per group) injected with PBS, AFsNPi-Exos or AFsHPi-Exos. The 
arrows indicate mineralized nodules. The scale bar represents 200 μm. ALP activity (G) and calcium content (H) of thoracic aortic tissues of mice. I Immu-
nohistochemistry analysis of Runx2 and BMP2 expression in the thoracic aorta sections of mice (lower panel) and quantitation of positive staining area 
(upper panel) are shown. The arrows indicate the positive staining area. Scale bar 200 μm (Black) and 50 μm (Blue). Results are represented by mean ± SD 
with five replicates for each group. *p < 0.05, **p < 0.01
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years, many studies have confirmed that high phosphorus 
is closely related to vascular calcification. Both intimal 
and medial calcifications occur in patients with CRF, but 
arterial medial calcification is more common [64]. Stud-
ies have shown that hyperphosphatemia can influence the 
fate of VSMCs by transporting phosphate into VSMCs 
in a phosphate transporter (Pit1/Pit2)-dependent, inde-
pendent (in nanoparticle form) or calpain particle (CPP) 

manner, thereby activating the intracellular pro-calcifica-
tion signaling pathway and increasing the expression of 
osteogenic markers Runx2, MSX2, osteogenesis-related 
transcription factor antibody (osterix), osteopontin and 
ALP [65, 66]. The main roles of hyperphosphatemia in 
vascular calcification include: inducing the transition of 
VSMCs from contractile to osteochondral phenotype 
and mineralization of the extracellular matrix of VSMCs, 

Fig. 7  miR-21-5p enriched AFs-Exos promote vascular calcification in 5/6 NTP mouse model. A Alizarin Red S and Von Kossa staining images and quan-
tification of the percentage of staining positive areas in thoracic aorta sections from sham mice injected with AFsctrl-Exos or 5/6 NTP mice injected with 
AFsctrl-Exos, AFsctrl M-Exos or AFsmiR21 M-Exos (n = 5 per group). The arrows indicate mineralized nodules. The scale bar represents 200 μm. The ALP activity 
(B) and calcium content (C) of thoracic aortic tissues normalized to total protein contents. D Runx2, BMP2, BMP4 and Crim1 immunohistochemical stain-
ing in thoracic aortic tissues and quantitation of positive staining area are shown. The arrows indicate the positive staining area. Scale bar 200 μm (Black) 
and 50 μm (Blue). Results are represented by mean ± SD with five replicates for each group. *p < 0.05, **p < 0.01
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inducing apoptosis of VSMCs, inhibiting the differen-
tiation of monocytes or macrophages to osteoclast-like 
cells, increasing fibroblast growth factor 23 (FGF23) lev-
els, and decreasing Klotho expression [67]. Numerous 
studies have focused on the direct pro-calcification effect 
of high phosphate on VSMCs. However, in the complex 
high-phosphorus microenvironment in vivo, other cells 
are also affected by high phosphate, so high phosphate 
may play an indirect role in VSMCs by affecting the 
function of other cells. The arterial media is composed 
of VSMCs, while the adventitia is mainly composed of 
AFs, and there are nutrient vessels in the adventitia of the 
arteries. Previous studies reported that bioactive mole-
cules secreted by AFs could regulate the proliferation and 
migration of VSMCs [50, 68]. Therefore, we hypothesized 
that after receiving the high phosphorus signal in the 
nutrient vessels, AFs secrete bioactive molecules to affect 
the calcification of VSMCs. Based on the previous studies 
[24, 39, 63, 69], we simulated the high phosphorus state 
in vivo with 3.5 mM inorganic phosphorus and used 0.9 
mM inorganic phosphorus as the normal phosphorus 
control in vitro. Our experiment found that compared 
with the control group, the conditioned media of HPi-
induced AFs significantly enhanced the calcification of 
VSMCs, but after the synthesis or secretion of exosomes 
was blocked by GW4869, this pro-calcification effect was 
partially abolished. Thus, we speculated that the role of 
AFsHPi conditioned media in promoting VSMCs calcifi-
cation may be partially mediated by exosomes. Never-
theless, we found that the pretreatment of GW4869 did 
not completely block the calcification of VSMCs in the 
high-phosphorus microenvironment, this may be due to 
the changes in the composition and content of soluble 
factors secreted by AFs after stimulation by high phos-
phorus. The secretion of these soluble factors cannot be 
blocked by GW4869, but may also play a role in the cal-
cification of VSMCs. Other soluble factors that changed 
after high phosphorus stimulation deserve further explo-
ration in the future.

In recent years, exosomes have become a research 
hotspot, and their biological functions have received 
more and more attention. Exosomes are extracellular 
vesicles with a diameter of 30–150 nm that are involved 
in intercellular communication [32]. Exosomes can 
transport miRNAs from parental cells to target cells, 
and then affect the function of target cells by chang-
ing the level of miRNAs [70]. Zhu et al. found that 
miR-21-3p was enriched in exosomes secreted by nic-
otine-treated macrophages, and miR-21-3p promoted 
the migration and proliferation of VSMCs by regulating 
the expression of its target gene PTEN, thus accelerat-
ing the development of atherosclerosis [71]. Another 
study revealed that AFs and VSMCs can communicate 
through exosomal miRNAs, the increased expression 

of miR-135a-5p in exosomes derived from AFs of spon-
taneously hypertensive rats could inhibit the expression 
of FNDC5 in VSMCs, thereby promoting the prolif-
eration of VSMCs [44]. These studies indicate that exo-
somes secreted by AFs can directly affect the functions 
of VSMCs. Our results showed that exosomes secreted 
by AFsHPi could be taken up by VSMCs and significantly 
promoted the calcification of VSMCs. In vivo, we con-
firmed that exosomes secreted by AFs could be taken up 
by mouse thoracic aorta, and the vascular calcification 
in CRF mice was aggravated after the intravenous injec-
tion of AFsHPi-Exos. As we mentioned previously, in the 
vascular wall microenvironment, high phosphorus not 
only directly promotes the calcification of VSMCs, but 
also indirectly acts on ECs and macrophages, and their 
secreted exosomes also promote the calcification of 
VSMCs. These ways work together to amplify the calci-
fication promoting effect of high phosphorus on VSMCs. 
It is difficult to prove which way is the most critical, our 
study focused on AFs, which were less studied but indis-
pensable in the high-phosphorus microenvironment. 
Our finding improved the theory of vascular wall micro-
environment and more thoroughly explained the specific 
mechanisms of calcification of VSMCs in the high-phos-
phorus microenvironment.

MiRNAs are a class of non-coding RNAs with approxi-
mately 22 nucleotides, which are important regulators 
of post-transcriptional gene expression [72], and par-
ticipate in the regulation of almost all cellular biological 
processes [73, 74]. MiRNAs can be used as new biomark-
ers for the diagnosis, prognosis and treatment of vari-
ous diseases [75–77]. The 5’ seed region (bases 2–8) of 
miRNAs can bind to the 3’-UTR region of mRNAs 
to inhibit the expression of target genes by inducing 
mRNA degradation or translational repression [78–83]. 
MiR-21-5p was found to be expressed in rat AFs, with 
higher expression in myofibroblasts (MFs), furthermore, 
down-expression of miR-21 enhanced the expression of 
PDCD4 and inhibited the JNK/c-Jun pathway, thereby 
decreasing the proliferation and increasing the apopto-
sis of AFs and MFs, while overexpression of miR-21 had 
the opposite effects [60]. Macrophages may stimulate the 
expression of miR-21 in VSMCs and AFs by releasing 
TNF-α, thereby promoting the proliferation and migra-
tion of VSMCs and AFs [57]. These studies suggest that 
miR-21-5p is expressed in VSMCs and AFs and plays an 
important role in their biological functions. In addition, 
studies confirmed that miR-21-5p can positively regu-
late osteogenic differentiation. Valenti et al. found that 
miR-21-5p upregulated the level of Runx2 by targeting 
PTEN and SMAD7 genes, and promoted the osteogenic 
differentiation of mesenchymal stem cells [52]. Consis-
tently, hucMSC-Exos containing miR-21-5p augmented 
the osteogenesis of human osteoblasts hFOB1.19 [61], 
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suggesting that miR-21-5p may be a potential regulator 
of osteogenesis. However, whether miR-21-5p is involved 
in the differentiation of VSMCs into osteoblast-like cells 
remains unclear. In the present study, we found that miR-
21-5p was enriched in AFsHPi-Exos, and the miR-21-5p 
expression level in AFs was significantly higher than that 
in VSMCs, so we finally selected miR-21-5p for further 
investigation. Our results showed that exosomes secreted 
by AFs overexpressing miR-21-5p significantly promoted 
the calcification of VSMCs. However, our study also has 
some shortcomings, in that transfection of miR-21-5p 
inhibitor in VSMCs significantly inhibited the pro-cal-
cification effect of AFsHPi-Exos, but did not completely 
eliminate this effect. Therefore, it is difficult to rule out 
other miRNAs or proteins that carried by AFsHPi-Exos 
that may also play a role in the calcification of VSMCs. 
We further confirmed that exosomes carrying abundant 
miR-21-5p promoted vascular calcification in 5/6 NTP 
mice. However, the miR-21-5p that played this role was 
exogenous, and we have not directly demonstrated in 
vivo how AFs secreted miR-21-5p-enriched exosomes 
to regulate the calcification of VSMCs when the vascular 
wall is in a high-phosphorus microenvironment. There-
fore, we could further construct mice model with miR-
21-5p AFs-specific knock-out or knock-in, and further 
detect the expression of miR-21-5p and the calcification 
level in mouse arterial media.

Crim1 is an plasma membrane binding protein con-
taining cysteine-rich repeat sequences (CRRs) and an 
insulin-like growth factor binding protein motif [84, 85]. 
Crim1 gene is most abundantly expressed in the placenta 
and is expressed in the pancreas, kidney, skeletal muscle, 
lung, brain, heart and other organs, but not in the liver. 
The Crim1 gene is also expressed in blood vessels and is 
involved in the formation and maintenance of capillar-
ies [86]. Fan et al. found that Crim1 was highly expressed 
in vascular ECs, and conditional knockout of the Crim1 
gene in vascular ECs resulted in delayed vasodilation and 
reduced vascular density [87]. In addition, Nyström et al. 
detected the expression of Crim1 in primary human pul-
monary artery VSMCs, suggesting that Crim1 may play a 
role in the growth and maintenance of vascular smooth 
muscle [88]. Crim1 interacts with members of the TGF-β 
superfamily, such as bone morphogenetic proteins 
BMP2, BMP4, and BMP7, through its CRR domain, and 
exerts an antagonistic effect by regulating the transfor-
mation of BMP preproteins into mature proteins and the 
transfer of BMP to the cell surface [85]. It was reported 
that miR-20a and miR-20b activated the BMPs/Runx2 
pathway by inhibiting the expression of PPARγ, Bambi 
and Crim1 genes, and silencing the expression of Crim1 
promoted the osteogenic differentiation of mesenchymal 
stem cells [62, 89]. However, the targeting relationship 
between miR-21-5p and the Crim1 gene, and the effect 

of Crim1 on the calcification of VSMCs have not been 
elucidated. In our study, we confirmed that miR-21-5p 
promoted the calcification of VSMCs by targeting Crim1. 
Moreover, we found that AFsmiR21 M-Exos reduced the 
Crim1 expression in the arteries of 5/6 NTP mice. This 
was consistent with the decreased Crim1 expression in 
radial arteries of CRF patients. These findings reveal that 
exosomal miR-21-5p aggravates arterial medial calcifica-
tion by inhibiting the expression of Crim1.

Studies have shown that exosomes can be used as 
natural nanocarriers of small molecule compounds due 
to their excellent biocompatibility and low toxicity, and 
through genetic engineering modification, exosomes can 
specifically target a certain tissue to play a more effective 
therapeutic role [90, 91]. Guo et al. reported that GLG1-
modified exosomes carrying Wnt agonist 1 can specifi-
cally target BMSCs and promote bone formation [90]. 
CXCR4-expressing NIH-3T3 cells-derived exosomes 
have bone-targeting properties, and can mitigate aging-
related bone loss by transporting the antagomir-188 
into BMSCs [91]. Therefore, in the future, it is expected 
to develop a genetically engineered strategy to enable 
antagomir-21-5p-loaded AFs-Exos to specifically target 
the arterial media, thereby alleviating vascular calcifica-
tion associated with CRF.

In summary, AFsHPi-Exos-mediated transfer of miR-
21-5p is probably an important contributor to induce 
vascular calcification. Strategies targeting AFsHPi-Exos 
could be considered for the treatment of vascular calcifi-
cation in CRF patients.

Conclusion
Our findings demonstrate that high phosphate promotes 
VSMCs calcification by increasing the level of miR-21-5p 
in AFs-derived exosomes and inhibiting the expression 
of the target gene Crim1 in VSMCs. This study revealed 
that the crosstalk between AFs and VSMCs in the vascu-
lar high phosphorus microenvironment is an important 
mechanism of vascular calcification in patients with CRF. 
Combined with our previous studies on the communica-
tion between ECs and VSMCs and the paracrine effect 
of VSMCs in the regulation of vascular calcification, the 
theory of “Vascular Wall Microenvironment” has been 
refined. Nanomaterials loaded with miR-21-5p-inhibitors 
or Crim1 might be novel therapeutic agents for vascular 
calcification in CRF patients.
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